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Abstract

The venom of Bothrops bilineatus, an Amazonian arboreal viper, induces an atypical neurotoxicity in the mammalian
nerve-muscle preparation, which is characterized by an initial neuromuscular facilitation followed by irreversible
blockade. Up until now, the specific toxins responsible for the neuromuscular excitatory action of this venom have
remained unidentified. In this study, we characterized two presynaptically active peptides from B. bilineatus venom using
mass spectrometry and electrophysiological analysis at the neuromuscular junction. Fractionation by size-exclusion
chromatography yielded eight fractions, with fraction P8 (15 pg/ml) inducing an increase in the twitch amplitude
recorded in the mouse phrenic nerve-diaphragm (PND) preparation. Mass spectrometry identified two tripeptides, P8-1
(pEKW) and P8-2 (pENW), present in this fraction. Peptide P8-1 was prominently involved in the neuromuscular
facilitation and increased the frequency of miniature end-plate potentials (MEPPs) comparably to the whole fraction (PS).
This study provides the first identification of bioactive tripeptides with presynaptic neuromodulatory effects in a viperid
venom. These findings enhance our understanding of snake venom neurotoxicity and support the potential use of venom-
derived peptides as tools for studying synaptic physiology and as templates for novel neuroactive therapeutics.
Keywords: Bothrops venom, motor neurotransmission, neuromuscular facilitation, presynaptic toxins.

1. Introduction

Snakebite envenomation is classified as a neglected tropical disease (NTD) by the World Health Organisation,
with 1.8 and 2.7 million cases of envenomation annually, resulting in approximately 81,000 to 138,000 fatalities, thereby
establishing it as the deadliest NTD (Kasturiratne et al. 2008). In Latin America, these accidents predominantly involve
snakes from the Bothrops genus, known for causing local swelling, pain, hematoma, and necrosis, with the main systemic
responses being coagulopathy and spontaneous bleeding (Warrell 2004). In South America, Bothrops bilineatus is an
arboreal species of lancehead viper represented by two subspecies (B. b. bilineatus 'Wied 1821' and B. b. smaragdinus
'Hoge 1966") (Guedes et al. 2023) distributed in the Amazon basin (Wiister 2005; Bernarde et al. 2021), occasionally
involved in human envenomation (Smalligan et al. 2004; Silva et al. 2019; Magalhaes et al. 2022).

The venom of B. bilineatus is a complex mixture of bioactive proteins and peptides that contribute to its toxic
effects (Rodrigues et al. 2018; Sanz et al. 2020). Snake venom metalloproteinases (SVMPs) and serine proteinases play
key roles in tissue degradation, hemorrhage, and coagulation disturbances (Gutiérrez et al. 2017). C-type lectin-like
proteins interfere with platelet aggregation, while phospholipase A, (PLA;) contribute to neurotoxicity and myotoxicity
(Gutiérrez et al. 2017). Cysteine-rich secretory proteins modulate ion channel activity, and L-amino acid oxidases induce
oxidative stress and cytotoxicity (Gutiérrez et al. 2017). Additionally, bradykinin-potentiating peptides and tripeptide
inhibitors of SVMPs regulate blood pressure and enzymatic activity (Gutiérrez et al. 2017).

In recent years, uncommon neurotoxic properties of B. bilineatus (=B. b. smaragdinus) venom have been revealed
using rodent experimental models (Rodrigues-Simioni et al. 2011; Floriano et al. 2013, 2015). This venom exhibits
potent neuromuscular activity in the mouse phrenic nerve-diaphragm (PND) preparation, being characterized by an
intense neuromuscular facilitating effect followed by a gradual blockade of the twitch amplitude. These effects occur
without altering the muscle resting membrane potential or the cholinergic response to exogenous carbachol (Rodrigues-
Simioni et al. 2011). An Asp49 PLA, toxin (Bbil-TX), a class of basic enzymes with calcium-dependent catalytic
activity, was identified in this venom and found to be mainly responsible for the neuromuscular blocking effect of this
venom (Corasolla Carregari et al. 2013; Floriano et al. 2013).

Floriano et al. (2013) also found that a fraction of this venom isolated by size-exclusion chromatography and
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eluted after PLA, isoforms, named as peak 3 (P3), produced a progressive increase in twitch amplitude in the mouse
PND preparation during motor nerve stimulation, as well as an increase in the quantal content and frequency of miniature
end-plate potentials (MEPPs), suggesting that toxins present in this fraction could also modulate the motor
neurotransmitter release. However, the sequence determination and pharmacological profile of the toxins present in this
fraction of B. bilineatus venom were unknown, with no structural and/or mechanistic characterization of their neuronal
effects.

Considering the lack of pharmacological studies with toxins present in the B. bilineatus venom directly involved in
the neuromuscular facilitating effect produced by this venom, we have now purified and characterized two structurally
and pharmacologically distinct peptides from this fraction, which show modulatory activity at the neuromuscular
junction.

2. Materials and Methods
2.1. Reagents and B. bilineatus venom

All salts used for Tyrode solution preparation were of analytical grade and purchased from LabSynth Produtos
para Laboratérios Ltda. (Diadema, SP, Brazil) or Anidrol Produtos para Laboratorios Ltda. (Diadema, SP, Brazil). B.
bilineatus venom was provided by Dr. Luis Alberto Ponce Soto from the Catholic University of Santa Maria (Yanahuara,
Peru); the venom was obtained from adult snakes of both sexes captured in different regions of the Peruvian Amazon.
The samples collected from the various specimens in situ were desiccated, pooled, and kept at —20 °C. Samples of 2 mg
dry venom were dissolved in Tris-HCI 25 mM (pH 8.0) buffer immediately before HPLC size exclusion chromatography.

2.2. HPLC-size exclusion chromatography

The crude venom of B. bilineatus (~2 mg) was dissolved in 1 mL ammonium bicarbonate buffer (1 M, pH 8.0) and
centrifuged at 900 rpm for 3 min. The supernatant was then applied to a TSKgel® G2000swx1. column pre-equilibrated
with the same buffer. The proteins were eluted at a flow rate of 0.25 mL/min, and the elution profile was monitored at
280 nm in a Shimadzu SCL-10AVP HPLC system (Shimadzu, Tokyo, Japan). The resulting fractions (Peaks: P1-P8)
were automatically collected and then lyophilized and stored at -20 °C. Subsequently, the fractions were enzymatically
tested to identify the peaks devoid of PLA, activity, which were then tested for neuromuscular action in the mouse PND
preparation; the P8 fraction was selected for the subsequent purification phase RP-HPLC fractionation) solely due to its
ability to induce neuromuscular facilitation.

2.3. RP-HPLC chromatography

Initially, samples of fraction P8 (~1 mg, protein concentration estimated by NanoDrop-280 nm, assuming 1
absorbance unit is equivalent to 1 mg/mL) were dissolved in 0.1% trifluoroacetic acid (TFA) (solution A), followed by
centrifugation (12,000 g, 5 min, 4 °C) before loading onto a Jupiter® 5 um C;s 300A column (250 x 4.6 mm) (Sigma-
Aldrich Chemical Co., St. Louis, MO, USA). After washing the column to remove unbound proteins, the retained
proteins were eluted with a linear gradient (0-100%) of 66% acetonitrile (ACN) in 0.1% TFA (solution B), at a flow rate
of 1 mL/min; the elution profile was monitored at 280 nm in Shimadzu Class VP version 4.2 software running on a
Shimadzu SCL-10AVP HPLC system (Shimadzu, Tokyo, Japan). The purified proteins were collected manually. The
proteins obtained by RP-HPLC were evaluated for neuromuscular activity using the mouse PND preparation to detect
excitatory activity. To confirm purity, the active proteins were lyophilized, dissolved in water, and re-chromatographed
by applying them to a Jupiter® 5 pm C;s 300A column pre-equilibrated with buffer A, and monitored at 280 nm in
Shimadzu Class VP version 4.2 software running on a Shimadzu SCL-10AVP HPLC system.

2.4. Phospholipase A> (PLA>) activity

PLA; activity was determined of activity was performed according to the methods described by Cho and Kézdy
(Cho and Kézdy 1991) and Holzer and Mackessy (Holzer and Mackessy 1996), modified for a 96-well plate (Ponce-Soto
et al. 2002). The substrate used was 4-nitro-3-(octanoyloxy) benzoic acid. Samples of crude venom and fractions P1-P8
at a concentration of 0.1 mg/mL were used. The samples were incubated with the substrate and reaction buffer (Tris-HCl
0.1 M, pH 8, containing Ca?" 0.01 M), with the enzymatic reaction being monitored at intervals of 30 sec at 37 °C on a
SpectraMax 340 (Molecular Devices, San Jose, CA, USA). The enzymatic activity was expressed as the initial velocity
of reaction (Vo) and was calculated based on the increase in absorbance (425 nm) after 20 min.

2.5. Intact mass of the purified peptides

The previously dried samples were re-dissolved in 50% ACN containing 0.1% formic acid and deposited in the
auto-injector sampler. A sample of 20 uL was injected into an IT-TOF type LC/MS system (Shimadzu, Tokyo, Japan)
under a constant flow of 0.2 mL/min and subjected to reverse-phase chromatographic separation on a Discovery® Cis 1.5
column (2 x 50 mm). Solvent A: 0.1% formic acid and solvent B (ACN, H,0, and formic acid at proportions of
900:100:0.1, respectively) were used in a linear gradient program of 0 to 100% solvent B over 15 min, after 5 min of
isocratic elution at 0% solvent B. The instrument control, data acquisition, and processing were performed using the
LCMS Solution Suite package (Shimadzu, Tokyo, Japan).
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2.6. IT-TOF of the purified peptides

An Electrospray-lon Trap-Time of Flight (ESI-IT-TOF) (Shimadzu, Tokyo, Japan) equipped with a binary Ultra-
Fast Liquid Chromatography system (UFLC, 20A Prominence — Shimadzu, Tokyo, Japan) was employed. Samples were
loaded in a C;5 column (Discovery® Cis, 5 um; 50 x 2.1 mm) in a binary solvent system: (A) water/acetic acid (999/1,
v/v) and (B) ACN/water/acetic acid (900/99/1, v/v/v). The column was eluted at a constant flow rate of 0.2 mL/min with
a 0 to 40% gradient of solvent B over 35 min. The eluates were monitored by a Shimadzu SPD-M20A PDA (Shimadzu,
Tokyo, Japan) detector before introduction into the mass spectrometer. The interface voltage was adjusted to 4.5 KV and
the capillary voltage was 1.8 KV, at 200 °C. MS spectra were acquired under positive mode and collected in the 350-
1400 m/z. MS/MS spectra were collected in the 50-1950 m/z range. Instrument control, data acquisition and data
processing were performed with LabSolutions (LCMS solution 3.60.361 version, Shimadzu, Tokyo, Japan).

2.7. Animals

Male Unib:SW mice (2025 g) were obtained from the Multidisciplinary Center for Biological Investigation
(CEMIB) of the State University of Campinas (UNICAMP, Campinas, SP, Brazil) and transferred to the Pharmacology
Department Animal Facility of the State University of Campinas (UNICAMP, Campinas, SP, Brazil) and to the
Experimental Animal Facility of the University of Western Sdo Paulo (UNOESTE, Presidente Prudente, SP, Brazil),
where they were kept in ventilated racks (Alesco® — ALBR Industria e Comércio LTDA, Campinas, SP, Brazil) and
accommodated in conventional open polypropylene boxes (grid cover) with sawdust bedding (10 animals/box), under a
12 h light/dark cycle at 23-25 °C. The animals had free access to food (Supralab®) and water.

The animal experiments were approved by the institutional Committees for Ethics in Animal Use
(CEUA/UNICAMP, protocol no. 6145-1/2022, and CEUA/UNOESTE, protocol no. 7061/2021). Procedures were done
according to the general ethical guidelines for animal use established by the Brazilian Society of Laboratory Animal
Science (SBCAL) and Brazilian legislation (Federal Law No. 11,794, of October 8, 2008), in conjunction with the
guidelines for animal experiments established by the Brazilian National Council for Animal Experimentation (CONCEA)
and EU Directive 2010/63/EU for the Protection of Animals Used for Scientific Purposes.

2.8. Myographic assessment in mouse phrenic nerve-diaphragm (PND) preparation

Male Unib:SW mice were euthanized in a chamber with isoflurane (Cristalia Produtos Quimicos Farmacéuticos
Ltda., Itapira, SP, Brazil) and then exsanguinated, according to current ethical standards (see section 2.2). The dissection
involved accessing both the thoracic and abdominal surfaces of the diaphragm while preserving the associated phrenic
nerves. The entire phrenic nerve-diaphragm complex, including remnants of the costal border, was then removed. These
remnants were used to secure the preparation in the recording chamber hooks before adjusting the tension. This animal
tissue model allows evaluation of all phases of motor neurotransmission ex vivo, being first established by Biilbring
(Biilbring 1946). The preparations were mounted in the multifunctional myographic unit (Ugo Basile S.R.L., Gemonio,
VA, Italy) in 5 mL organ baths containing Tyrode solution (composition in mM: NaCl 137; KCI 2.7; CaCl, 1.8; MgCl,
0.49; NaH,PO4 0.42; NaHCOs3 11.9 and glucose 11.1) under constant aeration with 95% 0,:5% CO,, and all studies were
carried out at 37 °C, as described by Couceiro et al. (Couceiro et al. 2023). The tissue was attached by thread to a DY 1
isometric transducer and the electrical signal was amplified and digitized by a DataCapsule-Evo and a Multiplexing Pulse
Booster (Ugo Basile S.R.L., Gemonio, VA, Italy), with the contractile responses being recorded with LabScribe4
software. Each isolated hemidiaphragm was set to a resting tension of 1 g and subjected to supramaximal indirect stimuli
(0.1 Hz; 0.2 ms; 5-7 V) through bipolar electrodes positioned on its respective phrenic nerve and connected to a
stimulator. The preparations were stimulated for 10 min to stabilize the contractile responses before commencing any
experimental protocols. After the addition of fractions and/or toxins, the contractile responses were monitored for 120
min.

2.9. Electrophysiological assays in mouse phrenic nerve-diaphragm (PND) preparation

The effects of toxins on the frequency and amplitude of miniature end-plate potentials (MEPPs) and the amplitude
of evoked end-plate potentials (EPPs) were recorded in PND preparations mounted according to standard methods for
intracellular recording with glass microelectrodes, as described previously (Floriano et al. 2019). EPPs were evoked by
indirect stimulation (0.1 Hz; 0.2 ms), using the cut muscle technique and addition of MgCl, (0.26 mM), to avoid
triggering an action potential. To measure MEPPs and EPPs in PND preparations, a microelectrode (resistance: 15-20
MQ) filled with KCI (3 M) was inserted into the muscle fiber near the end-plate region, maintaining the microelectrode
in the same site during the entire recording. When a signal interruption occurred due to the displacement of the electrode
from the motor endplate region, the recording was halted. Signals were amplified by an Electro 705 electrometer (World
Precision Instruments, Sarasota, FL, USA) and Tektronix 5SA22N differential amplifier (Tektronix, Beaverton, OR, USA)
and digitized through a PCI-6221 A/D converter (National Instruments, UK) connected to WinWCP v.4.5.7 software
(Dempster 1993), which was also used to analyze the amplitude and frequency fluctuations of MEPPs and the amplitude
of EPPs.
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2.10. Statistical analysis

Data are expressed as mean + SD, and (n) is the number of independent experiments (preparations) indicated in the
text and figure legends. The twitch-tension responses recorded in mouse mouse phrenic nerve diaphragm (PND)
preparations were expressed as a percentage relative to baseline (time zero) values, considered as 100% of response,
whereas the MEPPs frequency and EPPs amplitude were expressed as absolute data, e.g., number of events per min or
mV, respectively. Statistical comparisons were made using Student's t-test or ANOVA followed by Tukey-Kramer test,
with p < 0.05 considered to be statistically significant. All data analysis was performed using MicroCal Origin 8§ SR4
version 8.0951 (MicroCal Software Inc., Northampton, MA, USA) and GraphPad Prism v. 4.03 (GraphPad Software
Inc., La Jolla, CA, USA).

3. Results
3.1. HPLC-size exclusion chromatography of crude venom

Fractionation of B. bilineatus crude venom by HPLC-size exclusion chromatography using a TSK gel®
G2000SWXL column resulted in eight fractions (Peaks: P1-P8) (Figure 1). These eight peaks were not resolved by the
lower resolution column Sephadex® G75 used by Floriano et al. (Floriano et al. 2013), whereas they observed three
peaks (Figure 1 inset).

3.2. PLA:activity of fractions P1 to P8

To identify the peaks corresponding to toxins eluted after the PLA: isoforms, we assessed the phospholipase A
(PLA:) activity across all fractions. Fractions P4—P5 exhibited high PLA: activity, whereas P6—P8 showed no detectable
activity (Figure 2). These findings indicate that the fraction previously designated as P3 by Floriano et al. (Floriano et al.
2013), and presumed to follow the PLA: isoforms, is now more accurately represented by fractions P6-P8. The
pharmacological properties of these relatively uncharacterized peaks were further investigated using a neuromuscular
junction model.

3.3. Effect of fractions P6-P8§ at the neuromuscular junction

In the indirectly stimulated mouse PND preparation, fractions P6 and P7 (15 pg/ml) caused significant
neuromuscular blockade, which became apparent approximately 30 min after their addition into organ bath; P6 caused
complete blockade within 120 min after addition, while P7 reduced the amplitude of contractile responses by 73 £ 8%
after this period. The time to produce 50% blockade was 20 = 4 min for P6 and 82 + 7 min for P7 (n = 3). Fraction P8
produced the neuromuscular facilitatory activity, starting within the first 15 min after addition of the fraction and
reaching an increase of 125 + 18% in contractile amplitude above basal values within 75 min, remaining stable until the
end of the recording (120 min) (Figure 3).

3.4. RP-HPLC chromatography of fraction P8

Fraction P8 (previously obtained by HPLC-size-exclusion chromatography) was purified by RP-HPLC, resulting
in two isolated toxins (Peaks: P8-1 and P8-2) (Figure 4). These toxins were then assessed for neuromuscular effects on
the mouse PND preparation and also for proteomic analysis.

3.5. De novo sequencing of toxins P8-1 and P8-2 from B. bilineatus venom

The purified active peptides P8-1 and P8-2 were de novo sequenced by ESI-Q-TOF-MS/MS mass spectrometry.
One was injected in the LC-MS/MS at 12.8 min of the run and had a molecular weight of 430.169 Da (Figure 5A;) with a
MS/MS corresponding to the tripeptide pENW (being pE pyroglutamic acid, Figure 5A»), and has been discovered
previously by Huang et al. (Huang et al. 1998) in Trimerisurus mucrosquamatus venom. The second peptide was injected
in the LC-MS/MS at 13.1 min of the run and had a molecular weight of 444.189 Da (Figure 5B;) with a MS/MS
corresponding to the tripeptide pEKW (Figure 5B;), and was already discovered by Marques-Porto et al. (Marques-Porto
et al. 2008) as being present in Bothrops jararaca venom. With their sequences identified, we next investigated the
functional effects of peptides P8-1 and P8-2 on neuromuscular transmission.

3.6. Characterization of the neuromuscular activity of toxins P8-1 and P§-2 from B. bilineatus

Neither P8-1 nor P8-2 completely reproduced the facilitatory effect on the PND preparation stimulated via the
motor nerve. P8-1 toxin (1.6 png/ml) caused a slight and progressive increase in twitch responses, being significant after
90 min incubation and reaching an increase of 40 + 8% at 120 min. P8-2 toxin (1.6 pg/ml) produced a slight and
immediate increase in the amplitude of twitch responses (15 + 4%) in the first 30 min of incubation, followed by a slight
decrease in amplitude that remained close to the values recorded in control preparations (Figure 6A).

To evaluate the possible interference of the solvents (ACN and TFA) used in the purification of peptides P8-1
and P8-2 on neuromuscular activity, a new batch of the P8 fraction (50 pg) obtained by gel filtration was pre-incubated
with the standard proportion of ACN (70%) and TFA (0.1%) in ultrapure water for 20 min at room temperature,
simulating the run time to obtain the peptides by RP-HPLC, and then added into the organ bath with the mouse PND
preparation. The ACN/TFA solvent alone was also tested in mouse PND preparation and found to cause progressive
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neuromuscular blockade that achieved 75 + 6% blockade within 120 min. When fraction P8 (10 pg/mL) was pre-
incubated with 70% ACN/0.1%TFA solvent, it acted to reverse the blocking effect of the solvent within 75 min (Figure
6B).

3.7. Effect of fraction P8 from B. bilineatus venom and the purified peptides P§-1 and P8-2 on motor neurotransmitter
release in mouse diaphragm

Spontaneous acetylcholine release in the mouse PND preparation was evaluated by measuring MEPPs, using
conventional cell electrophysiology techniques. The lower concentrations of fraction P8 (4 and 8 pg/ml) slightly
increased the MEPPs frequency from 5.2 £ 1.5 at toto 7.1 + 1.2 at t3o for the 4 pg/ml P8, and was significantly increased
from 6.1 £ 0.9 at toto 23.1 + 7.4 at t3 for the 8 pg/ml P8 during (n =4, p <0.05) 30 min of monitoring. In addition, 15
pg/ml P8 induced a greater increase in the frequency of MEPPs after 15 min of incubation [MEPPs frequency/min: 8.7 +
2.9 (to) to 75.7 £ 7.1 (t30) for 15 pg/ml, p <0.05, n = 4] (Figure 7).

Peptide P8-1 (15 pg/ml) significantly increased the MEPPs frequency after 15 min monitoring [MEPPs
frequency/min: 5.0 + 1.1 (to) vs. 48.4 £ 12.7 (t30), p < 0.05, n = 4], while peptide P8-2 (15 pg/mL) showed only a slight
effect on the acetylcholine release [MEPPs frequency/min: 5.5 £ 1.7 (to) vs. 19.5 + 7.0 (t30), n = 4] (Figure 8A-B). In
order to evaluate the effect of both peptides in combination, they were assessed according to the mass proportion in
which they are present in the fraction P8 (55% P8-1 and 45% P8-2), following their intact mass data (see section 3.5).
Given that the highest concentration of fraction P8 (15 pg /ml) tested at the neuromuscular junction was 15 pg /ml, 55%
of this concentration of P8-1 and 45% of P8-2 on the MEPPs frequency was used in subsequent studies. Peptide P8-1
(8.3 pg/mL) by itself exhibited a significant increase in MEPP frequency from 20 min onwards [MEPPs frequency/min:
6.3 +2.3 (to) vs. 40.2 + 13 (t30), p < 0.05, n = 4], while P8-2 (6.7 pg/ml) alone produced a slight increase in MEPPs
frequency [MEPPs frequency/min: 4.3 + 1.6 (to) vs. 17.8 £ 3.2 (t30), n = 4] (Figure 8 C-D). In addition, when the
proportions of P8-1 (55%) and P8-2 (45%) were combined, there was a significant increase in the acetylcholine release
from 15 min incubation onwards [MEPPs frequency/min: 10.2 + 3.4 (to) vs. 58 + 13.7 (t30), p < 0.05, n = 4], similarly to
the effect produced with 15 pg/ml P8 obtained by gel filtration (Figure 8E).

3.8. Effect of peptides PS-1 and PS§-2 from B. bilineatus venom on synaptic endplate potential in mouse phrenic nerve-
diaphragm preparation

Neither peptide P8-1 nor P8-2 had any significant effect on the EPP amplitude in the mouse PND preparation.
After 30 min in the presence of P8-1 (15 pg/ml) the EPPs amplitude increased slightly from 8.3 +2.3to 11.7+4.1 mV (n
= 4) and for peptide P§-2 (15 pg/ml) it increased from 6.7 + 2.8 to 8.5 + 3.2 (n = 4) (Figure 9A-B). However, when the
relative proportions of P8-1 peptide (55%) and P8-2 peptide (45%) were combined, there was a significant increase in
EPPs amplitude after 30 min from 7.8 £ 2.1 to 13.1 £3.9 mV (p <0.05, n = 4) (Figure 9C).

4. Discussion

Here, we identified the two biologically active peptides involved in the neuromuscular facilitation of the fraction
P8 isolated from B. bilineatus venom. SEC-HPLC of B. bilineatus venom resulted in eight fractions (peaks) rather than
the three fractions as previously identified by Floriano et al. (Floriano et al. 2013) using a Sephadex® G75 column.
TSKgel® G2000SWXL provides higher resolution than Sephadex G-75 due to its rigid silica matrix, uniform pore size,
and high-pressure compatibility. Fractions P6, P7 and P8 did not possess PLA; activity, with only fraction P8 producing
a pronounced contractile response in the mouse PND preparation, which was sustained for the duration of the recording
period, and similar to fraction P3 isolated by Floriano et al. (Floriano et al. 2013). However, fraction P8 (15 pg/ml)-
induced neuromuscular facilitation was revealed to be more active compared to the fraction P3 (30 pg/ml) obtained by
Floriano et al. (Floriano et al. 2013), most likely reflecting the better purification in our study.

Fraction P8-induced neuromuscular facilitation was also reflected by an increase in the frequency of MEPPs
recorded in the endplate area of the mouse PND preparation, suggesting that it is caused by a presynaptic action, which
promotes an increase in neurotransmitter release. Rodrigues-Simioni et al. (Rodrigues-Simioni et al. 2011) observed an
unusual neurotoxicity induced by B. bilineatus crude venom in avian and mammalian nerve-muscle preparations,
reporting substantial evidence that pointed to the presence of toxins in this venom with presynaptic actions. Specifically,
they reported that B. bilineatus venom induced non-PLA, dependent neuromuscular facilitation in myographical
recordings of mouse PND preparations. This was also corroborated by an increase in the quantal content measured from
evoked endplate potentials (EPPs), before progressing to complete neuromuscular blockade. In addition, Rodrigues-
Simioni et al. (Rodrigues-Simioni et al. 2011) showed that the contractile response to exogenous ACh was not altered
after venom-induced neuromuscular blockade in the chick biventer cervicis (BC) preparation, indicating unchanged
postsynaptic function. In this particular preparation, B. bilineatus venom only induced neuromuscular blockade,
attributed to a multi-innervated aspect of avian muscle fibers, increasing the sensitivity of this preparation to neurotoxins
(Ginsborg and Warriner 1960). A catalytically active (Asp49) PLA, (Bbil-TX) has also been characterized from B.
bilineatus venom (Corasolla Carregari et al. 2013), and its neurotoxic action was extensively studied by Floriano et al.
(Floriano et al. 2013, 2015). Bbil-TX is primarily involved in the B. bilineatus venom-induced neuromuscular blockade
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(Floriano et al. 2013); however, this toxin shares some properties with classic -neurotoxins in that it produces a transient
increase in acetylcholine release before blocking synaptic vesicle exocytosis (Chang et al. 1977; Chang and Su 1982;
Pungercar and Krizaj 2007; Rossetto and Montecucco 2008; Fathi et al. 2013; Floriano et al. 2015).

The neuromuscular facilitation phenomenon has been observed with venoms from phylogenetically distinct
snakes, with some groups of toxins contributing to this effect such as: 1) fasciculins, from the three-finger toxins (3FTx)
family (a-neurotoxins), which are synthetized by some Mamba species (Dendroaspis spp.) and inhibit
acetylcholinesterase (AChE), causing intense muscle fasciculation (Rodriguez-Ithurralde et al. 1983; Karlsson et al.
1984; Dajas et al. 1987; Van Den Born et al. 1995); 2) crotamine, a myotoxin present in Crotalus durissus terrificus
(South American rattlesnake) venom, which produces a spasmodic and facilitating effect on muscle tone in mammals,
leading to spastic muscle paralysis through depolarization and contraction of muscle fibers (Ownby 1998; Rizzi et al.
2007; Hernandez-Oliveira e Silva et al. 2013; Lima et al. 2018); 3) presynaptically active PLA, toxins (B-neurotoxins),
that produce a transient change in the motor neurotransmitter release (Chang and Su 1982; Su and Chang 1984; Rowan
2001; Fathi et al. 2013); and 4) PLA, myotoxins, which induce disruption of the plasma membrane integrity that leads to
a series of cellular disturbances, mainly causing calcium influx (Villalobos et al. 2007; Cintra-Francischinelli et al. 2009)
that trigger a series of intracellular events, such as myofilament hypercontraction and mitochondrial alterations (Gutiérrez
et al. 1984; Gutiérrez and Ownby 2003; Montecucco et al. 2008), without producing any direct modulatory effect on the
contractile machinery (Lopez-Davila et al. 2023).

Fraction P8 from B. bilineatus venom, subjected to RP-HPLC and de novo sequencing analysis, revealed the
presence of two tripeptides, P8-1 and P§-2, which had masses of 430.169 Da and 444.189 Da, respectively, with P§-1
being sequenced as pEKW and P8-2 as pENW, reported in a previous proteomic analysis (Sanz et al. 2020, p. 202).
These tripeptides have previously been identified in venoms of other Viperidae snakes, including pENW in venoms of
Bothrops jararaca (Kato et al. 1966; Marques-Porto et al. 2008), Bothrops asper (Francis and Kaiser 1993) and B.
moojeni (Villar-Briones and Aird 2018), species that are phylogenetically close to B. bilineatus, as well as in several
species of Crotalus (Kato et al. 1966; Robeva et al. 1991; Castro et al. 2013) and Agkistrodon (Lomonte et al. 2014).
Tripeptides pEKW and pENW have also been identified in Viperidae venoms from the Old World, including the genera
Cerastes, Daboia, Gloydius, Ovophis, Protobothrops, Trimeresurus, and Vipera (Kato et al. 1966; Huang et al. 1998;
Wagstaff et al. 2008; Yee et al. 2016), as well as in some Elapidae venoms, e.g., Bungarus and Dendroaspis (Villar-
Briones and Aird 2018).

Until now, the biological activities of these tripeptides have been poorly studied. It has been reported that the
PENW tripeptide from Echis ocellatus venom inhibited the platelet adhesion (Bai et al. 2015) and haemorrhage by toxins
from Crotalus atrox venom (Robeva et al. 1991), apart from inhibiting two metalloprotease isoforms from Bothrops
asper venom (Francis and Kaiser 1993). Concerning the tripeptide pEKW, it has been found to inhibit the gelatinolytic
and fibrinogenolytic activities of Russell's viper venom factor X activator (RVV-X) and daborhagin metalloproteases
isolated from Daboia siamensis venom (Yee et al. 2016). It has also been found to inhibit multiple metalloproteases from
the venom of Trimeresurus mucrosquamatus (Huang et al. 1998), as well as the metalloprotease activity of Bothrops
Jjararaca venom (Marques-Porto et al. 2008). However, the facilitatory action of the tripeptides pEKW and pENW on
motor neurotransmission has not previously been reported.

Our findings indicate that tripeptide pEKW (P8-1) is most likely responsible for the facilitation produced by B.
bilineatus crude venom seen in the mouse PND preparation, as reported by Rodrigues-Simioni et al. (Rodrigues-Simioni
et al. 2011). The mechanism appears to involve an increase in the amount of acetylcholine released and stimulation of the
postsynaptic nicotinic receptors, resulting in a consequent increase in the amplitude of the twitch responses. The
excitatory effect of pPEKW (P8-1) appears to be potentiated by pENW (P8-2). B. bilineatus venom-induced
neuromuscular facilitation might involve the action of both pEKW (P8-1) and pENW (P8-2), including the Bbil-TX
toxin, a presynaptically active PLA, present in this venom (Floriano et al. 2013, 2015). Table 1 summarizes the snake
species that have been identified to date that possess, in their venom, the tripeptides pEKW and pENW, including their
respective families and subfamilies. Unfortunately, the simplicity of these molecules makes phylogenetic analysis of
sequence comparison unfeasible.

In conclusion, this study presents the first identification of presynaptically active tripeptides, pPEKW and pENW,
from B. bilineatus venom, which exhibit a neuromuscular facilitatory effect by increasing acetylcholine release from
motor neurons. Their neuromodulatory activity positions them as templates for applications in neuropharmacological
studies. Furthermore, analogous versions labelled with fluorescent or radioactive indicators could facilitate the
identification of their molecular targets and binding sites in neuron cell cultures, including studies to understand the ion
channel modulation involved in this effect. Their small size (below 500 Da), favourable logP and number of hydrogen
acceptors and donors comply with the drug-likeliness properties of “Lipinski’s Rule of 5” (Lipinski et al. 1997).
Although, like most peptides, they may violate Veber’s rules for permeability and remain susceptible to enzymatic
degradation (Veber et al. 2002). Therefore, chemical modifications will be necessary to enhance their pharmacokinetic
properties and therapeutic efficacy. Overall, this study introduces a new class of bioactive presynaptic active tripeptides,
offering valuable tools for neuropharmacological studies and a potential scaffold for the development of therapeutics
targeting neurological and neuromuscular disorders.
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Figures and legends

Fig. 1 Elution profile of B. b. smaragdinus venom (2 mg) after size exclusion chromatography (SEC) in a TSKgel®
G2000SWXL column. Among the eight major fractions, fraction 8 (Peak 8: P8) had no PLA activity; but it did have a
potent neuromuscular facilitating action in the mouse PND preparation. Inset: elution profile of B. b. smaragdinus venom
after gel filtration on a Sephadex G-75 column highlighting the fraction “P3” as previously reported by Floriano et al.
(2013).

Fig. 2 PLA; activity of B. b. smaragdinus crude venom and fractions obtained by size-exclusion chromatography in a
TSKgel® G2000SWXL column. Note that fractions P4 and P35 contained most of the PLA; activity, while fractions P6,
P7 and P8 had no enzymatic activity. P1-P5 are not active in PND preparation.

Fig. 3 The effect of fractions P6-P8 (obtained by size-exclusion chromatography) on the neuromuscular junction of the
mouse PND preparation. (A) Fraction P8 increased the twitch tension amplitude, while the fractions P6 and P7 produced
neuromuscular blockade. The points represent the mean = SD (n = 4); *p < 0.05 compared to Tyrode control.

Fig. 4 Elution profile of the fraction P8 from B. b. smaragdinus venom by RP-HPLC in a C18 column.

Fig. 5 Representative mass spectrometry data from positive ESI-Q-TOF profiles of peptides P8-1 and P8-2. (A1) The first
tripeptide has a MW 0f 430.169 and (A2) MS/MS corresponds to pENW. (B1) The second tripeptide has a MW of
444.189 and (B2) MS/MS corresponds to pEKW. The MS spectra are shown in A; and B; and their MS/MS spectra in A
and B»: (A1) pooled fractions 113-119; (A,) RP-HPLC peak 1, pre-purified fraction 113—119; (B;) RP-HPLC peak 2 of
purified pPEKW (B,) MS/MS profile of pEKW, used for de novo sequencing of the peptide, showing some representative
daughter ions. White arrows (panels A and B) point out to the m/z corresponding to pEKW.

Fig. 6 (A) The effect of toxins P8-1 and P8-2 (obtained by RP-HPLC) on the neuromuscular junction of the mouse PND
preparation. (B) The progression of the ACN/TFA solvent-induced neuromuscular blockade was avoided when combined
with the fraction P8 (10 pg/ml). The points represent the mean = SD (n = 3); in A and B, *p <0.05 compared with
Tyrode control; in A, *p < compared with P8-1 (1.6 pg/mL); in B, #p < compared with P8 (10 pg/ml) + ACN/TFA.

Fig. 7 Effect of fraction P8 from B. b. smaragdinus venom on the frequency of MEPPs in the mouse diaphragm. (A and
B) The lower concentrations of fraction P8 (4 or 8 png/ml) did not affect the frequency of MEPPs. (C) Fraction P8 (15
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pg/mL) induced a significant increase in the frequency of MEPPs from 15 min after addition. Columns represent the
mean £ SD (n = 4); *p < 0.05 compared with baseline.

Fig. 8 Effect of peptides P8-1 and P8-2 (RP-HPLC) from B. b. smaragdinus venom on the frequency of MEPPs in the
mouse diaphragm. (A) Increase in the frequency of MEPPs by peptide P8-1 (15 pg/ml) on the motor endplate. (B) Effect
of peptide P8-2 (15 pg/ml) on the motor endplate. (C) Increase in the frequency of MEPPs by 55% (of 15 pg/ml) of
peptide P8-1 on the motor endplate. (D) Effect of the 45% proportion (of 15 pug/ml) of peptide P8-2 on the motor
endplate. (E) Increase in the frequency of MEPPs by proportions of P8-1 (55%) and P8-2 (45%) (15 pg/ml) combined.
Columns represent the mean = SD (n = 4); *p < 0.05 compared with baseline value, *p < 0.05 compared with respective
values seen with fraction P8 (gel filtration). Open rectangles represent the MEPPs/min frequency values achieved by
fraction P8 (gel filtration).

Fig. 9 Representative recordings of evoked EPPs in mouse PND preparation treated with peptides P8-1 and P8-2 from B.
b. smaragdinus venom. (A) Increase in EPP amplitude due to the action of P8-1 (15 pg/ml). (B) Increase in EPP
amplitude due to the action of P§-2 (15 pg/ml). (C) Increase in EPP amplitude due to the action of the proportions of P§-
1 (55%) and P8-2 (45%) (15 ug/ml) added together in the recording chamber. (P>) indicates the basal amplitude (to) of
the EPP.
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active peptides from Bothrops bilineatus (Viperidae: Crotalinae) venom
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Electrophysiological modulation of cholinergic neurotransmission by biologically
active peptides from Bothrops bilineatus (Viperidae: Crotalinae) venom

Figure 7
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Electrophysiological modulation of cholinergic neurotransmission by biologically
active peptides from Bothrops bilineatus (Viperidae: Crotalinae) venom
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