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Summary

To attempt description of the set of mMRNA and protein inhibitors of distinct classes, metalloproteases, novel
(sialome) expressed in the salivary glands of the tick proteins with histamine-binding domains, and several
Ixodes scapulariswe randomly sequenced 735 clones of a peptide families of unknown function displaying different
full-length salivary gland cDNA library of this arthropod conserved cysteine residues, many of which contain single
and performed Edman degradation of protein bands from  Kunitz domains. This work provides information into the
salivary gland homogenates (SGH) and saliva separated diversity of messages expressed in the salivary glandslof
by SDS-PAGE. The sequences were grouped into 410 scapularis describes novel sequences that may be
clusters, of which 383 are not associated with knowh responsible for known biological activites, indicates
scapularis sequences. 15- and 17-protein bands from further biological activities that may be present inl.
PAGE yielded amino-terminal information on the saliva  scapularissaliva and identifies novel vaccine targets that
and salivary gland gels, respectively. We attributed 19 of may be used in Lyme disease prevention.
these sequences to translation products of the cDNA
library. Full-length sequences were obtained for 87 clones. Key words: salivary gland, proteome, electrophoresis, hematophagy,
Among these protein sequences are several proteaselLyme’s disease, tickxodes scapularis

Introduction

Saliva of blood-sucking arthropods contains a large array dadlternative complement pathway, Isac, which was recently
antihemostatic, anti-inflammatory and immunomodulatorycharacterized molecularly (Ribeiro, 1987; Valenzuela et al.,
components (Ribeiro, 1995). Tick saliva has been proposed &900). There is also evidence for the presence of salivary
be important for formation and maintenance of the feedingrostacyclin (Ribeiro et al., 1988) and prostaglandin E
cavity in host skin (Ribeiro, 1989; Wikel et al., 1994; Wikel, (Ribeiro et al., 1985). Prostaglandins, in particulaaid ka,
1996).The tickixodes scapularisthe main vector of Lyme have been described in saliva of other ticks (Dickinson et al.,
disease in the eastern US, has a salivary apyrase (Ribeiro et 28876; Higgs et al., 1976; Ribeiro et al., 1992); these
1985) that destroys ADP, a main agonist of plateleprostaglandins are both vasodilators of skin vasculature and
aggregation. Platelet-activating factor and collagen-inducesnmunomodulators. Other than prostaglandins, lIsac, the
platelet aggregation inhibitors also exist.iscapularissaliva  salivary anticomplement df scapularis(Valenzuela et al.,
(Ribeiro et al., 1985), as do anticlotting agents (Ribeiro et al2000) and the anticlotting Ixolaris (Francischetti et al., 2002),
1985) including Ixolaris, an inhibitor of tissue factor/FVlla no other pharmacologically active moleculelinscapularis
(Francischetti et al., 2002), inhibitors of neutrophil activationsaliva has been molecularly characterized.

(Ribeiro et al., 1990) and inhibitors of T-cell activation Tick saliva is also important in transmission of tick-borne
(Ribeiro et al., 1985). The latter activity is mediated, at leagbathogens for several reasons; it may enhance pathogen
in part, by an undefined protein that binds IL-2 (Gillespie etransmission, hypersensitivity to saliva may modify the site of
al., 2001). A salivary kininase inodes(Ribeiro and Mather, inoculation of pathogens, and it may promote non-viremic
1998) destroys bradykinin, a mediator of pain and edemi@ansmission of viruses by cofeeding (Jones et al., 1987, 1990;
(Regoli and Barabe, 1980). The effects of inflammatoryNuttall et al., 2000; Wikel et al., 1994; Wikel, 1996). A protein
anaphylatoxins are also blocked, perhaps by the same kininasieunknown function (named SALP16) has been characterized
enzyme or other carboxypeptidases (Ribeiro and Spielmaby immunoscreening an expression salivary gland cDNA
1986). I. scapularis saliva also has an inhibitor of the library obtained from. scapularisnymphs (Das et al., 2000),
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as have 13 other immunodominant proteins ftostapularis  (0.8ugul—1) and washed three times with water using Amicon
(Das et al., 2001). filters with a 100 kDa cutoff (Millipore). Double-strand cDNA
The composition of. scapularissaliva is interesting in the was then digested witBfi. cDNA was then fractionated using
study of the biology of parasite—host relationships, thecolumns provided by the manufacturer (Clontech). Fractions
discovery of novel biologically active components, and thecontaining cDNA of more than 400 base pairs (bp) were
identification of novel vaccine targets agaihsscapularis pooled, concentrated and washed three times with water using
vectored diseases. Toward these goals, we constructedam Amicon filter with a 100kDa cutoff. cDNA was
salivary gland cDNA library from blood-feedirigscapularis  concentrated and ligated into &Triplex2 vector (Clontech).
and randomly sequenced 735 clones that yielded 410 cDNAhe resulting ligation reaction was packed using the Gigapack
clusters. Based on BLAST homology to other proteins in th&old Il from Stratagene/Biocrest (Cedar Creek, TN, USA)
non-redundant (NR) database, the presence of conservilowing the manufacturer's specifications. The library thus
domains of the SMART (Schultz et al., 2000) or Pfamobtained was plated by infecting log-phase XL1-blue cells
(Bateman et al., 2000) databases, and the presence of a sigi@bntech), and the amount of recombinants was determined
peptide indicative of secretion in these clones (Nielsen et aby PCR using vector primers flanking the inserted cDNA and
1997), we identified 100 clusters that are probably associatetisualized on agarose gels with Ethidium Bromide. For more
with secretory products. From these, we obtained full-lengtldetails, see Valenzuela et al. (2002).
information on 87 different clones, herein reported, 19 of
whose expression was confirmed by identification of their Sequence dkodes scapularisDNA library
amino-terminal sequence in PVDF-transferred salivary The salivary gland cDNA library was plated to
proteins separated by SDS-PAGE. While descriptive in natur@pproximately 200 plaques per plate (150 mm diameter Petri
this paper raises many hypotheses about the compositiordish). Randomly picked plaques were transferred to a 96-well
diversity of blood-sucking arthropods and identifies severgbolypropylene plate containing 10Dof water per well. The
novel sequences that could have biological activity andbacteriophage sample iy was used as a template for a PCR
possibly serve as vaccine targets. reaction to amplify random cDNA using PT2F1-AG TAC
TCT AGC AAT TGT GAG C-3), which is positioned
) upstream from the cDNA of interest @nd), and PT2R1 (5
Materials and methods CTC TTC GCT ATT ACG CCA GCT G} which is
Water and organic compounds positioned downstream from the cDNA of interest ¢8d).
All water used was of 18 @ quality and was produced by Platinum Taq polymerase (Gibco-BRL) was used for these
a MilliQ apparatus (Millipore, Bedford, MA, USA). Organic reactions. After removal of primers, the PCR product was used
compounds were obtained from Sigma Chemical Corporatioas a template for a cycle-sequencing reaction using the DTCS

(St Louis, MO, USA) or as stated. labeling kit from Beckman Coulter Inc. (Fullerton, CA, USA).
_ _ _ The primer used for sequencing (PT2F3) is upstream from the
Ticks and tick saliva inserted cDNA and downstream from primer PT2F1. After

Tick saliva was obtained by inducing partially engorgedcycle sequencing the samples, a cleaning step was done using
adult femald. scapularisto salivate (3—4 days post-attachmentthe multiscreen PCR 96-well plate cleaning system from
to a rabbit) into capillary tubes using the modified pilocarpineMillipore. Dried samples were immediately resuspended with
induction method (Valenzuela et al., 2000). Tick salivary glan@5ul of deionized ultrapure formamide (J. T. Baker,
extracts were prepared by collecting glands from partiallyPhillipsburg, NJ, USA) and one drop of mineral oil was added
engorged femalé scapularisas described (Valenzuela et al., to the top of each sample. Samples were sequenced
2000). Glands were stored frozen at %7 %until needed. immediately on a CEQ 2000 DNA sequencer (Beckman

Coulter Inc.) or stored at —30.
Salivary gland cDNA library construction

|. scapularissalivary gland mRNA was isolated from 25 Bioinformatics
salivary gland pairs taken from adult females at days 3 and 4 Detailed description of the bioinformatic treatment of the
after attachment to a rabbit host. The Micro-FastTrack mRNAlata can be found elsewhere (Valenzuela et al., 2002). Briefly,
isolation kit (Invitrogen, San Diego, CA, USA) was used toprimer and vector sequences were removed from raw
isolate mMRNA, which was reverse transcribed to cDNA usingequences, compared against the GenBank non-redundant
Superscriptll RNase H-reverse transcriptase (Gibco-BRL(NR) protein database using the standalone BlastX
Gaithersburg, MD, USA) and the CDSf&imer (Clontech, program found in the executable package at
Palo Alto, CA, USA). Second-strand synthesis was performefip://ftp.ncbi.nim.nih.gov/blast/executables/ (Altschul et al.,
using a polymerase chain reaction (PCR)-based protocol wittB97) and searched against the Conserved Domains Database
the SMART Il primer (Clontech) as the sense primer and théCDD) (found at ftp:/ftp.ncbi.nlm.nih.gov/pub/mmdb/cdd/),
CDS/3 primer as antisense primer. These two primers creatghich includes all Pfam (Bateman et al., 2000) and Smart
Sfi A and B sites at the ends of the nascent cDNA. DoublefSchultz et al., 2000) protein domains. The predicted translated
stranded cDNA was immediately treated with proteinase Kroteins were searched for a secretory signal through the
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SignalP server (Nielsen et al., 1997). Sequences were clusterB@E-60, we found 410 unique clusters. All sequences within
using the BlastN program (Altschul et al., 1990) as detaileéach cluster were compared with the NR protein database using
before (Valenzuela et al., 2002), and the data presented in ttiee BlastX program (Altschul et al., 1997) and with the CDD
format of Table 1 in this paper. The electronic version of thelatabase, containing all Pfam and SMART motifs (Bateman et
table has additional hyperlinks to ClustalX (Jeanmougin et alal., 2000; Schultz et al., 2000), using the RPSblast program
1998) alignments as well as FASTA-formatted sequences f@Altschul et al., 1997). The three possible reading frames of
all clusters. The electronic table is available upon request; each sequence were inspected for long reading frames with an

mail: jribeiro@nih.gov. initial methionine residue followed by at least 40 residues;
_ these were submitted to the SignalP server for verification of
Full-length sequencing of selected cDNA clones secretory signal peptide. The results for each cluster were

A sample (4) of the A-phage containing the cDNA of compiled as shown in Table 1, which displays the 30 most
interest was amplified using the PT2F1 and PT2R1 primerabundant clusters of this cDNA collection. 13 of the 30 clusters
(same conditions as described above). The PCR samples ware possibly related to secretory products as they display a
cleaned using the multiscreen PCR 96-well filtration systemsignal secretion peptide signature (Nielsen et al., 1997). Five
(Millipore). Cleaned samples were sequenced first with PT2F8lusters have indications of being related to membrane-
primer and subsequently with custom primers. Full-lengttanchored or cytoplasmic proteins, while the remaining eight
sequences were again compared with databases as indicatedclosters give no conclusive indication of a leader signal
the nucleotide sequences above, and the data displayed agp@ptide, probably due to diminished sequence quality atthe 5
Table 2, which has hyperlinks in its electronic versionend. Notably, seven of the 30 clusters have Kunitz domains,

(available upon request to jribeiro@nih.gov). found in many protease inhibitors such as anticlotting proteins.
_ _ Of these 30 clusters, six had highly significant matches to five
SDS-polyacrylamide gel electrophoresis previously published. scapularis salivary proteins, all of

NuPAGE 10% gels, 1 mm thick (Invitrogen), using reducingwhich are from clusters having a predicted signal secretory
MES buffer, were electrophoresed according to theeptide sequence. When comparing all 16 known salivary
manufacturer’'s recommendations to resolve proteins jul 60 protein sequences &fscapularis(as of September 20, 2001)
of tick saliva. Salivary gland homogenates (SGH; 1.0 pairs pavith the complete cDNA library described in this paper (using
lane) were run in 12% gels under non-reducing conditions wittBlastN), 13 were found in the library with a confidence value
Bis-Tris buffer. To estimate the molecular mass of detectedf 1E—-30 or better, indicating they corresponded to the same
proteins, SeeBlue™ markers from Invitrogen (myosin, boviner very closely related proteins. The three reported protein
serum albumin, glutamic  dehydrogenase, alcohosequences not found in the translation of our library are: the
dehydrogenase, carbonic anhydrase, myoglobin, lysozym8ALP9 protein (gi| 15428346), which matched the amino-
aprotinin and insulin, chain-B) were used. Samples wergerminal sequence of one of the clones and appears to be a
treated with NUPAGE LDS sample buffer (Invitrogen). Forsignal sequence, yielding an E value of 1E-5 for the match;
amino-terminal sequencing of the salivary proteins, the gelthe salivary gland 16kDa protein SALP16 (gi|12002008),
were transferred to PVDF membrane using 10mmd&hps,  which identifies four cDNA with varying scores ranging from
pH11.0, 10% methanol as the transfer buffer on a blot modu2E-5 to 3E-15, the best alignments indicating 40% sequence
for the XCell Il Mini-Cell (Invitrogen). The membrane was identity; and finally, the 26kDa salivary protein B
stained with 0.025% Coomassie Blue in the absence of acefigi| 15428306), which has no matches to our database.
acid. Stained bands were cut from the PVDF membrane and The complete Table 1 (available electronically; e-mail:
subjected to Edman degradation in a Procise sequendebeiro@nih.gov) containing 410 clusters was annotated to
(Perkin-Elmer Corporation). To find the cDNA sequencesndicate whether each of the clusters is associated with a
corresponding to the amino acid sequence obtained by Edmpassibly secreted, probably housekeeping protein, or one of
degradation, we wrote a search program that checked theseknown function. These annotation and function assignments
amino acid sequences against the three possible proteirere based on both similarities to the NR or CDD databases
translations of each cDNA sequence obtained in the massd on whether the proteins indicate coding for a secretory
sequencing project. A more detailed account of this prograrsignal peptide. We thus found 102 clusters possibly associated
is found elsewhere (Valenzuela et al., 2002). with secretory products. These 102 clusters account for a total

of 310 sequences, or 42% of the cDNA database. Table 2
indicates the clusters possibly associated with secretory

o Re§ults _ products, sorted alphabetically. The electronic version of the
Characterization of the library by DNA sequencing of  manuscript contains the tables for the clusters associated with
randomly selected clones probable housekeeping and unknown clusters, as well as links

To investigate the transcriptome of the salivary glands ofo all sequences, alignments and BLAST results.
feeding adult femaldxodes scapularidicks, we randomly Table 2 shows that, in addition to the 13 proteins indicated
sequenced 735 clones from our unidirectionally cloned libraryabove, there are several clusters associated with anti-protease
After clustering these sequences using BlastN with a cutoff afequences or domains, suclwaa-macroglobulin and cystatin,
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Table 2.Continued

Best RPSblast to
CDD database

Cluster Number of

Line

New?

Comments

E-value

Best BlastX match to NR databade-value

sequences

number

number
83
84
85
86

> > > > > > > > > > > > > > > > >

67

95
102
105
122
123
130
137
212
229
258
261
277
296
353
359

87

88
89
90
91

92
93
94
95
96
97

98
99

375

8.00E-07

pfam01028 Topoisomerase_|

389

100

1BlastX performed with Blosum62 matrix and an E-value cutoff of 0.1 against the non-redundant (NR) protein database of NCBI.

2Indicates significance of match to NR or CDD sequence of previous column.

SRPSblast performed against the conserved domains database (CDD) of NCBI containing all PFAM and Smart motifs.

4Y, the sequence is a newly fouhmdes scapularisequence.

Sialome of the tick scapularis2849

and 28 clusters having the Kunitz domain found in
soybean trypsin inhibitor. Two serpins were also
found, one of which matches a previously reported
. ricinus sequence. One additional cluster has the
SMART TIL signature of trypsin inhibitors.
Possible inhibitors of platelet aggregation include
disintegrins (four clusters) and thrombospondin
(five clusters). Three clusters code for proteins
having similarity to tick histamine-binding
proteins, one of which has been already described
in |. scapularis

A sequence matching the antimicrobial defensin
was found, but this clone is truncated and does not
have the distal's end of the starting methionine.
Proteins or peptides with similarity to collagen
or gap junction proteins are also represented,
but their function is unknown. A serine
carboxypeptidase, two serine proteases and
metalloproteases appear to be secreted. More than
35 clusters are associated with proteins that are
possibly secreted, but their function in tick feeding
is not readily apparent. Also evident from Table 2
is the existence of several related proteins. Indeed,
when the clustering of the database is done with a
cutoff value of 1E-20 rather than 1E—60, several
of these clusters collapse (for example, those
labeled short proteins or those containing Kunitz
domains), although the alignments indicate that
these are composed of several different, but
related, gene products (results not shown; see
below).

Table 2A, available on request from the author
(e-mail: jribeiro@nih.gov), contains information
on clusters of sequences probably associated with
housekeeping function. Three of these clusters,
each containing only one sequence, all code for
proteins of the Bnucleotidase family, a family
previously associated with secreted salivary
apyrase of mosquitoes. Of interest were also the
finding of a sulfotransferase and an alkyl
hydroperoxide reductase that could be linked to
synthesis of sulfated products of secretion and
salivary prostanoids, respectively.

Full-length sequence information on 87 clones

To obtain more information on this
transcriptome collection, with emphasis on the
messages possibly associated with secreted
proteins (the sialome set), we obtained full-length
sequence of 87 clones, the properties of which are
summarized in Table 3. 62 of these sequences
belong to seven distinct groups, obtained by
comparing the sequences against themselves
using the BlastP program with a cutoff value of
1E-20 (see Materials and methods for more
detail).
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Sialome of the tick scapularis2853

A 9i]15428308| MGLTGTMLVL-VSLAFFGSAAABGNGTRPAEQIRE OFYNSGDFGT@CNGHEOHLTNNSGPNETD
TB47 OF YNSGDFGT@CNGHESHLTTTSG(PNETD
TB223 HOHLTTSSGPNEAD
TA135 SHLTNNSGPNETD
TB131 HOHLTNNSGPNETD
ISL1129 SHLTTNSDMPNETD
TB376 HOHLTTNSD(PNETD
TB205 SHLTTNSG(PDDTD
TB222 HOHLTTSSGPNETD
ISTB12 @HLTTSSGMPDDTG
TB51 HOHLTTSSGPDDTD
TA170 OHLTSEGGPTDPH
TA204 HOHLTSEGGPTDPH
ISL1025 HOHLTSEGGPTDPH
TA256 HOHLTSEGGPTDPH
TAO07 HOHLTSEGN'PTDPD
TB149 OF YNTGLRGT@KNGISHLTSEGN'PTDPD
TB152 HOHLTSEGGPTDPN
TA260 HOHLTSEGGPTDPN
TB179 OHLTSEGGPTDPN
ISL932 HOHLTSEGGPTDPN
TB103 HOHLTTDSG\PNDTD
ISL1342 HOHLTTDSG\PNDTD

0i|15428308| DYTPAPT EKPKQKKKKTKKTKKPKRKSKKDQEKNL B SL134

TB47 DYTAAPT EKPKQKKKKTKKTKKPKRKSKKDQEKNF TB103
TB223 DNTPAPT EKPKQKKKKPKKTKKPKRKSKKD-----
TA135 ENTPATT EKPKQKKKKTKKPKKPKRKSKKDQ---- TAO7
TB131 DNTPAPT EKPKQKKKKPKKPKKPKRKSKKDH---- TB14
ISL1129 DNTPPPT EKPKQKKKKPKKPKKPKRKSKKDQ---- TB152
TB376 DNTPPPT T —— 256
TB205 DNTPPPT EKPKQKKKKPKKPKKPKRKSKKDQ----
TB222 DNTPPPT EKPKQKKKKPKKTKKPKRKSRKDQ----
ISTB12 DNTPPPT EKPKQKKKKPKKTKKPKRKSKKDQKENF
TB51 ENTPPPT EKPKQKKKKPKKTKEPKRKSKKD-----
TA170 QYPSEPT EKPKKNKKKSKKTKKPK-KSKKPKNN--
TA204 QYPSEPT EKPKKNKKKSKKTKKPK-KSKKPKNN--
ISL1025  QYPSEPT EKPKKNKKKSKKTKKPK-KSKKPKNN--
TA256 QYPSEPT EKPKKNKKKSKKTKKPK-KSKKPKNN-- TB51
TAO7 QYPSEPT EKPKKSKKKSKKTKKPK-KTKKPKDN--
TB149 QYPSEPT EKPKKSKKKSKKTKKPK-KTKKPKDN-- '
TB152 QYPSEPT EKPKKNKKKSKKTKKPK-KSKKPKDN-- T§1§54283°&HAAK9782”
TA260 QYPSEPT EKPRKNKKKSKKTKKPK-KSKKPKDN-- ISTB12 oo
TB179 QYPSEPT EKPKKNKKKSKKTKKPK-KTKKPKDN--
1SL932 QYPSEPT EKPKKNKKKSKKTKKPK-KTKKPKDN--
TB103 AKIEETE =/ TA135
ISL1342  AKIEETE 11 = —
*e

Fig. 1. (A) Alignment of related peptides, group 1 (Table 3) deduced fraxodes scapularisalivary gland cDNA library. Gray background,
predicted signal secretory peptide as indicated by the SignalP program. Cysteine residues are shown white over a blauk. l@2itiegrou
conserved amino acid residues are shown in bold over a gray background. Asterisks, colons or stops below the sequeitestitydicate
conservation and conservation of the amino acids, respectively. (B) Unrooted cladogram indicating the three families HDE HEKZ a
named for their mature peptide amino-terminal sequence. The bar represents the degree of divergence among sequences.

Peptide group 1 region. They all possess a conserved sequence Asn-Gly-Thr-
Peptides from group 1 consist of 22 sequences (Table &rg-Pro, starting at position 5 of the putative mature protein,
representing the most abundant family of messages in thehich was detected twice by Edman degradation of protein
salivary gland library (cluster 1; Table 1). These sequencdsands excised from gels subjected to SDS-PAGE from
have high similarity to the 14kDa protein bf scapularis separated tick salivary proteins (see below). Except for one
(gi| 15428308), but have no other significant matches to the Ns&equence (ISL1342), all have six conserved cysteine residues.
database. No motifs were found when compared to CDDhe function of these proteins remains elusive.
database. All sequences have a putative signal peptide
indicative of secretion, which end in the tripeptide Ala-Ala-AlaPeptide group 2
(Fig. 1). Alignment of these 22 novel sequences with the Peptides from group 2 (Table 3) are putative mature proteins
14 kDa protein (gi| 15428308) (Fig. 1) indicates these proteingarying in molecular mass from 6.5 to 8.4kDa, of both basic
belong to three closely related families, ETC, HNC and HDCand acidic pl. Four of the 13 proteins gave significant matches
for the amino-terminal sequence of the predicted matur® Kunitz domains, indicating they may be protease inhibitors
peptides (see cladogram in Fig. 1). These proteins have oa otherwise interact with other protein domains. Most of the
mature molecular mass predicted to vary from 9.1 to 11.5kDaueptides gave BlastP matches to the NR protein database,
most are basic in nature due to a lysine-rich carboxy-terminahdicating similarity to proteins annotated as protease
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A ISTB31_CLUSTER108 MKAT i GQAPLRTSYYFNNGTGKBESEF-G
ISTB382_CLUSTERS51 MKATLAL LISALS PGVTPRVTYYFNNGIGREESDY -G
TA304_CLUSTER16 MKATLA! V-LISALS PGSTLGNFYYYNNGTQRSEKEF - T
ISTA464_CLUSTER7 MKATLAV AV SA PNAPLANWYYFNQG SLF-G

TA340_CLUSTER134 MKATLA A PNAPLANWYYFNNGT
TA230_CLUSTER124 MK i ' SDAELGDFFYFHNGIGRSVSEF -G
TB11_CLUSTER26 SDT0R T

TA149_CLUSTER48
TA244_CLUSTER31

PG-AVKETWYFNNRTNKSEKYS -G
SGTPITTMYYFDNHTD
TB76B EDAKTRTIYSFNNNTN
TB239_CLUSTER30 EDAKTRTIYSFNNNIN
TB192 CLUSTERS54 MKATLVAT - FLAAVAHSMGRLSEEQERRPVPSTS| SG--VRTIYYFSNHTN
ISTA12_CLUSTER45 MKDSTAVL - FLVALSYVLATLTEDESRAQLAFSSEEAN - STRVFYSFFNNIN

* % . * * PR S S

ISTB31_CLUSTER108 QAWPYGIYASND---------
ISTB382_ CLUSTERS1 PYGIYASSG-------—-
TA304_CLUSTER16 PYGIYANNG-------—-
ISTA464 CLUSTER7? PNE-FSTEDESKKKNVRSEYTR-=====----~
TA340_CLUSTER134 KK-NVRSEYTR-----------
TA230_CLUSTER124 PYGIYASSS-----~-~-~
TB11_CLUSTER26 PYGKNKPNSWKPTKVARQ
TA149 CLUSTER48 DY AR < mmimmns s wia
TA244_ CLUSTER31 PYGRHHPPGKRGKGRKL -
TB76B.5EQ PYGRHSKPSNNSNGNF - -
TB239_CLUSTER30 = (&GEGINQFEKK---------- RLLH--========-

TB192_CLUSTERS54 PYGEKF--

ISTA12_CLUSTER45 TGKNRFPSLG PYGNHHPPGMRVRGTY - -
Fig. 2. (A) Alignment of group
2 peptides (Table 3). See
Fig. 1A legend for an
explanation of the |ay0ut_ B Sequence Description Species Score E-value

(B) The alignment in A was ;... —-~ T T T T T

. . gi|13124581| TFPI Mouse 29.6 5.3e-008
used to build a hidden Markov gi|4102791| TFPIbeta Mouse 26.1 7.9e-007
model that retrieved the shown gi|7497910| Hypothetical protein C. elegans 23.1 9e-006

gi|1083171 TFPI Rabbit 22.5 1.4e-005
sequences when  searched gi!l4?3587é| TFPI Human 20.8 5.4e-005
against the non-redundant gi|14735889| Hypothetical protein Human 20.8 5.4e-005
NCBI protein database. gi|15428348| Salplo I. scapularis 19.2 0.00019

inhibitors. Cysteine residues are conserved in most peptides display (Dennis and Lazarus, 1994) and from extracts of the
this group, as well as a N-X-T preceding the third conserveparasitic wormAncylostoma ceylanicum ceylaniciililstone
cysteine of the mature peptides (Fig. 2). Remarkably, there &t al., 2000), respectively. The model also recognized another
significant conservation of the predicted signal peptide. In the scapularissalivary protein, SALP10, but with a higher (less
first 24 amino acid positions, there are 12 positions that amggnificant) E value of 1.9E—4.
identical or conserved (excluding the initial methionine),
whereas for the remaining 63 ungapped positions there are Pgptide group 3
conserved positions. The*-test indicates these ratios to be  Group 3 cDNA sequences code for short peptides of mature
significant a=0.0223. This conservation of the signal peptidemolecular mass ranging from 3.5-4.8kDa of both basic and
was observed earlier in a family of antimicrobial peptides ofcidic nature (Table 3). All sequences are relatively glycine-
frog skin skin (Charpentier et al., 1998), and in semenogelingnd proline-rich. Some sequences give weak matches to
a family of mammalian semen proteins (Lundwall and Lazureproteins in the NR database annotated as collagen; these
1995). possess two conserved cysteine residues in the mature peptide
To further investigate the nature of the peptide group 2, wand remarkable conservation of the secretory signal peptide
built a hidden Markov model based on the alignment shown ifFig. 3). All amino acid sites of the predicted signal secretory
Fig. 2, using the —f switch to allow for the presence of multiplgpeptide are conserved, against 18 of 35 sites on the mature
domains in the resulting model. Search of the NR databageptide. Ax2-test is significant &=0.0422. It is possible some
produced six matches with an E value of 5.4E—005 or lowenf these sequences are alleles of an extremely polymorphic
three of which are the mouse, the rabbit and the humadocus or, alternatively, that they represent different conserved
anticlotting protein, tissue factor pathway inhibitor (TFPI).loci. The possible function of these peptides remains elusive.
TFPI is a blood coagulation inhibitor containing three tandem
Kunitz domains; two of these domains have been demonstratEgptide group 4
to interact with Factor Vlla or Factor Xa (Girard et al., 1989). Group 4 sequences code for putative mature peptides having
Single Kunitz molecules with specificity for Factor Vlla or four conserved cysteine residues, molecular mass 7.9-8.7 kDa,
elastase have also been characterized in libraries from phageboth basic and acidic nature. All display strong similarity
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PLQGSQGPSNSPGPNQPGTRGSYAPGNSRK

TB313B.SEQ PLQGSQGBSNSPRPNQPGTRGSYAPGNSRK
TA78_CLUSTER2 PGNGPQGPSGPSGPQQPGTRGPNPPGTK- -
TB184B.SEQ PGNGPQGPSNSPGLRQPGTSDPSPPGTK- -
TA20B.SEQ PGSRLQGPSNPSGPNHPGTRDTSFPPGRK- -
TB135B.5EQ PGSRLQG?SNPSGPNQP -------------
TB194B.SEQ NGNSPGGPSNPPGPSQPGMRDPSPPGRK - -
TA37B.SEQ NGNSPGG%SNSPGPSQPGTRDPSPPGRK——
TB73_CLUSTER1S QONGNPSQPPAPGSGPNVRPPQNTSPPGREK- -
TB138B.SEQ ONGQPSQPPAPGSGPNVHPPQSTSPPGRK- -
TBO7B.SEQ QNGNPSKPRAPGSGPNVHPPRNTSPPGRK——

TA58 CLUSTER29

TB313B.SEQ

TB184B.SEQ

TA78 CLUSTER2

TB135B.SEQ

TA20B.SEQ
TB194B.SEQ

TA37B.SEQ

ONGQPSQPPAPGSGPNVHPPENTSPPGRK—
* .

* %

Peptide group 6

Group 6 represents sequences giving similarities
to histamine-binding proteins (Table 3, Fig. 6).
ISL1040_cluster233 has no matches to the NR protein database
but has a significant match by RPSBIlast to the Pfam histamine-
binding domain, whereas ISL1276_cluster 363 has no such
match but instead has similarity to the tiBhipicephalus
apendiculatushistamine-binding protein found in the NR

protein database. These two proteins are mildly acidic and have
a mature molecular mass of 32.6kDa and 34.6kDa,
respectively. It is probable that these proteins function by
binding histamine or other small ligands.

TA58 CLUSTER29

TBO7B.SEQ TB73 CLUSTER15

TB138B.SEQ Peptide group 7
The two sequences in group 7 match a sequence deposited

Fig. 3. (A) Alignment of group 3 peptides (Table 3). See Fig. 1Ajn the NR database fromh scapularisand annotated as
legend for an explanation of the layout. (B) The unroqted Cladogra’fhrombospondin. The two predicted mature sequences, with
of all sequences. The bar represents the degree of divergence am%rilght conserved cysteine residues, code for two peptides of
sequences. molecular mass 10.2 and 11.6kDa, one basic and the other

acidic in nature. Their similarities to thrombospondin
(BlastP against NR database) to a protein flostapularis proteins are not apparent. Both sequences have
named SALP10 (gi|15428348), and weak similarities toveak similarities to disintegrin metalloproteases, and
mammalian tissue pathway inhibitor (TFPI) and bungarotoxinlSL373_cluster33 has the cysteine-rich domain of ADAM
19 of 21 first amino acids (excluding initial methionine) areproteases as predicted by the Pfam database. No RGD
conserved (Fig. 4), as compared to 33 of the 69 amino acidomains found in disintegrins are observed in these
of the mature peptide. This difference is highly significght ( sequences, nor in any of the other sequences reported in Table
test, P<0.001), indicating higher conservation of the signal3. Fig. 7 shows the alignment of the two proteins with the
peptide rather than the mature protein. An HMM model madéodesthrombospondin found in the NR database. The role
from the alignment shown in Fig. 4 retrieved only SALP10of the cysteine-rich domain of ADAM proteases is not known
from the NR database, with an E value of 1.9E-070 but nbut it is postulated to interact with integrins and/or other
other significant matches. attachment motifs of cells and matrix proteins (Hooper,

1994). Accordingly, these peptides could be involved in
Peptide group 5 disruption of platelet aggregation, cell-matrix interactions

Three sequences in group 5 (Table 3) code for proteins @nd/or inhibition of angiogenesis (Roberts, 1996).

mature molecular mass ranging from 33.7 to 35.5kDa of a The remaining 24 novel sequences presented in this paper
basic nature, and having 24 conserved cysteine residuean be grouped as: (i) similar to previously reported
(Fig. 5). Comparisons with the NR protein database using§g scapularis salivary proteins; (ii) a novel, shorter,
BlastP indicate similarities to proteins annotated as proteaggotein with a Pfam histamine-binding motif, but not similar
inhibitors, including TFPI and the protein Ixolaris, anto other HBP found in the NR database (when compared
inhibitor of Factor Vlla (Francischetti et al., 2002). by a BlastP search); (iii) five novel proteins coding for
ISL228_Cluster344 has a Kunitz domain, as indicated by theifferent inhibitors of proteolytic activity; (iv) six enzymes;
SMART database. These proteins probably code for antand (v) ten proteins probably secreted and with unknown
clotting compounds. function.

0.1
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TB50B

TB396B

TA13

TB386B

gi| 15428348| Salp 10
TB144B

TB15_cl uster 4
TB42_cl uster 20
ISTA15_cl uster 42

Hhke

TB50B SQHIQ LGADCTDNGNYRTLA
TB396B ®0OHIQ L GADCTDNGNYRTLA
TA13 @QLIQL GANCTDNGNYKTL
TB386B @QLIQL GANCTDNGNYKTL
gil 15428348 Salp 10 @QLIK LGENCTDNGNYPTLE
TB144B @KGV L GKNCTDNGNYDSLE

TB15_cl uster 4
TB42_cl uster 20
IS TA15_cl uster 42

*

TB42 clusteR0

ISTA15 clustel

B15 clusted

TB3%6B TB396B

TAI3
0i[15428348Salp10

ISL1352_CLUSTERG68

ISL1022_CLUSTER264

ISL1228_| CLUSTER344
ok -***

Kok ok ok okk ok

MKATIAVLCFLVAVAYAIVVEARMASCID NDAL

MKATIAVLCFLVAVAYAIVVEARMASCID NGALNP
MKATIAVLCVLVAVAYAIVVEARMKESPID NGPLDP
MKATIAVLCVLVAVAYTIVVEARMKS$IPID NGPLDP
MKAAIAVLCFLVAVAYAIVVEARMQFID DGPLNP
MKAMAVLCFLAAVAYAIVIZARIASQFID NGALNP
MKA'MAVLCFLAAVVYAIVIZARIASQFID NGALNP
MKATIAVLCFLVALAYAIVVEAQNE QFID NGPLNP
MKATIP LCFIVAVAYAIAAK- PLRATI ID NCELNP

*k - ke Kok

MHKKIVWATLIA AAEGICSG--nmmnmmer
MHKQTWITLVAAAL GICSG---------=
MQRNIIWSWAAFG/FHFGECTYQDSGEDSS‘EE‘S

O\/KP- KECFGNSKTVYYYDPKEC
OEKP- KECFGNSKTVYYYDPKECG
O\/KP- RECIGTSQIVSYYNPEAC
®\/KP- RECIGTSQIVSYYNPEAC
0\/KP- KGCFGDFKTVSYYDPNKG
OEKP- KECFGSDRTVY YYNRKECG
OEKP- KECFGSDRTVY YYNRKECG
OEKPPSNCLGNASYAY\YNRTKG
SEKP- NDCFG\IQRTVFYYNRTAC

* kk

Fig. 4. (A) Alignment of group 4 peptides (Table 3).
See Fig. 1A legend for an explanation of the layout.
The SALP10 peptide from the NR protein database is
added for comparison. (B) The unrooted cladogram of
all sequences. The bar represents the degree of
divergence among sequences.

QNSE EEN\@L DEPQLG(GRNVVIGWYKS
QNFQ EGN\®YYEPDLGFGRDIIK GWYDA
SDGPHASFGLMNIPGWYDG

ISL1352_CLUSTER68 DL Y MFYHVKRDDYRNEFLTE TASNKKSRPH/PV\[8Y AKRPPSKGTSDPVATYDP
ISL1022_CLUSTER264 YL e\ VFHHAKRSHYGINEFQSESIENQFeRPTVPAKEY AKPPPSKGKSDPWTYDP
ISL1228_CLUSTER344 SR RRYHFPDQQFDI\/NKFKTVT ORKIORSTVPLGEFKKPPQTIRTMGIPVSTYNS

kek e . ok ok oo oe ko kk *****
ISL1352_CLUSTER68 ~ NT @IN | RATKGRG\NVENNGVBTKKSRDADLRELNATEDSEHMENPSTSYDN
ISL1022_CLUSTER264 NN o! DI RATKQGG/NVENNRA KK ol DADLRISLNATK/DEYIGDP--SYRYNA
ISL1228_CLUSTER344  TQ vl AVRPGQTCNP FRREVIENETERDPEYGEAPLHIVDEGGSTGN---H YNL

* ke k Kok * .
ISL1352_CLUSTER68 ~ VSQ  TEKKSADG[EGCFQS/EKSFCREAVLVENKETLPIQNITT BEKPTKRYCYNKEKSCS
ISL1022_CLUSTER264 ETE  T@EAAPAG OGGFQS/E GILVEN O TLPIQNITT SENPTHRYCYNKEKLCCE
ISL1228 CLUSTER344 DKQ = TEKTTKNISGPFATLE SARYIQFKENI PLLKSEY(@DIVDLRWYNSESKGE

s ** * : *** ** ::.** ke o ke *k **.*"**

ISL1352_CLUSTER68 EEFLCGSADGGNFEEAKEBVGLBAPK--H RENMPDTCGHFPKLGLYIRHYFDVITNDERS
ISL1022_CLUSTER264 EELF DGGNFQ(AK O\\5\@AFK--H RENMPDTGRFAKLGLY RYYFDVITNESTS
ISL1228_CLUSTER344 EEIMGEACDV Y P TAKESVIE TSSSKEESRELQFPOLGKLGIG-RT RYYYNITSNRELT

**::**** * ***** * * K% *** . .

Fig. 5. Alignment of group 5

ISL1352_CLUSTER68  ARKLKPRVPG-NT QIBKPQYQGTPEH peptides (Table 3). See Fig. 1A

ISL1022_CLUSTER264
ISL1228_ CLUSTER344

Sk

ARKLKRTVPG-NT

ke ke

NLFATPEHS|
NLFVTAD Qlfe
TTHVAFWQNTEKK NNFKRRS| O

KPQYQGTPEH

RPKHKDVKKL legend for an explanation of the

layout.

Messages coding for proteins similar, but not identical, to a histamine-binding motif, is highly similar to two other

previously reported. scapularisequences

proteins found in the NR database that are also frades

ISL1083 cluster9 is 95% identical to the previouslyscapularissalivary gland cDNA libraries and annotated as
reported 25 kDa proteins @fscapularis(not shown) and may histamine-binding, 17 kDa proteins. The alignment of the four

represent an allele of a highly polymorphic gene or anothesequences shows highly conserved areas,

including the

closely related gene. ISL1083_cluster9, which does not displgyutative secretory signal peptide (Fig. 8). The mature 17 kDa
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ISL1276_CLUSTER363 MLALKRLVFCLSVSAAYAEVEFQSWPBNNFLNRKILGAMNQDAVWRTI KFTANHSYL

MGLMYAALFACIASASAWQAQMTIRHENNRLNEP‘LGPL@AVKAI NKSKDDPFL'

Fig. 6. Alignment of group 6 peptides
(Table 3). See Fig. 1A legend for an

explanation of the layout.

Fig. 7. Alignment of group 7 peptides
(Table 3). See Fig. 1A legend for an
explanation of the layout. Thixodes

ISL1040_CLUSTER18
* - -k

ISL1276_CLUSTER363
ISL1040_ CLUSTER18

* o kek e

1IYS

MFR S

ISL1276_CLUSTER363
ISL1040_CLUSTER18

* ekkee K ok ke

ISL1276_CLUSTER363  ------ K
ISL1040_CLUSTER18 EPVEGVN
:*:**:“**::** .* ****:.
ISL1276_CLUSTER363  DSDEIEKS
ISL1040_CLUSTER18 KVEDTQAE
..... *okook Kok
ISL1276_CLUSTER363  YRI YDKK
ISL1040_CLUSTER18 DMM YDKSI

B R

scapularis salivary peptide annotated

as a thrombospodin from the NR

protein database is added
comparison.

Fig. 8. Alignment of
ISL1083_cluster9  with  three

other putative proteins from the
salivary glands of Ixodes
scapularis. See Fig. 1A legend
for an explanation of the layout.

YSI ENMHLGQP--QREVTSPNGTCYNLNFN-F
YKLENVIRAGLKGTPSDKPPLGSNMYIEYGD
ke *

EKSETAIQRED-------- |

s okke kkeokkkkke  kkkke

Hhe e kekkk kk bk sk ek - -

SGWGREHYEDVHELQVHSSDLNYTLKSANYTSKVYNRTSKRMNSSTCAAKRKY
RNHEPNIT[@VWTASLHNETLKIV NFTRTYYNETDGKNDTLEYVRALNQTD

ke ok ok ok kkk kek okk ok e oes

kek ok

OESGGCRIHHQEC'KRWT-------
SNTSSKPLTDMLKAKDAVGSEAGSA

YSEKYWLFSTPL@YVVRS.QDDIGYESCIFWISEDWL KKNVTIPQWTILEKE
YLDFYWHN(P

GNIL RSPLLKCG--CD FWIRKSELPAVLERAENTKSIPS

*

ORYARSACGYMN

EEFEESYERKESVQCEEEFTN\KTI'FLYDLLFKELPS%RYARLNCGYK

TKEKTHKFQELFRELPT

@DKINETENAASRDASGSN
BKNTQTIETSPISKS----

0i|15428290|thrombospondin MQLTLFIVIVTFTHLSCEVQSDSNFH SGKMELPQLOKDTLIQQMRN®

1ISL929_cluster233 MQLALFMIMVTFTLLSCEEQSEASI BGVMKLPELOKVNIKKQIEDKS®

ISL1373_cluster33 MQLALFLWATFIYVSCGEKSESGI VKEFELQE(®KQKLRDEME
Frkpk R R e R R

0i|15428290|thrombospondin ~ GES PFQTCLVEWKOESFASGEVHNNG.TMGTSRQTNLKDG HeGY RKI[®

ISL929_cluster233 SGN PYQPCLLEWKOSTII [@GDVHDNG/TKAITRHII NLKDGP@GHSR\®

ISL1373_cluster33 SEH PFQPELVEVLQEKFKEGNEHSNGKTLLISGQYI NLNDGPEGPNKI{®
. *:*.:*:** :*.: **: *.** * ** *** *% *

gi|15428290|thrombospondin VG

ISL929_cluster233 IK
for 1SL1373_cluster33 ID

Ckek ko k

1ISL1083_cluster9

0i|15428310|25 kDa protein A
0i|15428298|17 kDa protein
gi|15428292|Histamine binding protein

***.:.***::***: * :**.
1SL1083_cluster9 T
0i|15428310|25 kDa protein A T
0i|15428298|17 kDa protein M

0i|15428292|Histamine binding protein

G V/OFA-------
CQMFV------
eSMIFVKGLKGRI

MKLVLGLAVLVCGVLVRTYG----KTPQLGYCKTSCTTPFRGILY GS---
MKLVLSLAVLLCGVLVRTYG----KAPQGCYCKTSETTPRGILY GS---
MKLAISLAVFVCGVLV---G---------- A YCKMTTTTPRGRLRGS---
MKLVLSLAVFVCGVFWGTSGSTSTTTRFYGTGTTTRFG TR GARMI

*k Kk ke

TTVPPEEDPAKLREQNATRVEMNATQWVKWRIVTDPFRGN YPL
TTVPPEEDPSKLREQNATRVEMNATQWVKWRIVTDP LRGN YPL
TTVPPEYDLSKQEEQNATRVEMNATQWVKWRIWVTLLVSG-Y PL
VT TAPPEEDP SKYKEQNATRVEMNATQWVKWFROVTD-FS G-N PV

Fok kkk K ok dokkkkkkok sk kR kR kR K kedokok

1ISL1083_cluster9

0i|15428310|25 kDa protein A
0i|15428298|17 kDa protein
0i|15428292|Histamine binding protein

Tk RKREIIK Fokkokk kek Kk ok Kk kek - -

1ISL1083_cluster9

0i|15428310|25 kDa protein A
0i|15428298|17 kDa protein
0i|15428292|Histamine binding proteln

Hhkkk *

1SL1083_cluster9 Kl
0i|15428310|25 kDa protein A Kl
0i|15428298|17 kDa protein
gi|15428292|Histamine binding protein DD

NFKVMEKRTPNYS. QYKYRSGYSWTLTETLVLGFLGVQPPPNDMVFFQ
NFKVMEKRTPNYS. QYKYRSGYSWTRTETLVLGILGLQPLPPNDVFFQ
NFKVMEKRTPNYS. QYNYRSGYSWETIN ECLI LGFLNLRPIPPNDMFFA
NFRVMEKRTPNYSQYRYKSKNSVETID ETLI LKDIGEHGIP- NVIWNFQ

Kok ok Kk

RTPIG-IP TNNYVLYSNY\@! ILRIPMPGQCQI‘::EDLWMAIMA\SQEPP
RTPIG-IP TNNYVLYSNYMETILRIPMPGQGN{SDLWMAMT\SQEPP
RTPIGDQFT--------- w
RTPIG-IA TDNLVLYSNYV[eTVLRIPFTNQGERHEDLWMANT L SQETP

OSCKFYEYONTTKFTVYFPNOTEKSGF
OSCKFYEYONTTKFTVYFPNETEISSF

ELNKFFEYENTTQYR VYYPSETN

protein is a truncated version of the other three proteins, Novel putative protein containing the histamine-binding
containing two conserved cysteine residues in the mature form, domain

while the remaining proteins have an additional four cysteine 1SL868_cluster49 has no similarities to proteins in the NR
residues. These proteins may have a function in blood feedirttatabase but has a histamine-binding motif, a predicted signal
by binding small mediator molecules involved in hemostasipeptide, and the molecular mass of the mature protein is
or inflammation. 23.3kDa. This molecular mass is similar to ISL1083_cluster9
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ISTA397_cluster168 MRALVCFLHFGVAGIAIAGWGRLISA SCMVEIYEF SCWV{SLDRDNT
gi|15077002]|Ixolaris MRAVSCFLYYGVAWIALGSWGASTFS/'SEMDIYEF ESWV{SLDPECQVT
ISTA397_cluster168 OENKSGTHASYRLTGKOEVLVGTOOGGGENHMNMT[ONK T@NDAPKPP
0i|15077002|Ixolaris OESQEGTHASYRKT GJOEE QLG TE®GGGENHET LLKONESeNDAPKPP
ISTA397_cluster168 0S| EMKIGPGRA HFRW¥NTSTAE@QFFLYGGILGNANNFENLKE@QGN
Fig. 9 Clustal alignment of GILSOTT002IX0NANS o e s e B DYCVERANIP RWY CTNMATSEMETYCOT GNNNFESEEESKET
ISTA397_cluster168 with Ixolaris, the TFPI of ) . T
i i ISTA397_cluster168 8SGFSLFKKVN\SI DGSLSSVPSS
Ixodes scapularisSee Fig. 1A legend for an 41115077002 Ixolaris EKGFSLLKKVNW N
explanation of the layout. A ——
analyzed above]. scapularis 25kDa protein A, andl. Kunitz domain, having considerable similarity to other proteins
scapularishistamine-binding protein, to which ISL868 may be from the NR database annotated as protease inhibitors of both
distantly related. vertebrate and invertebrate origins.
Finally, ISL1268_cluster360 codes for a mature protein of
Sequences coding for different protease inhibitors 20.8kDa with a serpin motif, highly similar tbaimulus

Five predicted proteins appear to function as proteaseoagulation inhibitor and to other serine protease inhibitors of
inhibitors.  ISL1095 cluster291, ana-2-macroglobulin  both vertebrate and invertebrate origins. Interestingly, the
truncated clone with highest similarity to thenulusprotein, = mRNA has two open reading frames, both of which code for
also demonstrates very high similarity to vertebrate proteinserpins, one with a typical secretory peptide, the other
These protein inhibitors are very large and entrap the proteasaggparently leading to an intracellular protein. The specificity
that they inhibit; they may also bind to cytokines (Armstrongand activity of these putative protease inhibitors remain to be
and Quigley, 1999; Borth, 1992). Because the clone wedetermined.
describe in this paper is the truncated carboxyterminal region,
we do not know whether there is a signal peptide indicative of Sequences coding for different enzymes
secretion coded in this message. Six clones are reported to code for enzymes. ISL1194 5nuc

ISL888 _cluster62 codes for a secreted peptide with matuieodes for a protein with high similarity to invertebrate and
molecular mass of 11.9kDa containing the cystatin domain ofertebrate 5nucleotidases and apyrasésnGcleotidases have
cysteine protease inhibitors; 15kDa cystatin has been describadsignal peptide indicative of secretion, which causes the
previously in several nematodes (Dainichi et al., 2001protein to be expressed extracellularly, and a carboxy terminus
Hartmann et al., 1997; Manoury et al., 2001). These nematodewhich a GPI anchor fixes the protein to the extracellular side
cystatins inhibit the lymphocyte asparaginyl endopeptidasef the membrane (Ogata et al., 1990). The GPI anchor is
involved in class Il antigen processing in human B cells andttached to a conserved serine residue, followed by a stretch
inhibit T-cell proliferation. A similar function may be served containing 15 or 16 hydrophobic amino acid residues. Neither
by ISL888_cluster62. mosquito salivary apyrase, a secreted enzyme, not-a 5

ISTA397_cluster68 is similar to tHe scapularisTFPI-like  nucleotidase of sand fly saliva, has this conserved serine. These
molecule Ixolaris (alignment in Fig. 9), a molecule containingenzymes also lack the hydrophobic carboxy terminus, allowing
one complete and one incomplete Kunitz domain (Francischettie enzyme to be secreted (Champagne et al., 1995; Charlab et
et al.,, 2002). ISTA397_cluster68 has the same number afl., 1999). Analysis of the carboxy terminus of ISL1194 5nuc
cysteine residues in the first and second Kunitz domains as dd&sg. 10) shows that it does not have the conserved serine
Ixolaris. ISTA397_cluster68 may accordingly work also as dound in mammalian and constitutive tick-riucleotidases.
TFPI, or inhibit some other proteases such as chymotrypsin @mstead of 15-16 hydrophobic residues, it contains only eight
trypsin (Petersen et al., 1996). such residues. Furthermore, it contains four charged (K+E) and

ISL1156 cluster318 codes for a 10kDa peptide with d@hree polar (T+S) residues, making the carboxy terminus

Fig. 10. Lack of GPI anchor motif
ISL1194 5nuc:  alignments  of I.
scapularis 5'-nucleotidase with rs gi]|11024643 |Rat SE¥TSKMKVIYPAVEGRIKFS - - - Al
mouse (Mus), human (Homo), bov gi|6754900|Mus SE¥TSKMKVVYPAVEGR

(bos), and Boophilus tick 5- Q?Iiggg:ggg:m
nucleotidase. Identical residues in five 5 |15624305 |Boophilus
more sequences are bold with ¢ ISL1194_Snuc
background. Similar polar

hydrophobic amino acids are shown with gray background. The arrow indicates the conserved serine residue involved irchive GfF8-an
nucleotidases. The box shows the hydrophobic carboxyterminal region, which penetrates the cell membrane. Green backgrbard in th
indicates hydrophobic amino acid residues.
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unlikely to be intramembranous. I1SL1194 5nuc is thus Finally, ISL939 cluster238 has very high similarity
possibly responsible for the previously described salivaryo Drosophila melanogaster NADH-ubiquinone
apyrase of. scapularis(Ribeiro et al., 1985), or may code for oxidoreductase, a typical mitochondrial enzyme ranging in
a secreted'Bucleotidase. molecular mass from 69 to 75kDa, and to other proteins

ISL1316_cluster379 codes for a serine carboxypeptidasennotated as deoxyguanosine/deoxyadenosine kinases,
containing a signal peptide indicative of secretion. Theonsistent with the finding of a deoxynucleoside kinase
specificity of this putative carboxypeptidase is unknown(DNK) motif from the Pfam database. DNK are 44 to 56 kDa
It probably does not code for the previously describednzymes described on both mitochondria and cytosol
kininase activity ofl. scapularissaliva, which has kinetic (http://brenda.bc.uni-koeln.de). ISL939 cluster238 codes for
characteristics of another family of peptidases, the putative protein containing a signal peptide indicative of
angiotensin converting enzymes (ACE) (Ribeiro and Mathersecretion, with a mature molecular mass of 45.8kDa. It is
1998). ISL1316 cluster379 carboxypeptidase couldthus possible that 1ISL939 cluster238 codes for a secreted
however, be the salivary enzyme described previously tBDNK in saliva with an unknown function in the tick feeding
inactivate the serum anaphylatoxins C3a and Cb5a (Ribeinorocess.
and Spielman, 1986).

ISL812_cluster188 codes for a protein with high similarity Sequence coding for proteins of unknown function
to proteins from the NR database annotated as chymotrypsin,Eleven additional clones were fully sequenced, either
elastase, enterokinase and enteropeptidase. The best proteétause they represented abundant clones or because their
match is from a protease from the tidkaemaphysalis partial sequence contained a signal peptide indicative of
longicornis (Mulenga et al., 1999). ISL812_clusterl88 secretion. Although all of these full-length clones code for
putative protein has a strong signal anchor as determined pytative proteins displaying a signal peptide indicative of
the SignalP program. It probably is not secreted and servessacretion, no function was indicated when their sequences were
housekeeping function. compared to the NR or CDD database. ISTB418_cluster179

ISL1033_cluster65 and 1SL1324_cluster383 have veryodes for a 4.3kDa basic peptide with similarity to human and
high similarity to a hypothetical protein from the titck  murine proteins of unknown function. 1ISL942_cluster53 has
ricinus and to other proteins in the NR database annotated asnilarity to aBorrelia burgdorferiprotein (E value 1E—4) and
disintegrins and metalloproteases. Both have the Pfamveak similarity to a tick histamine-binding protein (E value
reprolysin motif indicative of a zinc metalloprotease family,0.006). This putative protein, and that coded by
most commonly found in snake venoms (Hooper, 1994)ISL1270 cluster22, has a predicted mature molecular mass of
Neither has a signal sequence indicative of secretior22.5-22.6kDa, similar to the protein described in Table 3
however, the amino-terminal sequences for both were fouras histamine-binding, not group 5 (ISL868 cluster49).
in protein bands of one-dimensional electrophoresis of salivAlignments of these three putative proteins reveal no obvious
samples (see below). similarities (not shown).

N-terminal sequence

Standards X0des scapularis FEVGKDYYY XYNXXMQVY —— Nomaiches
saliva / DAHKSEVAXRFXDL —— Albumin
(kDa) / EAHKSEIAHRFNDVGEEH ~ —— Albumin
=
62— i — /SEDGLEQDTIVE — ISA
49 — 3 :? AADTKYPMYQIPTQIYPE —— (ISL1324)
- - YKIPAEIYPEVHLVVDSAF ~ —— (ISL1033)
: STKETGTTVS — (TA242)
28 — . SPGEKLAFA —— (ISL1014)
" = ETXRNGTRPASQTD —— (ISTAO7)
18 — \ HNXQNGTRPASEENREGXDY —— (ISL1129)
14— — HKXQNGTRPASEKNREGXDY —— (TB222 Fig. 11. Edman degradation of
\ NVK EAGKTDY EIQEQ —— (ISTB346) protein  bands  from Ixodes
6 — scapularis saliva and  their
\ NVKEAGKSNYEIQEGS (ISL914) corresponding gene products.
3 — EPEPGXAY QVKAG — (ISL818 Numbers at left indicate the position
\ ( ) of the molecular mass markers

VLSPADKTNIKTAXEK —— Henoglobin  (kDa).
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Initial characterization of the proteome setixddes TRPASEENREGXDY and HKXQNGTRPASEKNREGXDY
scapularis were obtained from protein bands of saliva separated by SDS-
To obtain further information on the salivary proteome sePAGE and corresponding to the sequences of clones ISL1129
of I. scapularis, electrophoresis of saliva and SGH wereand TB222. Gels from SGH yielded the Edman degradation
performed by one-dimensional SDS-PAGE followed byproducts HNXQDGTRPASE and HNXKNGTRPASE,
transference of the proteins to PVDF membranes, staining withatching clones ISTA48 and TA379 for which we do not have
Coomassie Blue, and submission of the cut bands to Edmé#ll-length sequences. Notably, although proteins from group
degradation. 15 and 19 bands yielded useful sequende(Table 3) vary in molecular mass from 9.3 to 11.5kDa, they
information from saliva and salivary gland gels, respectivel@!l are located in the 20-24 kDa region in both gels. It is thus
(Figs 11, 12). With the exception of one larger molecular mas@ossible that the proteins of this cluster make dimers through
band in the saliva gel (FEVGKDYYY...), and three sequence§lisulfide bridges even when the samples are run under reducing
on the SGH gel, we tentatively assigned all other sequences@gnditions or, alternatively, they may be modified by post-

a gene product, as follows. translation mechanisms such as glycosylation.

Host proteins Amino-terminal sequences matching putative proteins coded
Sequences originating from proteins in saliva included tw®y CDNA sequences from cluster 14

matching rabbit albumin and one matching thehain of Two proteins belonging to cluster 14 were also represented

rabbit hemoglobin. Similarly, the SGH-derived sequence&n both gels and, in both cases, represented by the pair
included both the- andB-chains of rabbit hemoglobin as well of sequences from clones ISTB346 and ISL914. The
as a sequence with high similarity toddight chain. observed amino-terminal sequences are in agreement with
the mature peptide sequence predicted by the SignalP
Amino-terminal sequences matching putative proteins codedprogram. Although the mature peptide predicted by
by cDNA sequences from cluster 1 ISL914 clusterl4 is 7kDa, it was found in the 10-12kDa
Two sequences in each of the two gels fractionating salivieegions of the reduced saliva gel and in the 30 kDa region of
and SGH matched putative proteins belonging to the moshe non-reduced SGH gel, indicating that these molecules
abundant cluster of cDNA sequences. The observed aminoyay form multimers through disulfide bridges. Alternatively,
terminal sequences matched those predicted by the Signalis peptide may have a compact structure in its oxidized state
program. Mature sequences from group 1 peptides start withat precludes sufficient binding of SDS, leading to less
either HX or ET, followed by C-[QKRQ]-NGTRPAS (see charge and apparently higher molecular mass in the gel
above and Fig. 1). Accordingly, the sequences HNXQNGexperiment (Pitt-Rivers and Impiombato, 1968). No Asn

Ixodes scapularis
salivary gland

Standard J
(kDa) T
191—— w00
- N-terminal sequence Identification
-— SEEVQGESAAGSSSGV — (ISTB370)
64 —— | we— -ft— KKDSESKDXDNVG —— No matches
-a— DNLDYEADLDLKITXFDXAL —— No matches
Sl—— == ~%— DPEVYLKEEFADGDA — Calreticulin
~— SED —— (ISAC)
30— | evm -f— SPDTKYXM —— No matches
) AKDFIAGGVA —— ADP/ATP translocase
v 4
28 )
Fig. 12. Edman degradation of -#— DPIMGYTSPA —— Oxidoreductase
protein  bands from Ixodes i i Esigﬁglsgﬁgg (IT?AEA;:;B)
scapularis salivary gland 19 — . ( )
homogenates, and their ;;;
correspondin ene roducts. 2
Numbgrs a? Ief% indiceFl)te the 14— W ~at— FTHGSEQIKAHGKKVSE —— Hemoglobin
~t— VVHLSAEEKSAVTALEGKVNVY —— Hemoglobin

position of the molecular mass
markers (kDa). 6— |- s -— MQIFVKTLTGKTITLEVE —— Ubiquitin
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glycosylation sites were found in ISL914_clusterl4 or incalreticulin in our own library, which appears to be under-
ISTB346. represented for cDNA sequences coding for proteins of
molecular mass greater than 50 kDa. These two amino-terminal
Amino-terminal sequence matching the tick anticomplement sequences indicate that calreticulins, abundant intracellular
protein, Isac proteins (Nash et al., 1994), are probably produced. in
The sequence SEDGLE... obtained from saliva run in thecapularissalivary glands, although their secretory nature is
SDS-PAGE gel and the tripeptide SED on the SGH gel wergot obvious.
found in a location with an apparent molecular mass of 48 kDa
(Figs 11, 12), matching the previously reported inhibitor ofousekeeping and other protein sequences found in SGH
the C3 convertase, Isac (Valenzuela et al., 2000). Isac hgsoteins
a molecular mass of 185kDa but behaves in gel The sequence AKDFIAGGVA matches those from cluster
chromatography as though it has a larger molecular mass thé&a with very high similarity to the mitochondrial carrier
predicted (Valenzuela et al., 2000). enzyme ATP/ADP translocase. The sequence MQIFV...,
matching the cDNA clone 1SL844 from cluster 201, has very
Amino-terminal sequences from salivary proteins matching high similarity to ubiquitin. The amino-terminal sequence
putative proteins within the metalloprotease reprolysin DPIMGYT... was not found in the possible translations of our
domain cDNA library but does match putative oxidoreductases found
Two amino-terminal sequences were obtained from the géh the NR protein database. Finally, the sequence NEDLIL...
used to separate tick saliva that match metalloproteases havidges not match any possible translation product of our cDNA
the reprolysin domain. These two clones (ISL1324 andibrary but does match the SALP17 protein framscapularis
ISL1033) were fully sequenced as described abovegi|15428298) at position 112. The protein sequence
ISL1033 cluster65 codes for a 44.1kDa protein, whileARXDAYDNXSGIRARLH matched clone TB210.
ISL1324_cluster383 codes for a 46.1 kDa protein. The SignalP
program does not predict these protein to be secreted. The _ _
observed amino-terminal sequences represent unusually Discussion
distant sites from the starting methionine residue, at positions We constructed a PCR-based cDNA library from the
49 and 72, predicting mature proteins of 36.7 and 38.2 kDa argdlivary glands of the tick scapularis sequenced 735 random
compatible with their migration on gels (Fig. 11, Table 3).clones, clustered the cDNA sequences based on a BLAST
These proteins may be secreted by a different pathway froaigorithm, and obtained full-length information on 87 novel
the other proteins, perhaps a product of apocrine secretigmoteins and peptides, most of which appear to be secreted in
(Aumuller et al., 1999). They may also be the result ofaliva. Further, we collected information on amino-terminal
proteolytic processing of a pro-enzyme. It is also possible thaequences from proteins from saliva and SGH by SDS-PAGE.
both clones are truncated at theirebd, where a conserved We confirmed expression for 19 proteins, including four
stretch of 169 residues is sandwiched between the pre- and proembers of the most abundant cDNA population (cluster 1),
proteinase in snake venom metalloproteases (Jia et al., 1998y0 members of another abundant cDNA cluster (cluster 14),
Indeed, ISLO33_cluster65 is very similar to a hypotheticatwo secreted zinc metalloproteases of the reprolysin family (the
protein of I. ricinus (gi|5911708), which contains a longer previously identified anticomplement peptide), and three
predicted amino-terminal. These metalloproteases may h@oteins of unknown function. Several tick-host proteins were
involved in digestion of skin matrix constituents or fibrinogen,found in both saliva and SGH. While the possible function and
like the hemorrhagic metalloproteases of snake venomsructure of the sequences obtained are described in Results,
(Leonardi et al., 1999; Tortorella et al., 1998). two additional items remain to be discussed: (i) observation of
a large redundancy of related sequences and (ii) origin of host
Presence in saliva of the peptide coded by clones TA242,  proteins in saliva and SGH.
ISL1014 and ISL818 Our library contains a remarkably large degree of
These clones were classified as being of unknown functioredundancy, as shown by the many related mRNAs, most of
because they did not produce any significant matches whevhich are too different to be alleles from polymorphic loci. In
compared with protein NR or CDD databases. Their amincaddition to those shown in Figs 1-10, the previously reported
terminal sequences, as predicted by the SignalP program, wesaivary anticomplement protein (gi| 8896135) is 82% identical
found in protein bands of saliva separated by SDS-PAGE. to SALP20 (gi|5428300) (Das et al., 2001). The long
evolutionary history of ticks may be responsible for this
Calreticulin sequences of SGH proteins complex plethora of related proteins. Indeed, when we
The sequences DPTVYFK... and DPAIYFK..., found in sequenced similar salivary cDNA libraries from sand flies
protein bands from SDS-PAGE-separated SGH, match thg&€harlab et al., 1999; Valenzuela et al., 2001), and mosquitoes
secreted calreticulin of the tichmblyomma americanum (Valenzuela et al., 2002), we found far less diversity of related
(0i| 3924593) and rat calreticulin (gi| 11693172), respectivelynolecules. This variability in the tick salivary cDNA library is
(Fig. 11). We have not found any sequence matchingonsistent with the reported high polymorphism of salivary
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proteins among individual ticks analyzed by SDS-PAGHick-borne pathogens (Valenzuela et al., 2001). Defining
(Wang et al., 1999). The adaptive role of this gene-duplicatiomvariant antigens, and/or using a cocktail vaccine approach
phenomenon may derive from divergence of functions imwill be important for a successful vaccine development
duplicated genes. For example, a Kunitz-containing proteasgrategy.
inhibitor might evolve into another protease inhibitor of With regard to the finding of host proteins in tick saliva and
different specificity, thus targeting another protease of the hoSGH, we cannot rule out contamination by host blood trapped
blood-clotting pathway. Another possible adaptive role forin the tick mouthparts by tick regurgitation during saliva
gene duplication is the generation of different antigenicitycollection, or by tick-gut contents during salivary gland
epitopes within molecules of the same function, allowing thelissection. Although our cDNA library did not contain a single
tick to better evade host immune responses. It is interesting tabbit sequence match, and the tick mouthparts were
speculate whether each of these protein variants would haveateoroughly washed before saliva collection, this does not
differential temporal expression. Because our cDNA librareliminate the possibility of regurgitation. Host Ig secretion in
was made from 25 adult female tick salivary glands removetick saliva has been reported before in other ticks with Ig-
from the tick 3—4 days after host attachment, and because ticksding proteins (IGBP) (Wang and Nuttall, 1995a,b, 1999),
vary up to 2 days in their total feeding time (5—7 days fromand is postulated to be the carrier for this host protein through
attachment to a rabbit), it is likely that our library representshe tick midgut and salivary gland epithelia. The biological
an average of messages translated within a broad range refison for tick IGBP may be related to counteracting the
physiologic ages. A microarray experiment with messagepossible noxious effects of host Ig against midgut or hemocoel
obtained from ticks at different times post-attachment could beargets; any other explanation for this seemingly wasteful
used to detect individual messages produced at unique timsscretion of host albumin and hemoglobin is not immediately
by individual ticks, thus testing the hypothesis of temporabpparent. It is interesting to speculate whether these host
switching of similar salivary proteins inscapularis proteins are modified by the tick by glycosylation or by other
With regard to the related messages found in the salivagdditions. Incorporation of such antigenic epitopes into self
gland cDNA library ofl. scapularis the higher conservation molecules may be a strategy for tick suppression of host
of signal peptides found in peptide groups 2—4, compared witlmmunity —against potentially antigenic carbohydrate
the remaining protein sequences, is remarkable. This pattedeterminants. Further, hemoglobin degradation leads to
was also found in secreted peptide families of vertebratdermation of hemorphins, opioid peptides active in the immune
(Charpentier et al.,, 1998; Lundwall and Lazure, 1995)system and in pain reception (Nyberg et al., 1997).
Increased evolution of secreted rather than signal peptidétemoglobin-derived peptides may also have antimicrobial
indicates possible conservation of a ‘secretion signal casset@ctivities (Fogaca et al., 1999).
or strong evolutionary pressure for variation of the secreted The functions of most tick sequences described in this paper
moiety, consistent with an antigenic variation scenario. are unknown. Some, such as group 2, are relatively short
This diversity of related salivary proteins, whether they varypeptides with single Kunitz domains (Fig. 2, Table 3). When
from tick to tick or temporally within individual ticks, will compared with snake dendrotoxins, which are also small
certainly pose an additional burden in the attempts to develqgeptides containing a single Kunitz domain (Harvey, 2001),
a vaccine against tick salivary antigens that may protect againsiilarities are apparent (Fig. 13) not only in the typical

gi|385318|gh|AAB26998.1| SGHLLLLLGLLTLWAELTPVSGAAKY OKRK--- | PSFY- YK
gill 097974| prf ||211 4418A SGHLLLLLGLLTLWAELTPVSGAAKY OKRK--- | PSFY- YK
gi|125 035| sp|P 00980| | VBl _DENAN ~ --ceemmeemmeee- QPRR-- ®YDK--- | PAFY- YN
gi[266399]  sp|P 00979| | VBl _DENPO ~ ---remmeemmeen- QPLR--- OYQK--- | PAFY- YN
gi|125 044| sp|P 00983| | VBB DENPO ~ ---eemmeemmmeem- RPY A---- OMFF-- | SAFY- YS
gi|125 046 sp|P 00984 | VBE DENPO ~ —-eeemmeeemaes LQHRT---- OKAS-- | PAFY- YN
TA149 CLUSTER48 e | ALLP-- ®APG AVKEWY- FN
TB11_CLUSTER26 e | ALLP-- ®AADI KPKLLFY- FN
TB192_CLUSTERG4 e MGRLS-- ®ASG- VRTI YY-FS
I STA12 CLUSTER45S e ATLT-- OEAN-- STRVFYSFF
P os

Fig. 13. Clustal alignments of

dendrotoxins and shprt peptides 4i[385318|gb]AAB26998.1| WKAK

from Ixodes scapularisgroup 2 gill 097974] prf ||211 4418A WKAK

eptides deduced from a salivary 9il125 035| sp|P 00980| I VBI _DENAN QKK

Pep y gi|266399]  sp|P 00979| | VB _DENPO XK

gland cDNA library. Regions of 125 044| sp|P 00983 I VBE DENPO  KGA
positive charge (Pos) are shown by gil125 046| sp|P 00984| | VBE DENPO ~ WAAKK

; ; ; TA149_CLUSTER48 NRTN
bars. Gly, egC|'ne rlch_ region. TB11 CLUSTER26 NGTN
Conserved cysteine residues are TB192 CLUSTER54 NHTN
shown in black background; other | STAL2_CLUSTER45 NNTN ®PYG\HHPPGRVRGT Y-

conserved residues are in gray G
background. — —
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conservation of the Kunitz cysteine residues but also in hemoglobin fragment in the tidkoophilus microplusJ. Biol. Chem274,
conserved glycine-rich and basic amino acid-rich regions. 25330-25334.

These peptides mav function as dendrotoxins that Variousrrancischetti, I. M., Valenzuela, J. G., Andersen, J. F., Mather, T. N. and
pep y Y Ribeiro, J. M. C. (2002). Ixolaris, a novel recombinant tissue factor

affect membrane functions. These and other peptides are of gathway inhibitor (TFPI) from the salivary glands of the titkpdes
size amenable to either direct synthesis or production by scapularis identification of factor X and factor Xa as scaffolds for the

recombinant methods, and will eventually be tested for theiéihrggsi'gon;fI;aCtgo?Qr'\a/t,'\jS“g fa;}g;;%?plﬁmggg 93}33630?{-3%22601)

biological activities in various bioassays. Other biological identification of an IL-2 binding protein in the saliva of the Lyme disease
activities, such as the several antiproteases andvector tick,Ixodes scapularis). Inmunol.166 4319-4326.

; i ; ; irard, T. J., Warren, L. A., Novotny, W. F., Likert, K. M., Brown, S. G.,
meta”OprOIeases’ can be identified with different enzymg Miletich, J. P. and Broze, G. J., Jr(1989). Functional significance of the

assays. Our ongoing studies should increase our understandingunitz-type inhibitory domains of lipoprotein-associated coagulation
of how ticks successfully evade the hemostatic and immuneinhibitor. Nature 338 518-520. _
responses of their hosts. Ha_rtm_ann, S.,_ Kyewski, B.,_ S_or_menburg, B. and Lucius, R(1_997)._ A
filarial cysteine protease inhibitor down-regulates T cell proliferation and
enhances interleukin-10 productidgur. J. Immunol27, 2253-2260.
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