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Abstract

Vampire bats are notorious for being the sole mammals that strictly feed on fresh blood for their
survival. While their saliva has been historically associated with anticoagulants, only one
antihemostatic (plasminogen activator) has been molecularly and functionally characterized. Here,
RNAs from both principal submandibular and accessory glands of Desmodus rotundus were
extracted, and ~ 200 million reads were sequenced by Illumina. The principal gland was enriched
with plasminogen activators with fibrinolytic properties, members of lipocalin and secretoglobin
families, which bind prohemostatic prostaglandins, and endonucleases, which cleave neutrophil-
derived procoagulant NETs. Anticoagulant (tissue factor pathway inhibitor, TFPI), vasodilators
(PACAP and C-natriuretic peptide), and metalloproteases (ADAMTS-1) were also abundantly
expressed. Members of the TSG-6 (anti-inflammatory), antigen 5/CRISP, and CCL28-like
(antimicrobial) protein families were also sequenced. Apyrases (which remove platelet agonist
ADP), phosphatases (which degrade procoagulant polyphosphates), and sphingomyelinase were
found at lower transcriptional levels. Accessory glands were enriched with antimicrobials
(lysozyme, defensin, lactotransferrin) and protease inhibitors (TIL-domain, cystatin, Kazal).
Mucins, heme-oxygenase, and 1gG chains were present in both glands. Proteome analysis by nano
LC-MS/MS confirmed that several transcripts are expressed in the glands. The database presented
herein is accessible online at http://exon.niaid.nih.gov/transcriptome/D_rotundus/Supplemental-
web.xlIsx. These results reveal that bat saliva emerges as a novel source of modulators of vascular
biology.
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INTRODUCTION

There are approximately 1100 species of bats worldwide, constituting 23% of all
mammalian species. Only three species have adapted for blood feeding: Desmodus rotundus,
Diphylla ecaudata, and Diaemus youngii. D. rotundus, known as the “common vampire bat,”
bites its victims with its sharp incisor teeth, leaving a characteristic wound [1, 2]. While this
bat may feed on snakes, lizards, turtles, reptiles, amphibians, ocelots, opossums, skunks, and
other small mammals, it may also feed on cattle, horses, mules, goats, swine, poultry, sheep,
and humans. The other two species feed mostly on birds [3-5].

One vampire bat drinks 15-25 ml in one blood meal, and an animal could be visited by
several bats at night. The notable ability of bats to feed on blood indicate that an
evolutionary process took place in the salivary glands (SGs) of these animals in which genes
were recruited or evolved to produce biologically active peptides and proteins that, when
secreted in the saliva, interfere with the hemostatic system of the host [1, 2, 6]. In this
respect, the major SGs of the vampire bat associated with hematophagy are the principal
submaxillary (also known as submandibular) and the accessory glands [7]. The glands
secrete factors that inhibit clot formation and dissolve already formed clots, thus keeping
blood flowing freely in a bite wound and enabling bats to drink their meal [8, 9].
Accordingly, saliva of vampire bats has been described to contain an uncharacterized
platelet aggregation inhibitor [8, 10] and one anticoagulant (draculin) targeting FXa [11, 12].
Surprisingly, the only antihemostatic agent characterized thus far at the molecular level is a
family of plasminogen activators: Desmodus salivary plasminogen activator (DSPA) a1
(DSPAa1, Desmoteplase), DSPAa2, DSPA, and DSPAYy [13-16]. In addition, a database
search with the term “Desmodus rotundus” or “vampire bat” and “salivary gland” in mid-
October 2012 retrieved only 16 sequences related to DSPA. These numbers are obviously an
underestimation of the complexity of the genes expressed in the SG of D. rotundus.

SGs of bats are also known to be important reservoirs for rabies virus [3, 4]. In view of the
long history of this disease in vampires and its growing incidence in bats, and our limited
understanding of the molecular nature of antihemostatics found in the saliva, additional
studies are needed to understand the composition of the SGs of these animals. With this
goal, we have isolated the mMRNA of the principal submaxillary and accessory SGs of D.
rotundus [7] and sequenced almost 200 million reads using lllumina technology. The data
were treated with several bioinformatics tools, which allowed us to comprehensively
organize the sequences in a table that displays a remarkably large number of families. This
table may be regarded as a database accessible online as a hyperlinked worksheet and
displays biochemical, taxonomic, and gene ontology aspects for each family of protein. This
report will improve our understanding of how bats feed on blood and how they transmit
diseases that are of public health and veterinary importance.

MATERIALS AND METHODS

Collection of a Vampire Bat and mRNA Extraction

A female specimen of D. rotundus was collected by the authors under federal license issued
for one of us (W.U.) by the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais
—IBAMA (Brazilian Institute of Environment and Renewable Natural Resources) with nets,
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near the city of Botucatu in S&o Paulo State, Brazil [17, 18]. The collection and the aims of
this study were also in agreement with Resolution number 21 (08/31/2006) by the Conselho
de Gestédo do Patriménio Genético (Council for Management of Genetic Inheritance) based
on the Medida Provisoria (Provisional Authorization) n°. 186-16 (08/23/2001) and Federal
Decree n°. 3.945 (09/28/2001) issued by the Brazilian Ministry of Environment. The bat was
euthanatized according to the protocol, which agrees with the ethical principles in animal
research adopted by the Brazilian College of Animal Experimentation (COBEA), and was
approved by the Bioscience Institute/UNESP (Universidade Estadual de S&o Paulo) Ethics
Committee on Use of Animals (CEUA). The principal and accessory glands were identified
based on the anatomical studies by Disanto [19] and experience of one of us (E.C.V.) with
bat anatomy [20]. After a ventral incision, the glands were removed, carefully cleaned from
surrounding tissues, cut into two pieces, and immediately placed in RNAlater (Ambion,
Austin, TX). After 2 days at 4°C, the glands were removed and placed in a petri dish. Then,
a scalpel was used to remove two fragments from the right anterior principal gland—one
from the central part (hamed 7M; not used) and one from the periphery (7L) of the gland.
Two other fragments from the right posterior principal gland—one from the central part
(8M) and one from the peripheral part (8L)—were also taken. One fragment was obtained
from the center of the right accessory gland (AC). mRNA was isolated essentially as
described [21] using a Micro-FastTrack 2.0 mRNA isolation kit (Invitrogen, San Diego,
CA). The mRNA content was estimated by HT RNA Pico Sensitivity Reagent Kit (760635)
on the Caliper LabChip GX (Perkin Elmer, Hopkinton, MA) according to the
manufacturer’s instructions. The mRNA concentrations were as follows: 7L, 55.95 ng/ml;
7M, 17.18 ng/ml; 8L, 24.35 ng/ml; 8M, 29.96 ng/ml, and AC, 28.57 ng/ml.

MRNA Libraries and Sequencing

Four mRNA libraries (7L, 8L, 8M, and AC) were constructed from 10-400 ng mRNA using
the TruSeq RNA Sample Prep Kit, version 2 (Illumina Inc., San Diego, CA). The resulting
cDNA was fragmented using a Covaris E210 (Covaris, Woburn, MA). Library amplification
was performed using eight cycles to minimize the risk of over-amplification. Unique
barcode adapters were applied to each library. Individual libraries were quantitated by gPCR
and then pooled in an equimolar ratio before sequencing on a HiSeq 2000 (Illumina) with
ver. 3 flow cells and sequencing reagents. One lane of the HiSeq machine was used for the
four libraries, yielding a total 191 090 454 reads of 101 nt in length, 148 804 634 being from
the principal gland and the remaining from the AC. A paired-end protocol was used for all
libraries. The peak quality value (varying from 0-40) was 37 in all reads, with less than 3%
of the reads having a quality from 1 to 10. Raw data were processed using RTA 1.12.4.2 and
CASAVA 1.8.2. mRNA library construction, and sequencing was done by the NIH
Intramural Sequencing Center (NISC).

Sequence Assembly and Coding Sequence Extraction

Reads of all four libraries were assembled together with the ABySS software (Genome
Sciences Centre, Vancouver, BC, Canada) [22, 23] in paired-end mode using various kmer
(k) values (every even number from 50 to 96). Because the ABySS assembler tends to miss
highly expressed transcripts [24], the Trinity assembler [25] was also used. The resulting
assemblies were joined by an iterative BLAST and cap3 assembler [26]. Coding sequences
(CDS) were extracted using an automated pipeline, based on similarities to known proteins,
or by obtaining coding sequences containing a signal peptide [27]. Coding and their protein
sequences were mapped into a hyperlinked Excel spreadsheet (presented as Supplemental
File 1). Signal peptide, transmembrane domains, furin cleavage sites, and mucin-type
glycosylation were determined with software from the Center for Biological Sequence
Analysis (Technical University of Denmark, Lyngby, Denmark) [27-30]. The reads from
the various libraries were mapped into the contigs using blastn [31] with a word size of 25,
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masking homonucleotide decamers, and allowing mapping to up to three different CDS if
the BLAST results had the same score values. Mapping of the reads was also included in the
Excel spreadsheet. Automated annotation of proteins was based on a vocabulary of nearly
250 words found in matches to various databases, including Swissprot, Gene Ontology,
KOG, PFAM, and SMART, and a subset of the non-redundant protein database of the
National Center for Biotechnology Information (NCBI) containing proteins from
vertebrates. Further manual annotation was done as required. Detailed bioinformatics
analysis of our pipeline can be found in our previous publication [26].

Sequence alignments were done with the ClustalX software package [32]. Phylogenetic
analysis and statistical neighbor-joining bootstrap tests of the phylogenies were done with
the Mega package [33]. In some cases, multiple alignment with CLUSTAL 5 or construction
of phylogenetic trees was done using the websites http://pbil.univ-lyon1.fr/ and http://
www.phylogeny.fr.

Mass Spectrometry and Protein Identification

A sample of the principal submaxillary (7L) or accessory glands (AC) were solubilized in
NU/PAGE sample buffer containing DTT and loaded into a 4-12 % NU-PAGE gel with
MES buffer (Invitrogen. Identification was performed on reduced and alkylated, trypsin-
digested samples prepared by standard mass spectrometry (MS) protocols. The supernatant
and two washes (5% formic acid in 50% acetonitrile) of the gel digests were pooled and
concentrated by speed vac (Labconco, Kansas City, MO) to dryness directly in 200-u.
polypropylene auto-sampler vials (Sun Sri, Rockwood, TN). Recovered peptides were
resuspended in 5 pl of solvent A (0.1% formic acid, 2% acetonitrile, and 97.9% water).

Prior to MS analysis, the resuspended peptides were chromatographed directly on the
column without trap clean-up. Bound peptides were separated at 500 nl/min generating 80—
120 Bar pressure using an AQ C18 reversed-phase media (3-p particle size and 200-p. pore)
packed in pulled-tip, nanochromatography column (0.100 mm ID 150 mm L; Precision
Capillary Columns, San Clemente, CA). Chromatography was performed in-line with an
LTQ-Velos Orbitrap mass spectrometer (ThermoFisher Scientific, West Palm Beach, FL)
and the mobile phase consisted of a linear gradient prepared from solvent A and solvent B
(0.1% formic acid, 2% water, and 97.9% acetonitrile) at room temperature. Nano LC-MS
(LC-MS/MS) was performed with a ProXeon Easy-nLC Il multidimensional liquid
chromatograph and temperature controlled lon Max Nanospray source (ThermoFisher
Scientific) in-line with the LTQ-Velos Orbitrap mass spectrometer.

Computer-controlled data-dependent automated switching to MS/MS by Xcalibur 2.1
software was used for data acquisition and provided the peptide sequence information. Data
processing and databank searching were performed with Proteome Discoverer 1.2 and
SEQUEST (Thermo Scientific, San José, CA). The data were searched against protein
sequences in the database Bat-pep-S2-ext FASTA file provided (47594 sequences).
Parsimony analysis was performed using ProteolQ software (www.nusep.com; NuSep,
Athens, GA), and protein probabilities were calculated using the ProteinProphet algorithm
as deployed in the program [34]. All proteins were required to have at least two peptides and
two spectra per peptide and a probability of 95% in at least one gel lane. MS/MS results
were mapped into the Excel spreadsheet with indication of the slices containing the most
abundant ions in sorted order, among other information. Statistics and assignments of the
MS/MS-derived data is presented as table (supplementary material), listing the m/z, z, and
assigned amino acid sequence of parent ions and matching score.
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Statistical analysis

The number of the reads originating from each of the four libraries were mapped into the
CDS (Supplemental excel file, columns AY-BU). These numbers were compared among
themselves by a X2 test. Because we observed no significant differences among the reads
originating from different regions of the principal submandibular gland, we pooled these
reads and compared them with those originating from the accessory glands. Significant
results (P < 0.05 and minimum expected value > 10 are shown in column CC with a “Y”,
followed by the normalized ratio of the reads calculated as A x K/(B +1) where A and B are
the actual number of reads and K is a constant derived from the division of the total reads
for the B library divided by the total reads of the A library. The denominator of the ratio is
added of 1 to prevent division by zero.

Public data access

All results were assembled as a database that was comprehensively organized in an Excel
table accessible online as a hyperlinked supplemental worksheet available from http://
exon.niaid.nih.gov/transcriptome/D_rotundus/Supplemental-web.xIsx. Public access of the
data can be found at the National Center for Biotechnology Information (NCBI) under
bioproject PRINA178123. Raw illumina reads can be downloaded from the short read
archives (SRA) of the NCBI under numbers SRR606899, SRR606902, SRR606908 and
SRR606911. Over 8,000 protein sequences were deposited in GenBank under accession
GABZ00000000 of the transcriptome shotgun annotation (TSA) portal.

RESULTS AND DISCUSSION

Bat SG Dissection

To isolate the MRNA from one vampire bat, one healthy specimen was captured alive using
appropriate nets placed in a rural area located close to the city of Botucatu in the countryside
of Sdo Paulo State, Brazil. Figure 1A shows a female D. rotundus used in this study. After
euthanizing the specimen according to an approved ethics protocol, the animal was placed in
a dashboard and a ventral incision was performed (Figure 1B and 1C) using the anatomic
indications provided by Disanto (1960) and the expertise of one us to dissect bats [20]. In a
close-up view, Figure 1D shows two single ACs that occupy a medial position close to the
trachea. The principal submaxillary glands (PS) are located laterally to the accessory glands
and consist of two lobes, one anterior (aPS), and one posterior (pPS). Lymph nodes are also
present superiorly to the principal submaxillary glands and are indicated as LN. The glands
were carefully dissected, cut into two pieces, and placed in a RNAlater, which was used to
preserve the tissue mMRNA. Then, a fragment of approximately 0.5 cm was taken, and the
mRNA was isolated and quantified using standard techniques [21].

Preliminary Characterization of the Salivary Proteome of D. rotundus

To obtain information on protein expression in the SGs of D. rotundus, we used a proteomic
approach using high-density 1D gel electrophoresis. The gel was sliced into 20 parts, and
protein content was followed by tryptic digestion and reversed-phase HPLC/MS/MS. The
results obtained were blasted against a database constructed with mRNA from the glands
(see below). Results of this experiment using the principal submaxillary gland lead to
abundant identification of polypeptides (Figure 2A). According to our analysis, a
semaphorin was the most expressed protein in the principal gland (855 ions in fraction 8)
with virtual no expression in the AC. Semaphorins are involved in neurogenesis and
vascular growth [35, 36]. Plasminogen activator (DSPAy, slice 13) was highly expressed
(597 ions) followed by members of the lipocalin (163 ions), TSG-6 (101 ions), secretoglobin
(65 ions) and antigen-5/CRISP families (57). We also found evidence for expression of
ADAMTS-1 (46 ions), vasodilator (pituitary adenylate cyclase activating peptide; PACAP)
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(14 ions), tissue factor pathway inhibitor (TFPI, 9 ions), and sphingomyelinase (10 ions).
lons compatible with apyrase, DNAse, and dipeptidyl peptidase were also recovered. These
proteins were generally found in close agreement with their estimated molecular masses, and
their function is discussed in detail in the next section. Our analysis also demonstrated the
presence of several other proteins in the principal submaxillary and AC glands, as well,
including matrix proteins (collagen), proteinase inhibitors (protease C inhibitor, a-
macroglobulin), components of the complement pathway, galectins, lysozyme, lipases, N-
arginine dibasic convertase, and antigens of T cells.

The AC was found to express several proteins found in the principal submaxillary gland,
although at much lower expression levels (Figure 2B). These proteins were identified as
apyrases, DNAses, ADAMTS-1, secretoglobins, lipocalins, plasminogen activators,
PACAP, chymases, antigen-5/CRISP, lectins, and other families. The AC were enriched
with Kazal-domain containing proteins and, in particular, for trypsin inhibitor-like (TIL)
domain-containing proteins (410 ions in the AC, and 4 ions in the principal gland), and
lysozyme (351 ions in the AC and 17 in the principal gland) which have antimicrobial
properties. In addition, two members of the bactericidal/permeability-increasing protein, a
potent antimicrobial protein [37, 38] were identified predominantly in the AC, with 605 and
390 ions on slices 16 and 15, respectively and less than 10 ions in the principal gland.
Lactotransferrin (or lactoferrin) was found abundantly represented in the AC with 1,085 ions
in fraction 8, and only 19 ions in fraction 1 of the principal gland. Lactotransferrin is a well-
known antimicrobial [39, 40]. Of note, bat saliva inhibits Factor Xa and the N-terminus of
the purified component named draculin [11] has been identifiable as lactotransferrin.
However, it remains to be confirmed whether recombinant bat salivary lactotransferrin
display anticoagulant activity.

Hemoglobin subunits (on slice 19) are among the most abundantly detected proteins from
the accessory gland, and were also found in the principal gland proteome. Hemoglobin could
be considered a finding based on tissue blood content, but the target protein sequence for
this study was obtained from the “de novo” assembly of the salivary transcriptome,
indicating there are transcripts in the gland coding for these blood proteins. IgGFc-binding
protein (slice 6, 410 ions, normalized spectra count — NPC — of 176) was abundantly found
in the AC, but not well represented in the principal gland (slice 16, 1 ion, NPC=0.25). This
protein has multiple von Willebrand domains (VWD) and Trypsin-inhibitor like cysteine
rich domains in tandem. Its function is unknown. Several housekeeping proteins were also
identified. All proteome results are displayed in the supplemental spreadsheet found at
http://exon.niaid.nih.gov/transcriptome/D_rotundus/Supplemental-web.xIsx.

The results under the column “Slice information” (in magenta — columns AO and AX) are
summarized as, for example, 11—18| 12—18| 13—2|. This indicates that 18 fragments were
found in Fraction 11, while 18 and 2 peptides were found in fractions 12 and 13,
respectively. Furthermore, this summary included protein identification only when two or
more peptide matches to the protein were obtained from the same gel slice.

MmRNA Sequencing

The 191 090 454 reads were assembled into 565 517 contigs larger than 120 nt, of which
219 561 were larger than 500 nt. The larger open reading frames from each contig
containing a signal peptide were extracted from the 565 517 contigs, as well as those open
reading frames matching at least 60% of the length of proteins on the Swissprot, Gene
Ontology, and a subset of the non-redundant database containing vertebrate sequences.
These two predicted protein sets were combined and their redundancy removed by
discarding equal sequences or the smaller sequence matching a larger one. This subset
comprised a total of 47 575 protein sequences that mapped 188 588 838 reads (these reads
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can be redundantly mapped into up to three CDS; see Materials and Methods), which can be
used to evaluate relative expression of different functional classes of messages. Accordingly,
68 % of the reads originated from putative housekeeping (H) products, 26 % from genes
coding for putative secreted (S) proteins, while 3.1% were of unknown (U) function, 2.8
derived from transposable elements (TE), and 0.01% from viruses. On the other hand, if we
compare the percentage of the number of CDS in the several functional categories, we
obtain 43 % of the CDS for the H category, 29 for S, 23 for Un, and 4 and 0.008% for TEs
and viruses (Figure 3A and 3B and Table 1). The most striking change between the two
measurements is the increase of the U class from 3% of the total of reads to 23% of the total
of CDS, which is a consequence of the low level of reads/CDS in this class (528 as
compared with 3,480 and 6,286 in the S and H classes).

The H class was further subdivided into several functional categories (Table 2): cytoskeleton
protein, detoxification, oxidant metabolism, extracellular matrix, immunity, metabolism
(aminoacid, carbohydrate, energy, intermediate, lipid and nucleotide) nuclear export, nuclear
regulation, protein export, protein modification, proteasome machinery, protein synthesis
machinery, signal transduction and viral product. Not surprisingly, transcripts associated
with protein synthesis machinery, signal transduction, and transcription machinery rank in
the three top categories. The “unknown conserved” category ranks 4th in the list,
representing our ignorance in basic cellular functions [41]. CDS associated with secretory
functions were further subdivided into several categories according to Table 3. Among the
most expressed CDS are plasminogen activators (2.8% of the S class reads), Kunitz domain-
containing proteins (1.8%), lipocalins and other lipid carriers (20%), lipophilin and
secretoglobins (18%), lysozyme (3.4%), and mucins (19%). Of note, an expanded family of
small peptides with no matches to known proteins was found, accounting for 4.4% of the
reads. No proteome results were found indicating whether they are expressed, but our
acrylamide gel did not resolve their small size. They remain as public peptide targets for
future proteomic experiments. We also found many products that are normally associated
with the lymphoid tissue including immunoglobulin chains and other immune-related
proteins. Notably, 1g i chains accounted for 4.2% of the total reads of the S class. Finally,
9,978 other putative unclassified peptides accounted for 17% of the S class reads.

All results are placed in the supplemental table found at http://exon.niaid.nih.gov/
transcriptome/D_rotundus/Supplemental-web.xIsx which describes the mol wt, pl,
biochemical, taxonomic, putative function, matches to several databases, clusterization
steps, relative proportion in the principal maxillary and accessory glands and several other
specifics for each protein family, secreted or housekeeping, which has been sequenced in
this project.

To minimize redundancy and highlight our most relevant data, results from the supplemental
table were filtered to display only sequences coding for secreted proteins likely associated
with hematophagy, but not exclusively. A condensed version of the supplemental table is
presented as Table 4 (http://exon.niaid.nih.gov/transcriptome/D_rotundus/Table4-web.xIsx),
which is a printable version (hyperlinked in the electronic version). Table 4 summarizes our
transcriptome and proteome results for selected sequences found in the PS and AC of the
vampire bat D. rotundus.

Principal Submaxillary (PS) Gland

Genes possibly associated with hematophagy

Plasminogen Activators: An activity compatible with fibrinolysis in bat saliva was reported
in 1932 [42] and 1966 [8]. Only decades after the enzyme responsible for this activity was
molecularly cloned [13, 14]. Desmodus salivary plasminogen activator (DSPA), or
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Desmoteplase (DSPA-al), is the ortholog of human t-PA; however, it also exhibits several
important biochemical properties and structural aspects that explain its mechanism of action.
Plasminogen activators (e.g., human t-PA) display five domains: a fibronectin (or finger)
domain (F), an EGF domain (E), two Kringle (K1, K2) domains, and a protease domain (P).
These domains mediate t-PA binding to its cofactors and cell receptors, interact with
inhibitors, and also catalytically cleave plasminogen with formation of plasmin, which
digests fibrin [16]. Plasminogen activators are also involved in inflammation and tissue
remodeling [43, 44].

Four DSPA have been identified, and each variant exhibits high sequence homology to t-PA,
although with complete domain deletions. For example, DSPAa1 and DSPAa.2 harbor the
same domains as human t-PA except for K2. Lack of this domains enables DSPA to interact
with fibrin and interferes with inhibition of its function by plasminogen-activator
inhibitor-1, the main physiologic inhibitor of fibrinolysis [43]. It has also been demonstrated
that DSPA variants lack the plasmin-sensitive processing site (PSC); therefore, this proteins
is less susceptible to cleavage into a two-chain form t-PA. This implies that all forms of
DSPA are expressed as stable single-chain plasminogen activators. Notably, plasminogen
activators from bats, such as DSPA-al1, are not inherently potent as fibrinolytic enzymes,
but their activity is greatly enhanced in the presence of fibrin, a feature that distinguishes
DSPA from other plasminogen activators [6, 15]. In fact, the activity of DSPAal is 105,000
times higher in the presence of fibrin than in its absence, while for t-PA, the factor is only
550 [15]. Despite its distinct sequence similarity, DSPA and t-PA share structural
similarities that have been revealed by X-ray crystallography [45]. The enhanced specificity
of DSPA for plasminogen in the presence of fibrin—and the longer half-life in plasma—are
the basis for its potential clinical use in the treatment of stroke [16]. In our transcriptome
analysis, we identified expression levels 791 times higher of DSPAYy in the PS gland than in
the AC gland (Table 4), with over 1.4 million reads mapping to its CDS. The average
coverage per base of the CDS was over 51,000. Remarkably, the abyss assembly did not
retrieve this CDS, but rather many shorter fragments that appeared to contain retained
introns. Only the trinity assembler was able to retrieve this CDS. However, abyss was able
to retrieve many other CDS not retrieved by trinity (not shown). Figure 4A shows the
Clustal alignment of DSPAYy sequenced in this project, human t-PA, and other DSPA
deposited in the database, including DSPAy, DSPAR, DSPAal, and DSPAa2. The
phylogeny among vampire bat DSPA, human t-PA, or plasminogen activators from non-
hematophagous bats (Carollia perspicillata) and snake venom Viridovipera stejeneri[46] is
presented in Figure 4B. Predicted secondary structure of DSPAy shows that it is a truncated
form displaying only the K1, and protease domains (Figure 4C). Proteome studies presented
in Figure 2A identified DSPAy among the most expressed proteins. The function of this
family of protein has been related to the fibrinolytic properties of saliva [16].

Lipocalins: The lipocalin structure consists of an eight-stranded, antiparallel p-barrel
forming a central hydrophobic cavity. Usually, lipocalins act by binding a small-molecule
ligand, but they can also act by binding proteins in solution or receptors [47]. Transcriptome
analysis indicates that at least four conserved members of the lipocalin superfamily are
abundantly expressed in the principal gland, reaching 500-1000 higher levels than observed
with the AC (Table 4). Notably, some unrelated bloodsucking arthropod orders (ticks and
kissing bugs) studied so far express several members of the lipocalin family, which
exemplifies typical cases of convergent evolution. Accordingly, lipocalins from
hematophagous sources have been shown to interact and release vasodilator nitric oxide to
the host [48] or to scavenge mast cell histamine, which increases permeability [49]. Other
lipocalins have been shown to bind vasoconstrictor serotonin [50] or to mop pro-aggregatory
molecule ADP [51, 52] and TXA, [53, 54]. Still others interact with leukotrienes (e.qg.,
LTB4) [55, 56] or macromolecules such as thrombin [57] or FIX/I1Xa [58]. Figure 5A shows
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the alignment of vampire bat lipocalins and some selected counterparts from vertebrata.
Figure 5B is a phylogenetic tree that included hundreds of lipocalins sequenced from the
SGs of hematophagous sources. Notably, vampire bat lipocalins do not clade with other
lipocalins, suggesting divergence of function. Actually, lipocalins are notorious for their
plasticity and reportedly exhibit distinct binding specificity despite high sequence homology
among its members [47]. It is important to recognize that the high levels of expression of
these proteins are necessary because biogenic amines and prostaglandins accumulate to near
micromolar levels during inflammation and hemostasis [59]. In fact, lipocalins were among
the most abundant ions retrieved in our proteome analysis of the PS gland (Figure 2A). It is
possible that bat salivary lipocalins interact with pro-hemostatic molecules described above,
explaining inhibition of platelet aggregation observed before with saliva [10]. Conceivably,
bat salivary lipocalins diminish the pro-aggregatory tonus at site of incision, as reported for
RPAI-1, moubatin, pallidipin, dipetalidipin, and triplatin isolated from blood-sucking
arthropods [60].

Lipophilin/secretoglobin members—Secretoglobins are a family of secreted proteins
found in mammals. They are found at high levels in many secretions including uterine,
prostatic, pulmonary, lacrimal, and SGs. Secretoglobins are small (~10 kD) proteins with
multiple functions that include immune modulation and inhibition of inflammation. The
most studied member is uteroglobin, a steroid-inducible immunomodulatory protein that
forms dimers containing internal hydrophobic cavities located at the interface between the
two subunits. This is the location of binding of hydrophobic ligands, various eicosanoid
mediators of inflammation—including PGD,, which is produced by mast cells and plays a
major role in allergic reactions—and PGF,, a potent vasoconstrictor. Indirect evidence also
suggests that uteroglobin binds leukotrienes [61]. Notably, we found high levels of
expression for several bat salivary secretoglobins, with members of this family being
expressed more than 1000 times in the PS gland in comparison to the AC (Table 4).
Strikingly, a significant divergence in size and cysteine content was found among the
members, suggesting divergence in function. The Clustal alignment of bat saliva
secretoglobin and other members from Vertebrata are shown in Figure 6A, and their
phylogenetic relationships in Figure 6B. The presence of abundantly expressed
secretoglobins was confirmed by proteome analysis (Figure 2A). Conceivably, these
proteins operate to remove pro-hemostatic mediators of inflammation, which affect platelet
aggregation, leukocyte biology, or the vessel tonus. Of note, no member of the secretoglobin
family have been sequenced in the SG of bloodsucking arthropods, indicating that
recruitment of this family of proteins in the bat SG is, at present, a unique phenomenon
among hematophagous animals. The specificity of bat secretoglobins remains to be proven
through recombinant expression.

Metalloproteases (ADAMTS-1)—ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) is a member of a group of secreted proteases with 19 members [62]
in humans. ADAMTS is a branch of the ADAM (a disintegrin and metalloproteinase-like)
subfamily of metalloproteinase found in snake venom metalloproteinases (reprolysins) [63,
64]. ADAMTSs are secreted molecules, some of which bind to the extracellular matrix.
Structurally, ADAMTSs are synthesized as pre-proenzymes, contain a furin-recognition site,
and comprise several domains. These include a signal peptide, a pro-domain, and a
metalloproteinase catalytic domain with a zinc-binding motif (HEXXHXXG/N/SXXHD).
Although ADAMTS also exhibits a disintegrin-like domain, no tripeptide (e.g., RGD)
sequence has been found. Moreover, there is no evidence that ADAMTS associates with
integrins, as reported for venom ADAMs and disintegrins from hematophagous sources [63—
65]. Other domains include a central thrombospondin type I-like, a cysteine-rich domain, a
spacer region, and a variable number of C-terminal thrombospondin type I-like repeats [62].
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According to our analyses, the PS gland expresses a member of the ADAMTS family, which
was identified as ADAMTS-1 ~ 70 times more than does the AC gland (Table 4). Figure 7A
shows an alignment of bat saliva ADAMTS-1 and other members of this family form
Vertebrata. It harbors all the domains present in ADAMTS-1 (Figure 7B) including the
catalytic site, indicating that this molecule is enzymatically active. The phylogenetic
association among ADAMTS-1 members is presented in Figure 7C. Further, high levels of
expression were found for ADAMTS-1 in the PS gland as opposed to the AC gland (Figure
2A). Functionally, ADAMTS-1 cleaves aggregacan, versican [66], and interacts with the
extracellular matrix, supporting involvement for the TSP domains [67, 68]. ADAMTS-1 has
also been found to display anti-angiogenesis activity through inhibition of FGF-2-induced
vascularization in the cornea and VEGF-induced angiogenesis in the chorioallantoic
membrane assays [69]. Perhaps ADAMTS-1 in bat saliva affects angiogenesis, as previously
reported for tick saliva [70, 71].

Endonucleases (deoxyribonucleases, DNAses)—Deoxyribonucleases are enzymes
capable of hydrolyzing nucleic acids. They belong to the phosphodiesterase family and are
capable of cleaving phosphodiester internal bonds within double-stranded (ds) or single-
stranded (ss) DNA and RNA substrates [72]. Endonucleases from both eukaryotes and
prokaryotes require magnesium for their activity. The function of endonucleases is
associated with repair, recombination, transposition, and degradation of DNA; however,
nucleases are also involved in cell defense and in promoting degradation of foreign nucleic
acids. Recently, neutrophils, basophils, and mast cells were found to release neutrophil
extracellular traps (NETS), which are extracellular DNA fibers comprising histones and
neutrophil antimicrobial protein [73]. NETs are formed by a cell-death program that
proceeds from dissolution of internal membranes followed by chromatin decondensation and
cytolysis (NETosis). NETs induce coagulation through activation of FXII [74], stimulate
platelet adhesion, and intercalate with a fibrin clot to generate a t-PA resistance scaffold
[75]. Notably, bat SGs exhibit a high content of DNAse, being the eighth most abundant
transcripts in the PS gland (Table 4). This signifies that very high levels of endonuclease
activity are present in the saliva. In fact, this enzyme was identified as highly expressed in
the PS gland according to our proteome analysis (Figure 2A). Of note, bat salivary DNAse is
highly homologous to DNAse-1 from several vertebrates (Figure 8A) and exhibits all
conserved domains of this family including a catalytic site, DNA binding site, and metal-
binding site, in addition to phosphate and actin-binding sites [76]. In contrast, bat DNAse
exhibits a ~ 30-amino acid (aa) long residue in the C-terminus that is not present in other
DNAses. Phylogenetic associations among DNAses from Vertebrata are shown in Figure
8B. Conceivably, bat DNAses plays a major role in preventing NET-associated procoagulant
events and in promoting an environment appropriate for plasminogen activation by DSPA.
Endonucleases are not specific for bat SG, as they have been found in mosquitoes, sand
flies, and in simulidae [77] and snake venoms [78]. Consistent with a critical role of
endonucleases as negative modulators of vascular biology, supplementation of DNAse-I
effectively prevents thrombus formation /in vitroand in vivo[74, 79].

Kunitz domain-containing proteins (TFPI)—Kunitz proteins are known to inhibit
blood coagulation such as through blockade of tissue factor, or other enzymes involved in
inflammation [80]. The Kunitz fold can also perform functions beyond protease inhibition,
such as ion channel inhibition. They are also abundantly expressed in snake venom, where
they account for the neurotoxic activity of some venoms though K* channel blockade [81].
From the transcriptome of D. rotundus, we found three distinct families of Kunitz-
containing proteins (protease Kunitz inhibitor, amyloid Kunitz, and TFPI), which vary in
length, cysteine content, and number of Kunitz. Of relevance for hematophagy, one family
of Kunitz was found to be expressed 30-50 times more in the PS gland as opposed to the
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AC gland (Table 4). Members of this family contain two-Kunitz domains and display high
sequence similarity to the anticoagulant TFPI-1, as depicted by a Clustal alignment (Figure
9A) and phylogenetic tree (Figure 9B). Of note, proteome studies (Figure 2A) identified
TFPI as a relatively abundant protein in the PS gland. This discovery is important because
TFPI controls the initiation of the coagulation cascade by the FVIIa/TF complex. TFPI is a
34- to 43-kD multidomain protein with an acidic amino terminus, three typical Kunitz-type
inhibitor domains, and a basic carboxy terminus. The second Kunitz domain binds and
inhibits FXa, and the first Kunitz domain binds the FVIla/TF complex through formation of
a final quaternary inhibitory complex consisting of FVI1a/TF/TFPI/FXa [82]. Interaction of
TFPI-1 with FVIla and FXa is mediated by arginine present in the P1 position of K1 and
K2, respectively [80]. The third Kunitz plays a role in cell surface binding [83]. Another
three- Kunitz inhibitor, named TFPI-2, exhibits arginine at the P1 position, but a glutamic
acid and a serine are present in K2 and K3, respectively. TFPI-2 is a weak inhibitor of
FVI1a/TF but strongly inhibits trypsin, chymotrypsin, plasma Kkallikrein, FXIla, and plasmin
[84]. Inhibition of plasmin and the interaction of TFPI-2 with the matrix suggest that it plays
an important role in regulation of extracellular matrix degradation and remodeling. Bat
TFPI, herein named Desmolaris, resembles human TFPI-1 and TFPI-2 with respect to an
arginine occupying the P1 position in the K1. This domain likely participates in inhibition of
serine protease with specificity that remains to be determined. In contrast, the P1-position
for K2 in Desmolaris is the polar amino acid asparagine. Of note, bovine and equine TFPI-1
displays a polar residue glutamine in the P1 position of K3. Similarly to TFPI-1 and TFPI-2,
Desmolaris displays acidic residues in the N-terminus and basic residues in the C-terminus,
which is involved with interaction with heparin [80]. Nevertheless, it remains to be
determined whether Desmolaris works as an inhibitor of the FV11a/TF complex and PAR2
signaling, such as Ixolaris [85, 86] or Penthalaris [87]. Alternatively, it might target other
serine proteases such as FXa [88], which is inhibited by a molecule present in saliva (named
draculin) and putatively identified as lactotransferrin [11]. Figure 9C shows the secondary
structure prediction for Desmolaris, based on human TFPI [80].

Pituitary adenylate cyclase activating peptide (PACAP)—The critical importance
of vasodilation in hematophagy is illustrated by the different chemical entities found in
several SGs. To promote vasodilation, ticks use prostaglandins (PGE,, PGF5,, and PGl»),
triatomines produce a gas (NO)-carrying molecule, and mosquitoes such as Aedes secrete
tachykinin peptide [77, 89]. Notably, sandflies express maxadilan, a 61-aa peptide that
mimics, without sharing sequence similarities, effects of endogenous PACAP [90].
Functionally, PACAP is 38-aa potent neuropeptide originally isolated from the hippocampus
and derives— along with PACAP-related peptide—from cleavage of the 176-aa pre-pro-
PACAP molecule. PACAP is a vasodilator that belongs to the secretin/glucagon/VIP/
PACAP family [91, 92]. Activation of the PACAP receptor was also shown to inhibit
lymphocyte activation and to have an immunosuppressive effect [93, 94]. Members of this
family mediate their effects through G protein-coupled receptors VPAC1, VPAC2, and
PAC1. These receptors transduce signaling through adenyl cyclase and phospholipase C
pathways [95]. VPAC1 and VPAC?2 receptors have essentially equivalent high affinities for
both PACAP and VIP. PAC1 receptors have been described on neurons and smooth muscle
[96] and have high affinity for PACAP and maxadilan. Notably, the PS gland from D.
rotundus abundantly expresses a transcript to which over 330,000 reads were mapped that
codes for a molecule with high similarity to other vertebrate PACAP (Table 4), as depicted
by a Clustal alignment (Figure 10A), phylogenetic tree (Figure 10B), and proteome analysis
(Figure 2A). In the bat version of PACAP, one insertion of approximately 20 aa at position
76 was observed. The secondary predicted structure of mature PACAP is shown in Figure
10C. The function of the bat PACAP peptide family is most probably related to vasodilation.
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C-type natriuretic peptide (CNP)—In mammals, the natriuretic peptide family consists
of highly homologous polypeptide cardiac hormones: ANP, BNP, and C-type natriuretic
peptide (CNP). Both ANP and BNP have analogous endocrine actions and exert both
peripheral (natriuresis, vasodilatation, inhibition of aldosterone synthesis, and anti-
mitogenic) and central (thirst suppression, inhibition of vasopressin adrenocorticotropic
hormone release, and anti-sympathetic) effects to lower blood volume and pressure.
Additional members of the natriuretic peptide family include urodilatin, a 32-residue
elongated ANP that acts exclusively in the renal circulation, and the snake-derived
Dendroaspis natriuretic peptide (DNP) [97]. CNP was the third member of the natriuretic
peptide family to be discovered. It is present at high concentrations in the cardiovascular
system and other peripheral tissues, most notably in vascular endothelial cells. Like ANP
and BNP, CNP is expressed and stored as a pro-hormone and converted to the active peptide
by a multistep process that involves a ubiquitous “pro-protein convertase” furin. CNP is a
potent relaxant of arterial and venous smooth muscle in most mammalian species /n vitro
and is thought to act locally as a paracrine/autoregulator, as it is cleared rapidly from the
circulation and is present at very low concentrations in plasma. Nevertheless, infusion of
CNP lowers blood pressure in several species, including humans. Indeed, CNP has also been
characterized as an endothelium-derived hyperpolarizing factor. CNP interacts with two
subtypes of natriuretic peptide receptor, namely NPR-B and NPR-C. These receptors contain
at the C-terminus a guanylate cyclase functional domain that generates the second
messenger cGMP for signaling purposes (e.g., vasodilation) [98]. The bat PS SGs express
high transcriptional levels of CNP (Table 4). Figure 11A show a Clustal alignment and
phylogeny of bat salivary PACAP and its vertebrate counterparts. Notably, bat and human
CNP share a similar primary sequence and domain structure (Figure 11B) except for
residues in positions 2, 9, 16 and 17. A predicted secondary structure for mature bat salivary
PACAP is shown in Figure 11C, and a phylogenetic tree for PACAP-related members is
presented in Figure 11D. The function of bat CNP is related to vasodilation.

TNF-a-stimulated gene 6 (TSG-6)—TNF-a-stimulated gene 6 (TSG-6) was initially
cloned from TNF-treated fibroblasts [99]. Structurally, TSG-6 is composed of two distinct
homology regions. The N-terminal domain of TSG-6 represents a structural motif known as
the Link module, which confers affinity for hyaluronan. Its presence defines a family of
hyaluronan binding proteins designated as hyalectans. The C terminal half of TSG-6 forms a
CUB (complement subcomponents C1r/C1s, Uegf, BMP-1) domain whose function remains
unidentified [100]. Notably, TSG-6 has been found to potentiate the antiplasmin activity of
inter-a-inhibitor (lal) as the result of an interaction between the Link module domain of
TSG-6 and the bikunin chain of lal [101]. TSG-6 also inhibits neutrophil migration to
interact with macrophage CD44 and modulate NF-xB signaling. TSG-6 inhibits
inflammation, according to several /n7 vivo models [100, 102]. Bat saliva expresses at least
two members of the TSG-6 family (Table 4) whose Clustal alignment is presented in Figure
12A. One member displays two deletions at the C-terminal. Figure 12B shows the
phylogeny among Vertebrata TSG-6 members. Of note, expression of TSG-6 was confirmed
by the proteome of the PS gland (Figure 2A). Figure 12C depicts a modular representation
of the gene that composes the Link and CUB domains and the structure of mature TSG-6. In
bat saliva, this protein may function as an anti-inflammatory molecule.

Chemokine CCL28—CCL28 is a chemokine signaling via CCR10 and CCR3 that is
selectively expressed in certain mucosal tissues such as exocrine glands, trachea, and colon.
CCL28 is particularly abundant in SGs and plays an important role in mucosal immunity as
a chemoattractant for IgA-producing plasma cells into the mucosal lamina propria [103].
Notably, the C terminus of human CCL28 has a significant sequence similarity to histatin-5,
a histidine-rich candidacidal peptide in human saliva [104]. More recently, it has been
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shown that CCL28 had a potent antimicrobial activity against Candida albicans, Gram-
negative bacteria, and Gram-positive bacteria. Mechanistically, CCL28 exerts its
antimicrobial activity under low-salt conditions and rapidly induces membrane permeability
in target microbes [105]. In our analysis, bat salivary CCL28 was found to be abundant at
the transcriptional (Table 4) and proteome (Figure 2A) levels. It is highly homologous to the
human counterpart according to a Clustal analysis (Figure 13A) and phylogenetic tree
(Figure 13B). CCL28 may function as a broad-spectrum antimicrobial protein in the saliva.

Apyrases, phosphatases, Antigen-5/CRISP, sphingomyelinase, epoxide
hydrolase, and dipeptidyl peptidases—The PS gland also contains a number of
transcripts that are expressed at levels 1.5-25 higher than those found in the AC gland
(Table 4). Several transcripts were confirmed to be expressed according to our proteome
analysis (Figure 2B). The protein families coded by these transcripts will be briefly covered
here. For example, apyrases are Ca2*-dependent nucleotidases that play an important role in
degrading pro-aggregatory ADP [106], which releases from red blood cells and other cell
types [107]. Interestingly, a phosphatase was slightly enriched in the PS gland. The role of
this enzyme is likely associated with removal of polyphosphates, which have been
implicated in activation of coagulation FXII and FXI. FXIla activates the coagulation
cascade leading to FXa, and thrombin formation, which activates PARs. FXlla activates pre-
kallikrein to kallikrein, resulting in bradykinin formation. Bradykinin, a major inducer of
pain triggers increase in vessel permeability leading to edema formation [108]. Dipeptidyl
peptidases are also found in the sialotranscriptome of D. rotundus, with higher expression in
the PS gland indicated by both transcriptome and proteomic analysis. Of note, dipeptidyl
peptidases were shown to have high specificity in destroying plasma bradykinin in tick
saliva[109]. Several secretory carboxypeptidases were also found overexpressed in the PS
gland (by both transcriptome and proteome analysis), and these may also be involved in
degradation of peptidic mediators of inflammation such as bradykinin and anaphylatoxins
[110, 111]. Acid sphingomyelinase was detected at higher expression in the PS gland, in
concordance with the proteomic result (Table 4 and Figure 2A). This enzyme may be related
to immunomodulation of the host [112]. We also found Antigen-5 family members, which
belong to the larger CAP family [113] found in mammals, snakes, plants [113, 114] and are
among the most ubiquitous proteins in the SG of blood sucking arthropods [115]. With few
exceptions [59, 116], their function is unknown. Mucins were found at high levels and may
help to lubricate mouthparts. Finally Ig chains were detected according to transcriptome and
proteome analysis of the gland. Evidently, the function of these proteins in bat saliva can
only be assigned after recombinant expression.

Accessory Gland

Genes associated with antimicrobial peptide (defensin, lysozyme, and
lactotransferrin) and protease inhibitors (cystatins, serpins, Kazal, and TIL
domain-containing proteins)—Transcripts coding for the full-length sequence for an
antimicrobial peptide of the defensin—and particularly lysozyme—families were expressed
at higher levels in the AC gland, as indicated by both transcriptome and proteome analysis
(Figure 2B). Antimicrobial peptides are a regular finding in sialotranscriptomes of
hematophagous insects and ticks. These peptides, when ingested with the blood meal, help
control bacterial growth in the gut and may also protect their host-feeding lesions from
infection [117]. Cystatins are cysteine protease inhibitors of nearly 100 aa. Tick saliva is
particularly rich in cystatins, which have been shown to target cathepsins L and S, to block
inflammation, and to suppress dendritic cell maturation [118]. In the bat, one member of the
cystatin family was identified in the AC gland. It exhibits a high degree of homology to
vertebrate cystatin, suggesting a similar function. Serpins are a ubiquitous protein family
associated with the function of serine protease inhibition, from which the family name
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derives [119]. Bat salivary serpins found in both transcriptome and proteome analysis may
target several proteases, with specificity that remains to be determined. We also found
sequences homologous to neuroserpin, a serpin that inhibits tPA, uPA, and plasmin,
suggesting that it may modulate the activation of fibrinolysis triggered by DSPA [120]. Low
levels of al-antitrypsin, an inhibitor of proinflammatory elastase, were also sequenced. AC
glands also express a protease C1 inhibitor that blocks C1-esterase, inhibits chymotrypsin
and kallikrein, and is a very efficient inhibitor of FXlla [121]. The canonical TIL domain is
found in many protease inhibitors and exerts antimicrobial function. Members of this family
have been found ubiquitously in blood-feeding insect and tick sialomes, but very few have
been characterized [77, 89, 115, 122, 123]. Its presence was confirmed in the proteome
studies (Figure 2B). We also discovered Kazal domain-containing transcripts and proteins,
which are conceivably associated with serine protease inhibition and antimicrobial activity
[124].

Epoxide hydrolases were found expressed in both glands to a similar level, by both
transcriptome and proteome analysis. If expressed in saliva, this enzyme could decay the
levels of epoxyeicosatrienoic acids in the host; however these lipids are vasodilatory [125]
and should have a beneficial effect for vampire bat feeding. The role of these enzymes in
feeding is not apparent. Several other proteins were detected in our results of the proteome
study for AC gland shown in Figure 2B, including galectin, sphingomyelinase, lectin,
PACAP, TSG-6, apyrase, IgGFc-binding protein, lactotransferrin, heme-oxygenase (gi
417398396) and others.

Vampire bat SG proteins: notable modulators of vascular biology—
Bloodsucking animals such as ticks, mosquitoes, sand flies, hookworms, leeches, and bats
are a notable source of bioactive molecules that counteract the host response to injury
through a number of distinct mechanisms [77, 89, 115, 122, 123, 126, 127]. These animals
also operate as vectors of several infectious diseases, either by serving as a vehicle to deliver
the infectious agent or by mechanism that exacerbate the immune response at bite sites.
Therefore, study of hematophagous secretions has been of particular interest to fully
understand the pharmacologic armamentarium of saliva on one hand, and the vectorial
capacity of a given bloodsucking animal on the other. In the case of vampire bats, the SGs
have functionally evolved to face the exigencies posed by an obligate blood diet and to
counteract the host response to injury caused by the skin incision.

Understanding of the composition of saliva and related substances has largely relied on the
massive sequencing and bioinformatics analysis of the cDNAs obtained through library
constructions. These results have often been complemented with a proteomic approach
aimed to confirm the presence of a certain family of proteins in the tissue. To fully
characterize the sequences that compose the genes of D. rotundus SGs involved with
hematophagy, we have employed Illumina technology, which greatly enhances the coverage
of transcripts compared with cDNA libraries used thus far. lllumina uses RNA obtained
directly from the tissue with very few amplification steps, excluding the limitations of
potential overamplification associated with cDNA library construction. Sequencing of
millions of reads indicates that the complexity of the PS gland is much larger and not limited
to activities previously found in the saliva [8, 10, 13-16].

On a technical note, as indicated above regarding transcript abundance and their assembly,
the abyss assembler produced more and longer transcripts than the trinity assembler, but
failed to retrieve the most abundant transcripts possibly because it is a genome assembler
where the expected read abundance should be even, while trinity was optimized for
transcriptome assembly and takes into consideration transcript abundance to join the reads.
Transcripts not retrieved by Abyss (or retrieved in very fragmented way) included those of

J Proteomics. Author manuscript; available in PMC 2014 April 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Francischetti et al.

Page 15

the endonucleases, plasminogen activator, PACAP, antigen 5 and many others. These
considerations were elaborated before on a comparative study of RNAseq assemblers [24]
and will not be further discussed here.

Notably, the most abundant genes recruited by the bat PS gland have been characterized in
bloodsucking arthropods—or in human physiology—as fibrinolytic enzymes (e.g., t-PA and
DSPA), vasodilators (e.g., PACAP and CNP), or putative inhibitors of platelet aggregation
(e.g., secretoglobins and lipocalin), blood coagulation (e.g., TFPI), neutrophil function (e.g.,
DNAses), macrophage activity (e.g., TSP-6), and angiogenesis (e.g., ADAMTS-1). When
compared with those for bloodsucking arthropods, our results do not show a large degree of
redundancy or family expansions among members of these protein families with the
exception, perhaps, of the secretoglobins. It appears that the relatively short evolutionary
history of bats—known to feed on blood for about 2 million years—may be responsible for
this level of complexity of transcripts that is not comparable, for instance, with ticks or
venomous animals [89, 128-132]. Nevertheless, the adaptive roles of this diversity in some
families are explained at least in part by a gene-duplication phenomenon (e.g., Kunitz-type
inhibitors such as TFPI) or deletions (e.g., desmoteplase)[133-135]. The functions of several
bat sequences described here are unknown. Cloning and expressing select genes will help in
characterizing their targets. It may also provide tools to better understand vascular biology
and the immune system. A diagram with the targets of the most abundant bat salivary
proteins present in the principal submaxillary and how they may affect vascular biology is
shown in Figure 14. The inset shows the relative abundance of the most abundant transcript
in the principal submaxillary vsthe AC gland.

Finally, bats are well known vectors of rabies [3, 4]. While the role of saliva in virus
transmission has been documented in tick-borne diseases [136, 137], it is remarkable to note
that components identified at high transcriptional levels in the SG of D. rotundus exhibit
immunomodulatory properties and could be important for virus transmission. For example,
PACAP affects dendritic cell production of inflammatory cytokines and displays
immunomodulatory properties /n vivo[138, 139]. Immunomodulation might also occur
through inhibition of NET-derived neutrophil function through DNAses [140] or blockade
of the coagulation cascade by TFPI [141], among other mechanisms [141].

CONCLUSION

The catalog of transcripts and proteins reported here will allow an in-depth investigation of
the repertoire of antihemostatics and immunomodulators present in vampire bat saliva. It
might also provide leads to understand whether and how salivary components contribute to
host infection by rabies virus and other infectious agents transmitted by D. rotundus.
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ABBREVIATIONS
AC accessory gland
aPS anterior PS
pPS posterior PS
CDS coding sequence
CNP C-type natriuretic peptide
DPSA Desmodus salivary plasminogen activator
H housekeeping class of function
LN lymph node
MS mass spectrometry
NET neutrophil extracellular trap
PACAP pituitary adenylate cyclase activating peptide
pPS posterior PS
PS principal submaxillary gland
PSC plasmin-sensitive processing site
S secreted class of function
SG salivary gland
TE transposable element
TIL trypsin inhibitor-like
TSG-6 TNF-a-stimulated gene 6
U unknown class of function
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Figure 1.

Dissection of Desmodus rotundus glands associated with hematophagy. (A) Female
specimen of D. rotundus used in this study. (B) and (C) Ventral incision of the bat
demonstrates the anatomic relationships of the glands. (D) A closer picture illustrates the
disposition of the glands in regard to other tissues. AC, accessory gland; aPS, anterior
principal submaxillary gland; pPS, posterior principal submaxillary gland; LN, lymph node;
TC, trachea.
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Figure 2B

Proteome of Desmodus rotundus salivary gland (SG) homogenates. (A) Principal
submaxillary gland. (B) Accessory gland. The gel lanes (“7” for the principal gland and
“11” for the accessory gland) show the separation of ~50-100 pg SG proteins. The grid (1-
20) represents gel slices submitted for tryptic digest and MS/MS identification. Numbers is
parenthesis indicate the corresponding transcripts present in Table 4. Numbers at the left
indicate the MW in kD of the protein standards. For a complete list of the proteome see
supplemental spreadsheet which displays complete results, including ion abundances and
statistical analysis.
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Functional classification of the extracted coding sequences from the principal and accessory
salivary glands transcriptomes of Desmodus rotundus based on (A) the number of coding
sequences or (B) the number of reads. The numbers represent the percentage of the total.
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Figure 4.

Desmodus rotundus salivary plasminogen activator (DSPA). (A) Alignment of DSPAYy
sequenced here and other plasminogen activator from D. rotunadus or human t-PA.
Accession numbers are indicated in the figure. The signal peptide, finger domain, EGF-like
domain, Kringle 1, Kringle 2, and plasmin consensus sequence (PCS) are boxed for
comparison. The catalytic triad (His, Asp, and Ser) are boxed and marked with an asterisk.
Note that PSC (FRIK sequence) and Kringle 2 are present in t-PA only. (B) Phylogeny of
plasminogen activators from vampire bats (D. rotundus, Diaemus youngi, and Diphylla
ecaudata), non-hematophagous bats (Carollia perspicillata), and snake venom (Viridovipera
stejeneri). (C) Predicted secondary structure for DSPAvy. The Finger and EGF-like domains
present in DSPA-y are shown as dots. Present in t-PA but not present in any DSPA are:
PSC, plasmin sensitive processing site, and an additional Kringle (arrow). Asterisks indicate
the amino acids that are part of the catalytic triad. Modified from [14].
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Figure5.

Desmodus rotundus salivary lipocalins. (A) Clustal alignment of vampire bat lipocalins
sequenced here and other members from Vertebrata. Accession numbers are indicated in the
figure. BOSTAU, Bos taurus, CANLUP, Canis lupu, EQUCAB, Equus caballus, SUSSCR;
Sus scrofa. (B) Phylogenetic tree of lipocalins from D. rotundus and other hematophagous
sources. Sequences derived from the nonredundant protein database of the National Center
for Biotechnology Information are represented by six letters followed by the NCBI gi|
accession number. The six letters derive from the first three letters of the genus and the first
three letters from the species name. Protein sequences were aligned by the Clustal program,
and the dendrogram was obtained with the Mega package after 10 000 bootstrap replications
using the neighbor-joining algorithm, poisson model. The bar represents 20% amino acid
divergence in the sequences. The color in the branches indicates the groups: red, vampire
bat; blue, triatominae; green, tick; purple, mammalia.
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Figure6.

Desmodus rotunaus salivary secretoglobins. (A) Clustal alignment of vampire bat
secretoglobins sequenced here and other members from humans. Accession numbers are
indicated in the figure. HOMSAP, Home sapiens. (B) Phylogeny for the sequences depicted
in (A).
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Figure7.

Desmodus rotundus salivary metalloprotease (ADAMTS-1). (A) Clustal alignment of
vampire bat ADAMTS-1 sequenced here and other members from Vertebrata. Accession
numbers are indicated in the figure. HOMSAP, Homo sapiens, BOSTAU, Bos Taurus,
CANLUP, Canis lupu, LOXAFR, Loxodonta Africana, MACMUL, Macaca mulatta,
SUSSCR; Sus scrofa. The signal peptide (SP), pro-domain (Pro), metalloprotease domain
catalytic site (boxed), disintegrin (DIS)-like domain, thrombospondin (TSP or TS) domains
(boxed), cysteine-rich and spacer domain are based on human ADAMTS-1. Modified from
[67, 68, 142, 143]. The predicted signal peptide for bat ADAMTS-1 is underlined
(prediction by Signal P). (B) Modular gene organization of ADAMTS-1 members [68]. (C)
Phylogeny of ADAMTS-1 from Vertebrata.
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Desmodus rotundus salivary DNAses. (A) Clustal alignment of vampire bat DNAses
sequenced here and other members from Vertebrata. Accession numbers are indicated in the
figure. Residues involved in catalysis are boxed. HOMSAP, Homo sapiens, CANLUP,
Canis lupu, EQUCAB, Equus caballus, MUSMUS, Mus musculus, MACMUL, Macaca
mulatta, PANTRO, Pan troglodytes, SUSSCR,; Sus scrofa. (B) Phylogeny for the sequences
depicted in (A).
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Figure9.

TFR

Desmodus rotundus salivary tissue factor pathway inhibitor (TFPI). (A) Alignment of
vampire bat TFPI sequenced here and Vertebrata TFPI-1, and TFPI-2. Accession numbers
are indicated in the figure. HOMSAP, Homo sapiens, BOSTAU, Bos taurus, EQUCAB,
Equus caballus, SUSSCR,; Sus scrofa, MACMUL, Macaca mulatta, PANTRO, Pan
troglodytes. PONABE, Pongo abelii. Kunitz domains are boxed (numbering based on
human TFPI). Ixolaris, a TFPI from the tick Ixoldes scapularis is also aligned [85]. (B)
Phylogeny of Kunitz inhibitors (e.g., TFPI, Kunitz protease inhibitor, and amyloid Kunitz
protein) from vampire bats and other members from Vertebrata. (C) Predicted secondary

structure for two-Kunitz vampire

bat TFPI, named Desmolaris. Numbering is based on the

two Kunitz domains of Desmolaris. Arrows indicate the P1” positions. Modified from [80].
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Page 35

Desmodus rotundus salivary pituitary adenyl cyclase activating peptide. (PACAP). (A)
Alignment of vampire bat PACAP sequenced here and Vertebrata PACAP. HOMSAP,

Homo sapiens, CANLUP, Canis lupu, CAVPOR, Cavia porcellus, EQUCAB, Equus

caballus, LOXAFR, Loxodonta africana, ORYCUN, Oryctolagus cuniculus; PANTRO, Pan
trogloditis, SUSSCR; Sus scrofa. (B) Phylogeny of PACAP sequences depicted in (A). (C)

Predicted secondary structure for vampire bat mature PACAP [96].
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Page 36

Desmodus rotundus salivary C-type natriuretic peptide (CNP). (A) Alignment of vampire
bat CNP sequenced here and Vertebrata CNP. HOMSAP, Homo sapiens, BOSTAU, Bos
taurus; CANLUP, Canis lupu, CAVPOR, Cavia porcellus, MACMUL, Macaca mulatta,
PANTRO, Pan troglodytes. PONABE, Pongo abelii, SUSSCR,; Sus scrofa. (B) Modular
gene organization of CNP members. (C) Predicted secondary structure for vampire bat

mature CNP. (D) Phylogeny of CNP sequences depicted in

J Proteomics. Author manuscript; available in PMC 2014 April 26.
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Figure 12.
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Page 37

Desmodus rotundus salivary TSG-6. (A) Alignment of vampire bat TSG-6 sequenced here
and Vertebrata TSG-6. HOMSAP, Homo sapiens, BOSTAU, Bos taurus; CANLUP, Canis

lupu, CAVPOR, Cavia porcellus, EQUCAB, Equus caballus, ORYCUN, Oryctolagus

cuniculus; PANTRO, Pan troglodytes, PONABE, Pongo abelii, SUSSCR; Sus scrofa. (B)

Phylogeny of TSG-6 sequences depicted in (A). (C) Modular gene organization and

structure of TSG-6. Modified from [100].
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Page 38

Desmodus rotunaus salivary CCL28. (A) Alignment of vampire bat CCL28 sequenced here
and other members from Vertebrata. HOMSAP, Homo sapiens, BOSTAU, Bos taurus,;
CANLUP, Canis lupu, MACMUL, Macaca mulatta, PANTRO, Pan troglodyres, PONABE,
Pongo abelii. SUSSCR; Sus scrofa. (B) Phylogeny of TSG-6 sequences depicted in (A).
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Figure 14.

Desmodus rotundus saliva negatively modulates vascular biology. Vascular injury is
accompanied by exposure of collagen, which promotes platelet adhesion and activation.
Activated platelets release ADP and TXA,, which recruit other platelets to the site of injury
[106]. Monocytes, activated platelets, and endothelium generate or recruit tissue factor—
containing microparticles, leading to thrombin formation [74, 79]. Vascular injury also
results in activation of endothelial cells that interact with platelets and neutrophils [144],
resulting in NET formation, which supports platelet and red blood cell adhesion and
facilitates fibrin generation [145]. Bat saliva may down-modulate several of these processes
through intense production of plasmin by DSAP [16], blockade of initiation of the
coagulation cascade by TFPI [80], and inhibition of NET-mediated coagulation activation
by DNAse [145]. Platelet aggregation and vasoconstriction are likely blocked by lipocalins,
secretoglobins [61], apyrases [107], and phosphatases [108]. Neutrophil and macrophages
are also affected by TSG-6 [100], while angiogenesis might be modulated by ADAMTS-1
[62]. Finally, vasodilation is promoted by PACAP [91] and CNP [97]. /nset, relative
abundance of transcripts in the principal submaxillary vsaccessory glands. The transcripts
correspond to the sequences (in parentheses) found in Table 4: Secretoglobin (500441),
lipocalin (495626), plasminogen activator (499018), PACAP (500584), TSG-6 (509950), C-
type natriuretic peptide (CNP, 538594), ADAMTS-1 (517665), DNAses (499100), TFPI
(523646), CCL-28 (506850), antigen-5/CRISP (495870). For details, see text and Table 4 at
http://exon.niaid.nih.gov/transcriptome/D_rotundus/Table4-web.xIsx).

J Proteomics. Author manuscript; available in PMC 2014 April 26.


http://exon.niaid.nih.gov/transcriptome/D_rotundus/Table4-web.xlsx

Page 40

Francischetti et al.

‘[eJIA ‘A Quawa|a aqesodsuel) ‘g1 ‘umounun ‘N (palalass ‘s ‘Buldeaxasnoy ‘H ‘eauanbas Buipod ,mn_om_

00T 8€8 889 881 00T 7ApA% el
cLyE ¥.00°0 188 €T ¥800°0 14 N
81.¢ 1028°¢ 0ve 8TE S SETT'Y LS6T ElR
8¢S YeCT'E OvYy 068 G 88EY'EC T1STTT n
1829 7202’89 €09 T€9 8¢1 8500y 09v 0¢ H
08ve L1v8'G¢e 89G vEL 8Y GEEV'6C €00 vT S

SAOspesd  [e101J0 % SPesy Jo BQWINN 101 40 % SdD JO BquinN sse|0

£SNPUNI0J Snpowsad 10 spuej) AleAlfes ay) wouy pajoenx3 (S@)D) seausnbas Buipo) JO UORIIISSe|D [euolIouN

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 41

Francischetti et al.

SnpunioJ snpowsad 10 sawoldiIosuenofelS ayl wolj uonaun4 BuidasyasnoH e Yiim paleidossy (Sa)) seausnbas Buipo) ayl Jo UoneIIISSe]D [euonounS

NIH-PA Author Manuscript

00T €09 TE9 82T 00T 09% 02 [e1oL
vOLY 95200 0€6 2€ 95200 L abeiols
124744 LEEC0 ¥, 00€ LEETO €c1 uoneslyIxowq
258¢ 91520 65 €2 91520 8 uodx3 Jesjonp
208¢ ¥SL€°0 928 28v ¥SL€°0 L2t wsijoqelsN Arelpawiaiu]
¥86€ 99590 €€9 v¥8 9959°0 (474 LSI|OgeIBIAl 9PIOBIONN
126 0T 99690 TT0 968 99690 28 UOIBIIIX013C/WSIOGIBIA IUBPIXO
695 16690 290 006 16690 L6T WSI|OqeISN PIdY OUIWY
299¢ 2908°0 920/€0T 29080 8¢ s1soidody//uononpsuel 1 [eubis
0Tve SEL0T 658 08€ T GEL0T Sov wsijogeId|N Abiau3
YSPe 20TE'T €GEG89 T 20TE'T 88y wsijoqes N drespAyogred
G9vE 99T 178098 T 99T L€S J0yoe4 uonduosuel |
€59 €850°C 965 L¥9 ¢ €850'C 695 wsljogelsy prdi]
T2y €12eC €88 586 ¢ €12e'T 169 AKssuiyoeln swosesjold
6881 6962 LY8TTIZE 69612 159 suIajo.d [e3a[axs0IKD
298¢ €9€9°C 9T T6E € €9€9'C 8.8 uone|nbay JesjonN
0v6e €8IT'e Y60 TIO ¥ €8IT'e 8T0T sjauueyD pue sispiodsuel |
LTy 0zry'e LIS L2v v ozry'e 090T UoMEeILIPON Ulsl0id
00.6 1818V 009 6.2 9 1818 L¥9 XUIRN Je[n|ja0ex3
2€2S €e8y'S 292 €50 L €e8y's 8veT Modx3 utsloud
9y 2€ 1816'G €T, 689 L 186'G 1€2 Aunwwg
782 €026'9 8.9 T06 8 €026'9 €ETE P3AIBSUOD UMOUUN
G885 L9EE'TT 655 285 ¥T L9EE'TT 8.2 Assuiyoein uonduosuel |
00.€ 8.70°CT 162 L6Y ST 8.¥0°CT 68TV uononpsuelL [eubls
1.8 L€ €90/'6¢ 92L TTZ 8¢ €90/'6¢ 600T Atauiyoew sisayjuAs ursioid
SAOsPedy  [el0LJ0 % SPesy Jo BYWNN  SSe[D Ul [eI0L JO 9%  SAD Jo BqunN sse|D

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 42

Francischetti et al.

TL2L 9.8 ¥2ZsLLT ¢LS1998 TL0TO ST $40s1n%94d uigo|Boe Joss/ul|iydodi
€6€ L98 18.G°6T GZE TYS 6 98,00 7 sJelireo pidi| yio pue uifeoodi
6.S 877000 YARN 98200 4 s1011qIyui asesjold Jayl0
719 92000 /82T £YT0°0 z urewop Jo}qiyut sseutsjoldojfelsin
790 202 86780 82T VIV £YT0°0 z ura104d Burureiuoo urewop 1L
veTC 8EV0°0 LEETC ¥1.0°0 01 suidias
144 9G6¢L°0 965 €5€ 98200 T urewop |ezey
YTET 12000 YIeT 1,000 T unyeisAo
9099 1,200 TICET €100 4 surewop zuuny| pue gAMA yim usbejjod
¥68€ 1202°0 9€C 10T LS8T°0 9 ursjoid zyuny| plojAwy
916 89 VET8'T €. €88 T.0T0 ST urewop ziuny

surewiop JolgIyul eseslo id

T1€8 89000 ¢eee 98200 14 sawAzus JBY10
98¢ ¢T 800T°0 449514 98200 14 ase|oJpAy apixod3
85T 6v70°0 T/871¢ TL0T'0 q1 sasedi]
6982 YIv2'0 0v9 LTT 8262°0 114 sasepndad Jay10
886¢€ 82120 G69 €01 15810 9 (rewososA| aq Aew) suisdayyes pue surewnfan
862T 08000 £68¢ ¥120°0 € sasepndad |Apndadin pue |Apndadig
v18 12 EVET'0 b G9 ¥120°0 € sasealold aunias skemyped bumod
86T ¥870°0 1868 8¢v0°0 9 saseajoud auLIas Jayl0
€T 197 8v/8'C 8€0 TOV T ¥120°0 € JoreAnoe uaboulwse|d
€669 L9€T°0 8¢9 99 19800 4% aseajoudoyels|N
0€9. 0L¥0°0 168 22 ¥120°0 € 3SYNQ
T9TE G6T00 7876 ¥120°0 € aselhdy
08.T L€00°0 08.T 1,000 T asejeydsoyd
sowAzug
SAospesy  [B101 J0 % Spesy JO BQWNN  SSe[Q Ul [el01 JO % SAD JO BqunN sse|o

SNpUNJoJ SNPoWSad 10 awWold1ISURIORIS SU) WOJJ SUIBI0Id Pa18I0as aANRING YIM PaleIdossy (SAD) seouanbag Buipod sy JO UONRIILISSE|D [euolouNS

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 43

Francischetti et al.

00T 89S V€L 87 00T €00'7T el
8Te € 15880 29¢ TEY ¥826°0 0€T uP10.d P21 J08S POABSUOD
T8 1812°LT G/T T6E 8 29S2'TL 8166 sepnded pep J0ss aAlreInd BYIO
269 €507V 926 9VT ¢ 1991°22 ¥0TE T-0F Aj1wrej popuedx3
19T /12 8T.T'6T GLZEVEB 99S1'2 443 supnn
VAA) L¥T0°0 88T. 98¢0°0 14 sureyod By Jay1o
8768 06750 625 192 iz o (0} ureyd A 6
9v€ 0€ veTy 967 €90 ¢ 9581°0 89 ureyo T Bj
9/€ 1€00°0 S0ST 98200 12 usbnue || pue | ssejd DHIN
0S8 65 T2V8'T 1yl 168 TL0T0 GT s1onpoud pajejas Alunwwi JBYyl1o
16€S T99T'0 8G6 08 TL0TO0 GT urajoad Asoreinpowounwiwi 1139 1
G99 89000 veee 15€0°0 S 2 puebi| (Jnow O-X-0) sunjowsyd
990T 60100 0€€s 15€0°0 S / supjowsyd ynow 9-9
s1npo.d parepJ Alunwiw |
679 0v20°0 089 1T G821°0 8T $J03e|NBo JBUNWLWI pUe S J0J0R) YIMO 1D
2€8 88700 116 98100 1T sJore|nbs 1 pue ews|dwoD
eLvy 65700 ¥9€ ¢ 1GE0°0 S sjuabe [e1qoJdIwue JaYlo
82T 855 LSEV'E GBE VL9 T ¥120°0 € aWAzosAT
AN 20000 It TL00°0 T uisusged
00000 sapindad [eiqo oiwnuy
G8T 9T 9950 ovT 6.2 ¥121°0 T SU11%9 7
861 TevT0 0.2 69 000T°0 12" Sjueuodwod X1Tew Je|n|ede.ix3
9T/ 8TT 9T9V'T 86¢ ¢T. 82700 9 seuowl JoyepiidadonsN
LSYS ¥220°0 €16 0T €V10°0 4 OHI 1sse[D/ulngojbo oiw-zgd
G9S 8 ¥026°0 G9S 8 1,000 T Ajiwey ds 140/5 usbnuy
SAOAPesy  [e101 JO 9% SPESY Jo JSqWINN  SSe|DQ Ul [e10] JO 9% SO Jo equinN Sse|0

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 44

Francischetti et al.

oseslold 68’8 IT0 A 8§ GS60E 9IS N 95ezy ¥5z68y-sshavAuunLreg

ST 1 ST ### eseslold  L6°L €70 A ST9 €69T LAD N #8912 82¢66v-sskavAnuLLeg
sasea10.4d aulses shkemyred Buinio|d

9aT 1T 9aT 1 asewAyd 902 Y0 A 26 €6/ 9IS S T8¢ overe-sshqvANuL Leg
sasealo.ld aulses BYI0

€T 1 T 1 onhjouligid  6'T6L 0 A 88 vy 9IS N 99.00%T 8T066v-ssAqvAnuLILeg
Joyenioe usboulwse|d

aseslo.daulies

6 #u# T 1 sisauafolbuy  gv'0 veZ A TLL €106 9IS N 08€9 TLTT2S-ssAqvANuL Leq

8 1 0 sisaudbolbuy  Gv.  TO0 A ShL  92SOT OIS N 2600T G99/ T5-sskawAnun Leg
(T-SLINVQYV) asesjo.do|eP N

vTT ST 1 uonouny jlydonnaN - #8°0 8TT N T18G <c¢z9e 14 9  6v6 60TZEG-ssAavAnuL Lieg

uonouny jiydosnaN 1§69 TO0 A 909 TEEE OIS N LLYTT 00T667-SSAGVANUIILieg

(eseajonuoq1iAx0aq) assVYNA

(AT a1 uonouny JafEkeld 61T 190 A 996 ¥LTIS 9IS N §55€ €69/€6-ssAgwAnun Lieg
aselAdy

uonouny vfRKRId  9€°Z o A 616 ¢TSS 9IS N 08LT 008805-ssAqwAnuL Lyeg

aseleydsoyd

sswAzug

sup10.1d palp Joss aAlreInd

S.L d. SIT dTI pbie | sBWWod  v/d dv d d MW ds N spes. el puljapndad

‘spue|b A10ss800y pue Alejjixewqns [edioulid snpunjos ‘@ 10 sisAjeue ewosjoid pue feuondiosuel |

NIH-PA Author Manuscript

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 45

Francischetti et al.

(1011g1yul asealo id adAl-ziun M) urewop zuunHy

vT1 0 wenbeoonuy  €9¢ €00 A GF6 2E6T OIS x I TIT98E 9v9€¢S-SSAqvAIUILIeg
@11-1dd.L) urewop zyuny

surewop Joligiyul asesloid

9aT T 9aT 1T urjoud paleIdes  9z'T 8,0 A T06 [TE 9IS =« d v6IC 8.€86v-ssAqvAuuniLieg

9aT 1T 9aT 1T aselolpAyay  2T'T 180 11l TIree LAD x« N 918 26912G-ssAqvAnun Lieg
SaWwAzua BYIO

e 1 €T 1 ase|oipAy spixod3  96°0 v0'T 6.9 ¥¢S 91S « N 0v89T 2€9805-ssAqy/AnuniLieq
ase|0JpAyapixod3

z 1 oT T asesdsalAxoqued  9€'T €0 A T9 8029 9IS x W 505 15.6¢€-sshqvAuun 1reg

T 1 L aseutpAwobuiyds  gz'L €10 A 6LS ¥ETS 9IS x N €987 8TT6vS-ssAqy/AnuniLieg
sased|

1 €T 1 umquyoid  S0'T €6'0 TS €86 9IS x« W TvOT 8€85v5-ssAqyAnuniLieq

T 1 T T sasepndad Axoqied  ¥T'T 180 A 9SG Z6TS OIS « W LTV £6/867-ssAqyAnuniLieq

T 1 1T 1 sasepndad Axoqued  96°€ SZ0 A W9 TZO0S 9IS x W 62C 0506vS-ssAqy/AnuniLieq

8 1 L1 asepndadoulwy 2T €0 A €6 00T 19 s« N 0S6C 250687-ssAqvAnuniLieq

L1 L1 8senanuod sululbly 68’7 €50 A €66 80LIT 9IS x N TS8ZT 6895TS-ssAqyAnuniLieq
sasepiided BYI0

9T 1T IT 1 Suisdeyred /€T L0 G9'L /T8 9IS x A 85§ 600Z€-ssAqv/AnuLl L1eg

9T 1T 9aT 1T quisdayled €57 G690 A 6T9 €W 9IS « N TZS9 v¥.62G-ssAavAnun Lieg
(rewososA|aqg Aew) susdayred pue surewnbo

8T 1T IT 1 sesepndad |Apndadia 2870 eT'T €9 TS oIS x N Ge8 62STE-ssAQvANuLI L1eg

L1 9 1 sesepndad |Apndedia sz 70 A G9G 98/8 19 o« W ¥6.2 72y195-ssAqwAnuniLieq
sesepnded |Apndedin pue |Apndediq

S. d. STT dIT Bbre]siewwod  v/d div d d MW dS « N speslfeol yullaphided

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 46

Francischetti et al.

sJoliqiyulaseslold BYIO

lonquyuy eseslold 62T v.°0 858 t0€Z 9IS N Gzv 08T.e-ssAqvAnuL 1reg
longyu| eseslold  9T'T ¥8'0 106 8T 9IS N 2798 6ceres-sshavAnun Lieg
urewop Joliqiyulsseumiosdojer N
oT  #i## 9 I Jonqiyur asesjold  Z'0 867y A V¢S LTSlZ 9IS N G/Tere Ge856r-dbIs-dhisia
u®10.d Bulureiuod urewop |1
T T €T 1 uidiss  8e'T L0 A ST9 L2y 1AD N 606 £0652-ssAqvANuL Leg
YT T T 1 uidiss  ¥5°0 98T A 8LG 2Ty  1AD 4 18vE £5zer5-ssAqvAluL Lieg
8 1 L1 ‘Yur 7O 9seslold 8T 200 A 67 €9T9 9IS N S0EzT 16€2£5-dPIS-dAISIq
0 T 1 uisdAnnue T-o €62 €0 A 899 89 oIS N 9/6T 19181G-ssAqvAnun Lieg
uidisseinsN  19°T 190 A 6.7 [E9F OIS N 26TC 115875-ssAqvAuun L ieg
suides
0 6T T Jlongyur asesiold  Z'0 6% A 8v6 102 9IS N 1665 ove9e-ssAqvAnun Lyeg
urewop [eze
Jonquyur adAi-suleIsky - vy0 92¢ A 68 8791 oIS W VTET G88Ty-ssAqvANuLI LIeg
ulesAD
9 1 S 1 uabe|joo  €¢'T G0 A SLL lZTBIT 9IS N T/98 18155G-ssAqvAluL L 1eg
S 1 z 1 uabejjop  ST'T 180 A 88G ¥I'€6Z OIS N OvSy L1€zz-sshqvAnun 1reg
sufewop zyun pue g MA Yim usbe|jod
unNN- 86 20 A Y uwsL 9IS N 2265 219.06-ssAqvAnun Lieg
unNN - 8y 20 A 697 80S8 9IS N 968T 209.06-ssAqwAuuL L 1eg
uplo.d Z1IUn Y plojAWY
Jonquyur zwuny - $0'T 960 68, 2082 9IS N 9T0E 2e8TYS-ssAqvAnun Lieg
S, d. STIT dIt Bbre]siewwod  v/d div d d MW ds N spesJfeioL yullaphided

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 47

Francischetti et al.

9 T a 1 dsId0  §'9z 700 A 6.8 6€LC 9IS N §9S8vY 0.856v-ssAqvANuL L1eg
Ajiure) ds140/5 ueBiuy

Aojewweyuinuy - 92269 0 A €09 929 oIS W L20SvE 62¢5T5-dbIs-dbisia

oc T ST T Aorewweyuiuy — /v'9 GT0 A 696 802T L1AD S €v0zoz ovT.6v-sshavAnun Lieg
0z T ST Aoewweyuinuy  2z97 200 A G656 996  1AD 4 90€€9T €ETL6Y-ssAqvAnuLILIeg
Aojewweyuinuy  82¥5€ 0 A S 9L's oIS N €9TT89 6865TG-ssAqvANULI Leg

Aoyewweyuinuy €216 0 A S8 GEOT 9IS N T./8060T 186516-dbIs-dbisIa

Aojewweyuinuy - 29269 0 A 898 SOTT 9IS 1 €6LL29 9vT.L6v-ssAqvAnuL Lieg

0z 1 z 1 Aojewweyuinuy  98'¥87 0 A €8 TEOT 9IS N ¥2060€T 9865TG-ssAqvANUL Leg
T 1 0 Aioyewweyuinuy  98°€/2T 0 A 80% 868 oIS N 0S€E90C 2r¥005-sshavAnun Lieg
Aojewweyuinuy  €e'GevT 0 A L6S L9 oIS W 66vT9T TyY005-ssAqvAnuL Lieg

sJosunds.d uigojbole sossyuljiydodi

9T T 9aT T ulesodi] - 19T T90 A 988 TI¥6Z L1AD d 9o0eT T16660G-SSAQvAHUL Lieg
ulesodil - €TYIZT 0 A 9re €9 oIS W 6TTZOVT 0vY005-sSAqwAHUL Lieg

ST 1 ST 1 uedodi LT'T ¥8'0 196 62 oIS N 9vTT 08€295-ssAqvAnun Lieg
1T ## 0 ueoodi] €099 T00 A 8L €8T 1AD S 0$89T 82€9v5-ssAqvAnuL Lieg
ST 1 T ulesodil  Z6'€99 0 A TL6 S08T  LAD O 198897 ¥€9561-sSAqvANUL Lieg
ST 1 0 uedodil - €9%¥8 0 A vLv 68€ 9IS N S699TE y2956v-sshavAnun Lieg
ulesodi] - ¥8'680T 0 A TV v 9IS W TLEV96 TE9561-SSAqwAHUL Lieg

ST 1 0 ulesodi - €9'70TT 0 A 68 80€C 9IS M 9526682 929567-ssAqvAHUL Lieg
uledodi  €8'588 0 A V0L S€E¥C 9IS N 062€.8T 19296v-ssAqvAnun Lyeg

ulesodi] - €2°6T6 0 AL €y 9IS W 99vS8ST 229567-ssAqwANUL Lieg

PR ¥ 0 ulesodi - 99'€eS 0 A 606 8TTZ 9IS d §902TC €09997-ssAqwAHUL Lieg
sJol4reo pidi| yio pue uifedodi

Joyqiyur asepndad G20 90v A 9LL S¥ST 9IS W 90T 6969¢-dbIs-dbisia

Jonqiyur uisdAn-o-1u1 - G9°0 9e'T 166 §'SC ols W 20T 0z9TZE-sshavAnun Lieg

Jouqyus esepndedopus €270 vZT €18 LT8T 9IS N 0OET ¥9¢0Te-dbis-dbisia

8 T 8 T ulingojBoseN-©  T.0 6€T A T9G 8.6 1AD Vv ¥E0T 8528-ssAqv/AHul Lieg
S. d.L STI dTT BB 1 SIBWWOD  V/d dv d 1d  m®w ds N speslfejoL qutjapided

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 48

Francischetti et al.

sjwebe [e1go iwnLe LYo

6T 6T T swAzosA1  2z'0 €5y ve'6  €99T 9IS N evezrT 2¥6005-ssAqvAnuL L1eg
QWAZosA

uisuagep-d 1670 8.1 G06 ¢S oIS N ZTT S00TOY-ssAqvAnuL Lieg

uswReq

sepnded felqo oiwnRuY

€ 9 unoe /8¢ Ge0 90'S  G5682 LAD A ¥69ET €5T805-ssAqvAnuL L1eg
8T 8T T unoe  zzo0 1SV L 999z 9IS N 9/G6S 980%€5-dbIs-dbisia
unoses /90 A V'S S68T  LAD W TEZ 9T0/97-ssAqvAnuL Lieg

g-unjeen  £v'1 69°0 8’8 88'TZ 9IS N €SYT €29925-dbIs-dbisia

vT T T g-unosfes  Gz'1 80 6 oy LAD d 9s0€ 229926-sshqvAnun Lieg
6T 6T T [-unosfes  1eT €0 G299 1202 LAD 3 T £689¢-ssAqvAnuLl Lyeg
ST ST T €-undoees 180 ITT 68'8 €597 LAD N 682 86eG.v-sshqvAnun Lieg
Sule

z A WO3 19T 290 853G [F0EE LAD v 9ery y1ST2G-ssAqvAnun Lieg
€ R ¥ WO3 20T 860 629 2,98  LAD vV Y161 T.¥015-ssAqvAnuL L1eg
WO3 15T 850 G9G 86T 9IS N 88T TET29-ssAqvAnuL L 1eg

1T Wo3 20 6 9T'6 G20z 9IS d 99vT Z19TH-ssAqv/AnuLl Lieg
sjusuodwod X1ijew Jen|poe.Jix3

(dND) JowejiposeA  9z'v2z 0 ##  8LTT 9IS N 8v&ez 7658€5-ssAqvAnuL Lieg

T 0T  ### (vOvd) lorjiposeA  G0'987 0 9 850z 9IS N 6TZ.S€E ¥85005-ssAqvAnuL L1eg
sauow Joyepidado ineN

OHW 90 9T 179 T186T LAD S TE 966/ €-ssAqvAnuLl L req

OHAN TV 1.0 1§68 IEET 9IS N Z/S0T 0v0.25-ssAqvAnun Lieg

xa[dwoo Ayjiqiredwooosly Jofew | sse|D/ulingolfo oiw-zered

S/, d. STIT dTt wBbre | sBWWOD  v/d div d M ds N spealfeiol yut|apnded

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 49

Francischetti et al.

uebljue || pue |ssep DOHIN

ST T ST T auab 8|qINpuI-ANL  €S'SYE 0 A VS ST'LC 9IS N 0T8vV8 056605-ssAqvAluL 11eq
1 T 0 ausb 8|quonpu-ANL  L9°Ch 00 A 9. 6C'T€ 9IS N 0g€8 888/¢5-ssAqvAluL 11eq
(9-95.1) swnpo.d parepJ Anunwwi BY10
0 T T d130/dgd1/Idd <0 867 A 9LL GC6¥ 9IS N 8EE 089¢€€£5-ssAqvAluL 11eq
uonaides ulnsup - G20 66'€ A G998 T¢'S¢ 9IS N 8T6¢ 769085-ssAqvAnuniLieq
L T L T usbnue j8o-1  GZ'T 80 A TS 6.8 1AD 1 vicee TEETTS-ssAqyAnuniLieq
usbnue |190-1  SZ'T 80 A 8T'S /888 1AD 1 90¢ee ZeeTT1S-ssAqvAnuniLieg
usbnue 8o-1  ZS'T S90 A 92S 6806 a4 N 8c¢ce 82eTTS-ssAqyAnuniLieq
upio.d AJoTe||npowounwiwi |Bd 1
aupjowsyo  L€0€ €00 A ###  LEVT 9IS N €95 058905-ssAqvAnuni1ieq
(@3111-82 10D) du oW 10w J-0
s1onpo.d parep 1 Alunww |
qT T ST T sursold eonsylodAy g0 €T A LSV T8¢ 9IS N 06¢T 89¢8¢-dbis-dbisia
LT T LT T 10108} |90 [ewoNS  9¢'€ €0 A 879 P9'EC 9IS N 69T Govees-ssAqyAnuniLieq
sJore|nfd 1 aunwiwi pue s Jo1oe) YyImo 19
9T T LT T wawsdwod  g6g'g 70 A 88§ P9'GC 9IS N Vel 89901-ssAqvAuuLl L reg
S T ] T wawsidwod 6270 9T A T9 ¢Leet 9IS d  /8S¢C Ge/€95-ssAqyAnuniLieq
8 #HHH#H L H#i wawedwod  T'T 180 7’9 E0EV 9IS N 9¢v 299¢€87-ssAqvAnuniLiegq
8 L H#i# wawsdwod  zZ0'T S6°0 T¢9 T19°evy 9IS /A . 14 299¢8v-db1s-dbisiq
9T T 9T T wawsidwod  z6'T 190 A €9V §9'GC 1AD Vv 08¢T ¥Tv.vS-ssAqyAnunLieq
sJore|nba 1 pue Juswe|dwo)d
urxojoydwA| 50 €T A €06 GTZZ 9IS N €91 2Ty98-sshavAnuniLieg
18} 4130/d971/ldd  SE€'T 650 q9's  TG9CT 9IS NS0T 8196¢1-db1S-dbisia
S, d. STT dTT Bhie]suewwWoD  vid div d d MW ds N spesl[elol ul|apnded

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 50

Francischetti et al.

'3Wo0a104d 3y Ul punoy sem u1aloid ay3 alaym (gg pue \yz sainbi4) [96-QT ayr wouy 891S “(puelo jedidutld) S 2 ‘(puelo A10ssaday) S TT

‘(Wnwixew ‘T) uonedlyuapl 4oy anfeA aAndipald 101paid “(puelo edioulld) d /2 ‘(puel A10ssa00y) d TT

'spue|B A10ss820V SA [edIdulld 10} S|9AS] UOISSaIAXa Ul 8dUBIBIp 10} G0'0>d ‘@

‘puelf A10ss80V//|edIduLId 8y ul Jussald sydiiosuely Jo onel ‘v/d

‘pue|b [edidulid/A10ss82y 8y ul Jussald sydiiosuely Jo onel ‘d/y

‘uopod dojs 4o 8oussaid ay) sereaIpul ¢
*

“uiod 0111983081 ‘|

d

‘uIg104d aanew ay syl Jo yBIaM JeIndsjow ‘AIAI

"apndad [eubis jo soussaid ‘dbiS

"3UIUOIYIBW J0 9ouasald By} saledlpul ‘I

8T T ST T urnN- 20 S A 88V GCET PRI N L.TT66T LyzLev-sshavAnunLieg

T 1 4 T unnN- 20 S A 626G GL78T 9IS N 95/2/29 T70e6v-dbIS-dbisia

(umouys Jou spaJpuny) sun N

91 T LT T ureyo ob| 6 IT0 A LT8 92 21S 1 Sy90v 6.6G0G-ssAqvAuunLieg

ureyp 961 9¢ S€0 A L0S TEST oIS N 66€ 9/5Teg-ssAqvAuunLieg

ureyo ol Gy'0 6TC A TCS €6ST PRI N TS y2T9v-ssAqvAnun 1req

91 1 LT T ureyo ol 169 ST0 A ¥0°L 9€¥C 21S T €€65E 296G0G-ssAqvAuun Lieg
ureyd epqure| 6|

T 71 11 T ureyd ol 't 190 A ¥6,. 80¥T  L1AD A 988 6¢€2es-ssAqvAnun Lieg

T 1 0T T ureyo ol €T 9€0 €r'6  VvSET  LAD VA4 4 05e8eT-ssAqvAnun Lieg

4% T 1T T ureyo 961 ST'8 ¢T0 A oS LvIS 14 N L¥20LS 0950TS-ssAqv/AnuniLieq

T 71 11 T ureyd obl  8y'T S90 A L¥'8 86'ST 21S N 6.5 Z1.887-dbIs-dbisia

T 1 LT i ureyo ofl €9 €10 A 2T6 STST 21S N 6L% 108961-ssAqvAuni Lieg

6 T 6 T ureyo 961 €90 ST A 189 9L6F LAD S  ¥.91 G896€-ssAqvANULI LIeg
ureyo nw b

g1SsePOHN  ¥S'T 290 A 9L'S €97T1¢E PRI N 9S¥ 19720G-ssAqvAnun Lieg

S. d. STT dT1T pbre | sewwod  v/d dv d |d MW ds N spesllelol ui|apnded

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



Page 51

Francischetti et al.

‘uonoipald aulplaploq ‘19 ‘0110s01Ad ‘1 AD ‘apndad [eubis ‘OIS
"XUJewW Je[n||adenxa ‘N3 dolqgiyul “yuj

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteomics. Author manuscript; available in PMC 2014 April 26.



