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Resumen

Los péptidos antimicrobianos (AMP) emergen como una solucidon novedosa a la
creciente problematica de la resistencia a antibioticos. Los AMPs han sido descritos
en varios organismos por métodos experimentales o in sillico, pero pocos esfuerzos
se han hecho para explorar AMP en biomateriales prometedores como la seda de
arafa. La seda de arafia esta en un alto riesgo de infeccién por microorganismos al
estar expuesta directamente al ambiente y varios reportes muestran que este
biomaterial puede inhibir su crecimiento sugiriendo la presencia de compuestos
antimicrobianos. En este estudio, disefié e implementé un pipeline para extraer AMP
a partir de marcadores de secuencia expresada en glandulas de seda de arafa
basado en alineaciones con bases de datos de AMP y perfiles de Modelos Markov
Escondidos de familias de AMPs. Usando seis sets de datos EST, descubri cinco
péptidos descritos y tres nuevos que son expresados en glandulas de seda. Se
sugiere que los péptidos conocidos son parte del sistema inmunoloégico humoral.
Uno de los tres péptidos novedosos tiene posible actividad antimicrobiana debido a
su estructura anfipéatica, demostrando el potencial de las glandulas de la seda como
fuente de AMPs. A pesar de que la mayoria de péptidos fueron descubiertos en
glandulas de seda, deben ser exploradas en la seda una vez que esté en el

ambiente.

Palabras clave: péptidos antimicrobianos, bioinformética, marcador de secuencia

expresada, seda de arafia, glandulas de seda



Abstract

Antimicrobial peptides (AMP) emerge as a novel solution to the increasing problem
of antibiotic resistance. AMPs have been described in several organisms by
experimental or in silico analysis, but little efforts have been made to screen AMP in
promising biomaterials such as spider silk. Spider silk is at high risk of microorganism
infections from being exposed directly to the environment, and several reports show
that this biomaterial can inhibit their growth. Although the mechanisms behind
antimicrobial defense of spider silk is still unknow, studies suggest the presence of
antimicrobial compounds. Here, | designed and implemented a pipeline to mine AMP
from Expressed Sequence Tag (EST) data of spider silk gland tissues based on
alignments with AMP databases and Hidden Markov Models profiles of AMP
families. Using six EST datasets, we discovered five known and three novel peptides
that are expressed in spider silk glands. Known peptides are suggested to be part of
the humoral immune system of spiders. One of the three novel peptides has the
potential to be antimicrobial due to its amphipathic structure, demonstrating the
potential of spider silk glands as a source of AMPs. Although most peptides were
discovered from silk glands, they need to be screened in silk once it is in the

environment.

Keywords: antimicrobial peptide, bioinformatics, Expressed Sequence Tag, spider

silk, silk glands



Abstract

Antimicrobial peptides (AMP) emerge as a novel solution to the increasing
problem of antibiotic resistance. AMPs have been described in several organisms
by experimental or in silico analysis, but little efforts have been made to screen AMP
in promising biomaterials such as spider silk. Spider silk is at high risk of
microorganism infections from being exposed directly to the environment, and
several reports show that this biomaterial can inhibit their growth suggesting the
presence of antimicrobial compounds. Here, | designed and implemented a pipeline
to mine AMP from Expressed Sequence Tag (EST) data of spider silk gland tissues
based on alignments with AMP databases and Hidden Markov Models profiles of
AMP families. Using six EST datasets, | discovered five known and three novel
peptides that are expressed in spider silk glands. Known peptides are suggested to
be part of the humoral immune system of spiders. One of the three novel peptides
has the potential to be antimicrobial due to its amphipathic structure, demonstrating
the potential of spider silk glands as a source of AMPs. Although most peptides were
discovered from silk glands, they need to be screened in silk that have been exposed

to the environment.
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Introduction

Increasing antibiotic resistant infections is an important and severe problem
that affects humans worldwide [1]. Bad practices in disease control and antibiotic
abuse have made many antibiotics obsolete, increasing the vulnerability to antibiotic-
resistance pathogens and decreasing available treatments [2]. Antimicrobial
peptides (AMP) emerge as novel candidates of antibiotics because they target the
membrane of microorganisms, while traditional antibiotics act on specific target
proteins that are altered, resulting in a less susceptible receptor [3]. AMPs have a
high potency and selectivity, can inhibit a wide spectrum of microorganisms, and
have low toxicity and low tissue accumulation [4]. However, few drugs are based on
AMPs, so it is of paramount importance to increase screening and testing of AMP
as antibiotic treatments. These compounds had been isolated and described in
several organisms of different taxa, but few efforts had been made to describe AMPs

in promising biomaterials such as spider silk glands.

Spider silk is a versatile biomaterial with several biological functions such as
spider web construction for catching and wrapping prey, communication through
vibrations, building egg sacs, and offspring protection [5]. It has enormous potential
in the development of biomedical materials [6] due to its mechanical properties [7]
and biocompatibility in mammal cell lines [8]. Spiders of the super family Araneoidea
produce silk from seven specialized glands: flagelliform, aggregated, major
ampullate, minor ampullate, aciniform, piriform and tubilifrom [9]. These glands,
except when aggregated, produce auto assembly proteins called spidroins that are
the structural base of silk fibers [10]. Aggregated gland produce glue cover, which is
composed of organic molecules such as glycoproteins, amino acids, fatty acids,

amides and others [11]. A combination of different fibers and glue cover allow silk to

11



be produced with different properties and functions. Although silk may confer a
versatile material for spiders, it also poses an infection risk from its surrounding
environment. Several studies report antimicrobial activity in silk of different spider
species suggesting antimicrobial compounds as the mechanisms for this feature
(Table 1). Some of the tested microorganisms listed in Table 1 are in the World

Health Organization list of priorities for new drugs resistant pathogens [12].

Table 1. Microorganisms inhibition assays with spider silk

Family Specie Silk type Microorganisms Reference
. Tegenaria Dragline and Bacillus subtilis,
Agelenidae g . I gl — - [8]
domestica capture Escherichia coli
E. coli
Araneidae Nephila pilipes Dragline Staphylococcus aureus [13]
Pseudomonas aureginosa
. Pholcus E. coli
Pholcidae _u. Cobweb — [14]
phalangioides Listeria monocytogenes
. Stegodyohus Capture and . S
Eresidae 9 _y ! piu Bacillus thuringiensis [15]
dumicola refuge
. . Streptococcus sp.
Araneidae Cyclosa confraga Not specified - [6]
Acinetobacter sp.
B. megaterium
Salmonella typhi
Klebsiella pneumoniae
Lycosidae Pardosa brevivulva | Not specified Aspergillus flavus [16]
Candida albicans
Ustilago maydis
Alternaria solan
- Latrodectus .
Theridiidae Gumfoot E. coli [17]
hesperus

Although antimicrobial activity of spider silk is still unknown, it has potential
to be a source of novel AMPs against pathogenic microorganisms. For example,
Pseudomonas aeruginosa and Staphylococcus aureus were used in inhibition
assays with dragline silk of Nephila pilipes; results showed a significant decrease of

growth capacity of these bacteria [13]. In the same way, Streptococcus pneumoniae

12



was tested against Cyclosa congrafa silk with similar results [6]. These antimicrobial
properties can be explored using several approaches, but by far the most used are
in silico analyses since there are many available databases that can be explored

and mined bioinformatically.

Bioinformatic approaches offer a strong research tool as the enormous
amount of transcriptomic data in databases allows us to easily discover many
potential compounds from existing data. Some studies focus on the discovery of
novel compounds from expressed sequence tags (ESTs) of mammals, plants and
insects using tools such as Open Reading Frame (ORF) predictors, alignment tools
and Hidden Markov Models profiles (HMM). ESTs are short sequence reads (200-
800 bases) derived from 5’ or 3’ ends of cDNA libraries that provide information about
expressed genes [18]. These reads are analyzed to get ORFs that are translated
into amino acid (AA) sequences and then align with known AMPs. Missed reads are
found applying HMM profiles of AMP families; these profiles are statistical models
that describe the evolution of events (transitions, indels, deletions, mutations) in a
sequence [19,20]. Biomining of EST data has been successfully applied to discover
AMPs in birds [21], plants [22], and even arthropods [23,24]. Thus, bioinformatic
mining of EST data on spider silk offers a unique opportunity to explore this

biomaterial.

The process of mining EST data for potential AMPs can be divided in three
main steps: curation, mining and analyzing. Curation of EST involves trimming
adapter sequences of the used cloning vector in order to avoid clustering
heterologous sequences in further steps. This process can be done with tools like
Figaro, which calculates oligo frequencies in the 5’ region [25], and cross_match [26]
that compares reads with the cloning vector sequence. Trimmed sequences are then
clustered to avoid analyzing individual sequences that are homologous to others with
tools such as MeShClust that implements an optimized algorithm of clustering

process [27].
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The mining step of EST data involves ORF prediction, database alignments
and HMM profiles. Conventional ORF prediction programs, which are specialized for
proteins, are not useful for mining AMPs with varying sequence length from less than
10 to hundreds of AA. MiPepid (Micro-Peptid Identification) is a state of the art
Machine Learning tool developed to predict short ORFs that code for small peptides
(<=100 AA) making itideal for mining ORFs from ESTs [28] Predicted AA sequences
are then compared with AMP databases to know if they had been described. LAMP
and CAMP are the two largest and most complete AMP databases, with more than
23,000 and 8,000 sequences respectively [29,30], which allows us to explore AMPs
previously described in various taxa . If no-hit sequences are found, then the AMPs
present in them can also be explored using HMM profiles. CAMPSign is a tool to
predict AMPs comparing AA sequences against 75 HMM profiles of 45 AMP families.
This tool implements more than one profile by AMP family based on their size,
allowing them to be classified by family and length [31].

The last step in the pipeline, analyzing, involves determining physicochemical
and secondary structure properties of the candidate AMPs found in the previous
step. DBAASP v3.30-Property calculator is used to determine the physicochemical
properties such as net charge and hydrophobicity [32]. Secondary structure can be
determined by Pep-Fold, a peptide structure specialized tool [33]. This information
is used to analyze the position of AA residues and later visualize the peptide. For
example, HeliQuest server allows to plot helical wheels that highlight polar and
hydrophobic regions [34]. All these tools for curating, mining and analyzing EST

sequences are essential for finding candidate AMPs from any organism or tissue.

In this study, | designed a pipeline based on the above-mentioned process
for AMP discovery from EST data. We implement this pipeline to explore the
potential of spider silk glands as a source of AMPs. Using spider silk gland libraries
obtained from the GenBank-EST database | found eight peptide sequences both

known and unknown and evaluated their potential antimicrobial activity.
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Materials and methods

EST (Expressed Sequence Tag) sequences were obtained from the
GenBank database (www.ncbi.nlm.nih.gov/genbank/dbest/). Samples that contain
at least one spider silk gland tissue were selected and sequences were downloaded
in FASTA format. | obtained and analyzed six EST datasets from five species that
include samples with all silk gland tissues, only aggregated silk gland tissue, and
whole spider tissue. Figaro v1.05 [25] and cross_match v1.090518 software were
used to trim adapter sequences (Fig 1, step 2). These programs revealed that EST

sequences were already trimmed for adapter sequences.

1 2 3

~ORF is coding &&
EST data % Vector clipping ——* Cluster }— N in sequences 4{ ORF prediction }— _chan(e 09 )

crass_match
GenBank Figaro MeShClust Yes l

Yes
5 P 9

Remove

< . %N < 10% /, duplicates

Yes
6 10

Trim sequences Translate

11

Remove
duplicates

3 '

/
14

No / )

<__E-value < 10E-5

Yes
15 16

HMM search }——{ Peptides list

Fig 1. Diagram for AMP discovery using silk gland EST sequences.
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Original EST datasets were obtained from the GenBank-EST database considering
tissues with at least one silk gland (Step 1), then sequences were clustered using
MeShClust program (Step 3). Clustered sequences that contain ‘N’ char on them
were trimmed (Step 4-6), and complementary sequences were obtained for each
read (Step 7). MiPepid program predicted all ORF and the chance of being coding (Step
8), duplicated sequences were deleted (Step 9). Coding and non-duplicated ORFs were
translated into AA sequences (Step 10). AA duplicated sequences were deleted (Step 11) and
were BLAST against the LAMP database (Step 12-14). Non-aligned sequences were
compared against HMM profiles of CAMPSign server (Step 15).

The ESTs were clustered using MeShClust [27] with the following parameters: id
0.75, kmer 5, delta 5, iterations 20, align, sample 3000, pivot 40, and threads 1. Then,
clustered sequences were merged using multiple alignment to obtain consensus
sequences. Both consensus and non-clustered sequences with less than 10% of “N’s” were
selected and if N’s were present, they were trimmed (Fig 1, step 4-6). ORFs were determined
with the MiPepid program [28], and coding sequences with a chance greater than 90% were

translated into AA sequences.

AA sequences were blasted against the LAMP database with an e-value of 1E-4. No-
hit sequences were then compared with HMM profiles of 45 AMP families using CAMPSing
[30,31]. Match blast sequences were compared with the CAMPR3 database. Matches were
compared against the non-redundant protein sequence database. The secondary structure of
novel sequences was modelled with Pep-Fold server [33] and graphed with BIOVIA
Discovery Studio Visualizer software. To determine hydrophobic and polar regions of novel
peptides | plotted helical wheels using HeliQuest server [34]. Net charge and mean
hydrophobic moment were calculated with DBAASP v3.30-Property calculator tool using
the Moon and Fleming scale [32]. Further details on data, methods, and pipeline can be found
in the GitHub repository for this project
(github.com/alexsanyum/AS_Thesis_ AMPSpiderSilk)
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Results

| obtained a wide range of retained reads, ORFs and AA translated sequences for each
of the EST dataset (Fig 2). For aggregated silk gland data, | obtained 66 reads from Leucauge
venusta datasetl [35] and 59 reads from Parasteatoda tepidariorum [36]. For all silk glands,
| obtained 86 reads from L. venusta dataset2 [37], 512 reads from Nephila antipodiana [38],
and 51 reads from Steatoda grossa [39]. For whole spider, 245 reads were obtained from
Latrodectus hesperus [40]. After screening for vector residues in the sequences and not
finding any residues, | obtained a total of 832 clusters for all datasets. After, sequences
containing Ns were filtered and trimmed (Fig 1), resulting in a total of 847 sequences.
Forward and complementary sequences (1,692 reads) were used for predicting ORFs with
MiPepid obtaining 16,114 ORFs, of which 8,810 were classified as coding. After removing
duplicate sequences, | translated each ORF into AA sequences and further removed translated
duplicates (synonymous codons), retaining a total of 6,969 reads that were used in

downstream analyses (blast and comparison with HMM profiles).
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Fig 2. Summary of sequences retained at each step of the pipeline from the six

datasets used.

| obtained BLAST matches for five AA sequences against known AMPs
(using the CAMP database), and three matches using predictive HMM profiles
(Table 2). For L. hesperus | found two matches: LhB_seql and LhB_seqz2; for N.
antipodiana | found two matches NaB_seql and NaB_seqZ2; for S. grossa | found
one match SgB_seql; | did not find known peptides in the L. venusta and P.
tepidariorum datasets. Half of the peptides matches have positive net charges, while
the rest have neutral charge. Mean hydrophobic moments vary from 0.26 to 1.97.

18



Table 2. Blast and HMM matches that produced significant alignments, their respective
net charge, mean hydrophobic moment and their CAMP accession ID.

Match Mean
Meth Net . .
Dataset Name ethod fragment chaerge Hydrophobic | Accession ID

used
sequence moment

KVHGSLARA
GKVKGQTPK
VEKQEKKKR
L. hesperus LhB_seql Blastp KTGRAKRRM +18 0.32 CAMPSQ3754
QFNRRFVNV
VVTFGRKKG
PNSNS
MQFNRRFVN
L. hesperus LhB_seq2 Blastp VVVTFGRKK +5 0.45 CAMPSQ3754
GPNSNS

L. hesperus LhH_seql HMM 'S;S-[C;LNTVY 0 0.82 CAMPBacH32
L. venusta 2 Lv2H_seql | HMM LWKTLLK +2 1.97 CAMPDerH28
MQIFVKTLT
’:r.w tipodiana NaB_seql Blastp SSIII;I\I'\E/%_PK +1 0.52 CAMPSQ3702
IQTKKASPQ
GGKAGQDAC
KGDGGGPLV
CFRSCAGGK
AGQDACKGD
GGGPLVCFR
NaB_seq2 Blastp SDNSYTVAG 0 0.264 CAMPSQ3345
LVSWGIDCG
QEGIPGVYV
NVKKYNDWI
VSKTQKPIEN
Y
FYYNDVAKK
CEIFYYGGCK
S. grossa SgB_seql Blastp GNENNFPSE -2 0.26 CAMPSQ2798
DHCKEAGG
AAGNAAKG

SgH_seql | HMM | (/0 0 0.93 CAMPDerH

N.
antipodiana

S. grossa

Although CAMP BLAST hits of known peptides matched with AMPs from non-
spider or arachnid species, BLAST using the non redundant protein sequence

database matched with the same peptide sequences found in spider and other
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species (Table 3). LhB_seql and LhBseq2 matched with the same sequence in
CAMP and in the non redundant protein sequence database. NaB_seql aligned
against Ubiquitin of bacteria, parasite, and a rodent species, while NaB_seq2
matched against phenoloxidase activating factors of different spider species.

SgB_seql matches against Kunitz protein of parasite, crab and a rodent species.

Table 3. Description and source organism of blastp matches of CAMP and top three
non-redundant protein sequence database hits.

Sequence CAMP Source organism Source Organisms | Non redundant database

e S.dumicola | Ubiquitin-like protein 1-40S
ribosomal protein S27a

o Dolomedes sulfureus | Ubiquitin-like 40S
ribosomal S30 protein fusion

e Araneus ventricosus | 40S ribosomal protein
S30

e S.dumicola | Ubiquitin-like protein 1-40S
ribosomal protein S27a

LhB_seq2 | Ubiquicidin Mus musculus e P.tepidariorium | Ubiquitin-like protein
FUBI

e S. mimosarum | 40S ribosomal protein S30

e Flavobacterium sp. | Ubiquitin

e Paragonimus kellicotti | Hypothetical protein
AH37_07978

e Octodon degus | Ubiquitin-like

e  Araneus ventricosus | Phenoloxidase-
activating factor 2

e Argiope bruennichi | Phenoloxidase-

LhB_seql | Ubiquicidin Mus musculus

NaB_seql | CgUbiquitin | Crassostrea gigas

NaB_seq2 | TCP Homo sapiens activating factor 2 like protein
e P.tepidariorum | Serine proteinase stubble-
like
e Schistosoma haematobium | Putative kunitz-
SgB_seql | Luxuriosin® Acalo_lepta typ_e protease inh_it_)itor o _
luxuriosa e  Chionoecetes opilio | Amyloid-like protein 2

e Mus caroli | kunitz-type protease inhibitor 3

*Non significant alignment

In order to find AMPs that could be missed by blastp, | used the CAMPSign
tool. MM profiles of CAMPSign returned two sequences classified as dermaseptin
for L. venusta dataset2 named as Lv2H seql and for S. grossa named as

SgH_seql. Lv2H_seq was classified as a dermaseptin of a fixed length of 28 AAs,
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while SgH_seql has variable AA length. | also discovered one bacteriocin in L.
hesperus LhH_seql that was aligned against a profile of 32 AA in length. All novel
peptides show helical secondary structures (Fig 3). Helical wheel plots show that
LhH_seql has polar and hydrophobic regions while for SgH_seql there are not.
Lv2H_seql helical wheel was not plotted because its short length of 7 AA is not

supported by the used server.

A B

®9_0
@ 7 e
Q L) @

L \._ 4
B\

Fig 3. Secondary structure models (top) and helical wheel plots (bottom) of
novel peptides.

Purple: polar residues, yellow: hydrophobic residues. (A) LhH_seql, (B) Lv2H_seql, (C)

SgH_seql.

Discussion

Here, | developed and implemented a pipeline to discover AMPs from EST
data, and found a total of five described and three novel peptides from spider silk
gland tissues that have not been previously reported. Peptide discovery represents
the first approach to investigating the potential of AMPs in silk glands. Previous
research into exploring properties of silk have mainly focused on understanding

mechanical properties [7,41,42], silk proteins and their properties [5,40,43] and
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synthesis [44—46], but no previous research had examined antimicrobial compounds

in silk glands.

The analysis includes three important achievements used separately in
previous studies: MiPepid ORF finder program, blastp and CAMPSign. MiPepid is
able to predict potential coding ORF [28], blastp can compare those translated ORF
against known peptides [47], and CAMPSign can find missed peptides through HMM
profiles [30,31]. Although only five known peptides and three novel peptides
sequences were discovered with the pipeline, this number is high compared to
similar studies on different species where thousands of EST reads were analyzed
resulting in a small number peptides. For example, mining more than 420,000 reads
(compared to 1,022 reads analyzed in this study) resulted in nine novel peptides in
Gallus gallus [21]; further, in a Brassica napus analysis of more than 810,000 ESTs,
972 genes matched against known AMP [22]. The analysis of 1,305 sequences of
Phoneutria nigriventer venom glands resulted in a discovery of 51 cysteine-rich
peptides [23]. It can be suggested that while the number of reads increase, the
chance to find peptides also does. AMPs in the two datasets derived from
aggregated gland tissue were not found, suggesting their potential absence in this
gland. However, it is likely that we did not find any AMPs due to the much smaller
datasets (Fig 2). The largest datasets used (N. antipodiana, L. hesperus, and L.
venusta 2) resulted in six of the eight peptides found. However, the smallest dataset
(S. grossa), that was obtained from all silk gland tissues, resulted in a total of two
peptide matches, suggesting other factors may have also caused the absence of

peptides sequences in the two aggregated gland tissue samples.

Many factors could affect results in aggregated silk gland datasets (L. venusta
and P. tepidariorum), such as the nature of the gland and the software parameters
that were used. Aggregated silk glands do not produce silk fibers proteins as the
other six types. Instead, this gland produces the glue cover of silk that is conformed
by a complex mix of inorganic salts, proteins, peptides, lipids and aromatic toxins

[48]. Current knowledge about aggregated silk gland comes only from orb-web and
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cobweb spiders, and very few peptides have been associated to this gland, such as
bradykinin in Trichonephila clavipes [49] and SCP-1, and SCP-2 in L. hesperus [11]
(none of which have been tested for antimicrobial activity). Despite the low number
of peptides described for aggregated silk glands, it is the only gland that has been

related to peptides.

Various factors in the pipeline, such as trimming sequences and MiPepid filter
methods used instead of the nature of the gland itself could potentially have
significant effects in the results and their interpretation. For example, the process of
trimming sequences in order to eliminate unknown bases (Ns) (Fig 1. Step 4-6) may
directly affect the amount of ORFs that can be found especially in datasets where
the amount of Ns was big. Trimming sequences each time that a N was found
reduces readable ORF (it is possible to trim sequences after the beginning of an
ORF) affecting further process of the pipeline. For example, P. tepidoriorum dataset,
that did not return any AMP, have a great amount of Ns specially in the 3’ regions.
In contrast, N. antipodiana dataset did not contain any N in their reads, and was the
dataset with more AMPs found.

In the same way, MiPepid program predicts ORFs and estimates the
probability of it being coding or not. Here we apply a random high filter and choose
only genes with a chance of coding greater than 90% (Fig 1, step 8). This filter
dramatically reduces the number of sequences in further steps of the pipeline. For
example, in the troubleshooting phase, we accidentally analyzed ORFs with a
probability less than 90%, finding peptides in all datasets. The lack of AMPs found
in aggregated silk gland is likely to be more associated with the quality data and the
pipeline instead of nature of the gland. To confirm this, it will be needed to analyze
no ambiguous aggregated silk gland EST data and reduce MiPepid results filter.

However, MiPepid filter must be permuted to obtain an optimized parameter.
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Known peptides

Known peptides found in the silk gland ESTs had never been reported as
AMPs for spiders nor other arachnids. CAMP queries revealed that AMP matches
are from non-spider species such as rodents, parasites, bacteria, insects, and
mollusks (Table 3). These results are due to the use of LAMP and CAMP, specialized
databases. These databases are specific for AMPs that have been validated by
experimental or in silico methods [29,30]. Thus, like a few spiders and arachnids
peptides are screened for antimicrobial properties, it is not surprising that all hit
results were against peptides where sources are from non-spider species. In order
to contrast this, | analyze the same peptides against the non redundant protein
database (Table 3).

LhB_seql and LhB_seq2, which originally matched against Ubiquicidin, hit
with spiders 40S ribosomal proteins, suggesting that these AMPs can be generate
through protein proteolysis. Peptides generated by proteolysis are common in the
humoral immune system of many species [50]. Given that these samples were from
while body samples, it is likely that these peptides are part of L. hesperus innate

inmune system instead of silk-specific microbial defense.

NaB_seql was matched against ubiquitin of different taxa (Table 3). Ubiquitin
is a peptide with proteolytic functions and antimicrobial activity, and is part of the
humoral immune system of many taxa. It acts as a signal in processes such as
bacterial infection defense, DNA damage repair, gene regulation [51], and innate
antimicrobial activities [52,53]. Ubiquitin isolated from C. gigas shows activity against
Streptococcus iniae and Vibrio parahaemolyticus [53]. N and C terminal fragments
of bovine ubiquitin have activity against Gram positive and Gram negative bacteria
and filamentous fungi [52]. The presence of ubiquitin in ESTs derived from spider
silk glands suggests two mechanism of actions, one as a signal against bacterial

infection and other as an AMP.
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NaB_seq2 matched against TCP (Thrombin-derived C terminal peptide) in
CAMP and phenoloxidase (PO) activating factors in the non redundant protein
sequence database. Both TCP and PO activating factors are related to serine
protease cascade, an immune response against microorganism infection on
vertebrates and invertebrates [54]. In spiders, humoral immune system activates due
to the recognition of pathogen-associated molecular patterns (PAMPSs). PAMP
recognition can deliver melanin in the hemolymph [55]. Serine proteases and PO
plays a key role on that process. First, PAMPs are known to activate a series of
serine proteases that activate proPO-activating enzymes which activate PO
enzymes. PO catalyses the oxidation of phenolic compounds into quinone, which is
polymerized by generating melanin [56]. Despite PO activation factors playing a key-
role in the humoral immune response against microorganisms [56], the same
molecule has antimicrobial activity. Thrombin, a human serine protease, is
amphipathic, cationic and has a helical structure, all common properties in helical
AMPs that have been found to have antibacterial and antifungal activity [57]. This
suggest NaB_seq2 is part of the humoral immune system in the serine protease
cascade and potentially also an AMP.

SgB_seql matched non-significantly to the insect peptide luxuriosin, and
Kunitz protease inhibitors of parasites, arthropods and rodents. Luxuriosin has a
Kunitz domain in its structure. Kunitz family inhibitors regulated the serine protease
cascade in arthropods [58]. Thus, like previous described AMPs, SgB seql is
suggested to be part of the humoral immune system of spiders as a regulating factor

of the serine protease cascade.

Novel peptides

Novel peptides found in this study all have common properties of the a-helix
AMP group. LhH_seql shows helical and amphipathic structure hence the chance
to have antimicrobial activity is high despite its neutral charge (Fig 3.A, Table 2). The
positively charged side allows it to interact with the negatively charged membrane
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and then insert itself into the non-polar region disrupting it, forming pores, barrels or
breaking down the bilayer structure [59]. It was described that positive net charge is
not a critical parameter for antimicrobial activity but it is for hemolytic activity. While
net charge and number of positive charged increase, hemolytic activity also does
[60]. In this context, LhH_seq1l likely has high antimicrobial activity and also low

hemolytic activity making it an ideal candidate for further testing.

In contrast, SgH_seq1 did not show AMP properties and Lv2H_seql was too
short to analyze AA residues positions. Despite SgH_seql having a helical structure,
it does not have polar and hydrophobic sides (Fig 3.A), impeding electrostatics
interaction with membranes. However, it is possible to modify AA sequence content
in order to get amphipathic structure [61], yet this method requires various forms of

validation.

All novel peptides found in this study should be validated by in silico or
experimental methods. Here, | implemented HMM profiles to obtain previously
unknown AMPs in spider silk glands, yet further research is needed. Although other
bioinformatics tools exist for predicting AMP activity, such as molecular docking (a
tool that allows to simulate drug-membrane interactions and predict membrane
disrupting mechanisms [62]) experimental methods are more widely accepted as
validation of AMP candidates. Predicted AMPs are produced through chemical
synthesis and then used in antagonist assays [24]. Target microorganisms must be
focus on those present in Table 1 which have been proved to be inhibited by spider
silk.

Analyzed data shows that spider silk glands express genes that contain
fragments with potential antimicrobial activity. However, this does not imply that silk
will contain those AMPs once it is in the environment. Two peptides SCP-1 and SCP-
2 have already been isolated from silk produced by L. hesperus and have been
proposed to have antimicrobial activity due to structural properties that allow

peptides to bind metal ions and releasing them in microorganism infections inhibiting
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their growth [11]. Other known peptides are related to the humoral immune system,
which is in the hemolymph of spiders [55], but not necessarily in the silk. Thus, further

research is needed to confirm the presence of these and other AMPs in silk itself.

Conclusions

| developed a pipeline to discover AMPs in silk glands using ORF predictors,
blast and HMM profiles using EST data. This method allowed me to find five known
and three novel peptide sequences with potential antimicrobial activity. Known
peptides are suggested to be a part of the humoral immune system of spiders but
also have antimicrobial properties on their own. On the other hand, only one novel
peptide LhH_seql is predicted to be an AMP with low hemolytic activity. All these
sequences must be validated using molecular docking tools or preferably via
synthesis and antagonist experimental assays. Despite our findings of six peptides
mined from silk gland ESTSs, further research is needed to confirm their presence in

spider silk that has been exposed to the environment.
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Fig 1. Diagram for AMP discovery using silk gland EST sequences.

Original EST datasets were obtained from the GenBank-EST database considering tissues with
at least one silk gland (Step 1), then sequences were clustered using MeShClust program (Step
3). Clustered sequences that contain ‘N’ char on them were trimmed (Step 4-6), and
complementary sequences were obtained for each read (Step 7). MiPepid program predicted all
ORF and the chance of being coding (Step 8), duplicated sequences were deleted (Step 9).
Coding and non-duplicated ORFs were translated into AA sequences (Step 10). AA duplicated
sequences were deleted (Step 11) and were BLAST against the LAMP database (Step 12-14).
Non-aligned sequences were compared against HMM profiles of CAMPSign server (Step 15).
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Fig 2. Summary of sequences retained at each step of the pipeline from the six datasets used.
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Fig 3. Secondary structure models (top) and helical wheel plots (bottom) of novel peptides.

Purple: polar residues, yellow: hydrophobic residues. (A) LhH_seql, (B) Lv2H_seql, (C)

SgH_seql.
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Tablas

Table 1. Microorganisms inhibition assays with spider silk

Family Specie Silk type Microorganisms Reference
. T i Dragli Bacillus subtilis,
Agelenidae egengna ragline and > S ! 8]
domestica capture Escherichia coli
E. coli
Araneidae Nephila pilipes Dragline Staphylococcus aureus [13]
Pseudomonas aureginosa
E. coli
Pholcidae PhoIgu; Cobweb —— [14]
phalangioides Listeria monocytogenes
. t h t . . .
Eresidae S egono us Capture and Bacillus thuringiensis [15]
dumicola refuge

. . Streptococcus sp.
Araneidae Cyclosa confraga | Not specified - [6]
Acinetobacter sp.

B. megaterium
Salmonella typhi
Klebsiella pneumoniae
Lycosidae | Pardosa brevivulva | Not specified Aspergillus flavus [16]
Candida albicans
Ustilago maydis
Alternaria solan

Theridiidae Latrodectus Gumfoot E. coli [17]
hesperus
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Table 2. Blast and HMM matches that produced significant alignments, their respective net charge,
mean hydrophobic moment and their CAMP accession ID.

Dataset

Name

Metho
d used

Match
fragment
sequence

Net
charg
e

Mean
Hydrophob
ic moment

Accession
ID

L. hesperus

LhB_seql

Blastp

KVHGSLARA
GKVKGQTPK
VEKQEKKKR
KTGRAKRRM
QFNRRFVNV
VVTFGRKKG
PNSNS

+18

0.32

CAMPSQ375
4

L. hesperus

LhB_seq2

Blastp

MQFNRRFVN
VVVTFGRKK
GPNSNS

+5

0.45

CAMPSQ375
4

L. hesperus

LhH_seql

HMM

SPTGLNTVYA
SLT

0.82

CAMPBacH3
2

L. venusta 2

Lv2H_seq
1

HMM

LWKTLLK

+2

1.97

CAMPDerH2
8

N.
antipodiana

NaB_seql

Blastp

MQIFVKTLTG
KTITLESEPS
DTIENVKTKIQ
TKKASPQ

+1

0.52

CAMPSQ370
2

N.
antipodiana

NaB_seq2

Blastp

GGKAGQDAC
KGDGGGPLV
CFRSCAGGK
AGQDACKGD
GGGPLVCFR
SDNSYTVAG
LVSWGIDCG
QEGIPGVYVN
VKKYNDWIVS
KTQKPIENY

0.264

CAMPSQ334
5

S. grossa

SgB_seql

Blastp

FYYNDVAKK
CEIFYYGGCK
GNENNFPSE
DHCKEAGG

0.26

CAMPSQ279
8

S. grossa

SgH_seql

HMM

AAGNAAKGV
ASDA

0.93

CAMPDerH
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Table 3. Description and source organism of blastp matches of CAMP and top three non-
redundant protein sequence database hits.

Sequence | CAMP Source organism | Source Organisms | Non redundant
database

e S. dumicola | Ubiquitin-like protein 1-40S
ribosomal protein S27a

e Dolomedes sulfureus | Ubiquitin-like 40S
ribosomal S30 protein fusion

e Araneus ventricosus | 40S ribosomal
protein S30

LhB_seql | Ubiquicidin Mus musculus

e S. dumicola | Ubiquitin-like protein 1-40S
ribosomal protein S27a

e P. tepidariorium | Ubiquitin-like protein
FUBI

e S. mimosarum | 40S ribosomal protein
S30

LhB_seq2 | Ubiquicidin Mus musculus

e Flavobacterium sp. | Ubiquitin

e Paragonimus kellicotti | Hypothetical
protein AH37_07978

e Octodon degus | Ubiquitin-like

NaB_seql | CgUbiquitin | Crassostrea gigas

e Araneus ventricosus | Phenoloxidase-
activating factor 2

e Argiope bruennichi | Phenoloxidase-
activating factor 2 like protein

e P. tepidariorum | Serine proteinase
stubble-like

NaB_seq2 | TCP Homo sapiens

e Schistosoma haematobium | Putative
kunitz-type protease inhibitor

Acalolepta e Chionoecetes opilio | Amyloid-like protein

luxuriosa 2

e Mus caroli | kunitz-type protease inhibitor
3

SgB_seql | Luxuriosin*

*Non significant alignment
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