The Journal of Experimental Biology 204, 4157-4167 (2001) 4157
Printed in Great Britain © The Company of Biologists Limited 2001
JEB3759

A snake venom phospholipase Ablocks malaria parasite development in the
mosquito midgut by inhibiting ookinete association with the midgut surface

Helge Zielet*, David B. Keistef, James A. Dvorakand José M. C. Ribeito

IMedical Entomology SectiofiVlalaria Vaccines Sectioand3Biophysical Parasitology Section,
Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, MD 20892-0425, USA

*Present address: Chromatin Inc., 2201 West Campbell Park Drive, Chicago, IL 60612, USA (e-mail: zieler@chromatininc.com)

Accepted 20 September 2001

Summary

Oocyst formation is a critical stage in the development mosquitoes together with ookinetes, suggesting that the
of the malaria parasite in the mosquito. We have inhibition occurs after ookinete maturation. PLA2 has no
discovered that the phospholipase A (PLA2) from the direct effect on the parasite. However, pretreatment of
venom of the eastern diamondback rattlesnakeQrotalus  midguts with PLA2 (catalytically active or inactive)
adamanteuy inhibits oocyst formation when added to dramatically lowers the level of ookinete/midgut
infected chicken blood and fed to mosquitoes. A similar associationin vitro. It appears, therefore, that PLA2 is
transmission-blocking activity was demonstrated for acting by associating with the midgut surface and
PLA2s from the venom of other snakes and from the preventing ookinete attachment to this surface. Thus,
honeybee. This effect is seen both with the avian malaria PLA2 is an excellent candidate for expression in
parasite Plasmodium gallinaceumand with the human  transgenic mosquitoes as a means of inhibiting the
parasite Plasmodium falciparum developing in their  transmission of malaria.
respective mosquito hosts. The inhibition occurs even in
the presence of an irreversible inhibitor of the active site Key words: malaria, ookinete, transmission blocking, phospholipase,
of PLA2, indicating that the hydrolytic activity of the p-bromophenacyl bromide, eastern diamondback rattlesnake,
enzyme is not required for the antiparasitic effect. Crotalus adamanteys Plasmodium gallinaceum Plasmodium
Inhibition is also seen when the enzyme is fed to falciparum Aedes aegypti

Introduction

Despite a century of research and effort, malaria is still are injected into a new vertebrate during blood-feeding on the
major cause of morbidity and infant mortality in tropical host.
regions. New, promising approaches to malaria control seek Little is known about how the parasite recognizes and
to disrupt the transmission cycle in vector mosquiteies invades the mosquito midgut epithelium. Studies using light
transmission-blocking vaccines or controlled release oénd electron microscopy have shed some light on the events
parasite-refractory strains of mosquitoes (Crampton et algccurring between ookinete invasion of the midgut epithelium
1994; Gwadz, 1994). Before these interventions are possibland oocyst formation (Mehlhorn et al., 1980; Meis and
however, we need to have a full molecular understanding d¢fonnudurai, 1987; Meis et al., 1989; Sieber et al., 1991,
the sporogonic development of the parasite in the mosquito.Syafruddin et al., 1991; Torii et al., 1992). Recently, the

The malaria parasite begins its development shortly aftezstablishment of aim vitro system has allowed more detailed
the mosquito ingests an infected blood meal. Male and femattudies of the interactions betweBtasmodium gallinaceum
gametes emerge from infected red blood cells and mate tmkinetes and the midgut Akdes aegyp(Shahabuddin et al.,
form a zygote. Over the next 16—-24h, the zygote transformB997; Shahabuddin and Pimenta, 1998; Zieler et al., 1998,
into a motile ookinete, which then leaves the blood meal]l999).In vitro, the ookinetes bind to the microvillated midgut
penetrates through the chitinous peritrophic membrane, maksarface and invade midgut cells, reflecting their normal
contact with the midgut epithelium and invades a midgut celbehavior in the mosquito host (Shahabuddin et al., 1997;
It crosses the epithelium until it reaches the basemer@hahabuddin and Pimenta, 1998). Using these novel methods,
membrane on the other side of the midgut wall and rounds upe and others have been able to observe specific adhesion of
against this structure to form an oocyst. The oocyst enlarge®mkinetes to the mosquito midgut (Shahabuddin et al., 1997,
and produces numerous sporozoites. These are released Zigler et al., 1999), invasion of the epithelium (Zieler and
migrate to, and invade, the salivary glands, from where thepvorak, 2000), changes in the morphology of the invaded cells
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(Shahabuddin and Pimenta, 1998) and the resulting death ofBecause of their binding properties, small size, stability and
the invaded cells (Zieler and Dvorak, 2000; Han et al., 2000heterogeneity, the PLA2s represent a useful and convenient
During the course of our attempts to understand the bindintpol for probing interactions between cell surfaces. We report
of ookinetes to the midgut surface, we discovered that here that a snake venom PLA2 inhibits oocyst formation of
phospholipase A (PLA2) from the eastern diamondback malaria parasites by blocking the association between
rattlesnake Crotalus adamanteQisnhibits ookinete adhesion ookinetes and the midgut surface. We propose that the gene
and oocyst formation. Th€. adamateu$LA2 belongs to a coding for this enzyme may be useful as a genetic tool for

large and well-studied class of highly conserved secreteidterfering with malaria parasite development in mosquitoes.
PLA2s that are commonly found in snake and insect venoms
and in vertebrate pancreatic excretions (for reviews, see
Slotboom et al., 1982; Waite, 1987). These enzymes are small
(approximately 15kDa) and extremely stable because of the Enzymes and reagents
presence of seven disulfide bridges in the globular structures.All PLA2 enzymes were bought from Sigma-Aldrich (St
PLA2s hydrolyze stereospecifically the acyl ester in position 2ouis, MO, USA). With the exception of th€rotalus
of 3-snphosphoglycerides to form lysophospholipids and fattyadamanteu®LA2, which was purified to homogeneity for all
acids, causing the degradation of phospholipids in membramxperiments, the PLA2s were used as supplied from Sigma, but
bilayers. were desalted by dialysis. All protein concentrations
Although they are highly water-soluble, PLA2s are muchthroughout this study were determined using a BCA assay kit
more active towards aggregated phospholipid present ifPierce Chemical Company, Rockford, IL, USA).
micelles, monolayers or natural or artificial bilayers than
towards dispersed monomeric substrates (Dennis, 1973, 1983; Chickens, mosquitoes and parasites
Verger et al., 1973; Hanger et al., 1997). The reason for this The 8A strain of Plasmodium gallinaceumwvas used
preference is the ability of PLA2s to interact efficiently with throughout this study. Parasites were maintained in white
membranes and insert into the lipid bilayer to bind to theit.eghorn chickens by serial blood passage. Mosquitoes were
substrates (interfacial binding). Several amino acid residuesised and fed using standard techniques (Gerberg et al., 1994;
found on the enzyme surface participate in interfacial bindingdiggs and Beaty, 1996)ygotes were purified from the blood
in a manner independent of hydrolytic activity (Keith et al.,of infected chickens as described in detail elsewhere (Zieler et
1981; Brunie et al., 1985; White et al., 1990; Jain et al., 1995l., 1999). After purification of zygotes, the parasites were
Gelb et al., 1999). Because of their preference for theesuspended in M199 medium supplemented with 2 mwholl
interfacial membrane environment, PLA2s are also very-glutamine, 100unitsmt penicillin and 10Qugmi-?
sensitive to the physical state of membranes, and their bindirsgreptomycin  (ookinete medium) at a density of
is strongly influenced by lateral lipid pressure, lipid5x10fzygotesmitland incubated for 1624 h at 25 °C to allow
composition, surface charge, membrane curvature, temperatudevelopment of ookinetes. Oocyst formation assays and
and the presence of gel or fluid lipid phases in the membranteansmission-blocking assays (Sieber et al., 1991; Higgs and
(op den Kamp et al., 1974; Kensil and Dennis, 1979Beaty, 1996) were performed as described previously (Zieler
Goormaghtigh et al., 1981; Apiz-Castro et al., 1982; Dawsoet al., 1999). Oocyst numbers in infected mosquitoes were
et al., 1984; Thuren et al., 1987; Burack et al., 1993; Lehtonezsompared amongst samples using Mann—-Whitney rank sum
and Kinunnen, 1995; Hgnger et al., 1997). Most PLA2s prefeainalysis.
to bind to membranes perturbed by a variety of factors that
cause lipid packing defects. Furthermore, the PLA2s are very Purification to homogeneity of commercially available
diverse in terms of their ability to penetrate lipid bilayers, Crotalus adamantetd A2
which has made them into useful tools for studying lateral lipid The C. adamanteusPLA2 used in all procedures was
pressures in biological membranes (Demel et al., 1975; Waitepught from Sigma-Aldrich and further purified to
1987). homogeneity by a single step of reversed-phase high-
Because of their interfacial binding characteristics, PLA2gperformance liquid chromatography (HPLC). The enzyme
bind efficiently to aggregated lipids even in the absence dofl—-2mg, approximately 80% pure) was dissolved in 20%
enzymatic activity (Tinker et al., 1980; Condrea et al., 1981acetonitrile, 0.1 % trifluoroacetic acid (TFA) and injected into
Kini and Evans, 1989). Studies of this property have benefiteain Alltech Macrosphere C18 column (30 nm, 250G mm)
from the use ofp-bromophenacyl bromide (pBPB), which equilibrated with 20 % acetonitrile, 0.1% TFA, run at a flow
reacts irreversibly with an essential histidine residue in theate of 0.5 mlmint with a 90 min gradient from 20 % to 60 %
active site of the enzyme (Volwerk et al., 1974). It has beeacetonitrile, 0.1% TFA, with collection of 0.5ml fractions.
found that pBPB-inactivated PLA2s display the same bindinghe PLA2 was the major peak, eluting at approximately
characteristics as the catalytically active enzyme. As a resui0—65min. The fractions containing PLA2 activity were
many of the venom PLA2s retain some or all of their toxiqpooled and dried under vacuum in a SpeedVac. The
effects in animals after inactivation with pBPB (for reviews,protein was redissolved in 100 mmdl Hepes, pH7.5, and
see Rosenberg, 1986; Kini and Evans, 1989). dialyzed extensively against 1 mmd!Hepes, pH7.5, in a

Materials and methods
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Slide-a-Lyzer dialysis cassette (3.5kDa molecular mass cutesults being obtained in both cases. The fluorescence of
off). stained, unfixed midguts was also measured in a Fluorolite
1000 fluorimeter (Dynatech Laboratories, Chantilly, VA,
Labeling ofCrotalus adamatew® A2 with Alexa 488 USA), which confirmed the observation of PLA2 binding to
Since PLA2s are generally sensitive to reaction with aminemidguts.
reactive compounds (Wells, 1973; Hazlett and Dennis, 1985),
the PLA2 was fluorescently labeled using a technique thdtreparation of isolated midgut epithelia, staining of ookinetes
modifies carboxylate groups in the protein (Staros et al., 1986;  With PKH26 and ookinete/midgut adhesion assay
Grabarek and Gergely, 1990). These carboxylate groups areThese procedures were performed as described in previous
not thought to be involved in interfacial binding of the enzymepublications (Shahabuddin et al., 1997; Zieler et al., 1999).
(Fleer et al., 1981; Waite, 1987; Gelb et al., 1999). The activeBriefly, midguts were removed from female mosquitoes 24 h
site aspartate was protected from modification by addition dcdfter a blood meal, cut in half with a scalpel blade, and the two
calcium to the reaction (Fleer et al., 1981). Coupling of Alexaalf-midgut epithelia (midgut sheets) were separated from the
488 (Molecular Probes, Eugene, OR, USA) to PLA2 wadblood meal. Each pair of midgut sheets was transferred into a
performed at room temperature (approximately 23°C) irseparate Eppendorf tube containing adhesion medium. For pre-
0.1 molF1 MES, 0.5molt1 NaCl, 1 molt! CaChk, pH6.0. An  treatment with PLA2, the midguts were mixed withp®®f
enzyme solution of 1 mgmil was prepared in this buffer; 1- adhesion medium containing a known quantity of PLA2 and
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; Sigma) incubated at room temperature for 10min, while control
was added to a final concentration of 2mmbland N-  midguts were incubated with adhesion medium only. After the
hydroxysulfosuccinimide (sulfo-NHS; Pierce) was added to éncubation, 8Qul of adhesion medium was added to each tube
final concentration of 5mmat}. After 15min at 23°C, the to dilute the PLA2, followed by 5@ of ookinetes stained with
reaction was stopped by the addition of 2-mercaptoethanol 8KH26 and suspended in adhesion medium (rougkly3to
a final concentration of 20mmol Alexa 488 hydrazide 10° ookinetes added to each pair of midgut sheets). Staining of
(Molecular Probes) was then added to a final concentration obkinetes with PKH26 (Sigma) was performed by diluting the
2mmol L, the pH of the mixture was raised to 7.0, and the?KH26 solution supplied by Sigma 1:40 in 5.4% glucose,
reaction was allowed to proceed for 2h at room temperatungsing this solution to resuspend a pellet of ookinetes,
(Staros et al., 1986; Grabarek and Gergely, 1990). Finallyncubating the parasites for 30s and then washing them three
hydroxylamine (Sigma) was added to a final concentration dimes with adhesion medium by successive centrifugation and
50 mmol ! and was allowed to react at room temperature foresuspension to remove excess PKH26. Adhesion of ookinetes
3h. to the midguts was achieved by centrifuging the tubes
The modified enzyme was desalted by dialysis in a Slide-Aeontaining midgut sheets and parasites three times a iB00
Lyzer dialysis cassette (3.5kDa molecular mass cut-offa microfuge and resuspending the midgut sheets and parasites
Pierce), followed by purification over a SepPak Plus C18n each tube after each centrifugation by flicking the tube. The
cartridge (Waters Corporation, Milford, MA, USA) and re- midgut sheets were then washed twice with 1 ml of adhesion
dialysis. Spectophotometric and fluorescence determinatiomsedium, spread out flat on glass slides with the luminal side
showed an approximately 2:1 ratio of enzyme molecule to dyfacing up, fixed by the addition of 2.5% glutaraldehyde, 4 %
molecule (one dye molecule per enzyme dimer). This waparaformaldehyde in PBS, and examined by fluorescence
determined by measuring the approximate enzymenicroscopy to count the bound ookinetes. All adhesion
concentration by absorbance at 280 nm, establishing a standaxperiments were performed with quadruplicate samples.
fluorescence curve of serial dilutions of a known concentratioBtatistical analyses of differences between sample groups were
of the Alexa 488 dye and correlating the observed fluorescenperformed using thetest.
of the labeled enzyme sample with the standard curve.

Staining of midguts and ookinetes with fluorescent PLA2 Results
Midgut epithelia or ookinetes were suspended in ookineteSnake venom PLAZ inhibits oocyst formatioRlamodium
medium +10% heat-inactivated chicken serum (adhesion gallinaceumandPlasmodium falciparum

medium). Fluorescently labeled PLA2 was added to a final We fortuitously discovered an activity, present as a
concentration of 2.@mol -1, and the samples were incubatedcontamination in a commercial preparation Gfotalus

for 10 min at room temperature. The samples were then washadamanteugphosphodiesterase (Sigma), that inhibited oocyst
twice with 1 ml of adhesion medium, transferred to a glasformation of malaria parasites when fed to mosquitoes. The
slide, spread out and fixed with 4% paraformaldehyde, 2.5 %ctive principle in this preparation was purified to homogeneity
glutaraldehyde in phosphate-buffered saline (PBS). The fixdoy  gel-filtration  chromatography and reversed-phase
cells or midguts were transferred to a fresh glass slide, coveretiromatography and was sequenced using Edman degradation.
with a coverslip and examined by widefield fluorescenc&he N-terminal sequence matched the published sequence of the
microscopy. Alternatively, midguts or ookinetes wereCrotalus adamanteu8LA2. We formally proved that the active
examined unfixed by fluorescence microscopy, with similaprinciple corresponded to the PLA2 by raising a rabbit
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Table 1.Effects ofCrotalus adamantet®™.A2 on oocyst formation when feeding mosquitoes with infected blood or mature

ookinetes
Prevalence Oocyst number Oocyst number Intensity of P (compared
Sample of infectiof (% of controlp (range) infectioh with controlf
Infected blood feed d?lasmodium gallinaceum
PLA2¢ 7/21 0.3 0-2 11 <0.0001
(0.8)
PLA2+pBPB 8/21 0.8 0-8 3.4 <0.0001
(2.1)
pBPB only 21/21 16.9 4-176 16.9 0.002
(42.7)
Buffer only 25/25 39.6 2-148 39.6 -
(100)
Ookinete feed oPlasmodium gallinaceum
PLA2® 20/30 1.8 0-155 3.2 <0.0001
(16.4)
PLA2+pBPH 16/23 2.1 0-121 3.5 <0.0001
(19.1)
pBPB only 21/22 8.4 0-209 9.0 0.28
(76.4)
Buffer only 26/26 11.0 1-300 11.0 -
(100)
Gametocyte feed d?lasmodium falciparum
Anopheles gambiad’LA2® 4/34 0.10 0-2 1.19 <0.0001
(0.5)
Anopheles gambiaduffer 24/24 18.22 3-60 18.22 -
(100)
Anopheles stepher$tLA2® 2/35 0.05 0-2 1.41 <0.0001
(0.3)
Anopheles stepherdiuffer 31/31 3.54 1-13 3.54 -
(100)

aNumber of infected mosquitoes/total number of mosquitoes dissected.

bGeometric mean of the oocyst numbers in gravid female mosquitoes; in parentheses, geometric mean as a percentagecoftha.buffer

¢Geometric mean of the oocyst numbers in infected mosquitoes only.

dP-values were computed using Mann—Whitney rank-sum analysis.

ePLA2 was mixed into the infected blood at a final concentration qfidddI~1 in infected blood feeds, OBnol =1 in gametocyte feeds dn
2.5umol 171 in ookinete feeds.

fp-Bromophenacyl bromide (pBPB) was preincubated with the PLA2 at a final concentration in the blood meafrufl [0

polyclonal antiserum to a synthetic peptide corresponding tprinciple purified from the commercial phosphodiesterase
amino acid residues 24-53 of the PLA2; this antiserum wagreparation was indeed te adamanteuBLA2.

compared with the preimmune serum for its capacity to When fed toAedes aegypthosquitoes as part of an infected
neutralize the ability of the PLA2 to reduce ookinete binding irblood meal, the PLA2 strongly inhibits oocyst formation
ookinete/midgut adhesion assays (described in the Materials a(itable 1). This effect does not require the hydrolytic activity
methods section and below). The ookinete binding levels weie the enzyme; when PLA2 was preincubated with the
10045 % to control midguts, 29+8 % to midguts pretreated withirreversible inhibitor p-bromophenacyl bromide (pBPB),
1umol -1 PLA2, 2446 % to midguts pretreated with the sameoocyst formation was still strongly reduced. The inhibitor
amount of PLA2 premixed with preimmune serum and 89+9 %alone had some effect on oocyst numbers (Table 1). However,
(means xs.e.M., N=6) to midguts pretreated with the samethe enzyme in the presence of the inhibitor was completely
amount of PLA2 premixed with PLA2-immune serum. Thus, thenactive in our assays. The effect of the PLAZ2 is concentration-
immune serum raised against a portion of the PLA2 sequendependent (Fig. 1) both in the presence and in the absence of
was able to neutralize the effects of the purified enzyme opBPB. We determined that the lowest concentration of
ookinete interaction with mosquito tissues (see below for phospholipase that resulted in a statistically significant
detailed description of this effect), proving that the activereduction in oocyst frequency when feeding infected blood is
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120 Table 2. Crotalus adamante®EA2 has no effect on parasite

s development when added during exflagellation and zygote
'*é 100 1 formation
S g Parasite numbets
%’ Experiment Experiment 2
8 60 (0.28pmol %) (0.33pmol 1)
E 40 Parasite stage +PLA2 -PLA2 +PLA2 -PLA2
9 '
B Microgamete% 9.8x10" 9.4x107 2.8x108 3.1x10°
€ 901 Zygotes/macrogametés 4.0<107  4.3x107 108 9.5x107
5 Ookinete8 6.2x10°  4.7x10° 2.5x107 2.2x107

0 T T T T

0.000.  0.00L 0.01 01 1 10 C. adamanteuPLA2 was added to exflagellating, washed chicken

blood at the beginning of a parasite purification procedure. The
numbers of microgametes were determined 15 min later by counting
Fig. 1. Oocyst numbers from membrane feeds of purileatalus  exflagellation centers; the total numbers of macrogametes or zygotes
adamanteu®LA2. Open circles, the PLA2 was mixed with washed,were counted at the end of the parasite purification, and the ookinete
infected chicken blood (16 % parasitemia) and fed to mosquitoenumbers were determined 1 day later, after ookinete developmen
Open triangles, the PLA2 was pretreated wibromophenacyl had been completed.

bromide (pBPB) at a final concentration of 1@0oll-1 and then 8Numbers of parasites obtained from parasite preparationsctreate
mixed with washed, infected chicken blood (16 % parasitemia) anwith PLA2 or left untreated; PLA2 treatment occurred during
fed to mosquitoes. Filled circles, the PLA2 was added to an ookineexflagellation gradient purification; parasite densities in all samples
suspension in naive chicken blood and fed to mosquitoes. Fillewere counted in quadruplicate and averaged.

triangles, the PLA2 was pretreated with pBPB, then added to a PDifferent PLA2 concentrations were used in the two experiments
ookinete suspension in naive chicken blood and fed to mosquitoe(as indicated).

Oocyst numbers were scored 8 days after the membrane feed. E¢  °Total number of microgametes (exflagellation centers) during
data point represents the geometric mean of oocyst numbers fromexflagellation.

least 20 mosquitoes expressed as percentage inhibition relative  9Total number of macrogametes and zygotes obtained at thé end o
control mosquitoes fed either with infected blood plus buffer or withthe parasite purification.

infected blood plus inhibitor alone. €Total number of ookinetes obtained after overnight incubation o
zygotes and macrogametes.

PLA2 concentrationymol 1-%)

21nmolt? (Fig. 1). The PLA2 was also fed tAnopheles
gambiae and Anopheles stephengbgether with cultured infected chicken blood. There was no difference in the number
gametocytes of the human malaria parastasmodium of exflagellation events in the presence or absence of PLA2,
falciparum Similar levels of inhibition were seen in both nor did the PLA2 have a significant effect on the total yield
anopheline species (Table 1), and the concentratioref macrogametes/zygotes obtained at the end of the
dependence of PLA2 inhibition was similar to that observed ipurification (Table 2). The ookinete yields from the treated
P. gallinaceum parasites were also unaffected. When the PLA2 was added to
To determine whether the inhibition of oocyst formationpurified zygotes, which were then incubated in ookinete
occurs before or after the maturation of ookinetes, we fethedium (for 24h) to allow transformation into ookinetes,
PLA2 to mosquitoes together with purified, mature ookineteshere was no effect on ookinete development in terms of either
suspended in naive chicken blood. The PLA2 significantlfrequency (Table 3) or timing (data not shown). Some of the
inhibited oocyst formation, although the effect was lessamples listed in Table 3 had PLA2 present continuously from
dramatic than when feeding infected blood (Table 1). Thexflagellation through ookinete formation and showed no
inhibition was also concentration-dependent but, irsignificant differences in ookinete numbers compared with the
comparison with feeds with infected blood, higher PLA2controls. Furthermore, the ookinetes in all the samples
concentrations were necessary to achieve a given level dfsplayed normal motility on glass slides. We conclude from
inhibition (Fig. 1). The lowest PLA2 concentration needed tahese data that the PLA2 does not affect parasite development
achieve significantly different oocyst numbers compared witlin the blood meal.
the control was 0.38mol -1 Once again, hydrolytic activity The effect of PLA2 on the viability of ookinetes was also
of the enzyme was not required for inhibition. determined. PLA2 was added to ookinete suspensions at
various concentrations. At two times after PLA2 addition, a
PLAZ2 has no effect on ookinete development or viability sample of ookinetes was removed and stained with ethidium
To determine whether any pre-ookinete developmentdiomodimer, a dye that specifically stains necrotic or dead cells
stage is sensitive to the PLA2, we added the enzyme durir{flaneshiro et al., 1993; Papadopoulos et al., 1994;
the course of exflagellation and purification of macrogameteShahabuddin et al., 1998). There was no effect of the PLA2
and zygotes during routine preparation of parasites frortreatment on the fraction of ookinetes staining with ethidium
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Table 3. Crotalus adamanteRkA2 has no effect on the transformation of zygotes to ookinetes

Ookinete densities (parasitesi?

PLA2 concentration Experiment 1 Experiment 2

in zygote treatment +PLA2 in -PLA2in +PLA2 in -PLA2 in
(umol I71) exflagellatiod exflagellatiod exflagellatiod exflagellatiod
0 - 1.3x10° 2.8x108 2.4x108
0.08 - 108 2.5x108 2.3x10°8
0.16 - 108 2.6x108 2.3x10°8
0.32 - 9.9%x1(P 2.2x108 2.3x108
0.63 - - 2.4x100 2.8x108
1.6 - - 2.4x100 2.3x10°8

Zygotes purified from chicken blood were incubated with various concentrations of ookinetes during ookinete developmenomii$ie col
referring to + or —PLA2 in exflagellation refer to whether or not the zygotes used for ookinete development were derivedhditem pa
purifications that had been treated with PLA2 during the exflagellation (i.e. from treated samples in Table 2); PLA2 trettmentyates
occurred continuously for 24 h during maturation of ookinetes from zygotes.

30okinete densities in duplicate samples that were either treated with the PLA2 concentration indicated in the left caated wiiktr
buffer only (OumolI71); parasite densities in all samples were counted in quadruplicate and averaged.

bzygotes were taken from parasite preparations that had either received PLA2 treatmemh@0: 7% during exflagellation and gradien
purification as described in Table 2 or not, as indicated.

homodimer (Table 4), showing that the enzyme does not affeate pretreated midgut epithelia with PLA® vitro, and then
ookinete viability. used these epithelia in adhesion assays. Ookinetes adhering to
As a final test of whether the PLA2 has an effect on thenidguts were counted, and the numbers were normalized and
parasite, ookinetes were treated withpnl "1 PLA2 for 4h.  averaged. As shown in Fig. 2, pretreatment of midguts with
The parasites were then washed to remove the enzymiel A2 significantly lowered the number of midgut-bound
resuspended in naive chicken blood and fed to mosquitoesokinetes. The effect was the same when pBPB-inactivated
Untreated ookinetes from the same batch were handled in teezyme is used, but pBPB by itself had no effect on adhesion.
same manner and used as controls. Midguts were dissected @second inhibitor of the active site of PLA2s, Zp@as used
oocysts counted 8 days after feeding. There was no significatat duplicate the results with pBPB (Fig. 2). In the presence of
difference in oocyst numbers between treated and untreaté@Oumoll-1 pBPB or 10Qumolll ZnCl, no enzymatic
ookinetes (Table 5), suggesting that PLA2 treatment does nattivity (hydrolytic activity) could be detected. We conclude
affect the ability of the ookinetes to continue their developmerthat the PLA2 inhibits the association of ookinetes with the
and form oocysts. midgut surface and that this effect is dependent on a structural
feature of the phospholipase rather than on its catalytic activity.
Inhibition of ookinete adhesion to mosquito midguts by PLAaNe also tested the inhibition of adhesion at various
The data presented above argue that the PLA2 acts on tbencentrations of PLA2 and found the lowest concentration at
midgut surface, rather than on the ookinete, in blocking &hich significant inhibition was observed to be @0l I,
critical step of the migration of the parasite. To test whether In the adhesion protocol described above, the PLA2 was
the PLA2 affects the ability of ookinetes to adhere to midgutgjiluted in the assay rather than being washed away after
pretreatment of the midguts. To determine whether the

Table 4. Crotalus adamanteREA2 has no effect on ookinete Nhibition would still occur after removing all excess PLAZ2,

viability the midguts were thoroughly washed after pretreatment and
S - - - — then used in adhesion assays. Control midguts showed a level
PLA2 concentration 0 Of 0okinetes stained with ethidiéim of ookinete binding of 100.0£2.3%, ookinete binding of
(umol I71) 30 min treatment 4 h treatment midguts pretreated with PLA2 alone was reduced to
0 1.0 1.9 70.3+5.0% and ookinete binding of midguts pretreated with
0.03 1.3 1.2 pBPB-inhibited PLA2 was reduced to 67.8+8.0 % (normalized
0.32 0.7 0.9 means zs.e.M., N=6). The differences between the PLA2-
3.2 0.4 1.3 treated midguts and the control midguts are statistically

significant in both cases. In the converse experiment, ookinetes

aStaining with ethidium homodimer reflects the percentage af deawere treated with 32mol [-1 of PLA2 for 1 h, after which they
or necrotic cells; at least 500 cells were examined in each sample jgere washed and compared with mock-treated ookinetes
determine the percentages; the differences in percentages of Staint@ﬂeated only with buffer) in adhesion assays. The treated
cells are not significant. ookinetes adhered to midguts at the same levels (99.9+4.7 %)




Snake venom phospholipase inhibition of malaria transmisdibéi3

Table 5.00kinetes pretreated with PLA2 form oocysts at nhormal frequencies

Prevalence Oocyst humber P (compared
Sample of infectiof (% of control) Oocyst number with controlf
Ookinetes pretreated with PLA2 24/24 21.8 0-400 0.66
(80.7)
Ookinetes pretreated with buffer 24/24 27.0 0-300 -
(100)

aNumber of infected mosquitoes/total number of mosquitoes dissected.

bGeometric mean of the oocyst numbers in gravid female mosquitoes; in parentheses, geometric mean as a percentagecofttal. buffer
®P-values were computed using Mann—Whitney rank-sum analysis.

dookinetes were pretreated in furdol 1" PLA2 for 4 h, then washed, resuspended in naive chicken blood and fed to mosquitoes.

as the mock-treated ookinetes (100.0£3.0%) (normalizedhow capping after the adhesion is complete and the fixed
means *s.E.M., N=4). On the basis of these results, wemidguts are being examined for the number of bound
conclude that the enzyme changes the properties of the midguakinetes. In 10 pairs of midgut sheets where capping was
epithelium, but does not affect the adhesiveness of ookinetesbserved, there were never any visible differences in the
The adhesion assays performed in the presence and absepasterior capping of fluorescent stains in the presence or
of PLA2 allowed us to observe shedding of lipids from theabsence of PLA2. It is likely, therefore, that the PLA2 does not
posterior ends of ookinetes, which can be detected as tlrgerfere with ookinete motility.
capping of fluorescent stain on the posterior end of the parasite,Adhesion assays using PLA2s from other organisms were
and which correlates with ookinete motility. In certainused to determine whether the ability of ie adamanteus
ookinete preparations, all parasites bound to the midgut surfaeezyme to inhibit ookinete/midgut binding is a general feature
of PLA2s. As shown in Fig. 3, PLA2s from the venoms of
various snakes, as well as honeybee venom PLA2 and
mammalian pancreatic PLA2s, were used to pretreat midguts

= 120 in adhesion assays. The results (Fig. 3) indicate that the PLA2s

£ 100 derived from snake and insect venoms strongly inhibit

8 ookinete binding, while the mammalian pancreatic enzymes do

"‘\2 80 1 not. The extent of inhibition of oocyst formation by the

95 60 different PLA2s in oocyst formation assays mirrors their

£ ] inhibition of in vitro adhesion (data not shown).

c

g 401 Fluorescently labeled PLA2 binds to mosquito midguts but

S 20 not to ookinetes

8 The results from the adhesion assays suggested that the
0- PLA2 affects the mosquito midgut, but not ookinetes. To test

whether the enzyme interacts with midguts, we prepared
fluorescently labele€. adamanteu®LA2 and measured its
ability to bind to midguts and parasites. The labeled enzyme
retained some of its hydrolytic activity and was identical to
unlabeled enzyme in its ability to block oocyst formation when
Fig. 2. Midguts were pretreated with @udoll-t PLA2 in M199  mixed with infected blood and fed to mosquitoes (data not
medium for 10 min, and the treated guts were then used in adhesishown).

assays. Control, midguts treated with buffer only; PLA2 alone, The labeled PLA2 was used to stain isolated midguts and
midguts treated with active PLA2; PLA2+pBPB, midguts treatedpokinetes. Staining was performed in the presence of 10%
with PLA2 in the presence of 1@@noll~* p-bromophenacyl chicken serum, as a non-specific competitor, and the stained
bromide (pBPB), an inhibitor of the enzyme; pBPB alone, midgutgjsses or cells were washed extensively after staining to
pretreated with the inhibitor pBPB only, PLA2+ZnClmidguts o qye non-specifically bound PLA2. The protein readily
pretreated with PLA2 in the presence of Ja®ll™ ZnCl, an bound to midgut epithelia and showed a diffuse staining on
inhibitor of the enzyme; Zngl alone, midguts treated with -

100umol -1 ZnCl. Each column is the mean of 1-2 experiments,bc’th th? luminal surfa_ce a_md the_ basement mer_nt_)rane on the
each performed in quadruplicate. The error bars represemne ~ Other side of the epithelium (Fig. 4). The staining of the
(N=4-8). P values for each column are as follows: PLA2 alone,luminal surface was often irregular, with certain areas or
P=0.0002; PLA2+pBPB, P<0.0001; pBPB alone, P=0.98; individual cells staining more brightly for unknown reasons.
PLA2+ZnCbh, P=0.004; ZnCt alone,P=0.91. Higher magnifications clearly showed surface staining of the

Control

PLA2 done
PLA2+pBPB
pBPB done
PLA2 + ZnClh
ZnCl; done
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demonstrated that the binding of labeled PLA2 to the midguts
could be inhibited by an excess of unlabeled enzyme. In
contrast to the midgut staining by the labeled PLA2, however,
labeled PLA2 completely failed to bind to ookinetes. In
addition, the PLA2 failed to label isolated peritrophic
membranes, suggesting that its ligand is found only on the
midgut surface (data not shown).

=
o O
o O

C. adamanteusnd honeybee venom PLAZ2s are suitable
candidates for refractory genes

20

Ookinete binding (% of control)
(o2}
o

S 5 5 E “® 5 == 8 TheC. .adamanteuand honeybee venom PLA2s were fed

‘g g8 & & 2 2 8 g @ < to mqsqwtoes to test.the premise that the genes encoding these

O o o @ g fs % g 2 oy proteins would be suitable as refractory genes. The percentage
T em 2§ Tzl of mosquitoes that fed on chicken blood containing the PLA2s
@ £ © z z

or on control blood was determined and was not significantly
Fig. 3. Midguts were pretreated with different PLA2s (final different on any of the feeds (Table 6). No difference in
concentration 1@mol %) in M199 medium for 10 min and then used Viability or in egg production was observed between
in adhesion assays. Control, midguts treated with buffer only. ThE1osquitoes fed the PLA2 compared with the control group
PLA2s used in treatments were as follows: Bovine pancr., bovingéTable 6). We conclude that the PLA2s have no strong effect
pancreatic PLA2; Porcine pancr., porcine pancreatic PLA2; Been the abilities of mosquitoes to engorge or reproduce. These
venom, honeybee venom PLA2; Crotalus d.Cretalus durissus  results suggest that it may be feasible to express PLA2 genes

terrificus venom PLA2 (CrOtOXin); Crotalus ad.Crotalus in transgenic mosquitoes ina midgut_specific fashion.
adamanteus venom PLA2 (Tumoll1); Naja moss. |, Naja

mossambica mossambicenom PLA2 isozyme | (pl=6.5); Naja
moss. Il,Naja mossambica mossambiganom PLA2 isozyme Il

Discussion
(pl=8.8); Naja moss. lll,Naja mossambica mossambic&nom
PLA2 isozyme Il (pl=9.6); Naja naj@&aja najavenom PLA2. The We have shown that tirotalus adamanteuBLA2 greatly

PLA2s were dialyzed extensively before use in the assays. Eadgduces the efficiency of oocyst formation of malaria parasites.
column represents the results of a single experiment, performed S enzyme blocks the development &flasmodium

quadruplicate. Error bars represers.ezm. (N=4). P values for each
column are as follows: Bovine pancP=0.23; Porcine pancr.,
P=0.05; Bee venonRP=0.001; Crotalus d. tP=0.001; Crotalus ad.,
P=0.002; Naja moss. R=0.003; Naja moss. IP=0.004; Naja moss.

falciparum as efficiently as of the model organisi.

gallinaceum enhancing the significance of our finding and
implying that a conserved part of the plasmodial life cycle is
affected. Furthermore, the reduction in oocyst numbers

IIl, P=0.02; Naja naja>=0.003. correlates with an inhibition of ookinete adhesion to the midgut

surfacen vitro. The PLA2 has no effect on any of the mosquito
midgut cells (Fig. 4D), although the lack of resolution made istages of the malaria parasite vitro, nor does it alter the
difficult to determine whether the PLA2 was associating withadhesion ability of ookinetes or their ability to form oocysts
the microvilli-associated network observed on the midgugfter pretreatment with the enzyme. The gliding motility of
surface in earlier studies (Zieler et al., 1998, 2000). Althougkreated ookinetes on glass slides was also normal, and
the unstained midguts are not shown for comparison, theokinetes shed their surface lipids normally in the presence of
degree of autofluorescence was low compared with the staindte enzyme. These results, together with the observation that
midgut and resulted in a very dim image at the lamp intensitfluorescently labeled PLA2 binds to mosquito midguts but not
and gain settings used for the digital camera. We alsto ookinetes, suggest that the phospholipase binds to or

Table 6. Crotalus adamante®EA2 has no effect on mosquito viability or fecundity

% Engorgement
(number fed/total)

Viability 4 days
post blood feed (%)

Egg count per

PLA2 fed to mosquitoes gravid femalé

+1.2umol -1 CrotalusPLA2d 52.3 (45/86) 88.9 55.0+7.8
+0.2umol I CrotalusPLA2 51.6 (32/62) 90.6 57.3+6.0
+1.5umol 1”1 bee venom PLA2 69.1 (47/68) 89.4 55.8+11.3
Control (+buffer only) 59.4 (37/69) 90.2 56.7+12.6

3Percentage of mosquitoes with visible blood meals in their abdomens immediately after membrane feeding on blood withRitAdthout
bpercentage of the blood-fed mosquitoes still alive 4 days after membrane feeding.

®Mean number of eggs in six randomly selected gravid femades +

dFinal concentration of the PLA2s in the blood used for membrane feeding.
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Fig. 4. Bright-field (A,C) and fluorescence (B,D) images ofAstes aegyptblood-fed midgut sheet stained with fluorescently labeled
Crotalus adamanteslPLA2 and fixed. The images in C and D are a higher magnification of the upper portion of the midgut shown in A and B.
Scale bars: A, 500m; C, 10Qum.

obscures an essential ligand on the midgut surface that structure with which ookinetes associate on the midgut surface
needed for the ookinete successfully to traverse the midgut adieler et al., 1998, 2000). It is likely that the PLA2 binds to
form oocysts. The development Bf gallinaceumoccurs in  the MN. Unfortunately, this structure is difficult to see using
mosquitoes of the genusedesand that ofP. falciparumin light microscopy, and in our fluorescence labeling experiments
mosquitoes of the gendsophelesOur results suggest that a we were unable to determine whether the labeled PLA2 does
similar midgut ligand is used by both parasite species tmdeed bind to MN strands.
recognize the midgut of their mosquito hosts and that this The inhibition by the PLA2 of ookinete association with the
molecule is essential for the parasite to identify its target. midgut surface could be a result of its direct binding to the
PLAZ2s from the venoms of other snakes and from honeybeasame periodate-sensitive carbohydrate ligand (Zieler et al.,
appear to have the same property as the PLA2 €ootalus  1999) recognized by the ookinete. In this case, the ookinete
adamanteus (see Fig. 3). In contrast, the mammalianligand would probably be a glycolipid or a highly periodate-
pancreatic PLA2s do not efficiently block adhesion. The dataensitive phospholipid such as phosphatidylglycerol. We were
in Fig. 3 suggest a correlation between the membrane-insertingable to test whether periodate treatment of midguts affects
abilities of a PLA2 and its ability to block ookinete adhesionPLA2 binding, since extensive cell damage occurs during
and oocyst formation. The mammalian pancreatic PLA2s tengeriodate treatment and the PLA2 binds more efficiently to the
to have a very low membrane-inserting ability, while theperturbed membranes in damaged cells (Dawson et al., 1984;
honeybee venom PLA2 has the highest inserting abilityrhuren et al., 1987).
measured in any phospholipase (Demel et al., 1975; Waite, In contrast, it is unlikely that inhibition of ookinete adhesion
1987). This result is consistent with our finding that theby PLAZ2s is related to their ability to bind to heparin and other
hydrolytic activity of the PLA2 is not an essential part of itsanionic glycosaminoglycans. First, this property of PLA2s is
antiparasitic activity and suggests that the inhibition obest-documented in the pancreatic enzymes (Diccianni et al.,
ookinete adhesion by the PLA2 is primarily dependent on th2990, 1991), which are not very active in our assays. Second,
enzyme’s property of binding to exposed membrane lipids. we have tried heparin, as well as a variety of other anionic
We have previously reported a novel membranous structugdycosaminoglycans, as competitors in adhesion assays and
on the midgut surface that we have termed the microvillihave been unable to detect any inhibition at concentrations as
associated network (MN) and which seems to be the primatyigh as 50@ug miL. Third, the Crotalus adamanteu®LA2
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inhibits ookinete adhesion even in the presence of heparin (dataatency phase during the action of phospholipase A2 on unmodified
not shown). phosphatidylcholine vesicleBiochim. Biophys. Act&88 349-356.
. . Brunie, S., Bolin, J., Gewirth, D. and Sigler, P. B(1985). The refined crystal
In the adhesion assay, we also tested human annexin V, Riructure of dimeric phospholipase A2 at 24 Biol. Chem.260,
protein known to bind to acidic phospholipids (such as 9742-9749.

phosphatidylserine) normally present in the inner leaflet o?Uth'a”OI'; A-h G. haT'd W”tzg: bD- hC- (1998a). !”hél;iti%“ of Jhlslga”
. . . cytosolic phospholipase y human annexin Biochem. J.329,
the plasma membrane bilayer (Swairjo et al., 1995; j59 575

Reutlingsperger and van Heerde, 1996), and found nBuckland, A. G. and Wilton, D. C.(1998b). Inhibition of phospholipase A2

inhibition of adhesion. Annexins are ft’:edependent by annexin. V. Competition for anionic phospholipid interfaces allows an
. L . . assessment of the relative interfacial affinities of secreted phospholipases
phospholipid-binding proteins that compete with PLA2s for ,5"gidchim Biophys. Acta391, 367-376.

binding to membranes (Davidson et al., 1987; Buckland angurack, W. R., Yuan, Q. and Biltonen, R. L.(1993). Role of lateral phase
Wilton, 1998a,b). The phospholipid preference of PLA2s, or separation in the modulation of phospholipase A2 actiBitychemistry32,

. . . . . . L 583-589.
the manner in which they disrupt lipid bilayers during blndlng’Coates, C., Jasinskiene, N., Miyashiro, L. and James, A. @.998).Mariner

is probably an important characteristic that enables thesetransposition and transformation of the yellow fever mosquiedes
enzymes specifically to disrupt ookinete/midgut interactions. aegypti Proc. Natl. Acad. Sci. US85, 3748-3751.

; : ondrea, E., Yang, C. C. and Rosenberg, F1981). Lack of correlation
The PLAZs have a number of unique properties that mak between anticoagulant activity and phospholipid hydrolysis by snake venom

them especially suitable for expression in mosquito midguts asSphospholipases AZhromb. Haemos#5, 82—85.

refractory genes. First, they are exceptionally stable an@rampton, J. M., Warren, A,, Lycett, G. J., Hughes, M. A., Comley, I. P.

; ; ; and Eggleston, P.(1994). Genetic manipulation of insect vectors as a
resistant to protease Cleavage’ an important property in thestrategy for the control of vector-borne disedsen. Trop. Med. Parasitol.

degradative environment of the midgut lumen. Second, theygg 3-12.
are generally secreted as proenzymes, which are activatBevidson, F. F., Dennis, E. A, Powell, M. and Glenney, J. R. (1987).

; ; . ; Inhibition of phospholipase A2 by ‘lipocortins’ and calpactins. An effect of
by trypsin cleavage (Pieterson et al., 1974; Waite, 1987). binding to substrate phospholipids.Biol. Chem262 1698-1705.

Proenzyme activation yvill occur afte_r_secretion into the midgupawson, R. M. C., Irvine, R. F., Bray, J. and Quinn, P. J(1984). Long-
lumen, as happens with midgut chitinases (Shen and Jacobsshain unsaturated diacylglycerols cause a perturbation in the structure of

hili ; phospholipid bilayers rendering them susceptible to phospholipase attack.
Lorena, 1997). The feasibility of expressing PLA2 enzymes as Biochem. Biophys. Res. Commiia5, 836842,

proenzymes in a variety of hetemlOgou__s expression systemgmel, R. A., Geurts van Kessel, W. S. M., Zwaal, R. F. A., Roelofsen, B.
has already been demonstrated (Verheij and de Haas, 1991)and van Deenen, L. M.(1975). Relation between various phospholipase

; ; i ; ; actions on human red cell membranes and the interfacial phospholipid
Third, the hydrolytic activity of PLA2s is not required for pressure in monolayerBiochim. Biophys. Actd06 97-107.

inhibition of parasite development, implying that the midgut-pennis, E. A.(1973). Phospholipase A2 activity towards phosphatidylcholine
secreted enzyme can be catalytically inactivated by mutationin mixed micelles: surface dilution kinetics and the effect of thermotropic

if necessary. We have shown with membrane feeds th%tlf’ha.Ise transitionsarch. Biochem. Biophyd.58, 485-493.
. . . ennis, E. A.(1983). Phospholipases. The Enzymes3rd edn, vol. 16 (ed.
ingestion of the active PLA2 has no measurable effect on theép b’ goyen), pp. 307-353. New York: Academic Press.

female mosquitoes (Table 6), arguing that a midgut-expressetcianni, M. B., Lilly-Staudermann, M., McLean, L. R.

PLA2 would be well-tolerated by transgenic mosquitoes. Balasubramaniam, A. and Harmony, J. A. K.(1991). Heparin prevents
PLA2 . d . v bei the binding of phospholipase A2 to phospholipid micelles: importance of
-expressing transger wedes aegypdre currently being the amino-terminusBiochemistry30, 9090-9097.

generated using the recently developed transformatiobiccianni, M. B., Mistry, M. J., Hug, K. and Harmony, J. A. K. (1990).
methods for this organism (Coates et al., 1998; Jasinskiene ethhibition of phospholipase A2 by hepariiochim. Biophys. Acta04§
al., 1998). The PLA2 gene will thus be one of the first geNeSeer E. A, Verheij, H. M. and de Haas, G. H(1981). Modification of

to be tested in transgenic mosquitoes for its ability to confer carboxylate groups in bovine pancreatic phospholipase A2. Identification of
refractonness to malana parasrtes aSpartate-49 as éﬁblndlng IlgandEUr J. Blochem113 283-288.
. . Gelb, M. H., Cho, W. and Wilton, D. C.(1999). Interfacial binding of

Our Ic.)ng-.term 5‘“‘?'65 a'fe aimed at a . complgte secreted phospholipase A2: more than electrostatics and a major role for
characterization of the interaction between malaria parasitestryptophan.Curr. Opin. Struct. Biol9, 428-432.
and mosquito tissues. In the process of this work, we wil@e'\;lberg,_tE- ;-, E_h’alrnardéI DE. R. and tVVIaer, E._A-$k94)-cl\£arl1ual fLO,L

. . . . osquito earing an Xperimenta echniqu e arles, .

further our undergtandlng of the plology of thIS. paras[te, and pmerican Mosquito Control Association.
we hope that this knowledge will be a starting point forGoormaghtigh, E., van Campenhoud, M. and Ruysschaert, J.-M1981).

developing new methods of malaria control. Lipid phase separation mediates binding of porcine pancreatic
phospholipase A2 to its substraBiochem. Biophys. Res. Comm01,
1410-1418.
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