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Abstract
Parasitic encoded proteases are essential to regulating interactions between parasites and their
hosts and thus they represent attractive anti-parasitic druggable and/or vaccine target. We have
utilized annotations of Ixodes scapularis proteases in gene bank and version 9.3 MEROPS
database to compile an index of at least 233 putatively active and 150 putatively inactive protease
enzymes that are encoded by the Ixodes scapularis genome. The 233 putatively active protease
homologs hereafter referred to as the degradome (the full repertoire of proteases encoded by the I.
scapularis genome) represents ~1.14% of the 20485 putative I. scapularis protein content.
Consistent with observations in other animals, the content of the I. scapularis degradome is ~6.0%
(14/233) aspartic, ~19% (44/233) cysteine, ~40% (93/233) Metallo, ~28.3% (66/233) serine and
~6.4% (15/233) threonine proteases. When scanned against other tick sequences, ~11% (25/233)
of I. scapularis putatively active proteases are conserved in other tick species with ≥60% amino
acid identity levels. The I. scapularis genome does not apparently encode for putatively inactive
aspartic proteases. Of the 150 putative inactive protease homologs none are from the aspartic
protease class, ~8% (12/150) are cysteine, ~58.7% (88/150) metallo, 30% (45/150) serine and
~3.3% (5/150) are threonine proteases. The I. scapularis tick genome appears to have
evolutionarily lost proteolytic activity of at least 6 protease families, C56 and C64 (cysteine), M20
and M23 (metallo), S24 and S28 (serine) as revealed by a lack of the putatively active proteases in
these families. The overall protease content is comparable to other organisms. However, the
paucity of the S1 chymotrypsin/trypsin-like serine protease family in the I. scapularis genome
where it is ~12.7% (28/233) of the degradome as opposed to ~22–48% content in other blood
feeding arthropods, Pediculus humanus humanus, Anopheles gambiae, Aedes Aegypti and Culex
pipiens quinquenfasciatus is notable. The data is presented as a one-stop index of proteases
encoded by the I. scapularis genome.
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INTRODUCTION
Ticks represent are among the most successful ectoparasites of animals and humans. Among
all known arthropod vectors of disease agents, ticks transmit the most diverse animal and
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human disease agents (Sonenshine, 1993). In tropical and subtropical climates, ticks and tick
borne constitute the major source of monetary losses in the livestock industry (Jongejan and
Uilenberg, 2004). Some of the most important tick borne livestock diseases include the
globally distributed cattle tick fever, heartwater and theileriosis on the African continent
(Jongejan and Uilenberg, 2004). In terms of the impact of vector borne diseases on public
health, ticks are only second to mosquitoes as vectors of important human disease agents
(Sonenshine, 1993). Since 1980s when the cause agent of Lyme disease was described as the
spirochete Borrelia burgdoferri transmitted by the blacklegged tick, Ixodes scapularis in the
1980s, an increased number of human tick borne disease agents have been identified
(Branton and Corey, 2005). Of the 11 human tick borne diseases described in the United
States, 4 (borrelisosis, anaplasmosis, babesiosis and Powassan virus) are vectored by Ixodes
tick species (Branton and Corey, 2005, Fish and Childs, 2009). From the perspective of
Ixodes tick species being important in public health, the USA national institute of health
funded sequencing of the I. scapularis genome to provide resources that will lead to in depth
tick molecular physiology studies (Pagel et al., 2007; Nene 2009). The rationale was that in
depth tick molecular physiology studies to be facilitated by the availability of genome
sequence data will open up opportunities to discover pathways that are critical to regulation
of key tick pathways. These data will in turn allow for discovery of anti-tick vaccine and/or
druggable targets that will lead to development of efficient ticks and tick borne disease
control methods. Our long-term interest is deciphering the role(s) of protease-mediated
pathways in tick physiology and/or regulation of tick parasitism.

Proteases regulate physiological roles that are essential to life of all organisms, from
microbes to animals and plants (Quesada et al., 2009; Puente et al., 2003; 2005). In
mammals pathways that are essential to life such as immune response, inflammation and
blood coagulation are proteolytic cascades (Puente et al., 2003; 2005). In parasitic
organisms, research on proteases has focused on the role of parasite-derived proteases in
regulating the pathogenesis of parasitic diseases (Mckerrow et al., 2006). Parasitic proteases
are now targets for anti-parasitic drug discovery (Mckerrow et al 2006; Trenholme et al.,
2008).

The potential for proteases to be central to maintenance of tick homeostasis and regulation
of tick and host interactions have attracted intense interest in tick protease research. At the
time of this write up, search of literature in pubmed with query terms “tick proteases or tick
proteinase” retrieved more than 320 research articles demonstrating a sustained research
interest by the tick research community. To date studies on tick proteases have
predominantly focused on profiling of proteolytic activity in tick tissues (Mulenga et al.,
2001; Horn et al., 2009; Alim et al., 2008a; 2008b; Decrem et al., 2008a), cloning and
characterization of tick protease encoding cDNAs (Mulenga et al., 1999; 2001; 2003; Hatta
et al., 2009), validating the role(s) of tick encoded proteases in feeding regulation using
RNAi mediated gene silencing (Miyoshi et al., 2004; Alim et al., 2009; Decrem et al.,
2008b) and testing the anti-tick vaccine of recombinant tick proteases (Seixas et al., 2008).
In this study we have utilized tick protease annotations in Gene Bank and the MEROPS
database (version 9.3) (Rawlings et al., 2010) and Vectorbase to compile a snap shot of the
I. scapularis degradome. The degradome as utilized here was defined as the full repertoire
of protease genes that are expressed by an organism (Puente et al., 2003; 2005). The I.
scapularis degradome presented in this study forms the foundation for in depth studies on
the role of proteases in the physiology of I. scapularis and other tick species significant
public health importance.
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MATERIALS AND METHODS
Sequences that were used in this study were downloaded from publicly available databases:
gene bank, vectorbase (http://www.vectorbase.org/) and version 9.3 MEROPS database
(http://merops.sanger.ac.uk/, Rawlings et al., 2010). To start, we downloaded 236 putatively
active and 180 putatively inactive protease enzyme homologs from the MEROPS database.
These protease downloads were then scanned against tick sequence entries in Gene Bank
using the BLASTP homology search to assign gene bank accession numbers. To determine
Gene Bank accession numbers of annotated sequences, the top best match that showed
100% amino acid residue identity with the query (MEROPS databas gene e derived
download) was adopted. Sequences that produced hits to the same accession numbers were
subjected to multiple amino acid sequence alignment using the web based BIOEDIT
(http://www.mbio.ncsu.edu/bioedit/) DNA sequence analysis software program. Sequences
that showed 100% amino acid identity were determined to be redundant annotations and
culled out of the analysis. For provisional identification, we for the most part relied on
annotations from the MEROPS database (Rawlings et al., 2010) with exception of instances
mentioned when the putative protease was identified from the BLASTP scanning done in
this study. With amino acid identity level set at ≥ 60%, I. scapularis proteases were scanned
other tick sequences in Gene Bank to identify homologs in other tick species. The
identification of putatively active or putatively inactive protease homologs was based on
presence or absence of consensus active site amino acid residues as indicated on the Merops
database (Rawlings et al., 2010).

RESULTS AND DISCUSSION
I. scapularis proteases annotated on the Merops database (Rawlings et al., 2010), were
successfully used as query to identify redundant protease annotations in public databases.
Additionally, 10 calcium activated cysteine proteases (calpain) that were not included on the
list of proteases on the Merops database version 9.3 (Rawlings et al., 2010) were identified.
We designated annotations that produced hits to the same gene as redundant annotations (not
shown). After culling off redundant sequences, 16 putatively active and 30 inactive protease
homologs, we determined that the I. scapualaris genome encoded for at least 233 putatively
active and 150 inactive protease enzyme homologs (tables 1–12). Proteases are classified on
the basis of mechanisms of cleavage and/or amino acid residues at the active site. On this
basis, the MEROPS database currently classifies proteases into 9 classifications: the 6
conventional protease classes (Aspartic, Cysteine, Glutamic, Mettalo, Threonine and Serine)
and others (Glutamic, Asparagine and Unknown) (Rawlings et al., 2010). Consistent with
observations in mammals (Puente et al., 2003; 2005) the 233 putatively active I. scapularis
proteases are composed of ~6.0% (14/233) aspartic, ~18% (44/233) cysteine, ~40% (93/233)
Metallo, ~28.3% (66/233) serine and, ~6.3% (15/233) threonine proteases (figure 1a, table
insert in figure 1). The I. scapularis genome does not apparently encode for putatively
inactive aspartic proteases in that of the 150 putative inactive protease homologs, none are
aspartic, ~8% (12/150) are cysteine, 58.8% (86/150) metallo, 30% (45/150) serine and
~3.3% (5/150) are threonine proteases (figure 1b, table insert in figure 1). The designation of
putatively active and inactive protease homologs is based on whether or not the candidate
protease amino acid sequence possess classical catalytic residues that characterizes a family
(MEROPS database, Rawlings et al., 2010). The identification of catalytic amino acid
residues has been based on studies in other organisms that are without saying biologically
distinct from ticks. There is potential that ticks utilize other amino acid catalytic residues, in
which case the active and inactive protease homolog count presented here may not be
consistent with actual events in ticks.
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On the MEROPS database, protease classes are classified into clans on the basis of structural
similarity and or amino acid sequence similarity (Rawlings et al., 2010). Clans are further
divided into families based on common ancestry. In cases of unclear ancestry, families are
further classified into subfamilies. At the time of drafting this manuscript, the MEROPS
database version 9.3 listed 205 protease families in 45 clans (Rawlings et al., 2010). The 233
putatively active protease sequences in the I. scapularis genome are from 25 annotated clans
and 2 non-classified clans that segregate into 54 families (figure 2a). Likewise the 150
putatively inactive proteases are from 17 annotated clans in 29 families (figure 2b). As
summarized in figure 2a, the I. scapularis genome does not encode for putatively active
proteases in at least 6 protease families: 2 cysteine protease families, C56 and C64, 2 serine
protease families, S24 and S28 and 2 metalloprotease families, M20 and M23. Whether or
not this is an indication of I. scapularis evolutionary losing proteolytic functions in these
protease families is unknown.

As stated above, the purpose of this study was to provide a snapshot of proteases encoded by
the I. scapularis genome. Thus, we have not provided a full review of each of the clans and
families of proteases that are encoded by the I. scapularis genome. We have rather provided
a one stop semi-index catalogue of putative proteases that are encoded under each clan and
family with guiding descriptions of probable functions where available. Where available
published data in ticks is cited. For further reading, we advise the reader to consult expert
work, which we have cited through out the manuscript.

ASPARTIC PROTEASES
Aspartic proteases are so called because they require an aspartic amino acid residue at the
active site (Szecsi, 1992). AP enzymes are found in many different organisms, raging from
vertebrates, invertebrates including ticks, plants and microbial organisms (Szecsi, 1992;
Boldbaatar et al., 2006). They regulate numerous important functions in health and disease:
including food digestion, protein turn over, blood pressure regulation (Szecsi, 1992;
Chappell, 2010), cancer, Alzheimer’s disease and malaria pathogenesis in humans (Wang et
al., 2010), blood meal digestion and embryogenesis in ticks (Abreu et al., 2004; Horn et al.,
2009), hemoglobin digestion in blood feeding arthropods such as ticks (Horn et al., 2009).

Aspartic protease enzymes are currently classified into 6 clans and 19 families (Rawlings et
al., 2010). The I. scapularis genome encodes 14 enzymes from 2 clans, clan AA, which has
4 enzymes and clan AD, which has 10 enzymes (table 1). The 4 enzymes in clan AA are
from family A1, while the 10 enzymes in clan AD are from family A22. Both families A1
and A22 contains 2 subfamilies: A1A and A1B in family A1 and A22A and A22B in family
A22. The 4 I. scapularis family A1 enzymes in are from subfamily A1A typified by pepsin.
Pepsin is a digestive enzyme that is optimally functional at an acidic pH (Table 1, Szecsi,
1992). Of the 4 I. scapularis pepsin-like enzymes, 2 (ISCW003823 and ISCW00023880) are
provisionally identified as Cathepsin D. In mammals, cathepsin D is a multifunctional
enzyme that is involved in regulating numerous biological processes ranging from protein
turnover, apoptosis, cell signaling regulation, cancer pathogenesis (Vashishta et al., 2009;
Benes et al., 2008). In ticks, cathepsin-D like enzymes have been linked to regulating
important tick physiological functions: blood meal processing (Horn et al., 2009; Sojka et
al., 2008; Boldbaatar et al., 2006) and reproduction through processing of vittelogenin and
embryogenesis (Abreu et al., 2004; da Silva Vaz et al., 1998). The 10 I. scapularis aspartic
proteases enzymes in clan AD are also from a single family, A22 (table 1), which is typified
by presenilin-1 and the intramembrane protease aspartic protein (IMPAS)-1. Both presenilin
and IMPAS are multi-pass transmembrane aspartic proteases that perform intramembranous
proteolysis of substrates such as signal peptides cleaved of extracellular proteins and other
peptides that are essential in numerous cell-signaling pathways (Martoglio and Golde 2003).
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Of the 10 aspartic proteases enzymes in clan AD, 2 (ISCW006186 and ISWC018713) are
provisionally identified as IMPAS-1 and -2, both of which are components of the
intramembranous proteolytic machinery that controls the metabolism of numerous peptides
and proteins that affect several signaling cascades (Martoglio and Golde 2003).

CYSTEINE PROTEASES
Cysteine proteases (CP) are so called because they utilize a cysteine amnio acid residue at
the catalytic site (Dickinson, 2002). CP enzymes are conserved across taxa: from
vertebrates, invertebrates, plants and viruses (Dickinson, 2002; Puente et al., 2003; 2005;
Reiser et al., 2010; Mulenga et al., 2001; Reddy and Lerner, 2010). In animals, CP enzymes
regulate numerous biological functions ranging from terminal protein degradation,
mediating immune responses, apoptosis and inflammation regulation, pro-hormone
processing, and extracellular matrix remodeling in bone development (Dickinson, 2002;
Reiser et al., 2010; Leto et al., 2010). The MEROPS database (version 9.4, Rawlings et al.,
2010) lists 72 CP enzyme families, 56 of which are assigned to 12 annotated CP enzyme
clans, while the remaining 16 families belong non-annotated clans. The I. scapularis
genome respectively encodes at least 44 putatively active (table 2) and 11 putatively inactive
(table 3) CP enzyme homologs from 16 families clustered in 5 clans: CA, CD, CE, PB and
PC (Table 2). We would like to note here that, of the 44 putatively active CP enzymes, only
31 were annotated as CP enzymes on version 9.4 MEROPS database. The additional 13
sequences include 4 sequences (marked with asterisks in table 2) ISCW000076,
ISCW005981, ISCW013346 and ISCW024899, which were originally unclassified on
version 9.3 MEROPS data that we have classified as under CP on the basis of their
similarity to cathepsin-L enzymes in Gene Bank (not shown). The remaining 9 sequences
marked with a plus sign (+) in table 2 were identified from the BLASTP data mining done in
this study. Consistent with data in mammals where clan CA is the largest among CP enzyme
clans (Puente et al., 2005), 33 of the 44 putatively active I. scapularis CP are from clan CA.
The 31 CP enzymes in clan CA are from 9 families: C1, C2, C12, C19, C54, C65, C78, C85
and C86. The other 11 sequences are distributed in clan CD, which has 4 sequences in 3
families, C13, C14 and C50, clan CE, which has 5 sequences from family C48, clan PB
which has one sequence each from families C44 and C89 (Table 2). Given the large number
of I. scapularis CP enzymes, we have split discussions below based on clans for clarity and
simplicity. Given that very little is known on the role of inactive CP enzyme homologs, we
have not developed commentaries on putatively inactive enzymes.

Clan CA
Consistent with data in other animals where within clan CA, family C1 is the largest (Puente
et al., 2005) with 11 followed by family C2, which has at least 9 enzyme sequences (Table
2). Of the remaining 13 CP enzymes in clan CA, 4 are from family C19, 2 each are from
families C12, C54 and C86, and one each from families C65, C78 and C85 (Table 2).
Family C1 is typified by papain in subfamily C1A or bleomycin hydrolase-like in subfamily
C1B (Rawlings et al., 2010). The 11 I. scapularis CP enzymes in family C1 enzymes are
papain-like enzymes in subfamily C1A (table 2). Data in animals show that papain-like
enzymes are multifunctional regulating a broad-spectrum of biological functions ranging
from protein turnover, antigen processing, and extracellular matrix modeling (Dickinson,
2002). Of the 11 I. scapularis papain-like enzymes (table 2), 6 have been provisionally
identified. The 6 putatively identified CP enzymes include a cathepsin O-like
(ISCW017550), cathepsin B-like (ISCW002679, ISCW000078, ISCW000080 and
ISCW004002), enzymes which can function as digestive enzymes in the extracellular space
and regulatory enzymes in the intracellular space (Reisser et al., 2010). The remaining
sequence (ISCW007008) has been provisionally identified as the insect 26/29 kDa
peptidase, an enzyme that appears to be widely conserved immune response molecule in
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many arthropods (Saito et al., 1992; Fujimoto et al. 1999; Massova et al., 2009). The insect
26/29 kDa peptidase-homolog is comprised of 2 subunits, the N- and C-terminus 26 and 29
kDa fragment fused together (Fujimoto et al., 1999). Similar to data published by Fujimoto
et al., (1999), the 29 kDa carboxy-terminal subunit of the I. scapularis 26/29 kDa peptidase
is predominantly similar to cathepsin L (not shown).

At the time of preparing this manuscript a literature search revealed that the majority of tick
CP enzyme encoding cDNAs cloned from ticks were provisionally identified as cathepsin L
(Cruz, et al., 2010; Yamaji et al., 2009; Renard et al., 2000; 2002; Mulenga et al., 2001).
Whether or not, this is an indication that cathepsin L cysteine proteases are predominantly
expressed in ticks, remains to be explored. A limited number of studies have also shown that
tick cathepsin L-like cysteine proteases may be involved in reproduction and embryogenesis
through its role in proteolysis of vittelin and york (Renard et al., 2000; 2002), in blood meal
processing through their role in proteolysis of hemoglobin (Yamaji et al., 2009), a major
nutrient that ticks obtain from its blood meal.

While the lone I. scapularis 26/29 peptidase did not show any similarity to vertebrate
sequences, it is highly conserved among invertebrates as revealed by sequence alignments
that show that the I. scapularis 26/29 kDa peptidase is ~50–62% amino acid identical to
other arthropod sequences (not shown). The high amino acid conservation of the 26/29 kDa
protease in arthropods may signal the conservation of the molecular interaction cascade
regulated by this enzyme among arthropods. The insect 26/29kDa protease is an
extracellular immune responsive molecule in invertebrates that was shown to clear foreign
proteins in the flesh fly (Saito et al., 1992; Fujimoto et al., 1999). It is interesting to note that
a 26/29 kDa peptidase-like sequence directly submitted (AAO60045) to gene bank by one of
the authors of this manuscript was cloned from partially fed R. appendiculatus midguts.
While it is known that host red blood cells are internalized into tick gut epithelia cells for
digestion (Sonenshine 1993), the fate of other protein components in the tick blood meal is
unknown. It will be interesting to investigate if the tick 26/29 kDa peptidase is involved in
clearance of these protein components of the tick blood meal.

The 9 sequences in family C2 show similarity to calcium dependent neutral cysteine
proteases (calpain). Although the regulation of calpain activity remains unclear, these
enzymes have been shown to be involved in a wide range of biological functions raging
from signal transduction pathways and apoptosis (Sorimachi et al., 2010). Of the 13 I.
scapularis other cysteine proteases in clan CA, 2 are from family C54 and 11 are from
families C12, C19, C65, C78, C85 and C86. The 2 and 11 enzymes are respective putative
house keeping enzymes, the autophagy (Kim et al., 2003) and ubiquitin (Shcherbik and
Pestov, 2010) cellular homeostasis regulatory mechanisms. The autophagy and ubiquitin
house keeping enzyme systems are involved in eliminating damaged, misfolded and long
lived proteins, foreign proteins that are derived from pathogens and long lived organelles
(Shcherbik and Pestov, 2010, Kim et al., 2003). The 2 sequences in family C54,
ISCW004712 and ISCW010488 are provisionally identified as autophagy related proteins
(ATG) 4B and 4D that are part the core molecular machinery of the autophagy system
(Homma et al., 2010). It is noteworthy that, except for P. humanus, which encodes for 1
ATG4 gene, genomes of other blood feeding arthropods, Ae. aegypti and An. gambiae
encode for 2 ATG4 genes similar to I. scapularis genome as opposed to at least 4 in homo
sapiens (Mizushima and Levine, 2010). The ubiquitin system is reversible and starts with the
target protein being tagged with ubiquitin by ubiquitination enzymes and ends with
deubiquinating (DUB) enzymes freeing up ubiquitin to be recycled (Kim et al., 2003). Of
the 11 putative molecular components of the I. scapularis ubiquitin (Ub) system, the lone
sequence in family C78 (ISCW014202) is putatively identified Ub fold modifier protein
(Sasakawa et al., 2006), which is involved in the covalent attachment of Ub to the target

Mulenga and Erikson Page 6

Gene. Author manuscript; available in PMC 2012 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein while the remaining 10 sequences show similarity to DUB enzymes (Kim et al.,
2003). In humans, 5 DUB families have been described of which 4 are papain-like cysteine
proteases belonging to ubiquitin carboxyl-terminal hydrolases (UCH), the ubiquitin specific
protease (USP/UBP), the ovarian tumor (OTU) containing domain, the Josephin containing
domain UB enzymes (Kim et al., 2003). In the I. scapularis genome the 2 DUB enzymes
sequences in family C12, ISCW022153 and ISCW000206 are respectively provisionally
identified as UCH-like, while 2 of the 4 DUB enzyme sequences in family C19,
ISCW010054 and ISCW019604 and one enzyme sequence in family C78, ISCW014202 are
provisionally identified as USP/UBP-like. The lone enzyme sequences in families C65
(ISCW023231) and C85 (ISCW021968) are OTU-like and the 2 sequences in family C86
(ISCW006944 and ISCW017541) are Josephin-like. For in depth details, on molecular
interaction cascades enzymes and biological functions of DUB enzymes, the reader is
referred to an excellent review by Kim et al., (2003).

Clan CD—There are currently 6 annotated families in clan CD, families C11, C13, C14,
C25, C50 and C80 that contain functionally distinct cysteine protease enzymes (Rawlings et
al., 2010). The I. scapularis genome encodes 4 putatively active (table 2) and 3 inactive
(table 3) enzymes in clan CD from families C13 (legumain-like), which has 2 active and 2
inactive enzyme sequences, C14 (caspase-like), which has one active and one inactive
enzyme sequence, and C50 (separase-like), which contains one enzyme sequence. In family
C13, ISCW015983 is provisionally identified as legumain-like, an enzyme, which in ticks is
blood meal responsive and is potentially involved in processing of the tick blood meal (Alim
et al., 2008, Sojka et al. 2008; Horn et al., 2009), while ISCW000202 is provisionally
identified as glycosylphosphatidylinositol (GPI)-anchor transamidase, an enzyme that is
involved in the biosynthesis of the GPI cell surface protein anchoring system (Jiang et al.,
2007). In family C14, ISCW022545 is provisionally identified as caspase-8, an enzyme that
plays numerous roles such as the execution-phase of cell apoptosis (Hedrick et al., 2010),
and lastly, ISCW017453 in family C50 is provisionally identified as separin, an enzyme
involved with segregation of DNA to opposite poles of the cell during anaphase of cell
replication (Stemmann et a., 2005).

Clan CE—The MEROPS database (version 9.3) listed 6 families: C5, C48, C55, C57, C63
and C79 in clan CE (Rawlings et al., 2010). The I. scapularis genome encodes 5 active and
one inactive clan CE enzyme sequences from family C48 (Ubiquitin-like protein [Ulp, also
known as Small ubiquitin-related modifier [SUMO] or Sentrin [SENP] endopeptidases)
(table 2) (Creton et al., 2010). Of the 5 active SUMO specific proteases, 4 are provisionally
identified: 3 (ISCW003012, ISCW012734 and ISCW003013) as SUMO specific protease 1,
and the fourth sequence ISCW014736 as SUMO specific protease 8. Like ubiquitinylation,
which regulates protein turnover (Kim et al., 2003), sumoylation (the covalent attachment of
the SUMO protein to target proteins) alter the function of numerous cellular proteins via
post-translational modification and is involved in controlling numerous biological processes
such as gene expression, genomic and chromosomal integrity, intracellular transport, and
protein stability (Wilkinson and Henley, 2010; Andreou and Tavernarakis, 2009). This
process is reversible via actions of the SUMO specific proteases (so called desumoylation)
that allow the recycling of SUMO proteins (Kolli et al., 2010). Given the high cross-taxa
conservation of the SUMO specific proteases, it is highly likely that tcik enzymes are
functionally similar to their mammalian counterparts.

Families of I. scapularis CP from mixed clans—According to annotations by the
MEROPS database (Rawlings et al., 2010), there are 3 mixed protease clans: clan PA
containing serine and cysteine protease families, clan PB containing cysteine, serine and
threonine protease families and, clan PC containing cysteine and serine protease families.
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The I. scapularis genome encodes for one cysteine protease each from families C44
(ISCW015613) and C89 (ISCW010877) in clan PB and one potentially inactive cysteine
protease sequence from family C56 in clan PC (tables 2 and 3). As shown in table 2,
ISCW015613 is provisionally identified as an amidophospho-ribosyltransferase precursor, a
housekeeping enzyme involved in denovo purine nucleotide biosynthesis (Gassmann et al.,
1999). In the case of ISCW010877, it is provisionally identified as an acid ceramidase, an
enzyme that catalyzes the degradation of the sphingosine and fatty acid lipid molecule
(ceramide) into sphingosine and fatty acids. Actions of acid ceramidase are linked to
multiple biological processes such as early embryo survival, apoptosis regulation and cancer
metasis (Mao and Obeid, 2008). As both ISCW015613 and ISCW010877 are housekeeping
genes conserved in most organims, they are likely to be functionally similar to mammalian
enzymes.

METALLOPROTEASES
Metalloprotease (MP) enzymes contain endo- and exo-proteases that are characterized by
catalytic mechanisms that require a divalent metal ion at the active site to hydrolyze the
peptide bond (Ugalde et al., 2010). Based on data in animals, MP enzymes are involved in
regulating a diverse of biological processes ranging from embryo development, peptide
hormone processing, cytokine and growth factor secretion, nutrient absorption in the
intestine, cell-cell fusion, cell adhesion and migration, structural composition of cells walls
and extracellular matrix remodeling (Hatfield et al., 2010). The significance of MP enzymes
in eukaryote biology can be attested to by aberrant functions of MP enzymes are implicated
in numerous diseases such as arthritis, cancer, disorders of the urinary tract and central
nervous system and cardiovascular diseases (Morancho et al., 2010; Klein and Bischoff,
2010). The version 9.3 MEROPS database (Rawlings et al., 2010) listed 56 metalloprotease
families. Of these, 51 are from 14 clans and the rest are not assigned into any clans. The I.
scapularis genome encodes at least 93 putatively active (tables 4 and 5) and 88 putatively
inactive (table 6 and 7) MP enzyme homologs. The putatively active MP enzyme sequences
are organized in 23 families (tables 4 and 5). Of the 23 MP enzyme families in the I.
scapularis genome, 10 families (M1, M2, M3, M8, M10, M12, M13, M41, M43 and M48)
are from clan MA, 2 families (M20 and M28) are from clan MH, single families each are
from clans MC (family M14), ME (family M16), MF (family M17), MG (family M24), MK
(family M22), MM (family M23) and MP (family M67). The remaining 3 families M49,
M76 and M79 are not assigned to any clans (table 4). Please note that given the bulkiness of
family M13, it is presented separately in table 5. It is interesting to note that in contrast to
observations in blood feeding insects and homosapiens where serine proteases represent the
majority of proteolytic enzymes followed by metalloproteases, the I. scapularis composition
is in reverse order with the latter being more than the former. It is also interesting to not that
~67% (68/88) of non-protease MP enzyme homologs are from family M13 (table 7), which
has 27 putatively active MP enzymes (table 5). The significance of the massive shrinkage of
family M13 enzymes on the biology of ticks is unknown at this point. We also would like to
note that we have not discussed clans and/or families that contain only non-protease
homologs because very little is known on their role(s) in animal physiology.

Clan MA
Consistent with data in other animals where clan MA is the largest among all MP enzyme
families (Ugalde et al., 2010), 60 of the 93 putative MP enzymes in the I. scapularis are
from clan MA. The 60 enzyme sequences are from 10 families: M1, M2, M3, M8, M10,
M12, M13, M41, M43 and M48 (table 4). We would like to notify the reader here that, we
have discussed aminopeptidase (AMP)-like enzymes in family M1 together with other AMP
enzymes from other families as group below. In family M2, which is typified by the blood
pressure regulating enzymes, angiotensin-converting enzymes (ACE) 1 and 2 (Hanafy et al.,
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2010), the I. scapularis genome encodes 4 putatively active and 2 non-protease MP enzyme
homologs (table 4). None of the 4 putatively active I. scapularis family M2 enzymes have
been provisionally identified and thus their potential role(s) in tick physiology are unknown.
However antibodies to a R. microplus midgut expressed ACE-like enzyme, Bm91 reduced
the cattle tick’s efficiency to digest its blood meal (Riding et al., 1994; Jarmey et al., 1995)
suggesting the significance of these enzymes in tick physiology. In family M3, which is
typified by thimet oligoprotease, an enzyme involved in antigen presentation, the I.
scapularis genome encodes 2 putatively active enzymes (table 4) and one inactive enzyme
(table 6). As shown in table 4, one of the putatively active enzymes in family M3,
ISCW016804 is provisionally identified as the mitochondrial intermediate peptidase, a
house keeping molecule of the mitochondrial protein import system required for maturation
of nuclear proteins targeted to the mitochondrial (Gordon et al., 2000). The I. scapularis
genome encodes a single enzyme in family M8 (table 4), which is typified by
leishmanolysin, a virulence factor for Leishmania parasites (Pereira et al., 2010). In family
M10, the I. scapularis genome encodes 2 putatively active enzymes, ISCW022900 and
ISCW006136 that have been putatively identified as human matrix metalloprotease (MP) 2,
an enzyme that regulates numerous processes including the break down of basement
membrane barriers during angiogenesis (Chen et al., 2010) and Drosophila melanogaster
MP1, which is involved in extracellular matrix remodeling during neural development,
imarginal disc regeneration and larval tracheal growth and pupal head eversion (Page-
McCaw et al., 2003; McClure et al., 2008). The I. scapularis genome encodes 12 putatively
active and one inactive MP enzyme homologs in family M12. Family M12 is typified by
astacin, an enzyme that regulate several functions in invertebrates such as cuticle formation
and ecdysis in nematodes (Stepek et al., 2010a; 2010b) and toxin function in spiders
(Trevisan et al., 2009). Of the 12 putatively active family M12 MP enzymes, 3 have been
provisionally identified. The first enzyme sequence, ISCW016865 is provisionally identified
as the tolkin-like enzyme that is involved in Drosophila larval and pupal development
(Finelli et al., 1995), while the second enzyme, ISCW000910 has been identified as
Caenorhabditis elegans ADAMT (MP enzyme containing disintegrin, MP and
thrombospodin domain)-like enzyme which is involved in morphogenesis of C. elegans
male copulatory organs (Kuno et al., 2002). The third enzyme, ISCW008310 has been
identified as the Ancylostuma caninum matrix MP1, an enzyme involved in regulating
infective larvae tissue migration (Williamson et al., 2006). There is precedence that family
M12 metalloproteases may be involved in blood meal feeding regulation. Francischetti et al.,
(2003) showed that a recombinant M12 metalloprotease (AAP22067) had gelatinase and
fibrinogenolytic activities. Fibrinogenolytic function is essential to the tick’s ability to
maintain host blood in a fluid state during tick feeding.

Consistent with data in other animals where the M13 family is the largest among clan MA
families, nearly half; 27 of the 60 putatively active I. scapularis MP enzymes in clan MA
are from family M13 (table 5). It is more dramatic in the case of putatively inactive
homologs in that 68 of the 88 inactive MP enzyme sequences are from family M13 (table 7).
In mammals, family M13 is typified by 7 membrane anchored proteins: neprilysins -1 and
-2, endothelin converting enzyme -1 and -2, Kell blood group antigen, DINE and PHEX
proteases all of which are involved in processing biologically active peptides that regulate of
numerous biological functions such as inflammation, cardiovascular and immune systems,
cell differentiation, pattern formation during development, and modulating extracellular
matrix formation (Ugalde et al., 2010; Meyer et al., 2009; Isaac et al., 2009; Turner et al.,
2001). Except 2 (ISCW003514 and ISCW01836) sequences that are provisionally identified
as neprilysin-like (Turner et al., 2001), the rest of the 27 putatively active family M13
enzymes are not provisionally identified (table 5). The I. scapularis encodes 2 putatively
active family M41 enzymes, which in mammals are involved in regulating mitochondrial
homeostasis (Koppen et al., 2009). One of the 2 I. scapularis family M41 enzymes,
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ISCW014866 is putatively identified as paraplegin, a mitochondrial membrane anchored
protease that degrades misfolded proteins that transport across the mitochondrial membrane
(Koppen et al., 2009). Both the cytophagalysin-like family M43 and the Ste24 zinc MP-like
family M48 encode single putatively active enzymes, with the latter (ISCW015561) being
provisionally identified as the farnesylated-protein converting enzyme 1, an integral
membrane protein that is involved in cell division (Freije et al., 1999)

It is interesting to note that, the enzymatic composition of I. scapularis family MA is
dramatically different from other blood feeding arthropods. In I. scapularis, family M13 is
the largest with 27 enzymes. However it is among the smaller families in mosquitoes: Ae.
aegypti and An. gambiae and Cx. pipiens quinquenfasciatus and human body lice, P.
humanus which respectively contain 5, 6, 9 and 7 members in family M13 (version 9.3
MEROPS database, Rawlings et al., 2010). On the other hand family M12, which in I.
scapularis is the second largest with 14 enzymes, is the largest in Ae. aegypti and An.
gambiae with 24 enzymes, P. humanus and Cx. pipiens quinquenfasciatus with 10 and 27
enzymes respectively (see the MEROPS database).

Clan MC—This clan contains enzymes that hydrolyze peptide bonds from the carboxy-
terminal ends of peptides and proteins. It is composed of one family, M14
(carboxypeptidase, CP), which is further subdivided into 4 subfamilies: M14A (digestive CP
enzymes), M14B (regulatory CP enzymes), M14C (bacterial peptidoglycan hydrolyzing
enzymes) and M14D (cytosolic CP enzymes) (Rawlings et al., 2010). The I. scapularis
genome encodes 3 putatively active (table 4) and 3 non-active (table 6) CP enzymes, all of
which have not been provisionally identified. There is precedence that tick encoded CP
enzymes may be associated with blood meal up take and/or digestion regulation. Ribeiro and
Mather (1998) showed that a CP-like enzyme was present in I. scapularis saliva, while
Motobu et al., (2007) described a blood meal responsive Haemaphysalis longicornis serine
CP enzyme.

Clan ME—This clan contains 2 families; family M16, subdivided into pitrilysin-like
enzymes in subfamily M16A and the mitochondrial processing peptidase in subfamily
M16B and lastly family M44 typified by Vaccinia virus derived MP enzyme (MEROPs
database version 9.3, Rawlings et al., 2010). The I. scapularis genome encodes 8 genes in
clan ME from family M16, half of which are inactive MP enzyme homologs. Two of the 4
active family M16 MP enzymes, ISCW011140 and ISCW001592 have been respectively
provisionally identified as nardilysin-like enzyme in subfamily M16A, which in humans is
involved in regulation of axonal maturation and myelination in the central and peripheral
nervous system (Ohno et al., 2009) and the mitochondrial processing peptidase beta-subunit
in subfamily M16B, an enzyme involved in the processing of signal peptides of
mitochondrial protein imports (Paces et al., 1993). We would like to point out one of the 4
putative active metalloprotease enzymes, which was provisionally identified as ymxg
peptidase in subfamily M16A is potentially a non-tick enzyme as it did not show any
similarity to any tick genes when scanned against the I. scapularis predicted genes. Instead,
it was predominantly identical with bacteria derived sequences (not shown).

Aminopeptidase (AMP) enzymes in clans MA, MF, MG and MH—AMP enzymes
are characterized by preferentially cleaving off amino acid residues at the amino-terminal
end of the peptide or protein (Taylor, 1993). Because of this similarity in their proteolytic
activity, we have elected to discuss AMP enzymes in the I. scapularis genome as a group to
minimize redundancy. AMP enzymes are encoded by a broad spectrum of organisms
including microbes, plants and animals (Taylor, 1993). At the time of this write up, the
version 9.3 MEROPS database listed 12 AMP families in 6 MP clans (Rawlings et al.,
2010). The I. scapularis genome encodes 17 putatively active (table 4) and 9 inactive (table
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6) AMP enzyme homologs. Of the 17 putatively active AMP enzymes, 7 are from family
M1 in clan MA, 4 each are from families M28 and M24 in clans MH and MG and the
remaining 2 sequences are from family M17 in clan MF respectively (table 4).

Of the 7 AP enzymes in family M1, 3 enzymes, ISCW006685, ISCW022724 and
ISCW008629 are provisionally identified as AMPN (Taylor, 1993), leukotriene A4
hydrolase (Haeggstrom et al., 2002; 2007), cytosol alanyl AP (Bukowska et al., 2003)
respectively. AMPN-like enzymes are type II membrane glycoproteins that preferentially
cleave neutral amino acid residues from amino-terminal ends of proteins and peptides
(Taylor, 1993), while Leukotriene A4 hydrolase is a bi-functional molecule, which as an
AMP enzyme has been shown to cleave derivatives of several amino acid residues especially
alanine and arginine (Haeggstrom, 2002, 2007). Likewise, the cytosol alanyl AMP
preferentially cleave the alanine amino acid residue from the amino-terminus region of
peptides and proteins (Bukowska et al., 2003).

Although, the 4 enzyme sequences in family M28 AMP enzymes (ISCW022417,
ISCW022420, ISCW022423 and ISCW002672) have not been provisionally identified on
the MEROPS database, they all show similarity to subfamily M28B human glutamate
carboxypeptidase. The human glutamate carboxypeptidase enzyme is involved in catalyzing
the hydrolysis of the neurotransmitter N-acetyl-L-aspartyl-L-glutamate to N-acetyl-L-
aspartate and L-glutamate, which is also a neurotransmitter (Mesters et al., 2006). The 4 I.
scapularis AMP enzymes in family M24 have been provisionally identified as methionyl
AMP1 (MAP, ISCW022177), Xaa-proline dipeptidases or prolidase (ISCW016014 and
ISCW005124) and the mitochondrial intermediate peptidase (MIP, ISCW008932) (table 4).
In mammals, the MAP-like enzymes hydrolyze the first methionine during protein synthesis
(Taylor, 1993), the Xaa-proline dipeptidase cleaves dipeptides with proline or
hydroxyproline at the carboxy terminus and is involved collagen turnover (Lupi et al.,
2008). The MIP enzyme is involved in the maturation of nuclear pre-proteins that are trans-
located to the mitochondrial. Finally, the 2 I. scapularis AMP enzymes in family M17 have
been provisionally identified as animal (ISCW019719) and Fasciola spp (ISCW003100)
derived Leucine AMP-like (LAMP) enzymes. LAMP enzymes preferentially catalyze the
hydrolysis of leucine and other hydrophobic amino acid residues from the amino-terminus
regions of peptides and proteins and are used as markers for normal kidney and liver
function (Taylor, 1993).

Emerging data show that AMP enzymes may play key role(s) in regulating tick physiology
(Hatta et al., 2006; 2007; 2009; 2010). For instance RNAi mediated silencing of a blood
meal induced H. longicornis (BAF03566) LAMP-like enzyme that potentially play a role in
tick vittelogenesis (Hatta et al., 2010). RNAi mediated silencing of BAF03566, which shows
~68% amino acid identity to I. scapularis LAMP (ISCW019719) caused H. longicornis fail
to feed to repletion (Hatta et al., 2006). In a related study, protease inhibitor sensitivity
profiling of tick gut proteolysis revealed that a LAMP-like enzyme is part of tick enzyme
complex that is involved digestion of hemoglobin by I. ricinus ticks (Horn et al., 2010;
Franta et al., 2010). Hemoglobin is the major protein nutrient that ticks obtain from host red
blood cells. Thus the role of LAMP-like enzymes in degradation and assimilation of this tick
nutrient source is central to tick survival. Thus, it will be interesting to clearly define the role
of AMP enzymes in tick physiology.

Clan MK—This clan contains one family, M22, which is typified by O-sialoglycoprotein
endopeptidases, which specifically cleave the polypeptide backbone of membrane
glycoproteins that contain clusters of O-linked sialoglycans, (Nichols et al., 2006). The I.
scapularis genome encodes 2 family M22 endopeptidases, ISCW006830 and ISCW023376,
which have been respectively provisionally identified as Kinase-associated endopeptidase 1
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and O-sialoglycoprotein endopeptidase-like 1, which are linked to genome maintenance
(Hecker et al., 2009). The later is considered as the mitochondrial version of the Kae1
enzyme (Hecker et al., 2009).

Clan MM—This clan contains MP enzymes that belong to a single family, M50 that is
typified by site-2 protease (S2P), which is involved in the feedback regulation of synthesis
and up take of sterol and fatty acid through control of transcription factors and the sterol
regulatory element binding proteins (Zelenski et al., 1999). The I. scapularis genome
encodes one S2P-like protease (ISCW019725).

Clan MP—This clan is comprised of proteases from a single family, M67, which is part of
the ubiquitin cellular regulatory system (Kim et al., 2003). As mentioned above, the
ubiquitin system starts with the target protein being tagged with ubiquitin by ubiquitination
enzymes and ends with deubiquinating (DUB) enzymes freeing up ubiquitin to be recycled
(Kim et al., 2003). MP enzymes in family M67 are part of the DUB enzyme system. The I.
scapularis genome encodes 5 putatively active (table 4) and 2 inactive (table 6) family M67
enzyme homologs. Of the 5 putatively active enzymes, ISCW017120 and ISCW019527
have been respectively provisionally identified as the Poh1 peptidase, an enzyme that is
essential to cell viability (Gallery et al., 2007) and the Jab1/MPN domain containing
metalloenzyme, which removes long ubiquitin chain from substrate proteins (Tran et al.,
2003).

I. scapularis MP families not assigned into clans—The version 9.3 MEROPS
database listed 5 MP families (M49, M73, M75, M76 and M45) with no assigned clan
(Rawlings et al., 2010). The I. scapularis genome encodes one active enzyme each from
families M49 and M76 in addition to 7 active enzymes in family M79 (table 4). The I.
scapularis enzyme in family M49 respectively has been provisionally identified as a
dipeptidyl-peptidase III-like, an enzyme that sequentially cleaves amino-terminal dipeptides
from peptides and proteins (Baral et al., 2008) and has been shown to be involved in the
metabolism of neuropeptides in insects (Isaac et al., 2009). The enzyme sequence in family
M76 have the mitochondrial inner membrane protease ATP23 is involved in the assembly of
mitochondrial ATPase (Zeng et al., 2006).

SERINE PROTEASES
Serine protease (SP) enzymes are so called because their reaction mechanism requiring a
catalytic serine amino acid residue (Hedstrom, 2002; Page and Di Cera, 2008; Ekici et al.,
2008). In mammals, SP enzymes regulate numerous physiological processes, food digestion,
development, immune response, blood coagulation, fibrinolysis, reproduction, prohormone
processing and, compliment fixation (Page and Di Cera, 2008). The significance of SP
enzymes in human physiology have been attested to by the many diseases such as
thrombosis, emphysema and that occur in case of mutations that may lead to excessive or
lack of SP enzymatic activity (Maga et al., 2010). In tick physiology the interest in SP
enzyme research has been premised on the potential of tick derived SP enzymes to be
involved in acquisition and digestion of the blood meal and to regulate the tick-host
interface (Miyoshi et al., 2004; 2008; Mulenga et al., 2001; 2003).

At the time of this write up, the MEROPS database version 9.3 listed 45 SP enzyme
families, of which 39 are from 15 defined clans and the rest from non-defined clans. The I.
scapularis genome encodes 63 putatively active enzymes (tables 8 and 9) and 49 inactive
(table 10) SP enzyme homologs from 15 SP families. Of these, 11 families are from 7 clans
(SB, SC, SF, SJ, SK, SP and ST) that contain SP enzymes only. Of the other 4 families, one
each is from mixed clans, PA and PC, while the remaining 2 families are from unassigned
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(U) clans. It is interesting to note that the 5 SP enzyme clans (PA, SC, SK, SJ and ST) that
have been identified in nearly all forms of life (Page and Di Cera, 2008) are also present in
ticks. Consistent with observations in other organisms where SP enzymes constitutes a third
of the degradome (Puente et al., 2003; 2005), the 63 putatively active SP enzymes represent
~28.3% (66/233) of the I. scapularis degradome. Given the huge expanse of SP enzyme
families, we have developed narratives on SP enzyme based on specific clans encoded by
the I. scapularis genome.

Clan PA
Members of this clan are the mostly studied proteases and are known to mediate proteolytic
cascades that are essential to life such as blood coagulation and inflammation (Hedstrom,
2002; Page and Di Cera, 2008). The MEROPS database (version 9.3) listed a mixture of 6
cysteine and 12 serine protease families in clan PA (Rawlings et al., 2010). The I. scapularis
genome encodes 28 putatively active (table 9) and 26 inactive (table 10) SP enzyme
homologs from a single subfamily, S1. All I. scapularis S1 enzymes belong to subfamily
S1A (table 9), which is typified by chymotrypsin or trypsin (Page and Di Cera, 2008).
Consistent with data in other organisms where members of S1A subfamily are the majority
among SP enzymes (Puente et al., 2003; 2005; Ross et al., 2003), the 28 I. scapularis S1A
enzymes constitute ~42% of the 66 SP enzymes encoded by the I. scapularis genome.
However, it is interesting to note that the 28 I. scapularis S1A enzymes that represent ~12%
(28/233) of the I. scapularis genome is dramatically smaller than the S1A enzyme content in
other blood feeding arthropods where it is ~22% (42/188) in P. humanus, ~44% in An.
gambiae (237/537) and ~48% in Ae. Aegypti (210/435) and Cx pipiens quinquenfasciatus
(210/438) genomes (MEROPS database version 9.3). Although the significance of the S1A
enzyme family shrinkage in I. scapularis may be unknown, it may reflect fundamental
physiological differences between short-term blood feeders such as mosquitoes where the
S1A enzyme family is large and long-term blood feeders where the S1A enzymes is smaller.
Except for ISCW018541 and ISCW021255, which have been respectively provisionally
identified as Tachypleus (horseshoe) type-clotting enzyme, which is part of the horseshoe
crab hemolymph coagulation cascade (Iwanaga et al., 1992; Seki et al., 1995) and tequila
peptidase, which regulates long-term memory formation in Drosophila (Didelot et al.,
2006), the rest of the sequences have not been provisionally identified. As the majority of I.
scapularis S1A enzymes have not been provisionally identified, we are unable to speculate
on probable biological functions of S1A enzymes in tick physiology. However there is
indirect evidence that show that tick S1A enzymes may be involved in tick feeding
regulation in that trypsin and chymotrypsin-like enzymes are among some of the proteins
that are up regulated in response to tick feeding activity (Mulenga et al, 2003; Miyoshi et al.,
2004; Motobu et al., 2007).

Clan PC
Similar to clan PA above, clan PC contains cysteine protease families and one serine
protease family, S51 (Rawlings et al., 2010). As shown in table 5, the I. scapularis genome
encodes one putatively active enzyme (ISCW005900) from family S51, which has been
provisionally identified as alpha-aspartyl dipeptidase, an enzyme that preferentially cleaves
dipeptides of an aspartic amino acid residue and any other amino acid residue in the P1
prime position (Lessy and Miller, 2000).

Clan SB
This clan contains SP enzymes from 2 families: S8 typified by subtilisin in subfamily S8A
or kexin in subfamily S8B and the S53 family typified by sedolisin (Rawlings et al., 2010).
The I. scapularis genome encodes 3 active (table 8) and 3 inactive (table 10) enzymes from
family S8. Of the 3 putatively active S8 enzymes (table 8), ISCW006099 is provisionally
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identified as the tripeptidyl-peptidase II, a SP aminopeptidase enzyme that is involved in
protein turn over (Chuang et al., 2010; Zhang et al., 2010).

Clan SC
This clan is composed of 6 families, S9, S10, S15, S28, S33 and S37 (Rawlings et al., 2010).
The I. scapularis genome encodes 20 active (table 8) and 16 inactive (table 10) enzymes
from clan SC. The clan SC enzymes are distributed in 6 families: S9 which has a 9/7 (active/
inactive) enzyme composition, S10 which contains 10/2 enzymes, S28 which has 0/2
enzyme content, and S33 which contain 6/3 content (Tables 8 and 10). Three of the 9 I.
scapularis enzymes from family S9 have been provisionally identified. The first 2 enzymes
have been identified as prolyl-oligopeptidase (ISCW002432) and acylaminoacyl-peptidase
(ISCW021356), enzymes that are involved in regulating bio-peptide metabolism that is
essential in numerous key biological functions such as angiogenesis and learning for
example (Myohanen et al., 2010). The third enzyme has been identified as olipeptidase B
(ISCW016734), an enzyme, which in protozoan parasites is important for host cell invasion
(Yoshida and Cortez, 2008). We would like to note that ISCW016734 might be an I.
scapularis rickettsial endosymbiont derived enzyme as it also shows 100% amino acid
identity to several rickettsia sequences (not shown). For family S10, 6 putative enzymes
ISCW003663, ISCW018397, ISCW007492, ISCW010371, ISCW014727 and ISCW003059
have been provisionally identified as vitellogenic-like carboxypeptidase (table 8), an
enzyme, which in humans is suspected to be involved in regulating the immune system
(Harris et al., 2006).

Clan SF
The MEROPS database lists 2 families in clan SF, S24 and S26 that are respectively typified
by E. coli LexA repressor and signal peptidase I enzymes (Rawlings et al., 2010). The I.
scapularis genome encodes 2 putatively inactive and one putatively active enzyme in family
S26 (ISCW014839). This enzyme has been provisionally identified as the invertebrate signal
peptidase, an enzyme that is highly conserved across taxa and functions to remove the
amino-terminal targeting signals from secreted proteins (Killic et al., 2010).

Clan SJ
This clan contains unique ATP activated enzymes from 3 families, S16, S50 and S69
(Rawlings et al., 2010). The I. scapularis genome encodes 2 putatively active enzymes from
family S16, which have been respectively provisionally identified as Lon-A peptidase and
peroxisomal Lon peptidase. However when scanned against gene bank entries, the Lon-A-
peptidase enzyme may be rickettsial derived, as it shows amino acid identity exclusively to
bacteria sequences, while the peroxisomal Lon peptidase enzyme is tick derived as it
showed a 100% match to ISCW0018144. The peroxisomal Lon peptidase is a widely
conserved enzyme that has been shown in yeast to be involved in degradation of unfolded
and non-assembled peroxisomal matrix proteins (Aksam et al., 2007).

Clan SK
This clan contains enzymes from 3 families, S14, S41 and S49 (Rawlings et al., 2010). The
I. scapularis genome encodes one enzyme (ISCW01678) from family S14, which has
provisionally been identified as type 1 Clp peptidase. The type 1 Clp peptidase is a
universally conserved enzyme that has been shown to be involved in protein turn over house
keeping function in bacteria (Frees et al., 1999). We would like to caution here that
ISCW01678 might be derived from the I. scapularis endosymbiont bacteria, in that it also
shows 100% amino acid identity to several rickettsial ATP-dependent Clp protease in gene
bank (not shown).
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Clan SP
This clan contains a single family of enzymes, S59 typified by nucleoporin 145 (Homo
sapiens) (Rawlings et al., 2010). The I. scapularis genome encodes one enzyme sequence
ISCW013985 from family S59, which has been provisionally identified as nucleoporin 145,
a self-processing enzyme that is part of the nuclear pore complex that forms the gateway that
regulates the flow of macromolecules between the cell nucleus and the cytoplasm (Heese-
Peck and Raikhel, 1998).

Clan ST
This clan contains a single family of enzymes, S54 typified by Rhomboid proteases
(Rawlings et al., 2010), which are regulated intramembrane proteases that cleave the
transmembrane segments of integral membrane proteins (Freeman, 2009). The I. scapularis
genome encodes one enzyme (ISCW021997) from family S54 that has not been
provisionally identified.

Families of I. scapularis SP enzymes that do not belong to annotated clans
As shown in table 8, the I. scapularis genome encodes 6 and 1 enzyme sequences from
families S63 and S72 that are respectively typified by the EGF-like module containing
mucin-like hormone receptor-like 2 and dystroglycan (Homo sapiens) (Rawlings et al.,
2010). The 6 enzyme sequences from family S63 (ISCW012721, ISCW010660,
ISCW005937, ISCW006717, ISCW000464 and ISCW001355) have not been provisionally
identified. On the other hand, the single sequence from family S72 (ISCW015049) has been
provisionally identified as dystroglycan, an enzyme that in mammals plays diverse roles in
development and homeostasis including basement membrane formation, epithelial
morphogenesis, membrane stability, cell polarization, and cell migration (Masaki and
Matsumura, 2010).

THREONINE PROTEASES
Threonine enzymes, which are contained within clan PB, are so called because their
proteolytic function requires a threonine amino acid residue at the active site (Rawlings et
al., 2010). They are mostly known for their role as major components of the proteasome
catalytic subunits, which are part of the protein turnover system (Gomes et al., 2006). The
version 9.3 MEROPS database listed 4 threonine protease families, T1, T2, T3 and T6
(Rawlings et al., 2010). The I. scapularis genome encodes 15 putatively active (Table 12)
and 5 inactive (table 13) threonine protease enzymes from 4 families (figure 2). In family
T1, which is typified by beta component archaean proteasome, the I. scapularis genome has
3 active and 4 inactive enzymes. In family T2 typified by glycosylasparaginase precursor,
the I. scapularis genome has 8 active and one inactive enzyme. In family T3, which is
typified by gamma-glutamyltransferase 1, the I. scapularis genome has 8 active and one
inactive enzyme. Finally in family T6 typified by polycystin-1, the I. scapularis genome
encoded one active enzyme. The 3 putatively active enzymes in family T1, ISCW019233,
ISCW006222 and ISCW05987 have been provisionally identified as proteosome catalytic
subunits 1, 2 and 3, enzymes that are part of the protein turn over housekeeping mechanism
in the cell (Gomes et al., 2006). In the case of the 3 enzymes in family T2, ISCW001950,
ISCW000866 and ISCW001928, they have been provisionally identified as
glycosylasparaginase precursor, threonine type isoaspartyl dipeptidase and taspase-1,
enzymes that play important role(s) in the metabolism of β-aspartyl peptides, cell
proliferation (Noronkoski et al., 1998; Cantor et al., 2009). Of the 8 enzymes in family T3, 5
sequences ISCW000530, ICSW003582, ISCW009859, ISCW010660 and ISCW012371
have been provisionally identified as gamma-glutamyltransferase homologs, an enzyme that
is present in cell membranes and is involved in cross cell membrane trafficking of amino
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acids and peptides as well as glutathione metabolism (Langford et al., 2010; Leggatt and
Iwama, 2009). There are no reports on the role threonine-like enzymes in tick physiology.
However given that threonine enzymes appear to be highly conserved house keeping
enzymes, it is more likely that tick threonine enzymes are functionally similar to mammalian
homologs.

CONCLUSIONS
The 233 putatively active proteases presented here represent ~1.14% of the 20485 putative
protein sequences in the IscW1.1 release of the I. scapularis genome annotation
(http://www.vectorbase.org/Ixodes). Comparatively, the 1.1% protease content in the I.
scapularis genome is smaller than what has been observed in other organisms, ~1.8% in
humans and Caenorhabditis elegans, ~1.7% in yeast and ~3.4% in Drosophila (Southan,
2000). Similarly, the I. scapularis degradome appears to be smaller when compared to short-
term blood feeding arthropods, body lice, Pediculus humanus, mosquitoes, Culex
quinquefasciatus, Anopheles gambiae and Aedes aegypti where degradomes apparently
account for ~1.6, 2, 2.4 and 3.7% of the total peptide content. The reader is cautioned here
that mosquito degradome sizes discussed here were calculated based annotations contained
in the version 9.3 MEROPS database (Rawlings et al., 2010) and peptide content estimates
contained in vectorbase release at the time of preparing this manuscript, AgamP3.5 (An.
gambiae), AaegL1.2 (Ae. aegypti), CpiPJ1.2 (C. quinquefasciatus) and PhumU1.2 (P.
humanus) in vectorbase. Given that these databases are subject to revision, the degradome
sizes are also subject to change. The 150 non-protease homologs in I. scapularis that
represent ~0.65% of the I. scapularis genome is comparable to other non-protease content in
genomes of other organisms, ~0.64% in C quinquefasciatus and P. humanus, ~1.06 and
1.7% in Ae. aegypti and An. gambiae respectively. Given that we do not have gene
expression data in this study, whether or not non-protease homologs are expressed is
unknown at this point. At the time of writing this manuscript, the I. scapularis genome was
not completely annotated, in that there were still substantial amount of gaps. Thus, whether
or not the 233 proteases and the 150 non-protease homologgs presented here represent the
full repertoire of the I. scapularis degradome remains to be verified in future.

Except for I. scapularis, genomes of the more than 860 tick species that have been described
this far have not been sequenced. Thus, the comparative relationship of degradomes between
I. scapularis and other tick species will remain unknown. Results summarized in table 13
provide some insight on probable similarity levels between I. scapularis and other tick
species degradomes. Data in table 13 show that ~12% (25/233) putatively active I.
scapularis proteases have homologs in other tick species with amino acid identity levels of
≥60%. As is to be expected putative proteases of I. ricinus, which like I. scapularis belongs
prostriata ticks show 95–99% amino acid identity levels (table 13). Based on these amino
acid identity levels, we can confidently speculate that the I. scapularis degradome size
described in this study informs on the probable size of I. ricinus degradome.
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Figure 1.
Composition of putatively active (A) and putatively inactive (B) proteases encoded by the
Ixodes scapularis genome. Percent compositions of active and inactive proteases are noted
in the table insert in figure 1.
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Figure 2.
Protease counts per family of proteases encoded by the Ixodes scapularis genome. After
culling off redundant annotations, raw counts of putatively active (A) and putatively inactive
(B) protease counts in each clan and family were determined.
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Table 1

Putatively active aspartic proteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

AA A1 Pepsin A Cathepsin D ISCW003823

Cathepsin D ISCW023880

- ISCW007278

- ISCW013185

AD A22 Presenilin 1 * Impas 1 peptidase ISCW006186

* Impas 2 peptidase ISCW018713

- ISCW020583

- ISCW022390

- ISCW003378

- ISCW021952

- ISCW013270

- ISCW014541

- ISCW014542

- ISCW013270

*
Impas = intramembrane protease aspartic protein,

- = Not provisionally identified
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Table 2

Putatively active cysteine proteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

CA C1 Papain Cathepsin O ISCW017550

Cathepsin B ISCW002679

ISCW000078

ISCW000080

ISCW004002

Insect 26/29 kDa peptidase ISCW007008

- ISCW011264

- ISCW000076*

- ISCW005981*

- ISCW013346*

- ISCW024899*

C2 Calcium activated neutral cysteine protease - + ISCW012923

- + ISCW009596

- + ISCW002386

- + ISCW006015

- + ISCW017819

- + ISCW024359

- + ISCW004616

- + ISCW017525

- + ISCW012923

C12 Ubiquitinyl hydrolase L1 Ubiquitinyl hydrolase-BAP1 ISCW022153

Ubiquitinyl hydrolase-UCH37 ISCW000206

C19 Ubiquitin-specific peptidase 14 Ubiquitin-specific peptidase 2 ISCW010054

Ubiquitin-specific peptidase 14 ISCW019604

- ISCW003597

- ISCW022612

C54 Autophagin 1 - ISCW004712

- ISCW010488

C65 Otubain 1 Otubain 1 ISCW023231

C78 UfSP1 peptidase UfSP1 peptidase ISCW014202

C85 DUBA DUBA ISCW021968

C86 Ataxin 3 - ISCW017541

- ISCW006944

CD C13 Legumain Legumain ISCW015983

Glycosylphosphatidylinositol ISCW000202
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Clan Family Archetype Provisional ID Gene ID

C14 Caspase 1 - ISCW022545

C50 Separase Separase (Homo sapiens-type) ISCW017453

CE C48 eUlp1 peptidase fSENP1 peptidase ISCW003012

ISCW012734

ISCW003013

SENP8 peptidase ISCW014736

- ISCW018648

PB
C44 Amidophospho-ribosyltransferase precursor Amidophospho-ribosyltransferase precursor ISCW015613

C89 Acid ceramidase precursor Acid ceramidase precursor ISCW010877

*
Originally classified as unclassified on version 9.3 MEROPS database (Rawlings et al., 2010).

- = Not provisionally identified

+
Not listed on MEROPS database, Identified BLASTP scanning done in this study
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Table 3

Putatively inactive cysteine proteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

CA C1 Papain Subfamily C1A non-peptidase homologues ISCW009204

ISCW011263

ISCW024213

C12 Ubiquitinyl hydrolase L1 Family C12 non-peptidase homologues ISCW023394

C19 Ubiquitin-specific peptidase 14 Family C19 non-peptidase homologues ISCW008894

ISCW009539

C64 Cezanne deubiquitinylating peptidase Family C64 non-peptidase homologues ISCW014708

CD C13 Legumain Family C13 non-peptidase homologues ISCW024575

ISCW002213

C14 Caspase 1 Subfamily C14A non-peptidase homologues ISCW013172

CE C48 Ulp1 peptidase Family C48 non-peptidase homologues ISCW016451

PC C56 Pfp1 peptidase Family C56 non-peptidase homologues ISCW005013
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Table 4

Putatatively active metalloproteases encoded by the I. scpularis genome excluding family M13

Clan Family Archetype Provisional ID Gene ID

M- M49 Dipeptidyl-peptidase III Dipeptidyl peptidase III ISCW013099

M76 Atp23 peptidase Atp23 peptidase ISCW023892

M79 Prenyl protease 2 - ISCW007768

- ISCW024488

- ISCW011978

- ISCW012546

- ISCW015066

- ISCW015256

- ISCW003688

MA M1 Aminopeptidase N - ISCW000925

- ISCW006685

- ISCW005385

- ISCW005386

- ISCW008629

- ISCW013459

- ISCW022724

M2 Angiotensin-converting enzyme peptidase - ISCW016862

- ISCW005573

- ISCW010296

- ISCW003356

M3 Thimet oligopeptidase Mitochondrial intermediate peptidase ISCW016804

- ISCW012570

- ISCW017437

M8 Leishmanolysin - ISCW016195

M10 Matrix metallopeptidase 1 Matrix metallopeptidase-2 ISCW022900

Dm1 matrix metallopeptidase ISCW006136

M12 Astacin Tolkin ISCW016865

ADAMTS adt-1 (Caenorhabditis elegans)-type peptidase ISCW000910

Metallopeptidase MTP-1 ISCW008310

- ISCW024332

- ISCW002794

- ISCW016405

- AF483730_1

- ISCW023638

- AF483731_1

- ISCW023637

- ISCW001423
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Clan Family Archetype Provisional ID Gene ID

- ISCW021991

- ISCW013359

- AAP22067.1|

M41 FtsH peptidase Paraplegin ISCW014866

- ISCW009180

M43 Cytophagalysin - ISCW002454

M48 Ste24 peptidase Farnesylated-protein converting enzyme 1 ISCW015561

MC M14 Carboxypeptidase A1 - ISCW015949

- ISCW023731

ME M16 Pitrilysin Mitochondrial processing peptidase beta-subunit ISCW001592

Nardilysin ISCW011140

YmxG peptidase ISCW016724

MF M17 Leucyl aminopeptidase Leucyl aminopeptidase (animal) ISCW019719

Leucine aminopeptidase (Fasciola-type) ISCW003100

MG M24 Methionyl aminopeptidase 1 Methionyl aminopeptidase 1 ISCW022177

Xaa-Pro dipeptidase (bacteria-type) ISCW016014

ISCW005124

Mitochondrial intermediate cleaving peptidase 55 kDa ISCW008932

MH M28 AminopeptidaseS Plasma glutamate carboxypeptidase ISCW011412

- ISCW022417

- ISCW022420

- ISCW022423

MK M22 O-sialoglycoprotein peptidase Kae1 putative peptidase ISCW006830

OSGEPL1-like protein ISCW023376

MM M50 S2P protease S2P peptidase ISCW019725

MP M67 Poh1 peptidase Poh1 peptidase ISCW017120

Jab1/MPN domain metalloenzyme ISCW019527

- ISCW007692

- ISCW008644
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Table 5

Putatively active family M13 metalloproteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

MA M13 Neprilysin - ISCW003514

- ISCW018366

- ISCW004387

- ISCW018482

- ISCW024406

- ISCW006162

- ISCW006696

- ISCW007959

- ISCW006925

- ISCW020572

- ISCW008746

- ISCW009172

- ISCW010709

- ISCW022314

- ISCW022338

- ISCW012276

- ISCW013494

- ISCW011968

- ISCW024902

- ISCW014776

- ISCW014688

- ISCW013664

- ISCW023669

- ISCW024930

- ISCW024196

- ISCW002659

- ISCW004216
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Table 6

Putatively inactive metalloproteases encoded by the I. scapularis genome excluding members of family M13

Clan Family Archetype Provisional ID Gene ID

MA M2 Angiotensin-converting enzyme peptidase unit 1 Family M2 non-peptidase homologues ISCW014169

ISCW016487

M3 Thimet oligopeptidase Subfamily M3A non-peptidase homologues ISCW017206

M12 Astacin Subfamily M12A non-peptidase homologues ISCW007161

MC M14 Carboxypeptidase A1 Subfamily M14A non-peptidase homologues ISCW007964

Subfamily M14b non-peptidase homologues ISCW004264

ISCW019087

ME M16 Pitrilysin Subfamily M16c non-peptidase homologues ISCW012694

MF M17 Leucyl aminopeptidase Family M17 non-peptidase homologues ISCW023735

MG M24 Methionyl aminopeptidase 1 Subfamily M24A non-peptidase homologues ISCW019205

MH M20 Glutamate carboxypeptidase Subfamily M20D non-peptidase homologues ISCW016472

M28 Aminopeptidase Y Subfamily M28A non-peptidase homologues ISCW002672

Subfamily M28b non-peptidase homologues ISCW007773

ISCW005069

Family M28 non-peptidase homologues ISCW022413

MO M23 Beta-lytic metallopeptidase Subfamily M23B non-peptidase homologues ISCW000049

Subfamily M23B non-peptidase homologues ISCW003494

MP M67 Poh1 peptidase Subfamily M67A non-peptidase homologues ISCW018927
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Table 7

Putatively inactive family M13 metalloproteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

MA M13 Neprilysin Family M13 inactive homolog ISCW007711

ISCW023236

ISCW000249

ISCW000073

ISCW000558

ISCW017380

ISCW017096

ISCW024191

ISCW002982

ISCW002041

ISCW018087

ISCW004642

ISCW003638

ISCW004533

ISCW024243

ISCW005180

ISCW024417

ISCW005350

ISCW005864

ISCW006336

ISCW006308

ISCW005859

ISCW008290

ISCW024419

ISCW006979

ISCW007149

ISCW007020

ISCW007468

ISCW007705

ISCW019277

ISCW008136

ISCW007447

ISCW024562

ISCW009160

ISCW009889

ISCW009040

ISCW020266
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Clan Family Archetype Provisional ID Gene ID

ISCW010099

ISCW008656

ISCW008658

ISCW020857

ISCW010145

ISCW010006

ISCW024592

ISCW010295

ISCW021722

ISCW011462

ISCW010591

ISCW012489

ISCW012068

ISCW013095

ISCW012849

ISCW012747

ISCW013945

ISCW024871

ISCW014215

ISCW024865

ISCW023305

ISCW014706

ISCW014756

ISCW023963

ISCW017354

ISCW003353

ISCW007468

ISCW003121

ISCW024865

ISCW005798

ISCW006308
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Table 8

Putatively active serine proteases encoded by the I. scapularis genome excluding family S1

Clan Family Archetype Provisional ID Gene ID

PC S51 Dipeptidase E Alpha-aspartyl dipeptidase (eukaryote) ISCW005900

S- S63 EGF-like module containing mucin-like hormone receptor-
like 2

- ISCW001355

- ISCW000464

- ISCW006717

- ISCW005937

- ISCW019673

- ISCW012721

S72 Dystroglycan Dystroglycan ISCW015049

SB S8 Subtilisin Carlsberg Tripeptidyl-peptidase II ISCW006099

ISCW010275

ISCW006048

SC S9 Prolyl oligopeptidase Prolyl oligopeptidase ISCW002432

Acylaminoacyl-peptidase ISCW021356

Oligopeptidase B ISCW016734

- ISCW023976

S10 Carboxypeptidase Y Vitellogenic carboxypeptidase- like protein ISCW003663

ISCW018397

ISCW007492

ISCW010371

ISCW014727

ISCW003059

- AF483728_1

- ISCW012161

- ISCW022356

- ISCW022360

S33 Prolyl aminopeptidase - ISCW002326

- ISCW002327

- ISCW017323

- ISCW004791

- ISCW019273

- ISCW021363

SF S26 Signal peptidase I Signal peptidase (invertebrate) ISCW014839

SJ S16 Lon A protease Lon-A peptidase ISCW007434

Peroxisomal Lon peptidase ISCW008144

SK S14 Peptidase Clp Peptidase Clp (type 1) ISCW016708

SP S59 Nucleoporin 145 Nucleoporin 145 ISCW013985

ST S54 Rhomboid 1 - ISCW021997
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Table 9

Putatively active family S1 serine proteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

PA S1 chymotrypsin A - AF483729_1

- ISCW000320

- ISCW001310

- ISCW001619

- ISCW001322

- ISCW016684

- ISCW002695

- ISCW016985

- ISCW002489

- ISCW017115

- ISCW004276

- ISCW004835

- ISCW006069

- ISCW018539

- ISCW011174

- ISCW012149

- ISCW011961

- ISCW021893

- ISCW012429

- ISCW013112

- ISCW014005

- ISCW023349

- ISCW014551

- ISCW015186

- ISCW002979

- ISCW002999

- ISCW002674

- ISCW015172

- = Not provisionally identified
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Table 10

Putatively inactive serine proteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

PA S1 Chymotrypsin A Subfamily S1A non-peptidase homologues ISCW015718

ISCW015778

ISCW001620

ISCW002331

ISCW017114

ISCW003779

ISCW004734

ISCW006333

ISCW005538

ISCW006166

ISCW006167

ISCW006169

ISCW007529

ISCW021255

ISCW011978

ISCW012738

ISCW014680

ISCW016466

ISCW002093

ISCW000362

ISCW000366

ISCW002675

ISCW012701

ISCW004277

SB S8 Subtilisin Carslberg Subfamily S8A non-peptidase homologues ISCW010275

ISCW006048

ISCW021721

SC S9 Prolyl oligopeptidase Subfamily S9 non-peptidase homologues ISCW003960

ISCW001875

ISCW019824

ISCW010323

ISCW007846

ISCW022036

ISCW018728

ISCW018730

ISCW023102

S10 Carboxypeptidase Y Family S10 non-peptidase homologues ISCW021184
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Clan Family Archetype Provisional ID Gene ID

ISCW024936

S28 Lysosomal Pro- Xaa carboxypeptidase Family S28 non-peptidase homologues ISCW003037

Family S28 non-peptidase homologues ISCW022743

S33 Prolyl aminopeptidase Family S33 non-peptidase homologues ISCW005779

ISCW002782

ISCW012952

SF S24 Repressor LexA Family S24 non-peptidase homologues ISCW011531

ISCW013904
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Table 11

Putatively active threonine proteases encoded by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

PB T1 Archaean proteasome, beta component Proteasome catalytic subunit 1 ISCW019233

Proteasome catalytic subunit 2 ISCW006222

Proteasome catalytic subunit ISCW005987

T2 Glycosyl-asparaginase precursor Glycosyl-asparaginase precursor ISCW001950

Isoaspartyl dipeptidase (threonine type) ISCW000866

Taspase-1 ISCW001928

T3 Gamma-glutamyl-transferase Gamma-glutamyl-transferase 2 (bacterial) ISCW000530

ISCW003582

ISCW009859

ISCW010660

ISCW012371

- ISCW005288

- ISCW012872

- ISCW013659

T6 Polycystin 1 - ISCW004388

- = Not provisionally identified
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Table 12

Putatively inactive threonine proteases by the I. scapularis genome

Clan Family Archetype Provisional ID Gene ID

PB T1 Archaean proteasome, beta component Subfamily T1A non-peptidase homologues ISCW005463

ISCW007139

ISCW007217

ISCW010978

T3 Gamma-glutamyl-transferase family Family T3 non-peptidase homologues ISCW007979
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Table 13

Putatively active Ixodes scapularis proteases that are conserved in other tick species at ≥60% amino acid
identity level

Clan Family I. scapularis protease accession # Other tick species homolog accession # Amino acid identity (%)

AA A1

ISCW003823 Ixodes ricinus (ADU03674) 98

Haemaphysalis longicornis (BAE53722) 72

Rhipicephalus microplus (ACP21315) 71

ISCW023880 I. ricinus (ADU03675) 99

Dermancentor variabilis (ACF35520) 71

ISCW013185 I. ricinus (ABO26561) 96

CA C1

ISCW009204 I. ricinus (ABO26562) 71

R. haemaphysaloides (AAQ16118) 67

H. longicornis (BAH86062) 64

D. variabilis (ABS70713) 64

R. microplus (AAF61565) 60

R. appendiculatus (AAO60046) 62

ISCW002679 I. ricinus (ABO26563) 83

D. variabilis (ACF35521) 71

D. variabilis (ACF35525) 67

ISCW000078 I. ricinus (ABO26563) 95

D. variabilis (ACF35526) 69

D. variabilis (ACF35521) 78

Argas monolakensis (ABI52787) 66

ISCW000080 I. ricinus (ABO26563) 93

D. variabilis (ACF35526) 68

D. variabilis (ACF35521) 77

D. variabilis (ACF35525) 76

ISCW004002 H. longicornis (BAF43801) 73

D. variabilis (ACF35521) 63

ISCW007008 D. variabilis (ACF35529) 83

R. appendiculatus (AAO60045) 63

ISCW000076 I. ricinus (ABO26563) 88

D. variabilis (ACF35526) 73

R. appendiculatus (AAO60044) 73

D. variabilis (ACF35521) 78

ISCW005981 I. ricinus (ABO26563) 74

D. variabilis (ACF35521) 66

D. variabilis (ACF35526) 63

D. variabilis (ACF35525) 65

ISCW013346 I. ricinus (ABO26563) 69
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Clan Family I. scapularis protease accession # Other tick species homolog accession # Amino acid identity (%)

D. variabilis (ACF35521) 62

D. variabilis (ACF35525) 62

R. appendiculatus (AAO6004) 61

ISCW024899 I. ricinus (ABV29335) 96

ISCW003494 I. ricinus (ABV29335) 97

C54 ISCW004712 H. longicornis (BAI82576) 76

CD C13

ISCW015983 I. ricinus (AAS94231) 66

H. longicornis (BAF51711) 63

H. longicornis (BAF95090) 60

PB C44 ISCW009866 H. longicornis (BAF46861) 84

MA

M1 ISCW006685 D. variabilis (ACQ90243) 68

M12

ISCW023638

I. ricinus (CAO00625) 90

I. ricinus (CAO00626) 85

I. ricinus (CAB55817) 90

I. pacificus (AAT9220) 90

ISCW023637 I. ricinus (CAO00626) 65

I. ricinus (CAO00625) 64

I. pacificus (AAT92201) 61

AAP22067 I. ricinus (CAO00626) 92

I. ricinus (CAO00625) 84

I. ricinus (CAB55817) 84

I. pacificus (AAT92201) 80

MF M17 ISCW019719 H. longicornis (BAF03566) 68

MP M67 ISCW019527 Amblyomma americanum (ACG76242) 95

PA S1 ISCW006167 D. andersoni (AAO12856) 90

D. variabilis (AAN78224) 90

SC S9 ISCW024395 R. microplus (AAF00496) 64
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