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Abstract: Bloodsucking arthropods are a rich source of salivaryemaés (sialogenins)
which inhibit platelet aggregation, neutrophil function and angiogenesis. Here we review
the literature on salivary disintegrins and their targets. Disintegrins were first discovered in
snake venoms, and were instrumental in our utaledgng of integrin function and also for

the development of anthrombotic drugs. In hematophagous animals, most disintegrins
described so far have been discovered in the salivary gland of ticks and leeches. A limited
number have also been found in hookms and horseflies, and none identified in
mosquitoes or sand flies. The vast majority of salivary disintegrins reported display a RGD
motif and were described as platelet aggregation inhibitors, and few others as negative
modulator of neutrophil or endwtlial cell functions. This notably low number of reported
disintegrins is certainly an underestimation of the actual complexity of this family of
proteins in hematophagous secretions. Therefore an algorithm was created in order to
identify the tripeptidemotifs RGD, KGD, VGD, MLD, KTS, RTS, WGD, or RED
(flanked by cysteines) in sialogenins deposited in GenBank database. The search included
sequences from variougood-sucking animalsuch as ticks (e.glxodessp., Argassp,
Rhipicephalusp., Amblyommasp.), tabanids (e.gTabanussp), bugs (e.g.Triatomasp,
Rhodnius prolixus mosquitoes (e.g.Anophelessp, Aedessp, Culex sp), sand flies

(e.g, Lutzomyiasp, Phlebotomusp), leeches (e.gMacrobdellasp., Placobdellasp.) and

worms (e.g. Ancylostomasp). This approach allowed the identification of a remarkably
high number of novel putative sialogenins with tripeptide motifs typical of disintegrins
(>450 sequences) whose biological activity remains to be verified. This database is
accestble online as a hyperlinked worksheet and displays biochemical, taxonomic, and
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gene ontology aspects for each putative disintegrin. It is also freely available for download
(right click with the mouse) at linkshttp://exon.niaid.nih.gov/transcriptome/RGD/
RGD-PepsWEB.xIsx (web version) andhttp://exon.niaid.nih.gov/transcriptome/RGD/
RGD-sialogenins.zifgstand alone version).

Keywords: disintegrins bloodsucking sialome sialogenins platelet aggregatign
angiogenesissnake venorhematophagythrombus transcriptomgproteome salivary

1. Introduction

Integrins are a large family of heterodimeadhesion receptors that are formed by-nowalent
association of differendand b chains and mediate cell adh
proteins as well as ceatkll interactions. Many integrins bind to their extracellular ligands through the
recognition of the tripeptide ArGly-Asp (RGD) flanked by disulphide bonds that form a peptide hairpin
with the G at its apex, flanked by amino acids of opposite charges. This motif is present in several protein
components of extracellular matrix (e gtronectin, fibronectin, osteopontin, afidrinogen). Although
different ligands can bind to the same integrin, sequences flanking the RGD peptid®desl tepbe
important for integrin specificity. Integrin ligation by its natural ligands promotescetiular
signaling by activating a number of intracellular mediators that ultimately lead to cell migration,
survival, and invasiorili 3]. Remarkably, the mechanism of action of integrins has been much
advanced by the discovery of peptides from viper w@)dknown as the disintegrins, which reportedly
block integrin interaction with its physiological ligands present in the plasma or in the pAdg}ix

Disintegrins are a familpf small cysteingich polypeptides which display a series of biological
functions such as inhibition of cell adhesion, migration and angiogelésistegrins are commonly
processed from PII metalloproteinase precursors through proteolytic processing and have tripeptide
motifs RGD, KGD, WGD, VGD, MGD, RTS, KTS among otherdjigh confers different binding
specificities [61 8]. Currently, disintegrins can be classified in four groups. The first group of short
disintegrins displays 451 residues and four disulphide bonds (@chistatinRGD and obtustattkTS),
the second grquare mediunsized and contain approximately 70 amino acids and six cystine bonds
(e.g, barbourinRKGD, flavoviridin-RGD and atrolysin 8MVD) while the third group includes long
disintegrins with approximately 8eesidue polypeptide crodisked by seven idulphide bridges
(e.g, bitistatinRGD). The fourth group is composed of homodimers or heterodimers with subunits of
approximately 67 residues with ten cysteines (&§3A-VGD) involved in the formation of four
intrachain disulphides and two interchaigstine linkaged6i 9]. Of note, disintegrin function and
specificity depends on the appropriate pairing of cysteine residues which exposes the tripeptide
binding motif that mediates inhibition of platelet aggregation, neutrophil or endothelial cell
function [9112]. Accordingly, disintegrins have been critical as tools in biochemistry, in the
development of anfplatelets agents and potential inhibitors of angiogenh#8j§4].

In regard to specificityone group comprises most of the monomeric disiimisgrontaining the
RGD motif, as well as KGD, MVD, MGD, and WGD. They display inhibitory activity against
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integrins such asUIbb3 (fibrinogen receptor), vb3 (vitronectin receptor) andUbbl

(fibronectin receptor). Some RGD disintegrins héeen reported to interact witBb1, Usb1, and

Urb1, and therefore interfere with cell adhesion to lam[di#]. Alternatively, RGD (jarastatin)or
MLD(EC3)-disintegrins may targdiMb2 or (Bb1 in neutrophils, respective[jL5]. Another group of

MLD motif-containing disintegrins interact with leucocy# b 14,6 7 , Bdrid i n[9).Figally, n s
KTS and RTS disintegrins are potent and selective inhibitors Ubfb 1 (recepto
collagen 1V)[9,16]. Several updated and-depth reviews on snake venom disgrins have recently

been published6i 19]. A brief overview of disintegrins targeting platelet and endothelial cells is
provided below since these am@mmon targets for venom proteins

1.1.Disintegrins Platelets and Thrombus Formation

Platelets express three bI1IRbilnt egol nag@ainldr etc
(fibronectin  receptor), U6 b 1 (1l aminib | bR eptfoirb)r,i nogdyd3 rec
(vitronectin receptor). Integritllbb3 is the most abundant glycoprotein thie platelet surface, with
an additional intracellular pool that is exposed on the surface upon activation. It binds several ligands
containing an argininglycine-aspartic acid (RGD) sequence, such as fibrinogen, fibrin, von
Willebrand factor (VWF), fibroectin, thrombospondin, and vitronectin. When activated, integrin
Ulbb3 mediates platelet adhesion, aggregation, and spreading on the exposed ECM of the injured
vessel wall as well as thrombus formation by promoting crosslinking between adjacent platelets
through its main ligand fibrinogen, or at high shear rates through vWF. In resting platelets, the integrin
is in aflow-affinityo state characterized by a highly bent conformation that keeps the binding site for
the RGD sequence hidden. On platelet atitwa finsideoutd signaling events lead to a
conformational switch where integrins undergo complex structural rearrangements and change into a
fhigh-affinity 0 state, acquiring an extended conformation and being able to expose the RGD binding
site. Becausenany integrins bind adhesive proteins in a R@&pendent manner, it is possible that
additional binding sites may regulate which RG@@ntaining proteins bind to a particular integrin. The
reader is referred to several reviews recently published on imtegrioperties and
functions[1i 3,20,21].

In some pathologic conditions, platelet activation and coagulation may lead to thrombotic vessel
occlusion with obstruction of blood flow and subsequent tissue damage, as in myocardial infarction
and ischemic strokdJnderstanding the mechanisms of platelet adhesion, activation, and #éggrega
is important to identifynew therapeutic targets for treatment of these severe disabilities. Integrin
Ulbb3 has become an attractive pharmacologic target for prevention of ischemic cardiovascular events
due to its importance in platelet aggregafié/i9]. Targeting and inhibiting RGIdependent integrins
may prove to be an effective approach for therapeutgvantion in thrombotic disease. In fact, the
first disintegrin was characterized as an antagonist of plaietei3 [22]. Accordingly, the structure
of disintegrins has been used as a template to design compounds that bind to fivgnegenwith
higher affinity. For example, Integrilin (eptifibatide) is a synthetic cyclic heptapeptide adapted from
the snake venom disintegrin barbourggrastat (tirofiban) is a nepeptide, tyrosinaerived, RGD
mimic synthetic compound originated from echistatiBoth antagonists are competitive inhibitors that
bind to the liganebinding pocket ofd | b b 3, compet i ng fibomogerhand VWE. b i
Anot her strategy to inhibit U high-affinBy antaganistwihe st
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long halflife (4 h). These three pharmaceuticals were approved for treatment of acute coronary
ischemic disease, illustrating the importance of studying exogenous secretionsl@velogpment of
new therapeutic23].

1.2.Disintegrins Angiogenesis and Cancer

Endothelial cells (EC) express a subset of mammalian integrins including the fibronectin receptors
W b1 bBidcollagen receptorddl b 1 @ rbdlaminin receptorstB b 106 b 1, Usa#n d
vitronectin receptorU v b &1d osteoponin receptd® b 1 . Angiogenesi s i s C
invasion, migration, and proliferation of smooth muscle and endotheliad clfgocess that involves
new capillaries to sprout from existing blood vessels. It is a highly regulated process, essential in many
physblogic conditions, including development, reproduction, and wound repair. Vascular cell
adhesion molecules appear to contribute to its regulation, and several pathologic conditions have beel
related to unregulated angiogenesis, as in tumor develodijemlthough disintegrins have been
characterized as platelaggregation inhibitors, several venom disintegrins were also found to block
adhesion of human umbilical vein endothelial cells to vitronectin and prevent adhesion of tumor cell
lines to ECM compor@s. For instanceTriflavin, a RGD disintegrin fronTrimeresurus flavoviridis
was able to lock adhesion and migration of human umbilical vein endothelial cells as well as to
inhibit angiogenesis[14]. Contortrostatin, isolated from the venom Afkistrocdn contortrix
contortrix, i s an antagoni st of Uvb3 andin aitro@ut e nt
in vivo [24]. KTS-disintegrins targetingdlbl showed a regulatory effect in angiogenekd,
corroborating the view that collagen receptors aiengty involved in the neovascularization process.
Accordingly, studies with obtustatina disintegrin fromVipera lebetina obtush showed that this
inhibitor of L b1 i ntegrin is e findueed tangiogenesisnn abchickenkembryg F
chorioallantoic membrane assay; it also reduces experimental Lewis lung carcinoma growth in a
syngeneic mouse modg25]. Also, lebeinl inhibitsUB b 1 i +dependentimigration and invasion
of human MDAMB-231 breast carcinoma cells towards lamibiid [26]. In addition,
RTS-containing disintegrin jerdostatin inhibits the adhesion of alphH&bbR cells to collagen IV
suggesting that it also interferes witlibl-mediated endotial cell adhesion to collagen and
angiogenesiflo).

Although saliva fronmxodes scapularibas been reported as a potent inhibitor of angioge[i&gis
only threesalivarydisintegrins named tathibitin [28], tablysin[29] and TabRT330] from horsélies
have been molecularly characterized as an angiogenesis inhibiterefore salivary disintegrin
inhibitors of angiogenesis remain a relatively unexplored field of investigation.

1.3.Disintegrins from Hematophagous Animals

While blood-sucking salivay glandis a major source of antihemostatissch as vasodilators,
platelet and coagulation inhibitorgl0,31i 35|, relatively few disintegrins have been molecularly
cloned and expresseflable .
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Table 1.Salivarydisintegrinswhich have been characterized moleculariyunctionay.
: : . I .
Name/reference Species Mol wt ICso  R/S/IP# Tripeptide tactzrget Integrin
Ticks
Variabilin [36] D. variabilis 5 157 nM  N/N/Y RGD Platelets Ul | b
1SL929/137337] Ixodessp. 10 ? YINIY ? Neutrophis  UMB2 ?
Monogrin[38] A.monolakensis 10 150 nM  Y/IN/Y RGD Platelets Uil b
Platelets U2b 1
* ? o
TAI [39] O. moubata 15 8 nM N/N/Y : EC U161
Disagregin4Q| O. moubata 6 104 nM  N/N/Y RED Platelets Ull b
Ixodegrin[41]** Ixodessp 7 ? N/N/N RGD Platelet® Ull b
Savignygrin[42] O. savigny 7 130 nM  N/N/Y RGD Platelets Ul 1 b
Hor seflies
Tabinhibitin[28] T. yao 25 <40nM N/N/Y RGD Platelets U1l bt
. Platelets U | b ¢
Tablysin[29] T. yao 25 100 nM  Y/IYIY RGD EC O b 3
TabRTS[30] T. yao 25 50nM  Y/NIY RTS EC L b1
Leeches
Decorsin[43] M. decora 4 500 nM  Y/IYIY RGD Platelets U | b ¢
Ornatin[44] P. ornata 5 130 nM  Y/N/Y RGD Platelets Ul bt
Worms
HPI[45] A. caninum 20 ? Y/N/IN KGD Platelet¢ Ul I'D
NIF [46] A. caninum 41 <10nM Y/N/Y ? Neutrophil ~ UMBb2

# R, obtained in recombinant form; S, structaneilable; P, inhibition of cell function tested with
recombinant or purified protesnMol wt, molecular weight (approximateEC, endothelial cell; NIF,
neutrophil inhibitory factor; HPI, hookworm platelet inhibitor; TAI, tick adhesion inhibitofAl has
not been molecularly identified* Ixodegrin hasnot been expressed or purified]Q@so, or integrin
specificityunknown, or not confirmed.

1.3.1.Ticks

Hard ticks are the most important source of disintegrins among arthropods. This is likely because
they must inhibit the interaction of other cell types with ECM components during the prolonged
feeding period as part of the mechanism by which they keep blood flowing through its pr¢®gscis
Blockade of platelet and endothelial cells integ@tso contribute to prevent granulation tissue and
wound healing response to an injury.

1.3.1.1.Variabilin

This protein is present in the SGs of the hard fiekmacentor variabilisand inhibits platelet
aggregation induced by ADP (&~ 150 nM), collagen, and thrombin receptor peptide SFLLRNP. It
also blocks platelet adhesion to fibrinogen. Variabilin is@gteine, 5Da disintegrin containing an
RGD motif, but the primary sequence shows little homology to most disintegrins except Ixodegrin
from Ixodes scapularis Differing from other RGBEcontaining proteins, the RGD sequence in
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variabilin is not located in a loop flanked by cysteines. It is a potent antagonist of the fibrinogen
receptorintegrid | b b3 and t he WhH3f36.onectin receptor
1.31.2. Disagregin

Disagregin is a f&Da protein from the SGs oDrnithodoros moubatahat potently blocks
ADP-induced platelet aggregation ¢€150nM) [40,47]. It lacks the RGD sequence but displays RED
motif in the cysteinestabilzed loop importanto presenthe tripeptide motif to integrins. Disagregin
has significant sequence similarity and identical cysteine spacing to disintegrins from other soft ticks
such as savignygrin and monogrin, which exhibits a bovine pancreatic trypsin inhibitor-(@mib
folding. In addition, disagregin inhibits platelet aggregation by different agonists, blocks platelet

adhesion to fibrinogen, binds to resting and Afidivated platelets, and also binds intedsinl b b 3 i r
activated platelets witiKp ~ 40 nM. Cros$inking experiments also demonstrated binding of
disagregin to integrild | b b 3 . I n contrast, di sagregin does

vitronectin, which is mediated by integitkr b [30,47].
1.31.3. Savignygrin

Savignygrin is a platelet aggpation inhibitor purified from the soft ticRrnithodoros savignyand
is similar to disagregin. It contains a RGD integrin recognition motif and inhibits platelet aggregation
induced by ADP (IG 130 nM), collagen, thrombin receptaictivating peptide, and epinephrine. It
also blocks binding ofFCDA41 to platelets, bindingdl | bb3 to fibrinogen, ar
to fibrinogen, suggesting it targets the fibrinogen receptor. Savignygrin forcomplex with both
U1 bb3 subunits, and this complex formation i
belongs to the BPTI family of serine protease inhibitors and presents the integrimeR@jdition
motif on the substratbinding loop ofthe Kunitz fold[42]. Additionally, savignygrin can promote
disaggregatiod which is an inhibition of platelet aggregation at a post aggregationdleledugh
occupation of th&l | b b3 r e c e p tlikemolecHes havegalsy bgean icloned from the tizkt
Ornithodoros coriaceuf4§].
1.3.14. Monogrin

Monogrin was purified from the SGs of the soft tiskgas monolakensidt is a 10kDa protein
containing an RGD motif and having sequence homology to savignygrin and disagregin. It also
presents the RGDintegrinrecognition sequence on the subsHateling loop of the
Kunitz/BPTFdomain. Both recombinant and purified monogrins block AbdRiced platelet
aggregation (I6p ~ 150 nM) but not initiation of shape change. Monogrins were found to interact with
integrinl | bb3 by surfac[8].pl asmon resonance

1.3.15. Ixodegrin

This family was named after identification bfodes pacificug41] and |. scapularis putative
cysteinerich proteins with an RGD or KGD domain indicative of proteins that interfere with fibrinogen
binding to platelets, acting as platelet aggregation inhibitors. Ixodegrins display sequence similarity to
variabilin. The ixodegrin family | (exclusive of tlgenus Ixodes) was shown to be similar to the short
neurotoxin family found in elapid snakes. Many members of the ixodegrin family contain a
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prokineticin motif, mostly due to the conserved cysteine frame\&Bji1]. Recently, a protein
described from the SGof the tick Anblyomma variegatunshowed similarities td. scapularis
ixodegrins but does not have the RGD domd#9]. Ixodegrin remais to be produced in a
heterologous system to confirm its functional activity.

1.3.16. Tick Antiplateletinhibitor (TAI)

TAI (~15kDa) has been purified fro®. moubataSGsbut has not been molecularly cloned. It
inhibits plateletadhesion to solubleollagenunder static conditions (kg8 nM) without affecting the
onset or maximum aggregation triggered dotlagenor other platelet agonists. TAI also affects
endothelial celladhesion tocollagenand has partial inhibitory activity fofibronectinmediated
plateletadhesion. Further, it outcompetes dt? b1 monoc | onal anplatelets dy (
suggesting itis anntegrinU2 b1 an[B% goni st
1.3.17.1SL929/1373

Two Ixodes scapularissalivary proteins named ISL929 and ISL1373 have been described as
neutrophilinhibitors. Expression of both molecules is induced upon tick feeding and mostly expressed
in the salivary gl and. Recombinant |1 SL929 and
and to decrease production of superoxide by neutrophitgro. Furthermore, mice immunized with
both proteins had increased number of neutrophils at the site of attachment suggesting that they
interfere with inflammationin vivo [37]. It remains to be demonstrated whether 1SL929/ISL1373
t ar get s U Ntbrannhikitondtripeptide motif is responsible for this activity.

1.32. Tabanids

The mouthparts of tabanids operateissssors to cut the skin, leading to formation of a pool of
blood from which they feed. While they are considered fast feeders, it is likely that addition of
disintegrins to their salivary repertoire has evolved to successfully prevent platelet aggregation or
enddhelial cell function.

1.3.2.1. Tabinhibitin

Five platelet aggregation inhibitors (tabinhibitin73 were purified fronil'. yao Macquarsalivary
gland and the cDNA sequences cloned fieDNA library. Another three cDNA sequences code for
tabinhibitins8i 10. These proteins have22i 25 kDa and displayi@2 halfcystines. There are one or two
Arg-Gly-Asp (RGD) maotifs in their sequences. Most of the RGD motifs are iN#t@eminus of their
sequences, whereas a RGD motif is in@ierminus of tabinhibih 3 and 4. All the RGD motifs are
positioned in a loop bracketed by cysteine residues as found in other platelet aggregation inhibitors.
Members of this family effectively block platelet aggregation by a number of agfztikts
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1.32.2. TabRTS

A proten from the antigen 5 family containing a RTS disintegrin domain was characterized from
the SGs of the horse flyabanus yaend named tabRTS. The RTS sequence is positioned in the
C-terminus in a loop flanked by cysteine residues as reported for snakavemsintegrins, although
they do not share any sequence similarity. TabRTS was shown to inhibit endothelial cell proliferation
and angiogenesi® vitro andin vivo, it possibly targetsthél b1 i nt egli b, masoaho
antibody dosalependentlynhibits its antrangiogenic activity30].

1.3.23. Tablysin15

Another protein characterized from the tabadidyao is tablysirl5, a 26kDa disintegrin
containing 10 cysteines and an RGD in ti¢erminus[29]. Tablysin displays atsng sequece
homdogy to members of the abinhibitin family [28], but not to other disintegrins. Tablysi®
displays a high affinity fold | b b 3, i nhibiting platelet aggreg
convulxin It also blocks thrombus formation under flow at high shear without interfering with platelet
adhesion to collagen. Tablysin also inhibits platelet adhesion to fibrinogen under static conditions.
When immobilized in solid phase assays, it supports ptadigesion by a mechanism that is blocked
by antiintegrinU | b b3 anti body abci xi mab. F uimtdgimeélrimof 3,
antibody to platelets. Notably, tablysl® also interastwith endothelial celllv b3 i nt egr i n
prevents E adhesion to vitronectin with kgin the nanomolar range. It also affects endothelial cell
adhesion to fibronectin at high concentrati ons:e
adhesion to collagenTablysinl5 effectively prevents tbmbus formationin vivo in the rat
arteriovenous shunt thrombosis mofi&d]. Finally, the structure ofablysin has been recently solved
and found to display a pockedapted to bind leukotrienes (LTand to inhibit LTC4induced
contraction of a preparatn of guinea pig ileurfs0].

1.3.3 Leeches

Leeches are highly specialized animals that feed on blood for prolonged periods of time. The need
to counteract host response to damage has contributed to the development of a notable arsenal ¢
antihemostaticsand particularly disintegrin, as described below.
1.3.3.1.Decorsin

This 3%aa protein purified from the North American leebkacrobdella decoraacts as an
antagonist of glycoprotein GPHIbla. It completely inhibits platelet aggregation induced by A&XP
high concentrations (fiM) and inhibits the interaction of GPltHla with fibrinogen in a soliephase
ELISA (ICs0 ~ 1.5nM). Decorsin has 6 cysteines and an RGD motif ne&-texyminus, which is the
significant region of homology to the snake familfyinhibitors. Its function is likely to keep host
blood flowing or to keep ingested blood from coagulating, as leeches store ingested blood for long
periods of time[43]. Recently, decorsin was also described in the salivary transcriptome of
M. decora[51]. The structure of decorsin was determined by nuclear magnetic resonance and is
similar to that of hirudin, an anticoagulant that inhibits thrombin from the leech
Hirudo medicinalid52].
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1.3.3.2.0rnatin

Six isoforms of ornatin were purified from theechPlacobdella ornataand show 40% similarity to
decorsin. The purified and recombinant ornatins contain an RGD sequence as well as 6 cysteine
residues. Ornatin potently inhibits fibrinogen binding to inteddliibb3 (ICso ~ 5 nM) but inhibits
plateletaggregation at higher concentrationssgl€ 300 nM) [44]. Studies with recombinant ornatin
suggested that the RGD conformation is determined by the disulfide bonds in the native structure,
which is important for binding affinity tol | b b 3 and,y, foroanwgonsme of t |
fibrinogen bindingd53)].

1.34. Worms

The chronic survival of many endoparasitggarticularly at the mucosa of the hddtas been an
important evolutionary pressure for the expression of disintegrins, which assist worms to feed on
blood. Only two disintegrins from worms have been reported.

1.3.41. HookwormPlateletinhibitor (HPI)

HPI is a KGDcontaining molecule purified from the hookwormcylostomacaninum Purified
HPI blocksfibrinogen bindingtdd | b b3, or epitheli al cel | adhes
integrin U2b1. antHBRVexpressed iEsckedohiantbolidoes not inhibitintegrin
binding activity[45]; it is therefore unclear whethexcombinant HPWas correctly folded.
1.3.42. Neutrophil Inhibitory Factor (NIF)

Neutrophil inhibitory factor (NIF) is a weBtudied protein of 4kDa isolated from canine
hookworm Ancylostoma caninumwhi ch was found to i nt iateganc t W
(MAC-1) [46]. NIF inhibits neutrophil adhesion to endothelial cells and inhibits formyl methionyl
leucyl phenylalanine (fMLRYlependent adhesion of PMN to ICAMand the release of,8, by
PMN [46,54,55]. NIF binds with high affinity to the metal iethependent adhesion site on the
domain of the CD11b subunit of PMM6,54i 56]. A functional tripeptide in NIF interacting with
U M bigtegrins has not been identified.

1.4.Construction and Content: Identification of Putative Disintegrins

To expand our understanding of the complexity of disintegrin in different species of bloodsucking
animals, we have created an algorithm defined-ag0(16)X-Y-Z-(0,16)xC to search novel putative
disintegrins which have been deposited in the-rsmlundahdatabase. This algorithm was constructed
based on the sequences of several disintegrins characterized thus far, which in most cases display tt
tripeptide motif €.g, RGD) flanked by cysteines residues critical for exposure of disintegrins to
differentintegrins. In the algorithm formula, XYZ can be substituted for one of the following: RGD,
MLD, KGD, VGD, KTS, RTS, WGD, and RED. The starting protein set comprised proteins from
GenBank downloaded using the selected organism tekwosloidea, Cimicomorpha Tabanidae,
Glossina Culicidae, Psychodidae, Simuliida&;eratopogonidae,Siphonaptera Hirudinea and
Rhabditida This set was further reduced by selecting solely those proteins having a signal peptide
indicative of secretion as indicated by the SigredR/er[{57]. Finally, the disintegrin search algorithm
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was run on these sequences, using the program seedtop that is part of the blast p@clade
bioinformatics tools which have been described elsewa&i€4]. While this approach may identify
seveal novel putative disintegrins, confirmation of their biological activity is imperative in order to
verify functionality and to exclude falg®sitives. Below, we describe novel putative family of
disintegrins from hematophagous sources, whose sequemnveeden deposited in the Genebank as of
October 2011. A selected number of representative sequences codimgidive disintegrins are
aligned and presented in Figar& 9, while several others are displayed in the Supplemental data.
Supplemental Tablpresents all sialogenins containing disintegrin motifs (&@D) which havéeen
sequenced thus far. The sequences are freely available for download with several relevant hyperlinks
at  http://exon.niaid.nih.gov/transcriptome/RGD/R&ialogenins.zip  (stand alone) and
http://exon.niaid.nih.gov/transcriptome/RGD/R&@BpsWEB.xIsx (web version).

2. Discussion

A database for salivary disintegrins appears to be particularly useful since no comprehensive
database has yet been published for known saliv@intelgrins, or putative ones. Therefore,
organizing the database as tables, and providing the information for each disintegrin in excel spread
sheets which are fully available to the community may advance our understaweirgher available
resourceslin addition, the finding that several novetquences were found to display disintegrin
motifs lead us to describe and discuss their putative function and target in more detail, based on the
tripeptide motifs they displayAs discussed before, all putatigdésintegrins described herein awaits
confirmation fortheir functionand specificity.

2.1.Disintegrins fromBugs {riatomaand Rhodniussp.)
2.11.VGD Disintegrin Family

Figure 1shows the Clustal alignment for nine molecules which typically displayséeines, a
VGD tripeptide in position 76 (flanked by cysteines) and high degree of conservation among other
amino acids. Two subfamilies of this family were recognized.iinfestansin one theC-terminus
ends in a cysteine residue, while in the otherluster of lysines (K) is found suggesting that these
members evolved to interact with activated membranes enriched in phosphatidyl serine. The
counterpart of this subfamily ifi. matogrossensidisplays a cluster of prolines in tl@&terminus,
whose fuetion is currently unknown. Since VGD disintegrins have been reported to intéracttw U 5
integrins, and since this is the receptor for fibronectin in the endothelial cells, it is possible that these
putative disintegrins are associated with inhibition apigiogenesis or modulation of endothelial
cell function.
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2.1.2.KGD, RGD and MLD Disintegrin Family

Figure 2A depicts the alignment for KGD disintegrins frdmatoma sp. They belong to the
antigen 5 family of proteins. While members of this family display a high degree of similarity
throughout the molecules, including highly conserved 6 cysteines, the position of the KGD is curiously
distinct. For example, the KGD two members of. dimidiataproteins is found between cysteines 4
and 5, while in one member froih infestanghe KGD is located between cysteines 3 and 4. The
function of these proteins i s |leairgltoyinhibitov afl v e c
platelet integrinal | b b 3 . I n fact, one atalysirgl®) mas beerf racemilyl y
descri bed as a platelet and angiogene[@9,andtonhi b
bind leukotriene$50].

Figure 2B depicts two additional triatomine lipocalins which display the KGD motif at the
N-terminus of the molecule. Figure 2C presents another putative lipocalin disintegrifi fisdoma
infestans which uniquely displays a MLD motif. While this istren abundant transcript according to
sequencing ofT. infestanscDNA library, its function is possibly involved iwt h tégdins. iAn
phylogenetic tree with putative disintegrins from Triatoasirs displayed in Figure 2D.

2.2. Disintegrins from Metastria Ticks(Dermacentoy Rhipicephalusand Amblyommpa

2.2.1.KGD and RGD Disintegrin Family

Figure 3A displays two distinct KGD disintegrins from the salivary glandRhopicephalusand
Boophilus (currently classified afRhipcephalu$ ticks; both have been identified as mutke
proteins. Figure 3B shows the alignment of R@Bintegrins fromAmblyommasp. which have been
identified as chitiFbinding peritrophin (midgut protein) and Figure 3C displays 2 sequences from
Haemaphysalissp. salivary gland which belong to the lipocalin family, one of them having an
insertion between amino acids 130 and 145. Perhaps the RGD in these proteins is adapted fo
integrin recognition.

Supplemental Figure 1 reports on 2 members fbmrmacentoisp salivary gland which are highly
related, including 14 cysteines, and a KGD found between cysteines 10 and 11. Interestingly, a shortel
sequence fronR. appendiculatusvas found to display high degree of similarity to the other two
members fromDermacentorsp,; the KGD is also located between two cysteines; perhaps these
molecules haveevolyd t o i nteract with b3 integrins
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Figure 1. ClustalW alignment for putative VGD disintegrinsin Triatominae.

10 20 30 40 50 60 70 80 20 100

| | | | | | I I I I
TRIIN 149898787 MKTIITVIFAGILTYTGAQNSGCQLENGLHALRY LEINDFFRSFWYVTHMKDAPNDAVCOKYKAEQDNYNVKLERVGD - KSNQGAT-CPSIRIS---MVGAPGS
TRIIN 149898782 MKTIITVIFAGILTYTGAQONSGCELONGLHAMRY FE INDFFKGNWY VI HMKDAPNDAVCOKY KAEQDNYNVKLERVGD - KPNQGAT-CPSIRIS ---MVGAPGS
TRIIN 149898795 MKTIITVIFAGILTYTGAQNSECNLSNGQHAMRY INTEDFFRGNWYVTHTKDAPNDAVCOKYKAEQDNYIVKLERVGD 1+ -KPNQGAT-CPSIRIS---MVGSPGS
TRIIN 149898801 MKTIITVIFAGILTYTGAQONSGCELENGLHAKRYFDINEFFRSFWY VITHMKDAPNDAVCOKY KAEQDNYNVKLEH -KPNQGAT-CPSIRIS---MVGSPGS
TRIMA 307094930 MKTIVAVTFFGILTFALAEYAQIPNCTPPEAMANTD TARFTEGKWY VINAKQGSNS TVCREYRTKTN--KEVL— YTFMNOQRLYFKVRCK----KQSQTE
TRIMA 307094842 MKTIVAVISFGILTFTLAQYEKIPNCNPPEATKNLDTESFLKGKWY VINAKQGSNSTVCREY RTKNKDGKQVL— YTFNGOQKPYFKVRCK----ROSPTE
TRIIN 149689066 MKTILAVIFFGILAFAFADYPSIENCTHPPAMANFNPKKE LEGKWY VIKAKHGSNSTVCREY RAKTKDKDQTI L— YSFNGGTFYFTVRCKRLPNNEVQKP
TRIIN 155029178 MKTITAVIFFGILAFAFADYPSTIENCTHPPAMANFNQKKEFLEGKWY VITKAKHGSNSTVCREYRAKTKGNDQIT.— YSFNGGTFYFTVRCKRLPNKEVQKP

TRIIN 155029176 MKTILAVIFFGILAFAFADYPSIPKCTHPPAMANFNQKKFLEGKWYVTKAKHGSNSTVCREYRAKTKGNDQIL—- YSFNGGTFYFTVRCKRLPNKEVQKP
kkkks ok kkke oo ko A * .. ko kkkk: Kk k_skkeakeosos | *

115 125 135 145 155 165 175 185 195 205

| | | | | | | | | |
TRIIN 149898787 YNFKCQOSNQNGKS--ISFTVLWIIIETDYKDYATAYRCTRY SDNS--NLSGNLVLLHRRKNADGT SAAKILKKHK---LDLSSFKKLNC------—-—-——-———————
TRIIN 149898782 YNFKCQOSNQNGKP--ISFTVLWIIIETDYNDYATAYRCTRY SGNS--NLSGNLVLLHRRKTADGKNAAKILTKHH---LSLSNFKNLKC--------——-———————
TRIIN 149898795 FNFECQQOSNPNGKP--ISFTVLWIIIETDYKDYATAYRCTRYKDSS --KLSGNLVLLHRKRTADGTNAAKILTKHH---LSLSNFKKINC----——-———————————
TRIIN 149898801 FNFECQQOSNPNGKP--ISFTVLWIIIETDYKDYATAYRCTRYKDSS --NLSGNLLLLORKKTADGTSAAS SLKKHR---LSLGDFKNLKC----——-———————————
TRIMA 307094930 LSYTCKOTMPDNSEMKNQFQTQLTILHTDY TNSAVMYRCVOFPPELGSNFEDNI LVLHRDPS I TNDNDNAVRNATLKSQGLOINSTLKSREGVV--CPEPPPKRIKI - -
TRIMA 307094842 LSYTCTOTMPGNKELKNQFQTQLTILHTDY TNSAVMYRCVQOFPPELGSHFEDNI LVLHRDPS I TNDNDNAVRNATLKSQGLOINSTLKSREGVV--CPEPPPK-IKE--
TRIIN 149689066 LOFTCTOKSPDVASMOFQFQILEVTILDTDYKNYAVMYRCVOFPEKLGAHFEDNTLLLHRNPEQLVD-ENLIESKLR---MSFDSFRSREDVVDGCPKLP SKKKNKAS
TRIIN 155029178 LOFTCTOKSTDDPSKMFKFQLEVTILDTDYANYAVMYRCVOFPEQLGS HFEDNTLLLHRNPDQLVD-ENQVERKLN---LSEFDSFRSREDVVDGCPKLP SKKKNKAS

TRIIN 155029176 LQFTCTQKSPDDPSKMFKFQLEVTILDTDYANYAVMYRCVQFPEELGSHFEDNTLLLHRKLDQLVD—ENLIERKLK———LSLPSFKSRDDVVEGCRELPSKKKKTKP
s ok ok ko2 kk. kkk . k. kkk .. ik sikik

Interestingly, these proteins belong to the lipocalin superfamily of proteins, which in many cases are binders of smalldigasibiogenic amines,
prostaglandins and leukotrienggb]. Other lipocalindhave evolved to interact with macromolecules (e.g., thronjbi)) Members of this family have
been named triafestins (TRIIN_155029178 and TRIIN_155029176), and have been identified as inhibitors of the-kialitkssistem[67]. It is not
known whetler these proteins also display disintegrin properties.
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Figure 2. Clustal alignment for putative KGDA(andB) and MLD (C) disintegrins fromTriatominae.(D) Neighba-joining phylogram for
the sequences presented iNCA and Figure 1. The numbers in the phylogram nodes indicate percent bootstrap support for the phylogeny. The
barat the bottom indicates 20% amino acid divergence in the segience

(A)
10 20 30 40 50 60 70 80
| | | I | | | |
TRIDI_2 70046216 MAKTHVPSVFSLLALALIGTLPSSAAQCRNKTDEFIGDVKLTKYDKEALLRGHNNYRQQTASGRAGREYGNTQPAAKNMLELT
TRIDI_270046248  ------- MVFSLLELALIGTLPPSAAQCKDIANLFISELQLTEDDKEALLTAHNNYRQQTAAGNA---Y¥GTSQPAAKNMLELT
TRIMA 307095044 MSNPFCLLVSSLLALTLIGSLVASTELACRNANKLIGVKKI TKKDKNKLLEAHNKYRNLIASGKD--—-T--GQPPAQNMRVLT
* kkk kokkk ok k. tr ok, sak: kk: Kkk  Kkk.kk:  Kkok *k kokk Kk
93 103 113 123 133 143 153 163

| | | I | | | |
TRIDI_270046216 WDDEAAQLASSWARTCEYGYNKPTDKQGQQLGQNIISRMSTEPKPVTASFDIWMKEMMMKWEFDQVNRYEFGSGLSSSTRHYTR
TRIDI_270046248 WDDEAAQLASSWARTCEYGYNKPTDEQGQOQLGLNIISRMSTEPKPLITSFNIWMKEMMMKWEFDQVNRYKFGSGEFSSSTRHYTR
TRIMA 307095044 WDAYAEERATHWASTCKLRTARIKNKYNHTMGLNLYAKTSTKLODVNTTFNEWADEMLTVWYNQVNNYEFGSNITEKTEFYTQ

*k ok A kk ke, D oaz® o3k kp g kkr oo gk ok hdkp kg ek ek, R
176 186 196 206 216 226 236 246
| | | I | | | |
TRIDI_270046216 MVWAKTSKLGCGYSYYTTHFRDDIWQVGY LVCNYKPSGNIKGKV = ====~ PYEKGDGNCETDKFRNSSKYMY LCVEKQGNW
TRIDI_270046248 MVWAKTSKLGCGY SYYTTHERDDIWYAGYLVCNYKPSGNIKGQV————-— PYRKGDGNCETDKFRNSSKYMYLCVEKQGN -
TRIMA 307095044 MVWATTSKLGCGYSYFK-- -@WKVGYLVCFYDPRGNKWN SVGNRYEPPYI KGKVNCSAYDLNRSKKYKSLCVEKNY-—
Khkk Kkkkhkhhhh, TLk Kk kkkkk ok ok kk *k kk kk . 1 Kk _kk  kkkkk,
(B)
10 20 30 40 50 60 70 80 90

| | | | | | | |
TRIMA 307094934 MKTIVAVIWLTYTFATVAAETCQN’ELQMQNLNTQRF YVTYIKDGTKDAACRQYKTKIEGVLVKLTADGDY TFKGQTKKY TTTCSTTTGT

TRIMA 307094854 MKTIVAVIVVLTHTFATVAAETCONELOQMONLNTQRFHKGDWYLTY IKDGTQDAACREYKTSIVESLIKLTAHGDY IFDGKKKKYSTTCSTTRGT
LR L R L e P L ) *okkkk _ khkk Kk k, kkkikkkkkk Kkk

105 115 125 135 145 155 165 175 185

| | | I | | | | |
TRIMA 307094934  SLNPTGPFVLKCMHTYDKDKSHIFFDLKMSVVETDYDNYALVYRCTTYDDQSLNINYGNYVLLMRNKNADVAKVTASLSNPNWSLSRFTKTAGC

TRIMA:SO 7094854 SLNPAGPFVLKCMHTYDIDNSHIFFDLKLSVVETDYDNYALVYRCTTYD-KPLNLNYGNYVLLMRNKNADVAKVTATLNNPKWSLNRFTKTTGC
Fhkk s hhhhkhhhkhhhdk ko hhkhkhhhk kA kA Ak d kb khhkd o hk  hkkkhhhkhhhhhrhhhhhdhk,h *h; khk *kkdk, kk

(©
10 20 30 40 50 60 70 80
| | | I | | | |

TRIIN 149689130 MEMIIVVTFVGILTCAYGKYDCSIENATSHFEPARFFKGKWYLVHRKNEAAPTVCQTFRTNETKGDTLFAESGYNKFQSKG
91 101 111 121 131 141 151 161

| I | I I | I
TRIIN_ 149689130 INGKFQCEGGKKNKEQYSFKCKSEECGIENTNFDVDFTI EDFALVCRSITFANGEKDDNFFTFERRLRGLLPKDIC
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Figure 2. Cont.
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2.2.2 KTS/RTS Disintegrin Family

A family of KTS disintegrin was found iAmblyomma americanusalivary gland, and the Clustal
alignment is shown in Figure 4Ahe phylogenetic tree shows a clade with Kd@itaining sequences
from Amblyommasp. with a strong bootstrap support, but apart from other genus of metastriates
containing RGD or KGD (Figure 4BNotably, these proteins belong to the Kunitz family of grote
inhibitors. These are abundant transcripts coding piatative disintegrirs with which the KTS
tripeptide appears to be properly placed to i1
same as reported before for the viperidae K9IS It is notable that these inhibitors were found in
Amblyommaticks, which remains attached for days in the host. It is possible that these molecules
contribute to block endothelial cell adhesion to collagen and to assist in the inhibition of angiogenesis
andhost response to injufi27]. Supplemental Figures 2 and 3 show three other molecules with KTS
or RTS motifs, respectively, found iAmblyommaor Rhipicephalussp. It is possible that these
mol ecul es interact with U1b1 integrins
2.2.3.Duodegrins

Bioinformatic analysis identified several sequences with more than one tripeptide motif. These
sequences are herein named duodegrins. In goateins we found VGD and RTS, whilm others
we identified RED and VGD. These sequences code for cysiemeraeins of high molecular
weight in themidgut of ticks, andnclude the protein named BM86 which is used as a vaccine against
tick infestation[68,69]. While its function is unknown it might be relatexprotection of the tick gut
against host neutrophalttack. It is also unknown whether any of these proteins behave as disintegrins.
Alignment is reported in Supplemental Figure 4.
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Figure 3. ClustalW alignment for putative KGDAj, andRGD (B andC) disintegrins from Medstriate ticks.



