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Abstract

Loxosceles intermedia venom comprises a complex
mixture of proteins, glycoproteins and low molecular
mass peptides that act synergistically to immobilize
envenomed prey. Analysis of a venom-gland tran-
scriptome from L. intermedia revealed that knottins,
also known as inhibitor cystine knot peptides, are the
most abundant class of toxins expressed in this spe-
cies. Knottin peptides contain a particular arrange-
ment of intramolecular disulphide bonds, and these
peptides typically act upon ion channels or receptors
in the insect nervous system, triggering paralysis or
other lethal effects. Herein, we focused on a knottin
peptide with 53 amino acid residues from L. interme-
diavenom. The recombinant peptide, named U,-sicar-
itoxin-Li1b (Li1b), was obtained by expression in the
periplasm of Escherichia coli. The recombinant pep-
tide induced irreversible flaccid paralysis in sheep
blowflies. We screened for knottin-encoding sequen-
ces in total RNA extracts from two other Loxosceles
species, Loxosceles gaucho and Loxosceles laeta,
which revealed that knottin peptides constitute a con-
served family of toxins in the Loxosceles genus. The
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insecticidal activity of U,-SCTX-Li1b, together with
the large number of knottin peptides encoded in Lox-
osceles venom glands, suggests that studies of these
venoms might facilitate future biotechnological appli-
cations of these toxins.

Keywords: brown spider, Loxosceles, venom, knot-
tin, inhibitor cystine knot, bioinsecticide.

Introduction

Loxosceles spider venoms are well known because of
the adverse clinical outcomes that often result from bites
by these spiders (da Silva et al., 2004; Vetter & Isbister,
2008). Several studies have revealed that these venoms
contain a wide range of molecules with mostly enzymatic
properties and/or toxic effects (Gremski et al., 2010).
Some identified toxins are well characterized from a bio-
chemical and biological perspective, such as phospholi-
pase D, astacin-like metalloproteases, hyaluronidase
and translationally-controlled tumor protein (Chaim
et al., 2006; Trevisan-Silva et al., 2010; Sade et al.,
2011; Ferrer et al., 2013; Vuitika et al, 2013). Other
Loxosceles venom toxins have been identified from tran-
scriptomic analyses, such as knottin peptides, allergens,
serine proteases, serine protease inhibitors and C-
lectins, but there is little information about their activities
both in vitro and in vivo (Fernandes-Pedrosa et al.,
2008; Gremski et al., 2010; Matsubara et al., 2013).
Knottin peptides are low molecular mass toxins (4-10
kDa) containing a minimum of six conserved cysteine
residues that form intramolecular disulphide bonds
(Grishin, 1999). The knottin structural motif is character-
ized by an antiparallel B-sheet (formed by two or three B
strands) stabilized by three disulphide bonds that estab-
lish a pseudoknot structure (Pallaghy et al., 1994; Nor-
ton & Pallaghy, 1998; King & Hardy, 2013). The cystine
knot typically provides these peptides with high levels of
chemical, thermal and biological stability, making knottin

25



26 F. H. Matsubara et al.

—~—E— MBP

938.60
20
1.0
] 804.75
OO e
500 750 1000

——ag— MBP + U2-SCRTX-Lit1b

) U,-SCRTX-Lit1b HILIC column
S 1.5x10% "
s
=
Nl
& 1.0x10°%
E
c
<
& 5.0x1054
(1]
Q
c
2
=] 0.0 - T L = T
2 0 10 20 30
< ]
Time
1126.15
1407.30
o e 162465
1250 1500 m/z

Figure 1. Production and purification of recombinant U,-sicaritoxin-Li1b (rLi1b). (A) 12.5% sodium dodecyl sulphate polyacrylamide gel electrophoresis gel
showing the various steps in the production of Li1b: lane M, molecular mass marker; 1, Escherichia coli culture before Isopropyl 3-D-1-thiogalactopyranoside
(IPTG) induction; 2, E. coliculture 4 h after IPTG induction; 3, soluble fraction after bacterial cell lysis; 4, recombinant Hisg-maltose binding protein (MBP)-
Li1b fusion protein eluted from Ni-NTA resin (mass ~ 50 kDa); 5, product (Hise-MBP, ~ 43 kDa) resulting from Tobacco Etch Virus (TEV) protease cleavage
of the fusion protein; the efficiency of the cleavage reaction was ~ 90%. (B) Chromatogram showing purification of recombinant Li1b on a Hydrophilic Interac-
tion Chromatography (HILIC) column. The two large peaks have masses consistent with Li1b; the asterisk indicates the peak with highest biological activity.
(C) Electrospray ionization mass spectrometry spectrum of the highlighted peak from HILIC purification of Li1b; m/z 804.75/+7; 938.60/+6; 1126.15/+5;

1407.30/+4; predicted monoisotopic mass is 5623.32 Da. Inten., intensity.

peptides promising candidates for therapeutic and bio-
technological applications (Saez et al, 2010; Herzig &
King, 2015). Knottin peptides act upon ion channels or
receptors present in the central or peripheral nervous
systems of vertebrates and/or invertebrates (Estrada
et al., 2007). Some of these peptides are being devel-
oped as eco-friendly bioinsecticides (Windley et al.,
2012; King & Hardy, 2013).

There is currently a lack of data on insecticidal knottin
peptides in Loxosceles venoms. De Castro et al. (2004)
demonstrated lethal effects of Loxosceles intermedia
crude venom on insect pests of vegetable crops. These
authors purified three cysteine-rich peptides from L.
intermedia crude venom, which they named LiTx1, LiTx2
and LiTx3. These peptides proved to be lethal by induc-
ing flaccid paralysis in Spodoptera frugiperda larvae. In
2006, the sequence of a paralogous peptide (LiTx4) was
deposited in GenBank (UniProt Q27Q53). Later, Grem-
ski et al. (2010) published a venom-gland transcriptome
from L. intermedia, which revealed that 53.5% of anno-
tated toxin-encoding transcripts have high similarity with
the LiTx peptides. In addition, 2.4% of the total toxin-

encoding sequences were similar to the neurotoxic pep-
tide Magi3 from Macrothele gigas (Corzo et al., 2003).
Analysis of the deduced amino acid sequences revealed
that they all conform to the knottin scaffold, which sug-
gests that knottin peptides are the most abundant group
of identified toxins in L. intermedia.

The latest report on knottin peptides from Loxosceles
spiders was conducted by Matsubara et al. (2013). These
authors cloned the peptide Us-sicaritoxin-Lilb (hereafter
Li1b), which is similar to LiTx3. Lilb was heterologously
expressed in soluble form and used to raise specific anti-
bodies in mice/rabbits. Interestingly, antisera from Loxo-
sceles gaucho and Loxosceles laeta also recognized
recombinant Lilb. The presence of similar epitopes in
these venoms suggests that this toxin family is conserved
in the Loxosceles genus. However, the Liib was not
found to be active in any of the in vitro or in vivo assays
performed. Moreover, dimers of Lilb were observed by
sodium dodecyl sulphate polyacrylamide gel electrophore-
sis (SDS-PAGE) and western blotting, even under reduc-
ing conditions, suggesting the formation of non-native
intermolecular disulphide bonds (Matsubara et al., 2013).

© 2016 The Royal Entomological Society, 26, 25—-34
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Figure 2. Paralytic effects of recombinant U-sicaritoxin-Li1b (rLi1b)
determined at 1 and 24 h following injection into sheep blowflies (Lucilia
cuprina). PDsq values (the toxin dose that results in paralysis of 50% of the
injected insects) are indicated. [Colour figure can be viewed at
wileyonlinelibrary.com]

To avoid misfolding of disulphide bonds, which could
lead to abrogation or reduction of biological activity, we
considered a different approach for production of Litb.
We produced recombinant Li1lb using an Escherichia
coli periplasmic expression system, as the periplasm of
E. coli contains the protein machinery responsible for
disulphide bond formation (Klint et al., 2013). We show
that the recombinant Li1b produced via this method is a
monomer that is lethal to Lucilia cuprina. Moreover, by
screening for knottin-encoding sequences in total RNA
extracts from L. gaucho and L. laeta we show that this
family of insecticidal peptides is conserved across the
Loxosceles genus.

Results

Peptide expression and purification

Bacterial expression is a cheap and rapid method for
production of recombinant proteins. We were able to
obtain large quantities of recombinant Li1b (rLi1b) by
expression in the periplasm of E. coli strain BL21(DE3)
(Fig. 1A). The Hise-tagged maltose-binding protein
(MBP)-Li1b fusion protein was the major protein pro-
duced following Isopropyl B-D-1-thiogalactopyranoside
(IPTG) induction (compare lanes 1 and 2 in Fig. 1A) and
the fusion protein was highly soluble (Fig. 1A, lane 3).
Cleavage of the fusion protein with Tobacco Etch Virus
(TEV) protease to produce recombinant Li1b proceeded
with ~90% efficiency (compare lanes 4 and 5 in Fig.
1A). Reversed-Phase High-Performance Liquid
Chromatography (RP-HPLC) analysis of the cleavage
products revealed a single large peak containing rLi1b
(data not shown). A second round of purification using a
Hydrophilic Interaction Chromatography (HILIC) column
yielded two major peaks with similar retention time (Fig.
1B). These peaks were collected and their biological
activity tested against sheep blowflies. The asterisk

© 2016 The Royal Entomological Society, 26, 25—-34
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Figure 3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis gel
showing electrophoretic separation of Loxosceles intermedia, Loxosceles
gaucho and Loxosceles laeta crude venoms. The arrow depicts the region
associated with venom peptides. Masses corresponding to molecular
weight markers are shown to the left of the gel.

highlights the peak with the highest insecticidal activity in
this assay. Analysis of the recombinant peptide using
electrospray ionization mass spectrometry (ESI-MS; Fig.
1C) revealed an m/z ratio consistent with the native
peptide containing five disulphide bonds. The chosen
expression protocol yielded ~ 1 mg of pure rLi1b per litre
of bacterial culture.

Blowfly toxicity assay

Injection of rLilb into sheep blowflies caused long-
lasting paralysis with PDso values (the toxin dose that
results in paralysis of 50% of the injected insects) of
827 =36 pmol/g and 1814 =7 pmol/g at 1 h and 24 h
postinjection, respectively. The observed paralysis was
irreversible, even at 72 h postinjection (Fig. 2).

Comparison of venom proteomes by gel electrophoresis

Comparative SDS-PAGE analysis of crude venoms from
L. intermedia, L. gaucho and L. laeta revealed very simi-
lar electrophoretic profiles. In all three venom samples
we observed two protein-rich regions at 5-10 and 30-35
kDa (Fig. 3). The proteins of mass 30—-35 kDa are most
probably phospholipase D enzymes, which are widely
distributed in the genus and responsible for the clinical
symptoms of Loxosceles envenomation (Gremski et al.,
2014). The bands of mass 5—-10 kDa are consistent with
the presence in the venom of knottin peptides. This
high-intensity band is a strong indicator of the presence
of knottin peptides in these venoms.

Screening for knottins

Total RNA from L. gaucho and L. laeta venom glands
was used for reverse-transcription PCR (RT-PCR) in
order to obtain sequences of toxin-encoding cDNAs.
Each reaction used a gene-specific primer
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Figure 4. Agarose gel electrophoresis of amplificons encoding LiTx-
related peptides. Amplification was performed via standard PCR using a
primer pair consisting of a forward gene-specific primer and the reverse
oligo(dT)4,-adapter primer.

corresponding to the group of toxins to be screened and
an oligo(dT) 7-adaptor primer. Amplicons encoding pep-
tides similar to LiTx1, LiTx2 and LiTx4 had an approxi-
mate length of 400 bp, whereas amplicons encoding
peptides similar to LiTx3 had a length of ~ 300 bp (Fig.
4). These bands were gel-purified, cloned into the
pGEM-T Easy Vector (Promega, Madison, WI, USA),
and transformed into E. coli DH5a cells. Colony PCR
was performed to verify positive clones, which were sub-
mitted to automated sequencing. The resulting nucleo-
tide sequences were translated to deduced amino acid
sequences then analysed bioinformatically. The mature
amino acid sequence of each peptide was compared to
the previously described sequences of L. intermedia
mature peptides (de Castro et al., 2004; Gremski et al.,
2010; Matsubara et al., 2013). Within each group of pre-
dicted sequences, cysteine residues were shown to be
conserved in relation to the peptides LiTx1, LiTx2, LiTx3
and LiTx4 identified for L. intermedia (de Castro et al.,
2004). The cysteine residues that establish the disul-
phide bonds of the inhibitor cystine knot structural motif
were always conserved.

Two orthologues of LiTx1 were identified in L. gaucho:
one of them, named LgTx1a, is identical to LiTx1 from
L. intermedia (Fig. 5). The other paralogue (LgTx1b) is
96% identical to LiTx1, with only two substitutions in its
deduced amino acid sequence, namely replacement of a
lysine (K) for glutamine (Q) residue at position 13 and
replacement of lysine (K) for arginine (R) residue at
position 46 (Fig. 5). Six orthologues of LiTx1 were found
in L. laeta (LITx1a-f); their similarity with LiTx1 ranges
from 87 to 93% (Fig. 5). These orthologues have substi-
tutions at positions 1 (alanine, A), 21 (arginine, N) and
39 (methionine, M), which is remarkable given that they

are conserved in L. laeta homologues, and they diverge
from the L. gaucho and L. intermedia residues, which
have lysine (K), lysine (K) and glutamine (Q) in the
respective positions. Additionally, except for the
sequence designated LITx1c, all the other orthologues in
L. laeta have an aspartic acid residue (D) at position 31
whereas the isoforms in L. intermedia and L. gaucho, as
well as LITx1c, have a serine (S) residue at the same
position (Fig. 5).

Two putative orthologues of LiTx2 were found in L.
gaucho, both of them with 85% identity compared to
LiTx2 (Fig. 6). The differences were associated with two
particular regions of the deduced amino acid sequences,
one of them at positions 11 to 14 (ADQP and AVQP)
and another at positions 31 to 33 (STS). Two LiTx2-
related sequences were also identified in L. laeta, each
with 87% identity to LiTx2. As for the L. gaucho sequen-
ces, the differences were restricted to positions 11-14
(AAEP and ADEP) and 31-33 (QTA and QTS) (Fig. 6).

Numerous LiTx3 isoforms were identified in the
venom-gland transcriptome of L. intermedia (Gremski
et al, 2010). In contrast, only two orthologues were
identified in L. gaucho and L. laeta (Fig. 7). One of the
deduced amino acid sequences in L. gaucho (LgTx3a)
was identical to LiTx3, whereas the second sequence
had 87% identity with LiTx3 (Fig. 7). The two sequences
from L. laeta presented high identity to L. intermedia
(90-92%). The LiTx3 orthologues from L. gaucho and L.
intermedia are comprised of 53 residues, whereas those
from L. laeta contain 52 amino acid residues (Fig. 7).

Two orthologues of LiTx4 were identified in both L.
gaucho and L. laeta (Fig. 8). One of the L. gaucho iso-
forms was identical to LiTx4, whereas the other had
83% identity with LiTx4 (Fig. 8). The two orthologues
from L. laeta have 83-85% identity compared to LiTx4

(Fig. 8).

Discussion

Insecticidal knottin peptides in L. intermedia venom

The primary biological functions of spider venoms are
defence against predators and immobilization of prey
(Sollod et al., 2005; Windley et al., 2012). Thus, during
evolution, spiders have developed an arsenal of toxic
molecules in their venoms, which have affinity for differ-
ent targets (ion channels, specific receptors for neuro-
transmitters and the cell membrane; Rash & Hodgson,
2002; Saez et al., 2010). Most spider venoms are domi-
nated by small neurotoxic peptides that form an inhibitor
cystine knot motif (King & Hardy, 2013).

Knottin peptides can be challenging to produce in a
recombinant manner owing to the large number of disul-
phide bonds (Sermadiras et al, 2013; Zhang et al.,
2015). Some L. intermedia knottin peptides have 10

© 2016 The Royal Entomological Society, 26, 25—-34



Insecticidal activity of a recombinant knottin 29
TOXIN SPECIES AMINO ACID SEQUENCE IDENTITY (%) REFERENCE
R S tiiat et B C G DG 5K GC AT DDHC CKETPCRCPARS STSECRCARDCSRECK] 100 Gremski et al., 2010
ENUROORMRIORN . ..ol oonccrlocrceanssTsEcRCASbCSRACH o8 Gremski =t al., 2010
L. gaucho {CHGDGSKGCATEPDDWCCKYTPCKCPAWSSTSECRCASDCSREICK] 100 This work
ENDONRSIII - ocsrccararbonccrreercrmnsstsecrcioco RIS This work
L. lasta ACHGDGSRGCATQPDDWCCKKT PCRCPAWSHTSECRCAQDCSRSCH] 39 This work
L. laeta ACHGEGSKGCATQP DDWCCKKT FCKCPAWSSTSECRCAQDCSRSCH] 27 is work
1Tx1 L. lasta ACHGDGSKGCATQPDDWCCRKT PCKCPAWSSTSECRCAQDCSRSCH) e3 work
L1Tx1d L. lasta ACHGHGSKGCATQPDDWCCKRT PCKCPAWSITSECRCAQDCSRSCK o1 This work
LlTxle L. lasta ACHGHEGSKGCATQP DDWCCKKTPCKCPAWSHE TSECRCAQDCSRSCK e3 This work
L1Tx1£ L. lasta ACHGEGSKGCATQPDDWCCKKT PCKCEfW ST SECRCAQDCSRSCE| 81 This work
: : R

— —

Figure 5. Predicted amino acid sequences of LiTx1 orthologues from Loxosceles gaucho and Loxosceles laeta and comparison with predicted paralogues
from Loxosceles intermedia. Two LiTx1 orthologues were found in L. gaucho (LgTx1a-b) and five in L. laeta (LITx1a—f). Asterisks indicate conserved
cysteine residues and the lines below the sequence alignment indicate the connectivity pattern of the disulphide bonds that form the inhibitor cystine knot

structural motif.

cysteine residues that are predicted to form up to five
disulphide bonds, for which there are 945 theoretically
possible disulphide isomers. As the cytoplasm of bacte-
ria is a reducing environment that precludes the forma-
tion of disulphide bonds, we decided instead to express
Litlb as an MBP fusion protein in the periplasm of E.
coli, where all of the protein machinery used for
disulphide-bond formation is located (Klint et al., 2013).
We inserted a TEV protease recognition site between
the MBP and toxin regions so that we could produce
native Lilb by making the last residue of the TEV cleav-
age site (glycine) coincide with the first residue of the
peptide sequence. Glycine is known to be one of the
most preferred residues in the P1’ position of the TEV
cleavage site (Kapust et al., 2002). This expression sys-
tem enabled us to produce the first recombinant and bio-
logically active knottin toxin from any member of the
Loxosceles genus.

Recombinant Li1b induced rapid paralysis upon injec-
tion into sheep blowflies that lasted until 24 h postinjec-
tion at the highest dose tested. Some flies at lower

doses recovered from the paralytic effects within 24 h.
The paralytic potency of rLi1b at 24 h postinjection is in
the same range as the U,-segestritoxin-Sfia peptide,
which was previously tested in the same assay (Bende
et al., 2015). The PDsq of rLi1b (at 24 h) is two orders of
magnitude lower than the highly potent insecticidal spi-
der venom peptide B-diguetoxin-Dcla (Bende et al,
2014), so Li1b can be considered a moderately potent
insecticidal toxin.

Purified fractions of L. intermedia venom (LiTx1, LiTx2
and LiTx3) were lethal to S. frugiperda larvae, inducing
flaccid paralysis (de Castro et al., 2004), whereas rLi1b
induced a long-lasting rigid paralysis. The similarity
observed between rLilb and LiTx3 sequences (87%)
reinforces the finding that both toxins possess insectici-
dal activity. Both sequences show putative consensus
sequences for post-translational modifications, such as
N-myristoylation and C-amidation. As a native peptide,
LiTx3 may present these modifications, unlike rLi1B,
which was produced in a prokaryotic expression system.
Therefore, the differences observed in their activities

TOXIN SPECIES AMINO ACID SEQUENCE IDENTITY (%) REFERENCE
LiTx2 R LT 1. C K G EG VRGO ERDDWC CRRT PCEC PAWSHERECRCTQPCNPSCR = De Castro st al., 2004
LIC436 L. intermedia ACKGEGVRGCHIERDDWCCKKT PCKCPAWSHERECRCTQPCNPSCR 100 Gremski st al., 2010
LgTx2a L. gaucho ACKGEGVKGCAePDDWCCKKTPCKC PAWSHERECRCTQPCNPSCR 85 This work
LgTx2b L. gaucho |ACKGE GVKGCAR(® PDDWCCRRTPCRKCPAWSHERECRCTQPCNPSCR] 85 This work
L1Tx2a L. lasta ACKGEGVKGCAREPDDHCCKKTPCKCPAWSURECRCTQPCNPSCR 87 This work
LlTx2b L. lasta 87 This work

ACRGEGVEGCASEPDDWCCERTPCRCPAWSGISSECRCTQPCNPSCR|
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Figure 6. Predicted amino acid sequences of LiTx2 orthologues from Loxosceles gaucho and Loxosceles laeta and comparison with predicted paralogues
from Loxosceles intermedia. Two LiTx2 orthologues were found in both L. gaucho (LgTx2a-b) and L. laeta (LITx2a—b). Asterisks indicate conserved cysteine
residues and the lines below the sequence alignment indicate the connectivity pattern of the disulphide bonds that form the inhibitor cystine knot structural

motif.
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TOXIN SPECIES AMINO ACID SEQUENCE IDENTITY (%) REFERENCE

LiTx3 P ¥ o 25 v e b RN C T FPIGDRCGSPHGLPSNCCRDWRY RGRCGCTMGVCTCGPNCPSRGCDWSKEG - De Castro =t al., 2004
A er-Ec 5 RS S PO te PR T T K SIPRRCGS PHGL P SNCCE DWK Y KGRCGC TMGVC TC GRS CPSEGCDW S Ky 86 Gremski et al., 2010
LIC341 PP 5 f 13 EI-ER- MRS GC T FR{GDRCGS PHGL P SNCCOWDWR Y KGRCGCTMGVCTCGPNCPSRGCDWSERG 100 Gremski =t al., 2010
Erder T AP § g Y= S S C I Kp4 G DRCGSPHGLPSNCOYDWKY KGRCGCTMGVCTCGPNCPSRGCDWSKKG 100 Gremski et al., 2010
b eich-To N S Pt ot LR 5 C I KS G RCGS PHGLPSNCCDDWKY KGRCGCTMGVCTCGNCPSRGCDWS RS 92 Gremski et al., 2010
Lilb B -t PR GC 1 KS G@RCGS PHGLPSNCCDDWKYKGRCGC TMGVCT CGENCPSRGCDYEEIKG] 87 Matsubara et al, 2013
LgTx3a L. gaucho B GC I FpGDRCGS PHGLPSNCCORDWRY KGRCGCTMGYCTCGENCPSRGCDWSKKG] 100 This work
LgTx3b L. gaucho B GCIKSGDRCGSPHGLPSNCCDDWKYKGRCGCTMGVCTCGPNCPSRGCDEEREG 87 This work
L1Tx3a L. laeta B GCIKSGERCGSPHGLPSNCCDDWRYKGRCGCTMGVCTCGRNaCPSRGCDWSKiz 90 This work
L1Tx3b L. laeta B GCIRSEERCGS PHGLPSNCCDDWKYRGRCGCTMGVCTCGENCPSRGCDWS Kz 82 This work
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Figure 7. Predicted amino acid sequences of LiTx3 orthologues from Loxosceles gaucho and Loxosceles laeta. Two LiTx3 orthologues were found in both
L. gaucho (LgTx3a-b) and L. laeta (LITx3a-b). Asterisks indicate conserved cysteine residues and the lines below the sequence alignment indicate the
connectivity pattern of the disulphide bonds that form the inhibitor cystine knot structural motif.

may be a result of this variation in primary structure, the
presence of post-translational modifications or because
they were tested in different prey.

Knottin peptides in other Loxosceles species

The venom from the three Loxosceles species studied
herein showed similar protein profiles when analysed
using SDS-PAGE. One of the strongest gel bands corre-
sponded to peptides with molecular masses ranging
from 5 to 10 kDa, consistent with the masses predicted
for knottin peptides. This result is consistent with qualita-
tive analysis of venom from a variety of spider species
using one-dimensional electrophoresis, which showed
an enrichment of molecules with masses corresponding
to knottin peptides (Binford, 2001; Gentz et al., 2009;
Estrada-Gomez et al., 2013; Gremski et al., 2014). Giv-
ing further support to this observation, Matsubara et al.
(2013) and Buch et al. (2015) showed antigenic cross-
reactivity between Li1b and antivenom from L. interme-
dia, L. gaucho and L. laeta, strengthening the idea that
knottin peptides constitute a toxin family that is wide-
spread throughout the genus.

The screening of venom-gland transcripts in L. gaucho
and L. laeta revealed, for the first time, the presence of
sequences encoding orthologues of all groups of knot-
tins described for L. intermedia (ie LiTx1, LiTx2, LiTx3
and LiTx4). All of the new knottin sequences discovered
in this study have 10 cysteine residues arranged in the
same framework. This conservation in the number and
position of cysteine residues in these sequences and in
the sequences previously described for L. intermedia is
a clear indication of the structural and functional relation-
ship amongst these peptides. Additionally, the KnoTTER
1D tool available from the online KNOTTIN Database
(http://knottin.cbs.cnrs.fr/Tools_1D.php) predicts that all
of these new sequences contain a knottin framework
defined as C4—C,4, Co—C5 and C3—Cs.

Two LiTx1 orthologues were identified in L. gaucho,
presenting high identity with each other and with the L.
intermedia sequences. Spiders very commonly express
many paralogues of each toxin. For example, Vieira
et al. (2004) reported three cysteine-rich peptides (LTx1,
LTx2 and LTx3) in the venom gland of tarantula Lasio-
dora sp. that differ from each other in only one to three

TOXIN SPECIES AMINO ACID SEQUENCE IDENTITY (%) REFERENCE
LiTx4 L. intermedia ACKGEGVKGCYDEPDDWCCKKTPCKCPAWSEERECRCTQPCAREICR] - De Castro et al., 2004
LIc427 L. intermedia ACKGEGVKGCYDEPDDWCCRKTPCKCPAWSZERECRCTQPCAREICR)] 100 Gremski =t al., 2010
LgTxda Z. gaucho |ACKGE GVKGCEIDe PDDHCCRKTPCKCPAWSERRIFCRCTORCIERICR) &3 This work
LoTxdb PRV e cvicClpoowccrrrrcrcranshehecrcTorcaricr IR
L1Tx4a L. lasta ACKGEGVRGCYD# PDDHCCKRTPCKCPAWSEREECRCTOPCHRECK 85 This work
L1Tx4b L. laeta 83 This work

ACKGEGVKICY Dj8 PDDWCCKKTPCKCPAWSEERIECRCTQPCFRECH]
* ;W o * *

——

Figure 8. Predicted amino acid sequences of LiTx4 orthologues from Loxosceles gaucho and Loxosceles laeta. Two LiTx4 orthologues were found in both
L. gaucho (LgTx4a-b) and L. laeta (LITx4a-b). Asterisks indicate conserved cysteine residues and the lines below the sequence alignment indicate the
connectivity pattern of the disulphide bonds that form the inhibitor cystine knot structural motif.
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amino acid residues. These small differences in the pri-
mary structure of these knottin peptides suggest that
they have the same biological target, such as the paralo-
gous peptides Magi5 and Magi11 from the hexathelid
spider M. gigas. They are 70% identical and induce very
similar symptoms when injected in mice, suggesting sim-
ilar modulation of receptor site 4 on voltage-gated
sodium channels (Corzo et al, 2003; Satake et al.,
2004). Six putative LiTx1 orthologues were identified in
L. laeta (LITx1a—f). Considering only the group of LiTx1,
these results suggest that L. laeta and L. gaucho may
have adopted different evolutionary strategies to develop
their toxin arsenal: the few paralogues verified for L.
gaucho might have promiscuous activity, interacting in a
less specific way with several targets. For L. laeta, the
great diversity of sequences suggests that each homo-
logue might be tuned for a specific molecular target, or
variants of the same target in different prey. However,
confirmation of this hypothesis depends on further bio-
chemical and pharmacological studies.

Two LiTx2 orthologues were identified in both L. gau-
cho and L. laeta, with only minor sequence differences
between them. Comparison of the sequences from all
three species, including L. intermedia, reveals that the
differences are confined to two specific regions, namely
residues 11-14 and residues 31-33 (Fig. 6). These dif-
ferences in specific regions may be associated with vari-
ation in the targets of the toxin and/or different potencies
in relation to a particular biological activity.

Two LiTx3 orthologues were found in each of L. gau-
cho and L. laeta. The L. gaucho sequences differ from
the LiTx3 peptide by not containing a C-terminal Lys-Gly
sequence, which is a consensus sequence for C-
terminal amidation. This post-translational modification
(PTM) occurs in approximately 12% of spider-venom
peptides where its function is probably to provide protec-
tion against C-terminal proteolytic degradation and/or
remove the negative charge associated with an unmodi-
fied C-terminus from a functional region of the toxin
(Saez et al,, 2010; Windley et al., 2012). For example,
conversion of the native C-terminal carboxyamide moiety
in the spider-venom peptide huwentoxin-IlV to a C-
terminal carboxylic acid group causes a 40-fold
decrease in its activity against the human voltage-gated
sodium channel Nay1.7 (Revell et al, 2013). The fact
that the L. gaucho sequences do not have the consen-
sus sequence for C-terminal amidation suggests that
these peptides have biological activity independent of
this PTM.

As already mentioned, Li1b has a putative consensus
site for C-terminal amidation but this modification is not
present in rLilb. Nevertheless the recombinant toxin
possesses insecticidal activity, although it remains to be
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determined whether this activity is affected by the
absence of this PTM.

The L. intermedia LiTx4 peptide has not yet been
characterized; only its sequence was deposited in Gen-
Bank by de Castro et al. (2004). Gremski et al. (2010)
reported that LiTx4 has 77% similarity with LiTx2, indi-
cating that these peptides are structurally related. Pair-
wise comparisons of the deduced amino acid sequences
of the LiTx4 orthologues obtained for L. gaucho and L.
laeta with LiTx2 orthologues derived from all three spe-
cies revealed a high level similarity (> 78%), consistent
with these peptides having similar structure and
function.

Conservation of knottin peptides across the Loxosceles
genus

Analysis of the knottin sequences reported here and
previously identified sequences for L. intermedia
revealed that L. gaucho and L. intermedia venoms con-
tain identical peptides (LiTx1, LiTx2 and LiTx4 ortho-
logues). None of the coding sequences for the peptides
already described for L. intermedia was found in L.
laeta. This suggests that these species may be phyloge-
netically closer to each other than to L. /aeta.

The screening of venom-gland transcripts in this study
made it possible to identify putative knottin peptides that
have not been reported in other spiders of the Loxo-
sceles genus. These sequences constitute relevant infor-
mation to be explored by biochemical, biological and
structural approaches in order to characterize their spe-
cific activities and explore their potential use as pharma-
cological tools, insecticides or drug leads. Other
conserved toxin families have already been described in
the Loxosceles venoms, such as sphingomyelinase D,
which is responsible for the clinical manifestations of
Loxosceles envenomation, but this study is the first to
show widespread conservation of knottin peptide families
within the Loxosceles genus. Hopefully, this study will
encourage further exploration of knottin peptides in Lox-
osceles venoms. The protocol used here for expression
of active recombinant Li1b opens up an avenue for the
production of other recombinant knottin peptides from
Loxosceles venoms, which should facilitate investiga-
tions of their structure and function, and exploration of
their biotechnological potential.

Conclusions

We have demonstrated that Loxosceles venoms are a
rich source of knottin peptides with biotechnological
potential. The insecticidal activity of Litb and other Loxo-
sceles-derived knottins might be a useful starting point
for the development of insect-selective bioinsecticides
that could replace harmful chemical insecticides.
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Experimental procedures

cDNA cloning and peptide expression

The cDNA sequence of Lilb was obtained from Matsubara et al.
(2013). Primers were designed to clone this sequence into the
pLicC-NSB2 vector, which is designed to allow the toxin to be
expressed as a Hisg-tagged MBP fusion protein, with a TEV prote-
ase recognition site between the Hisg-MBP and Li1b encoding
regions, The forward primer was 5-G GGT ACC GAA AAC CTG
TAT TTT CAG GGATGC ATT AAATCT G-3'; the restriction site for
Kpnl is highlighted in italics and the TEV protease site is underlined.
The last codon of the TEV recognition site encodes the first residue
of Li1b, so that the native peptide is generated after TEV protease
cleavage of the fusion protein. The reverse primer was 5-GCC
GAG CTCTTATTAACC TTT TGT TCT-3; the Sadl cleavage site is
highlighted in italics and the tandem stop codons are underlined.
The plasmid was used to transform E. coli BL21(DE3), then the
cells were grown in Luria-Bertani (LB) medium up to Optical density
in 600 nm (O.D.go0) = 0.8—1.0 before toxin expression was induced
with 0.5 mM IPTG. Cells were grown for a further 4 h at 30 °C. Cells
were harvested by centrifugation at 5000 g for 10 min, then resus-
pended in buffer (Tris 30 mM, NaCl 300 mM, pH 8.0). Cells were
then disrupted under constant pressure at 27 kPa (TS Series Cell
Disrupter, Constant Systems Ltd, Daventry, UK). The resultant
lysate was centrifuged at 10 000 g for 30 min to remove insoluble
proteins, then recombinant Li1b was purified from the supernatant.

Protein purification

Cell lysate was loaded onto a Ni-NTA Superflow resin (Qiagen,
Valencia, CA, USA), then proteins were allowed to bind to the
resin for 1 h before the resin was washed with resuspension
buffer (Tris 30 mM, NaCl 300 mM, pH 8.0) containing 20 mm
imidazole to remove nonspecifically bound proteins. The fusion
protein was then eluted with the same buffer containing
300 mM imidazole. TEV protease cleavage of the fusion protein
was performed overnight at room temperature (22 °C) in resus-
pension buffer containing 3 mM reduced glutathione, 0.3 mM
oxidized glutathione and 100 ng TEV per mg of recombinant
protein. The liberated Lilb was then purified using RP-HPLC
using a C18 Aquasil column (250 X 10 mm, particle size 5 um;
Thermo Scientific, Waltham, MA, USA.) and a linear gradient of
20-45% solvent B (0.043% trifluoroacetic acid in 90% acetoni-
trile) in solvent A (0.05% trifluoroacetic acid in water) over 45
min at a flow rate of 4 ml/min. The semi-pure Li1lb was further
purified using a VisionHT HILIC column (150 X 4.6 mm, parti-
cle size 5 um; Grace, Columbia, MD, USA.) using a gradient of
95-75% solvent B in solvent A over 30 min at a flow rate of
1 ml/min. Analytical RP-HPLC and ESI-MS were performed to
confirm Lilb purity. The recombinant peptide was lyophilized
and stored at —20 °C until further use.

Blowfly toxicity assay

Toxicity tests in sheep blowflies (Lu. cuprina) were performed as pre-
viously described (Bende et al., 2013). Recombinant Li1b was dis-
solved in insect-saline (Eitan et al, 1990) then injected into the
ventrolateral thoracic region of sheep blowflies (mass 23.3—
30.7 mg). All flies were individually housed in 2-ml tubes and

Table 1. Primers used to screen for each group of knottin peptides in Lox-
osceles gaucho and Loxosceles laeta species

Knottin peptide Primer sequence

LiTx1 ATGAGGTTTCTCGTTGGAGCA
LiTx2 ATGAAGCTGCTGTTTGAAGGA
LiTx3 CTAGCCATATATGTGGCGAC
LiTx4 ATGAAGCTGTTGTTTGGAG

examined for signs of paralysis or lethality at 1 and 24 h after injec-
tion. PDsg values were calculated as described previously (Herzig &
Hodgson, 2008) using Prism 6 for Mac OS X. Paralysis was deter-
mined by direct observation: flies unable to upturn when placed on
the back are considered paralysed and flies with no legs, wings and
proboscides movements were considered dead. A total of three
tests were carried out and for each test six doses of Li1b were used
(n=10 flies per dose) along with the appropriate control (insect
saline; n= 20 flies each). PDs, values were calculated as described
previously (Herzig & Hodgson, 2008) using Prism 6 for Mac OS X
(GraphPad Software, La Jolla California USA, www.graphpad.com).

Venom extraction

Wild-caught L. intermedia adult specimens (authorized by Sis-
tema de Autorizagao e Informagao em Biodiversidade - SISBIO,
29801-5) were maintained in the laboratory using Tenebrio moli-
tor larvae as the food source. After 2 weeks without food in order
to avoid contamination of venom with digestive juices, spiders
were subjected to an electric shock (15 V) applied to the cepha-
lothorax. The venom released was collected with a micropipette,
solubilized in phosphate-buffered saline (PBS), and protein
content quantified using the Coomassie Blue method (Bio-Rad,
Hercules, CA, USA) as described by Bradford (1976). L. laeta
and L. gaucho venoms were kindly provided by Dr Joao Carlos
Minozzo (Centro de Produgao e Pesquisa de Imunobioldgicos,
Piraquara, Secretaria de Saude do Parana, Brazil).

Compatrative protein content analysis amongst the
Loxosceles venoms by gel electrophoresis

SDS-PAGE was performed as described by Laemmli (1970) in order
to compare venom proteomes. Venom samples from L. intermedia,
L. laeta and L. gaucho (5 pg) were submitted to 10-20% (w/v) poly-
acrylamide gel electrophoresis under reducing conditions (5% -
mercaptoethanol). After electrophoresis the gel was stained using
the monochromatic silver method as described by Wray et al. (1981).

Design of primers to screen for knottin peptides in L.
gaucho and L. laeta

Specific primers were synthesized for each group of knottin pep-
tides (LiTx1, 2, 3 and 4). These primers were manually designed
based on the expressed sequence tags (ESTs) obtained from the
venom-gland transcriptome of L. intermedia by Gremski et al.
(2010). ESTs corresponding to each knottin peptide group were
aligned using the CrustaL OmEeGA tool (McWilliam et al., 2013) and
the highest identity regions in the signal peptide or propeptide
nucleotide sequences were selected for primer design. The primers
used for amplification of each knottin peptide group from L. gaucho
and L. laetacDNA are listed in Table 1.
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Screening for knottin homologues in venom glands from
L. laeta and L. gaucho

Thirty adult L. laeta and L. gaucho spiders were submitted to
venom extraction by electric shock to stimulate the production of
toxin-encoding mRNAs in their venom glands. After 5 days, the
venom glands were collected and stored immediately in a micro-
tube placed on dry ice. Extraction of total RNA was performed
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA; Simms,
1993). Following precipitation with isopropanol, total RNA was
diluted in water (10 pl). cDNA was synthesized from L. laeta and
L. gaucho venom-gland total RNA by means of RT-PCR using an
oligo-(dT)47 primer (CGGTACCATGGATCCTCGAGT 7).

In order to screen for knottin peptide sequences, PCR was car-
ried out using the RT-PCR products as templates with forward pri-
mers corresponding to each group of knottin peptide (Table 1) and
oligo-(dT),7 as the reverse primer. The resulting PCR products
were gel-purified using a Gel Band Purification Kit (GE Healthcare
Life Sciences, Piscataway, NJ, USA), cloned into the pGEM-T Easy
vector (Promega) and transformed into E. coli DH5«. Randomly
selected colonies were submitted to colony PCR to confirm positive
clones. Fifty positive clones for each group of knottin peptide for
both L. gaucho and L. laeta were used to inoculate LB broth con-
taining 100 pg/ml ampicillin, then the culture was grown overnight at
37 °C under constant agitation. Recombinant plasmids were then
purified using a QlAprep Spin Miniprep Kit (Qiagen) and the cloned
cDNAs were sequenced on both strands using a BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems, War-
rington, UK) on a 3500 Genetic Analyzer automatic sequencer
(Applied Biosystems). The T7 and SP6 promoter regions were
used to prime the sequencing reactions.

Sequencing results were analysed using the software
FINcHTV v. 1.4.0 (Geospiza, Inc). The resulting nucleotide
sequences were translated and submitted for verification of the
correct open reading frame by means of online tools in ExPASY
TrANsLATE (Artimo et al., 2012) and Open Reabing Frave FINDER
(Wheeler et al., 2003); both analyses were performed using
default settings. Multiple sequence alignments were produced
using the online tool CrLustaL Omeca (McWilliam et al., 2013)
based on the amino acid sequences of L. intermedia LiTx pep-
tides described by de Castro et al. (2004) and deposited in
GenBank (accession numbers: LiTx1: Q6B4T5; LiTx2: Q6B4T4;
LiTx3: Q6B4T3; LiTx4: Q27Q53), and based on the sequences
obtained by Gremski et al. (2010) in their study of a L. interme-
dia venom-gland transcriptome. Visual alignments were per-
formed using the BoxsHabe SERVER V. 3.21 tool (K. Hofmann and
M. Baron). Percentage identities of L. gaucho and L. laeta
sequences in relation to L. intermedia sequences were deter-
mined using the BLASTp algorithm (Altschul et al., 1990).
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