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Summary

Apyrases are enzymes that hydrolyze nucleotide di- and
triphosphates to orthophosphate and mononucleotides.
At least two families of enzymes, belonging to the'5
nucleotidase and to the actin/heat shock 70/sugar kinase
superfamily, have evolved independently to serve the
apyrase reaction. Both families require either C&* or Mg2*
for their action. A novel apyrase enzyme sequence, with no
homology to any other known protein sequence, was found
recently in the salivary glands of the hematophagous bed
bug Cimex lectularius.This enzyme functions exclusively
with Ca2*. Here, we report the finding of a cDNA similar
to that of the C. lectulariussalivary apyrase isolated from
a salivary gland cDNA library of Phlebotomus papatasi

Transfection of insect cells with theP. papatasisalivary
gland apyrase cDNA resulted in the secretion of a C&
dependent apyrase whose activity was indistinguishable
from that in salivary homogenates of P. papatasi
Homologous sequences were found in humans, in another
sand fly Lutzomyia longipalpi3, in the fruit fly Drosophila
melanogasterin the nematodeCaenorhabditis eleganand
in the protozoan Cryptosporidium parvumindicating that
this family of enzymes is widespread among animal species.

Key words: apyrase, salivary gland, haematophagy, bedGiogex
lectularius.

Introduction

Apyrase was a term coined over 50 years ago (MeyerhofGTPase/CD39 family, which can be grouped in the actin/heat
1945) to describe those enzymes that could hydrolyze boshock 70/sugar kinase superfamily (Smith and Kirley, 1999).
ADP and ATP to AMP and orthophosphate. ShortlyHowever, the salivary apyrase of the mosqéitmles aegypti
thereafter, the existence of this enzyme was questionduklongs to the 'Snucleotidase gene family (Champagne et al.,
because, in muscle, the activity could be explained by th&995b), which is not surprising since bacteriahBcleotidases
combined action of myosin and myokinase, although in livealso hydrolyze ADP and ATP (Zimmermann, 1992). In
the activity was found without contaminating adenylateaddition, a completely new type of apyrase was found in the
kinase (Kalckar, 1945). However, in plants such as potatblood-sucking bed bu@imex lectulariugValenzuela et al.,
tubers, the existence of a true apyrase seemed real, althoutf®8). This cDNA has a high level of similarity to the
its function remains unknown (Traverso-Cori et al., 1965gxpressed sequence tag (EST) fr@aenorhabditis elegans

Traverso-Cori et al., 1970). Apyrase activity was laterand from humans (Jurkat-cell-derived cDNA

library),

described in the salivary glands of hematophagous insecisdicating that this family may be widespread. In addition, a

when Sarkis and others (Sarkis et al., 1986) gave

eDNA from the sand flj_utzomyia longipalpislso has high

convincing account of the presence of a true animal apyrasémilarity to Cimex lectulariusapyrase (Charlab et al., 1999),
and, in the same paper, postulated that apyrase could seimdicating that phlebotomine Diptera may hav€imextype
an extracellular role in purinergic catabolism (such a®f apyrase, rather than therficleotidase or CD39 type found
degrading ADP, which triggers platelet aggregation) andn other organisms. Howevedrutzomyia longipalpisapyrase
an intracellular role in glycosylation reactions (such asDNA was not expressed to confirm its function.

degrading UDP to UMP after it is

released during

In this paper, we describe a cDNA from the sand fly

transglycosylation reactions). More recently, apyrases havehlebotomus papatasgvhich also has a high similarity to the
been found in several vertebrate tissues, and their genes hai@NA of the apyrase found in the bed bDignex lectularius
been cloned (for reviews, see Plesner, 1995; Yoshida afWe present evidence that this cDNA codes for the abundant

Amano, 1995; Zimmermann and Braun, 1996).

salivary apyrase of this blood-sucking fly, and argue for the

Most apyrases cloned thus far are related to the yeasbnvergent evolution of apyrase enzymes.
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Materials and methods ELISA assay
Materials Salivary gland proteins eluted from a molecular sieving
Organic compounds were obtained from Sigma Chemicdligh-performance liquid chromatography (HPLC) column
Corporation (St Louis, MO, USA). All water used was ofwere assayed with pre-immune and immune serum (anti-
18 MQ qua”ty and was produced by a MilliQ apparatus fromapyrase) using conventional ELISA protocols. Dilutions of
Millipore (Bedford, MA, USA). Sand flies were reared at thePre-immune and immune serum were 1:500, and dilutions for
Walter Reed Army Medical Research Institute on a fermenteth€ secondary antibody (anti-rabbit IgG peroxidase conjugate;
mixture of rabbit chow and rabbit feces, as describedigma Chemical Co., St Louis, MO, USA) were 1:2000.

previously (Modi and Tesh, 1983). . .
Isoelectrofocusing gel electrophoresis

Insects A Pharmacia Phast System (Uppsala, Sweden), using

Adult sand fliesPhlebotomus papatasiere kept with free pH3-9 gel, was utilized according to the manufacturer’s
access to a 20 % solution of sucrose unless specified otherwisecommendation. Standards provided by Pharmacia were used
Salivary glands from 3- to 10-day-old adult flies were dissectetp calibrate the gels. Two lanes of the gel were run, each
and transferred to 10 or p0of 10 mmol! Hepes, pH7.0, with two pairs of homogenized salivary glands containing
0.15molf! NaCl in 1.5ml polypropylene vials. Usually approximately 2ig of protein. An additional lane was run with
groups of 20 pairs of glands were placed iquR6f Hepes isoelectric pH markers and stained with Coomassie Blue, as
saline or individual glands were placed inplOof Hepes recommended by the manufacturer. After the run, cutting the
saline. Salivary glands were kept-&5 °C until needed, when gel and its plastic backing with scissors separated the two lanes
they were disrupted by sonication using a Branson Sonifier 43®ntaining salivary gland homogenates. These were incubated
homogenizer (Branson Ultrasonics, Danbury, CT, USA)with either ADP or ATP (5mmott), 50 mmolt?! Tris-Cl,
Salivary homogenates were centrifuged at 10986r 2min,  pH8.3, 20 mmoli! CaCk and 100 mmofi* NaCl until bands

and the supernatants were used for the experiments. of calcium phosphate (indicating apyrase activity) were visible
. . _ (1020 min of incubation at room temperature). Washing the
Polyclonal antibody t&. lectulariussalivary apyrase gel with the same reaction mixture without nucleotide stopped

A synthetic peptide (KVLIEETKIDDHKYEGVDFV) based the reaction.
on the predicted C-terminal region of tianexapyrase clone _ ) _
was produced at the Laboratory of Molecular Structure,SOd'Um dodecyl sulphate polyacrylamide gel electrophoresis
National Institute of Allergy and Infectious Diseases, (SDS-PAGE)
Twinbrook Facility, Rockville, MD, USA. The synthetic  Tris-glycine gels (10 %), 1 mm thick, were used (Novex, San
peptide (5mg) was conjugated to 7mg of keyhole limpeDiego, CA). To estimate the relative molecular magg 6f
hemocyanin (KLH) at a molar coupling ratio of peptide:carrierapyrase, SeeBlue markers from Novex (myosin, bovine serum
of 122:1 and used to immunize rabbits at Spring Valleyalbumin, glutamic dehydrogenase, alcohol dehydrogenase,
Laboratories, Woodbine, MD, USA. Pre-immune sample wasarbonic anhydrase, myoglobin, lysozyme, aprotinin and
taken before the first injection, and immune serum sampldgsulin chain B) were used. Salivary gland homogenates were
were taken after two and three injections. Antibody specificityreated with 8% SDS in Tris-HCI buffer, 0.5 mdl | pH 6.8,
was verified by enzyme-linked immunosorbent assay (ELISAL0 % glycerol and 1% Bromophenol Blue. Five salivary gland
of crude salivary homogenate and purif@gichexapyrase with ~ pairs per lane (approximatelyu§ of protein) were used for
both immune and pre-immune sera. This antiserum has be&TPase and ADPase activity, and 10 pairs were used for

used previously (Valenzuela et al., 1998). staining with Coomassie Blue. The gel was run with Tris-
_ _ glycine buffer according to the manufacturer’s instructions.
Chromatographic experiments Gels used to measure enzymatic activity were renatured by

Gel permeation chromatography was performed with Superashing twice with 2.5% Triton X-100 in water for 20 min,
TSK-2000SW (4 mm25cm; TosoHaas, Montgomeryville, followed by two washes with water. All washes were
PA, USA) isocratically perfused with 10 mmotiHepes, performed with gentle rocking of the plate containing the gels.
pH7.0, 1.0molt! NaCl, at a flow rate of 0.2mlmih Gels were tested for apyrase activity as described above for
Fractions were collected at 20s intervals. Samples of thie isoelectric focusing experiment. For amino-terminal
fractions were used to determine apyrase activity bygequencing of the gel band containing apyrase activity, 25
incubating with 2mmoH! ADP or ATP in a medium homogenized pairs of glands were electrophoresed and
containing 20 mmofft Hepes, pH7.4, 5mmot} CaCb transferred to PVDF membrane using 10 mmioQaps, pH 11,
and 100mmolil NaCl. Orthophosphate released from 10% methanol, as the transfer buffer on a Blot-Module for the
nucleotides was detected by the method of Fiske an¥Cell Il Mini-Cell from Novex. The membrane was then
Subbarow (Fiske and Subbarow, 1925) adapted to stained with Coomassie Blue in the absence of acetic acid.
microtiter plate (Marinotti et al., 1990). All colorimetric
assays were performed with a ThermoMax plate reader from Amino-terminal sequencing
Molecular Devices (Menlo Park, CA, USA). The band associated with apyrase activity was cut from the
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PVDF membrane and subjected to Edman degradation, usimgas used as a template for a PCR reaction to amplify random
a Procise sequencer (Perkin-Elmer Corp., Norwalk, CT, USALDNAs. The primers used for this reaction, sequences from the
by Dr Mark Garfield at the Structural Biology Section, triplex2 vector, were: PT2F1 'AAGTACTCTAGCAA-
Twinbrook Il facility of the National Institutes of Allergy and TTGTGAGC-3), which is positioned upstream of the cDNA

Infectious Diseases. of interest (5end), and PT2R1 (BCTCTTCGCTATT-
_ _ _ ACGCCAGCG-3), which is positioned downstream of the
Construction of a salivary gland cDNA library cDNA of interest (3end). High-fidelity platinum Tagq

Phlebotomus papatasialivary gland mRNA was isolated polymerase (Gibco-BRL) was used for these reactions.
from 85 salivary gland pairs from adult females, at days 1, 2mplification conditions were: one hold of 75°C for 3min,
and 3 after emergence. The Micro-FastTrack mRNA isolatiomne hold of 94 °C for 3 min, 34 cycles of 94 °C for 30s, 49°C
kit (Invitrogen, San Diego, CA, USA) was used, yielding afor 30s and 72 °C for 80 s. Amplified products were visualized
total of 100ng of poly(A) mRNA. The polymerase chain on a 1.1% agarose gel with ethidium bromide. The
reaction (PCR)-based cDNA library was prepared followingconcentration of double-strand cDNA was measured with
the instructions for the SMART cDNA library construction kit Hoechst dye 33258 on a Flurolite 1000 plate fluorimeter
(Clontech). TheP. papatasisalivary gland mRNA (100ng) (Dynatech Laboratories, Chantilly, VA, USA).
was reverse-transcribed to cDNA using Superscriptll RNAase The PCR product (344) containing 100-200 ng of DNA
H- reverse transcriptase (Gibco-BRL, Gaithersburg, MDwas then treated with Exonucleasel (0.5 yuiitd) and shrimp
USA) and the CDS/3primer (Clontech) for 1h at 42°C. alkaline phosphatase (0.1 units!) for 15min at 37°C and
Second-strand synthesis was performed with a PCR-bas&8 min at 80 °C on a 96-well PCR plate. This mixture was used
protocol using the SMART Il primer (Clontech) as the senseas a template for a cycle sequencing reaction using the DTCS
primer and the CDS/3primer as the anti-sense primer. In labeling kit (Beckman Coulter, Inc., Fullerton, CA, USA). The
addition, these two primers creaB#i A and Sfi B sites, primer used for sequencing (PT2F3) is upstream of the inserted
respectively, at the ends of the nascent cDNA. Double-strareDNA and downstream of the primer PT2F1. The sequencing
cDNA synthesis was performed on a Perkin Elmer 9700eaction was performed on a Perkin Elmer 9700
thermal cycler (Perkin Elmer Corp., Foster City, CA, USA)Thermalcycler. Conditions were 75°C for 2min, 94°C for
using Advantage Klen-Tag DNA polymerase (Clontech). 4 min and 30 cycles of 96 °C for 20s, 50 °C for 20s and 60°C

PCR conditions were the following: 94°C for 2min; 19 for 4min. After cycle sequencing, a cleaning step was
cycles of 94°C for 10s and 68°C for 6 min. Double-strancdberformed using the multiscreen 96-well plate cleaning system
cDNA was immediately treated with proteinase K (@ggl=1)  from Millipore. The 96-well multiscreening plate was prepared
for 20min at 45°C and washed three times with water usingy adding a fixed amount (according to the manufacturer’s
Amicon filters with a 100kDa cut-off (Millipore Corp.). specification) of Sephadex-50 (Amersham/Pharmacia Biotech,
Double-strand cDNA was then digested w8f for 2h at  Piscataway, NJ, USA) and 3QDof deionized water. After a
50°C (theSfi sites were inserted into the cDNA during the 1 h incubation at room temperature, the water was removed
second-strand synthesis using SMART Ill and the CDS/3rom the multiscreen plate by centrifugation at g$6r 5min.
primer). The cDNA was then fractionated using columnsVhen the Sephadex in the multiscreen plate was partially
provided by the manufacturer (Clontech). Fractions containindried, the whole cycle sequencing reaction was added to the
cDNA of more than 400bp were pooled, concentrated andenter of each well and centrifuged at g30r 5min, and the
washed three times with water using an Amicon filter with a&lean sample collected on a sequencing microtiter plate
100 kDa cut-off. The cDNA was concentrated to a volume ofBeckman Coulter, Inc.). The plate was then dried on a Speed-
7ul and then ligated into a lambda triplex2 vector (Clontech)Vac SC (model 110) with a microtiter plate holder (Savant
The resulting ligation reaction was packed using the Gigapadkstruments, Inc., Holbrook, NY, USA). Dried samples were
gold IlIl from Stratagene/Biocrest (Cedar Creek, TN, USA)immediately resuspended with @5of deionized ultrapure
following the manufacturer's instructions. The library thusformamide (J. T. Baker, Phillipsburg, NJ, USA), and one drop
obtained was plated by infecting log-phase XL1-blue cell®f mineral oil was added to the top of each sample. Samples
(Clontech), and the number of recombinants was determineglere sequenced immediately on a CEQ 2000 DNA sequencing
by PCR using vector primers flanking the inserted cDNAinstrument (Beckman Coulter, Inc.) or stored-30 °C.
and visualized on a 1.1% agarose gel with ethidium bromide
(1.5pg mid). Isolation ofP. papatasapyrase cDNA

After identifying a cDNA with high similarity toCimex
Sequencing d?. papatasapyrase lectularius apyrase, a sample (approximately 100 ng)Pof

The P. papatassalivary gland cDNA library was plated to papatasi apyrase PCR sample was re-amplified using the
approximately 200 plaques per plate (150 mm diameter PetAT2F1 and PT2R1 primers (same conditions as described
dish). The plaques were randomly picked and transferred toabove but only 25 PCR cycles), and the entire cDNA was fully
96-well polypropylene plate containing 1j0i0of water per sequenced using custom-designed prinferpapatasapyrase
well. The plate was covered and placed on a gyrator/shaker fobDNA was then cloned into a TOPO TA cloning vector
1h at room temperature (24-27 °C). The phage sampig (5 (Invitrogen) and stored af70°C.
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Expression oP. papatasapyrase Apyrase activity

To express th@. papatasiapyrase, the full-length cDNA Apyrase activity was determined by orthophosphate release
was used as a template to amplify only the cDNA that beginsom nucleotides using the method of Fiske and Subbarow
at the initial methionine and ends at the first stop codon. Thgiske and Subbarow, 1925) with modifications (Marinotti et
single amplified product obtained was immediately cloned intal., 1990).
the vector plIB/V5-His TOPO (Invitrogen) following the
manufacturer’s specifications. The ligation mixture was used Sequence analysis
to transform TOP10 cells (Invitrogen), and the cells were Sequence similarity searches were performed using the Blast
incubated overnight at 37 °C. Eight colonies were picked an@Altschul et al., 1997) program. Cleavage site predictions of the
mixed with 1Qul of sterile water. From each sampleylsvas  mature proteins used the SignalP (Nielsen et al., 1997) program.
transferred to Luria broth with ampicillin (1pgmI1) and  Alignments of protein sequences were performed with the
grown at 37°C. The other s was used as a template for a ClustalwW program version 1.7 (Thompson et al., 1994).
PCR reaction using two vector-specific primers from the
pIB/V5-His TOPO vector to confirm the presence of the insert
and for sequencing analysis. After visualization of the PCR Results
product on a 1.1% agarose gel, we sequenced the eight PCRNhile sequencing a salivary gland cDNA library from the
products described above using a CEQ2000 DNA sequencirsgind flyP. papatasia cDNA clone with high similarity to the
instrument (Beckman Coulter, Inc.).

We chose two samples, one containing the complet
sequence (from methionine to the stop codon) in the corre 1 gccggggat t ct gt t gt gggaaat ct ct t gaacat ttt caaa

orientation ofP. papatasapyrase for expression on this vector 43 atgtttctcaaattttgtattgttgotttt gecattt gect ct ca

and a second sample, which became our control sampl MFLKTFGCI VAFAI CL S
containing theP. papatasiapyrase complete sequence in 88 ?t ailat E‘CtscagaaggagCIEC"i;gagg‘ gga$°a?‘ Cg(a‘ ﬁlat
reverse orientation for the expression in this cell vector. Cell 133 tttgccattat aget gat t t ggat aaaaaat ct at cagcccaaag
containing the sample and control were grown overnight ¢ E AL I ADLUDKIKS SI SPK
37°Cin Luria broth with ampicillin (100g mi-)), and plasmid 7 3 3 3 Rt Aepaagot dtegr araagt ogat gaat tantt

isolation was performed using the Wizard miniprep kit 223 %aag/ta%gagDatﬁag;acggt%tciaaeﬁgiagiaagaa%atcHat
(Promega Corporation, Ma@son, WI). After plasmid |§olat|onl, 268 gaaat at t cact asat at geat acanaggacgaggaget gaat t a
sample and control plasmids were washed three times wi EIl FTKYAYKGRGATEHL
; ; _ Sl 313 tctgaattcttaatttataaat ggaaactttacacttttgatgac
ultrapure vyater using an Amicon-100 (Millipore Corp.), the S EF LI YEWKLYTEDRD
concentration of sample was measured, and the samples wi 358 aaaagt ggaat t gt ct t t agact gaaaaccaat gcagacct cat t

stored at-30 °C before High Five cell transformation. KseIl vVFRLKTNADLI
403 ccttgggt aact ct cgcaaat ggcaat ggagat caaact gat ggc

P WV T L ANGNGDQTDG

EXpreSS'On OP papata&llpyrase |n InseCt Ce” I|ne BTI'TN' 448 ttt aaggcagaat gggcaacaact aaaggt gacaaaat gt acgt t
5B1-4 (High Five) FKAEWATTTZ KT GDTKMYV

. . i X 493 ggat caactggaatttcttttact gacaaaacaggcaaatt aaat
High Five insect cells (Invitrogen, Carlsbad, CA, USA) were GSTGI SFTDIKTGSKTL N
i i i i _ i i 538 agcaact ccct ct ggat caaagaaat cgat caagacggaaaggt t
cultivated in ngh Five _slerum free 'med|um (InV|t'rogen) SN s L wl KB aTew
supplemented with 1jig mi~t gentamycin. A cell density of 583 cagagt tt agat t ggaaagaacaat acgacaaaat aaaaagt gct
2.0x10cellsmr! and 60-70% confluency were used for 628Qt S Lt DtWtK tEttQtt:( D K | thtSttA

. . . at gaaaat ccct aatggattta cacgaagc aa
transfection oP. papatasapyrase cDNA and the. papatasi MgK I P N gGg o V\?QH g gA % N V\;O’g

apyrase anti-sense construct (control). Transfections we 673 tscaiaaftciaaaacgaawgg/tc::ttﬁtagca?{gaiaatcgcts ca
performed using YQI of Insectin-Plus I!posomes (Invitrogen) 415 gaacgt ccat t t gat accaaaact gaagagact at t ggat gt aac
and added to a mixture of 5ml of Ultimate Insect serum-fre: ERPFDTIKTETETI GCN

. . P _ -1 ; ; 763 aagat aat catt gccagt gaaaatttcgaaat aat caaatctatt
medium (Invitrogen) containing 1-§ ml™ plasmid DNA in K1 11 AsENFEFELT K S

a 15ml sterile tube. After vortexing for 10s, the mixture was 808 cagat caaaggaaaat ct at t aat cgt gccgcaggattttcttca
incubated at room temperature for 15min. The mixture wa Ql KGKS I NRAAGTF S S
. i ) 853 ttcaaattcctccccgat agt gat gaccaaatccttcttgecattg
then added very slowly to a monolayer of High Five cells (ir F KFLPDSDTDGOI L LATL
a 25cn? flask) immediately following removal of culture 898 §a9$0tlatCgaaﬁaggac%aciaaﬁ_“gﬂ ?_Ca;acf‘“?cagta
medium. The flasks were then transferred to a rocking platfort 943 att gat at cact ggaagagt t t t aat gccagaaat gcagat caat
at a speed of two side-to-side movements per minute and le 988| Dtl tT G R V“Lt MmPt EMQI N
. . agcgat aaat acgaaggaa C aaaagcaccgaagga
for 4h at room temperature. Finally, the cells were incubate Sg DK Y B ?;g VL LK sgj T gg
at 27°C for up to 4 days_ After 3 days of incubation, the 1033 tttttgaaacgcagt caat aat aaaaaaaaaaaaaaaaaaaaa 1075

supernatant (5ml) was collected and centrifuged on . FLKRSQ™

Centricon Plus-20 (SkDa cut-off) (Millipore Corp.) at 1800 Fig. 1. ¢cDNA and translation product dPhlebotomus papatasi
for 40 min. The retentate of the Centricon Plus-20 (#)@as  salivary apyrase cDNA (PpApy). The underlined amino acid sequence
collected and stored for further analysis. represents amino acids found by Edman degradation (see Fig. 4).
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Cimex apyrase cDNA (accession number @i:4185746)o0ssible presence of a secretory signal sequence (Nielsen et al.,
(Valenzuela et al., 1998) was found (Fig. 1). The cDNA forl997) predicting a mature peptide starting at position 22
the putative apyrase d?. papatasi(PpApy) indicates the (APRSGTI...), an estimated, of 35856.06 and a pl of 8.93.

1 60
P. papat @Si =----ccccccmm e
L. 1 ONGI PA === === - mm o s m e e oo
Co_lectula -------- o m e MRSSYRVGNP
HUNMBN _EST - - - oo s oo s e o e o e e e e oo

D. _nel anog MQSPAFAYREHAEHSPRAMYNRDWRSALRTPTYRI GNRTVRFNYHFALLI VCAFVLVLLF
C ol @gaNnS - - - - - - e oo

61 120

P. papat asi ----------===-"==""~="--- MFLKFCI VAFAI CLSI NLSEGAPRSGTI INFAI
L. 1 ONGipa -=--=---m-mmmmmmmmmeeeo s MFLKVW\/CAFATVFLVGVSQAAPPGV] HFG_
C _lectulal RFQ:’TN\NGLLLLSLVLSFM_VQSYELGHASGETNANSKYPLTTPVEENLKV
Human o) B
D._nel anog YFARQGSHSSSDGYW.RRSYTDARSL DNGGPVVQAYNATYPLTSPWL RCI;\/I
C @] @JANS == === == m e M_|]

121 180

P. papat asi BEBLEKKSI SPK- - NONNYKEI VKVGE[l EVG- - DKYSVKMKKE- DHEI FTKYAYKERGAE
L._I ongi pa ABMBKKSI AS- - - DKTTENSVLKI DEIRHNTKTDQYI YVRSRV- KKPVSTRYGFKESGAR
C _lectul a SBOBKNAVSKDE- - SNTIVETYL TGTEVEKSTDKI TVQADKGNEKKVKSKYSYGERGME
Human_EST  ABLBTESRAGE- - - ENTMFXYLKKGYESDSGDKVAVEWDKDHG- - - VILESHLAEKERGME
D. _nel anog BBLBTSSKVSKGDGSSTMRSYLKKGYETYTVARSEl Q SWDDGAP! VL ESAFAL KERGME

C _el egans [BLBHOSKDGK- - - - - KWKSL VSRGFEKVSADHKHADI HFDKDSEYYVDTNI AAGERAME
181 240

P. papat asi [ESBFLI HKWEYFEERSEIVEREKTNADL | BITTANGNEDGT CERRARIATTRCOKMY
L.l ongi pa BB WENNKIEYIVEBKSENTERITKDGKL Al BABACEQRPOIERRCGEYATI [DDT! Y
C I ectul a IRELVTENGNILTFBBRIELVH! BK- DOKVYEIVEABGOEKNSERRSEUATERAGNL Y
Human_EST SBLI VENGKEYSVEBRIEVVIQIIE- GSkaVElY! ISBGCE TVEERARNL AVEDERL Y
D _nel anog BEELVTENGRILTFESRIER! NERV- NDKP! [ L BeoeHsAKEaRABIATVREQTL Y
C —el egans IRBLAVENGAIVS! BRI NS DKKAL YL ENBGPENVVIEgRGEY! TVRDTEL

241 300
P. papat asi eSTEl SFTDKTEKLN- SNSLMIRENDQDEKYQSL BYKEQYDKI KSAMK- - | PNERI VEE
L._longi pa YESTEMK- - - - - - F- - TSSLMWRKE TKDEVY TSHBY TDKYRKI LKALN- - MPNEEVWRE

C_lectul a JESSEKEW TKEETI ENYNPI\,-II\/lNKI\C TSLmQTNYEKI RSSWN- | TFPEYMARE
Human_EST  MeGLEKEWITT NENP VSNLSTVRAAAG- | QPPEYLI [§=
D _nel anog GESMEKEWT TSAGDFENNNP RSL VDNFKQLRLQSMQ TWPEYM (=
C _el egans JEGLEKEWITT NDHP KDVY! RVRRAAG- | EYPEYM [§&

301 360
P. papat asi BVNIEKL KNQIVEL FEKCSERPEDTKTEET! BCNKI | | ASENFE! | KSI Q KGKSI NRAA
L. _longi pa BVTIEPFRKQIMEVPEKCERHPESQEL EERTECNKI VTADENFNDI QVI H QDQPYNLAS
C _lectul a BAQEEDKYNKUEEL PRALEQEAYDSKKFETEARVI | SCDDKFEKCEPTQ QG- KTEDKR
Human_EST  BAQEDTL QRUFEPAZRASQEAYSEKDDBGKEANL QL SASPDFGDI AVSHVG- - AWPTH
D. _nel anog lGTEEERNLPERCEKEK.NETKIZIHNCGIVLVSADESFTNVEFVRLDPENTTPTH
C _el egans BVQIEA HRKUEEL PERVENEKYSEAEDENRETNVL VI GNEEL TDFEVWRVG- SENNKSR

Fig. 2. Alignment of selected cDNA 361 420
sequences translated from apyrases Op papatasi [€gSSEKEEEDSODOQ MEANKE! EKDDK- TATNI TVI DI TERVIENPEMGINS- DRYEE! VL
Phlebotomus papatasi (AF261768), L._Iongipa ExSSERENECTKNEREEAERTVEQEDQ VKTIAVVVDNKETVEMYEKEEYD- ERFEEL AF
Lutzomyia longipalpis(AF131933), Cimex C _/ectul a [€§SNg<@VaTSEDK! BVCERTVEADDT- TETNFTAFDEE[EKVIBEEE TKHDD- H¥Y[EeVDF

; Hur man_EST NTDDQ DSGR- VASY| VAF G =TKHRS- eNEY
lectularius (AF085499), human expressed " el anog EzEEGTDDSI “&LNGK T A?II T AF%E?‘IETQETD:{IEFEF

sequence tags (AAG32390, AA337541,¢ “el egans [EgAAFRVENTHHOL IVARKSEEKDGKPVASYASVFDEHINVEEDEYL EHGPYEEE! AF
AA311735,  AA075972,  AA356674, g HO-IATKSEE SYASVFDIHINVIECELE

AA337180, AA348005, AA112425 and

AA074378), Drosophila melanogaste(D. 421 432

melanog) (AAF54638) andCaenorhabditis P Papatasi LKSTEGFLKRSQ
. . . L. _longi pa FCE KKN-- - - -

elegang(U29378). Identical amino acids are

lectula V-----------
prlnted in white on a black background andHurmn [ U

a blue background. c _elegans A-----------
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This cDNA was also similar to the putative apyrase cDNAinvestigated whether an antiserum raised against the
from the fly Lutzomyia longipalpis(accession number carboxyterminal region o€imex lectulariugValenzuela et
0i:4928274) (Charlab et al., 1999), an expressed sequence &g 1998) would recognizZéhlebotomus papataapyrase. To
(EST) from Caenorhabditis elegangaccession number this end, we submitted 10 pairs of glands fienpapatasto
0i:7498612) and an EST from both mouse and humagel filtration chromatography, assayed the fractions for
(Valenzuela et al.,, 1998; Fig.1). More recently, aapyrase activity, and used the fractions to coat an ELISA
Cryptosporidium parvungenomic DNA (accession number plate. We found co-elution of the salivary apyrase with
0i:6205157) coding for a protein similar @mex lectularius material recognized by the antiserum used (Fig. 3), indicating
apyrase was found during a genomic survey, as well asthatPhlebotomus papataspyrase shows sequence similarity
putative gene product fromDrosophila melanogaster with the carboxy-terminal region ofCimex lectularius
(accession number gi:7299449). Alignments of the predictedpyrase.
protein sequences, not includiGgyptosporidium parvungre To determine thé, of the salivary apyrase &f. papatasi
shown in Fig. 2. we submitted five pairs of salivary glands to SDS—PAGE using
There is marked sequence similarity betwe€mex a 10% gel. The gel was renatured with Triton X-100 and
lectulariusand Phlebotomus papatasipyrase cDNA, so we washed with water before addition of the reaction mixture
to visualize the apyrase activity by calcium phosphate
precipitation. The results indicate (Fig. 4) an appahkénof
38x10% when compared with the standards run in the same gel.

£
é 0.015{ A We also observed that the apyrase activity appeared in a region
N of the chromatogram gel containing a band strongly stained by
w® 0.010 . .
8 Coomassie Blue. Transfer of this band (from another gel
S 0.0051
=
B op—— A .
< 0 5 10 15 20 25
T 10 ADP ATP PTN
= g 25()
g
E o
<&
>
E
= — 5()
+— 30
m
0.2
B
0 -, 2.1
0 5 10 15 20 25
0.8 2.0 .
D < 1.9
06 318 ‘
3 SEER
| 041 1.6
(] 1.5 |
0 X ot i " Migration distance
0 5 10 15 20 25
Retention time (min) Fig. 4. SDS-PAGE gel electrophoresis of salivary homogenates of

Phlebotomus papatas{A) ADP and ATP indicate lanes showing
Fig. 3. Molecular sieving chromatography of 10 homogenized paircalcium phosphate precipitate (dark-field illumination) following
of salivary glands fronfPhlebotomus papatagiA) Optical density at  incubation with either ADP or ATP, respectively. PTN indicates the
280nm. (B) ADPase activity() and ATPase activity &) of lane stained with Coomassie Blue. Numbers and arrows indicate the
the fractions. (C) ELISA results using rabbit anti-serum raisecpositions ofM; markers (in kDa). (B) Graph showing the range of
against the carboxy-terminal region Gfmex lectulariusapyrase. migration of apyrase activity as a function of the Mpgmarkers
(D) ELISA results using rabbit control serum. Activity in C and D is (30—98 kDa). The arrow marks the position of the apyrase band
expressed as optical density units per milliliter. relative to molecular mass markers.
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15 SGH Cil rApy
121 ADP <~—pH35
0.91
0.6
0.3
0 —— .
c
= 15
[=}
E oo . . . . .
= Fig. 6. Isoelectric focusing gel of recombin&itlebotomus papatasi
S 0.6 salivary apyrase (PpApy) and the native salivary apyrase from
‘§ Phlebotomus papatasBupernatants of High Five cells transfected
ﬁ 0.31 with PpApy cDNA (rApy) or with control plasmid (Ctl) and salivary
S 0. — ———— gland homogenate of. papatasi (SGH) were separated by
2— isoelectric focusing gel electrophoresis with a pH gradient from 3 to
15 9. Apyrase activity was measured as described in the Materials and
' methods section.
1.2- AMP
0.91 Discussion
0.6+ The salivary glands of hematophagous arthropods contain a
03. very large diversity of compounds affecting vertebrate
' hemostasis, inflammation and immunity (Ribeiro, 1995). The
0 compounds presumably help these animals to obtain a blood

ca?t Mg2* EDTA meal. It appears that, in their scramble for selecting these
adaptive compounds, the arthropods visit their whole genome

Fig. 5. Apyrase activity of cells transfected wiPhlebotomus in search of molecules to enhance their feeding ability. For

papatasisalivary apyrase (PpApy) cDNA. Supernatants of High Five . -
cells transfected with PpApy cDNA (filled columns) or with control examp!_e, the an“Cl_Ott'_ng molecule of .the mosquitedes
plasmid (open columns) were incubated with ATP, ADP or AMP in@€dYPtiis @ 54kDa inhibitor of coagulation factor Xa and a

the presence of 5mmoH CaCh, 5mmol ! MgClz or 10mmoltl ~ member of the serpin family of proteins (Stark and James,
EDTA. The columns indicate the mean stem. of triplicate  1998), while Anopheles albimanusontain a 6.5kDa anti-

measurements. thrombin with no homology to other known proteins
(Valenzuela et al., 1999). The vasodilatory molecules of these
two mosquitoes are also unrelated (Champagne and Ribeiro,
containing 20 pairs of homogenized salivary glands) to 4994; Ribeiro and Valenzuela, 1999). The blood-sucking bug
PVDF membrane vyielded the amino-terminal sequenc&hodnius prolixushas evolved several different salivary
underlined in Fig. 1, predicted by the cDNA sequencePfor lipocalins that serve as anticlotting agents (Ribeiro et al.,
papatasi(PpApy). 1995), as carriers of nitric oxide (Champagne et al., 1995a), as
To test whether PpApy cDNA codes for a true apyraséistamine binders (Ribeiro and Walker, 1994) and as ADP
enzyme, we transfected a pIB/V5-His expression plasmithinders (Francischetti et al., 2000), each affecting different
carrying the PpApy cDNA (rPpApy). As a control, we used theaspects of host hemostasis or inflammation. The bed bug
PpApy cDNA in the reverse orientation of the plB/V5-His Cimex lectulariuhas evolved a completely different molecule
expression vector (Ctl). Insect cells were transfected with thede carry nitric oxide, a member of the inositol phosphate
two constructsin vitro, and supernatants were tested forphosphatase protein family (Valenzuela and Ribeiro, 1998),
apyrase activity. While control cells did not secrete anynot a lipocalin as ilRhodnius prolixusOur earlier discovery
detectable apyrase activity, the PpApy-transfected cellsf a novel C&'*-dependent salivary apyrase i@imex
secreted CH-dependent ATPase and ADPase activitiedectularius(an enzyme destroying ADP, a mediator of platelet
(Fig. 5). No AMPase activities were detected in any of the celhggregation) (Valenzuela et al., 1998) could therefore reflect
samples (Fig. 5). The ATPase and ADPase activities werhe discovery of a new family of apyrase enzymes or,
inhibited in the presence of EDTA and were not activated bwglternatively, the finding of a unique enzyme that evolved from
Mg?2*. In addition, the cells transfected with PpApy secretecn unrelated protein.
an apyrase activity with a pl of 9.0, identical to the observed In this paper, we present evidence that the salivary glands
pl when assaying salivary homogenateB gfapatas{Fig. 6).  of the sand flyP. papatasicontain a cDNA encoding for the
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abundant salivary apyrase present in this organ. This cDN&hampagne, D., Nussenzveig, R. H. and Ribeiro, J. M. (L995a).
sequence belongs to the no@anexfamily of apyrases, which Purification, characterization and cloning of nitric oxide-carrying
has no similarities to other known protein families. Because heme proteins (nitrophorins) from salivary glands of the blood
dipterans and hemipterans are at least 300 million years aparfucking insecRhodnius prolixusJ. Biol. Chem270, 8691-8695.

in evolutionary time (Labandeira and Sepkoski, 1993), thé&hampagne, D. and Ribeiro, J. M. C(1994). Sialokinins | and II:
finding of these two very similar enzymes in these organisms | /0 Salivary tachykinins from the Yellow Fever mosquAedes
(both confirmed by cDNA expression of the enzymatic aegypti Proc. Natl. Acad. Sci. USBL, 138-142.

AN, . . . Champagne, D. E., Smartt, C. T., Ribeiro, J. M. and James, A. A.
activity) indicates that th€imexfamily of apyrases is bona (1995b). The salivary gland-specific apyrase of the moséeites

fide family. Furthermore, the finding of sequencesHiomo aegyptiis a member of the Hucleotidase familyProc. Natl. Acad.
sapiens,the flies Drosophila melanogasteand Lutzomyia Sci. USA92, 694—698.
longipalpis the nematodeCaenorhabditis eleganand the  Charlab, R., Valenzuela, J. G., Rowton, E. D. and Ribeiro, J. M.
protozoarCryptosporidium parvurhaving high similarities to (1999). Toward an understanding of the biochemical and
Cimex lectulariusand Phlebotomus papasipyrase indicates  pharmacological complexity of the saliva of a hematophagous sand
that this family of enzymes is widespread in animals. fly Lutzomyia longipalpis Proc. Natl. Acad. Sci. USA96,

The salivary apyrases of sand flies (Ribeiro et al., 1986; 19155-15160. .
Ribeiro et al., 1989), as well as thoseQifmex lectularius Davies, G. and Henrissat, B(1995). Structures and mechanisms of
(Valenzuela et al., 1998), have a strict dependence &h Ca_ 9/Yc0sy! hydrolasesStructures, 853-859. o
while those of the CD39 family (Plesner, 1995) or the 5 Fiske, C. H. and Subbarow, Y. (1925). The  colorimetric

. . . ’ ) ) determination of phosphoru3. Biol. Chem66, 375-400.

nucleotidase family (Zimmermann, 1992) work W't_h e'therFrancischetti, I. M., Ribeiro, J. M., Champagne, D. and Andersen,
Ce* or Mg?*. The search for novel members of @&mex J. (2000). Purification, cloning, expression and mechanism of

family of apyrases in vertebrates may thus exploit this action of a novel platelet aggregation inhibitor from the salivary
characteristic, perhaps by screening tissue homogenates, ogland of the blood- sucking bughodnius prolixusJ. Biol. Chem.
tissue homogenates submitted to chromatography, for their275 12639-12650.

ability to hydrolyze ADP in the presence of?Gacompared Kalckar, H. M. (1945). Adenylpyrophosphatase and myokinakse
with the activity in the presence of Mfgand EGTA. Perhaps  Biol. Chem.153 355-373.

becauseCimextype apyrases are relatively small proteins'—abandeir‘?" C.C aqd Sepkoski, J., J(1993). Insect diversity in
(approximately 35kDa), they tend to be relatively resistant to the fossil recordScience261, 310-315. ,
denaturation; theCimex lectularius enzyme has been ™Marinotli, O., James, A. and Ribeiro, J. M. C.(1990). Diet and

. livation in f | i i N Physiol.
successfully reactivated after reverse-phase chromatographygg '\gzt'so_r;l'l% emaleiedes aegypiinosquitoes.J. Insect Physio

containing acgtonltrlle and trlfluoroa_cetlc acid (Valenzuela eMeyerhoﬁ’ 0. (1945). The origin of the reaction of Harden and Young
al., 1998), whilePhlebotomus papasipyrase renatured well iy ceji-free alcoholic fermentatiod. Biol. Chem157, 105-119.
after SDS-PAGE electrophoresis (Fig. 5). This proteinvodi, G. B. and Tesh, R. B.(1983). A simple technique for mass
stability, together with their strict €adependence, could be  rearingLutzomyia longipalpigndPhlebotomus papatagDiptera:
exploited when assaying tissue homogenates @inextype Psychodidae) in the laborator.. Med. Ent20, 568-569.
apyrase activity. Nielsen, H., Engelbrecht, J., Brunak, S. and von Heijne, G1997).

In conclusion, it appears that apyrases, akin to several otherldentification of prokaryotic and eukaryotic signal peptides and
enzymatic activities such as proteases and glycosidasesPrediction of their cleavage sité3rotein Eng.10, 1-6.
(Davies and Henrissat, 1995; Rawlings and Barrett, 1993), a%%syr;slr,1|_E;éliji).2|51c;to-ATPases: |dentities and functidns. Rev.
the product of cplnvergent evolution and’_as SUCh’. are coded fI%Elwlings, N. D. and Barrett, A. J.(1993). Evolutionary families of
by several families of unrelated genes: the actin/heat shoc

. . . . peptidasesBiochem. J290, 205-218.
70/sugar kinase, the-Bucleotidase and th€imexfamily of Ribeiro, J. M. C. (1995). Blood-feeding arthropods: Live syringes or

proteins. TheCimexfamily of apyrases is thus characterized nyertebrate pharmacologistsfect. Agents Disd, 143-152.

by a strict C&*-dependency and a unique sequence, and Waibeiro, J. M. C., Modi, G. B. and Tesh, R. B(1989). Salivary

probably acquired early in animal evolution because its apyrase activity of some old world phlebotomine sand fliesect

sequence is found only in protozoans, worms, insects andBiochem.19, 409-412.

humans, but not in bacteria and plants. Ribeiro, J. M. C., Rossignol, P. A. and Spielman, A1986). Blood
finding strategy of a capillary feeding sandflizutzomyia
longipalpis Comp. Biochem. Physid3A, 683—686.

Ribeiro, J. M. C., Schneider, M. and Guimaraes, J. A(1995).
Purification and characterization of Prolixin S (Nitrophorin 2), the
salivary anticoagulant of the blood sucking bRgpdnius prolixus
Biochem. J308 243-249.
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