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A B S T R A C T

Background: Spider venoms are enriched in toxins that modulate mammalian voltage-gated ion channels (VGIC) 
with pharmacological potential. However, the inventory of toxins of American spiders with effects on voltage- 
gated Ca2+ channels has lagged the number of toxins interacting with other channels. Here, we aimed at 
identifying new Ca2+ channel-modulating toxins of the Colombian spider Pamphobeteus verdolaga.
Methods: The sequences of five novel short, positively charged, disulfide-bridged peptides, and one more short, 
non-bridged control peptide, were selected from the transcriptomic database of the venom gland of P. verdolaga. 
Peptides were synthesized and screened at 1 μM for their effects on L-type Ca2+ currents (ICaL) in mouse car
diomyocytes using patch-clamp. IK were also evaluated to gain information about the selectivity of the peptides. 
3D modeling, docking and molecular dynamics simulations were likewise performed.
Results: vrdg183 (19 amino acid residues, four cysteines, charge +7, 2.33 kDa), followed by vrdg69 and vrdg177, 
inhibited over 60 % of ICaL. vrdg172 and vrdg164 showed a moderate effect of less than 40 %. vrdg183 had a half- 
maximal inhibitory concentration for ICaL of 858.28 nM and was the only toxin lacking effect on IK. vrdg183, 
consisting of two antiparallel β-strands, was successfully docked to the extracellular L6IV loop at the outer pore 
region of the human cardiac Cav1.2 with a binding energy of − 9.5 kJ/mol. Conclusion: This is the first report of 
toxins of P. verdolaga with effects on VGIC. vrdg183 highlights as a very low molecular weight, moderately potent 
ICaL inhibitor through an allosteric mechanism, without effect on IK.

1. Introduction

Many animal venoms are enriched in mammalian voltage-gated ion 
channel (VGIC)-modulating peptide toxins (Bolon et al., 2023; Lange
negger et al., 2019; Rash and Hodgson, 2002; Rojas-Palomino et al., 
2024). In invertebrates, including the Arthropoda phyla, these toxins are 
typically made of 10–75 amino acids and give origin to a large and 
complex structural diversity (Daly and Craik, 2011; Jin et al., 2019; King 
and Hardy, 2013; Langenegger et al., 2019; Quintero-Hernández et al., 
2013; Xia et al., 2023). Ultimately, their low molecular weight (MW) 

(<10 kDa), the presence of disulfide bridges and the folding patterns 
favored by them confer many toxins with stability and affinity to bind 
and modulate VGIC (Deplazes, 2017; Langenegger et al., 2019; Quin
tero-Hernández et al., 2013; Rojas-Palomino et al., 2024).

Mammalian VGIC are multispanning, multisubunit membrane pro
teins specialized in allowing the passage of ions across the cell mem
brane in favor of an electrochemical gradient. Although VGIC are 
enriched in excitable cells, they can also be present in many other cell 
types (Bolaños and Calderón, 2022; Catterall, 1995; Quintana et al., 
2010). VGIC are composed of either a large, monomeric α-subunit or a 
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polymeric α-subunit made of smaller subunits. Voltage-gated Ca2+

channels (VGCC) represent the first structure and voltage-gated K+

channels (VGKC) are the prototype of the second. The α-subunit is 
particularly important for the movement of ions across the membrane 
because it harbors the pore domain (PD) and the positively charged S4 
helices of the voltage sensing domain (VSD) (Bezanilla, 2008; Rojas-
Palomino et al., 2024; Wu et al., 2016). Accessory subunits also influ
ence the biophysical properties of the channels (Morin and Kobertz, 
2008).

Many Central and South American cnidarians, cone snails, snakes, 
scorpions and spider toxins have been reported to modulate mammalian 
VGIC: in up to 95 % of the cases the result is a reduction of the current 
flowing through the channel (Rojas-Palomino et al., 2024). Moreover, 
~65 % of the toxins characterized in these geographical regions come 
from scorpions and only ~15 % come from spiders. Of those toxins, 90 % 
have been either tested only against VGKC or found to modulate only 
VGKC (Rojas-Palomino et al., 2024).

Recently, our transcriptomic analyses of the venom gland of Pam
phobeteus verdolaga, a spider species discovered in Colombia (Cifuentes 
et al., 2016), revealed novel short polypeptide sequences with cysteine 
residues putatively involved in disulfide bridges, showing identity with 
other spider toxins (Salinas-Restrepo et al., 2022, 2024). Moreover, 
preliminary fluorescence assays suggested that some fractions of the 
venom of this spider could block VGCC (Estrada-Gomez et al., 2019), 
with the specific VGIC-interacting toxins yet to be identified. This led us 
to hypothesize that the venom gland of P. verdolaga has toxins with 
direct effect on mammalian VGCC with potential pharmacological ap
plications. Here, we report the synthesis, purification and electrophys
iological evaluation of five bridged and one non-bridged novel toxins of 
the venom gland of P. verdolaga, demonstrating their effects as VGIC 
regulators. Furthermore, the most selective toxin was in silico charac
terized to unveil its mechanism of action on the human VGCC cardiac 
isoform.

2. Materials and methods

Ethical approval

All experimental procedures involving animals in this research were 
approved by the institutional Committee for Ethics in Experiments with 
animals of the University of Antioquia (minutes 129 of October 29th of 
2019), Colombia, according to the Law 84 of 1989 and Resolution 8430 
of 1993, and were performed in compliance with the Directive 2010/63/ 
EU of the European Parliament guidelines, as well as policies on 
experimental design and analysis and reporting of the results (Percie du 
Sert et al., 2020). Animals were kept in polypropylene cages with ad 
libitum access to food and water under 12:12 h light:dark cycles. Only 
adult, male Swiss Webster mice, weighing 20–26 g, were used. For 
euthanasia, animals were exposed to 2 % isoflurane for 25–30 s followed 
by a rapid cervical dislocation performed by a trained researcher.

2.1. Peptides synthesis

The previous use of three distinct assembly algorithms and the 
merging of each of their non-redundant outputs allowed our group to 
identify more than 18.000 sequences and 260 putative new toxins in the 
venom gland of the spider P. verdolaga (Salinas-Restrepo et al., 2022). 
Six of those new peptides were chosen for this study based on their 
predicted physicochemical properties (vrdg66, vrdg69, vrdg164, vrdg172, 
vrdg177 and vrdg183) and were synthesized as we recently reported 
(Salinas-Restrepo et al., 2024). Briefly, solid-phase peptide synthesis 
(SPPS) methods following a standard Fmoc/tBu protocol using Rink 
MBHA resin (Millipore, Germany) as solid support (Guzmán et al., 2021) 
were used. Deprotection was carried out under agitation at room tem
perature (RT) in two 20-min cycles of 10 % w/v piperazine in 10 % v/v 
ethanol in N,N-dimethylformamide. The Fmoc-L-amino acids, activators 

and coupling agents (N-[(1H-benzotriazol-1-yl)-(dimethylamino)meth
ylene]-N-methylmethanaminium hexafluorophosphate N-oxide 
—HBTU—, Oxyma Pure® and N,N-diisopropylethylamine —DIPEA—, 
Millipore) were used in a 10-fold excess. Five-hour coupling cycles were 
employed under agitation and RT for HBTU. Coupling completion was 
monitored by the absence of bromophenol blue coloration. After the 
required elongation, the peptides were cleaved from the solid support 
for 2 h under agitation at RT using a 92.5:2.5:2.5:2.5 solution of tri
fluoroacetic acid (TFA)/triisopropylsilane (TIS)/2-mercaptoetha
nol/H2O, respectively. Peptides were precipitated and removed from the 
cleavage solution, dissolved in ultra-pure water, frozen at − 70 ◦C and 
lyophilized for storage.

The purity and identity of the peptides was verified by using reverse- 
phase high performance liquid chromatography (RP-HPLC) and mass 
spectrometry (MS), as described (Salinas-Restrepo et al., 2024). Briefly, 
a 1 μg/μL stock of the peptides was prepared in a 0.05 % v/v TFA water 
solution, and analyzed on a JASCO Corp HPLC (JASCO Corp, Tokyo, 
Japan) with an XBridgeTM BEH C18 column (Waters Corporation, 
Milford, Massachusetts, USA). Peptide monitoring was conducted at 
214 nm. Identity verification was carried out using MS on a LC/MS-2020 
ESI-MS device (Shimadzu Corp., Kyoto, Japan). The run consisted of a 
0–70 % 0.05 % v/v TFA acetonitrile gradient at 1 mL/min for 20 min at 
4.5 kV and 350 ◦C.

The formation of disulfide bridges was carried out according to the 
protocol published by Zhang et al. (2010). Peptides were dissolved in a 
5 mM guanidine-HCl, 10 % v/v DMSO aqueous solution to a concen
tration of 0.20 mg/mL, pH 7.0. Oxidation was accomplished at 300 rpm 
(SH-200, Cole-Parmer Instrument Company, Vernon Hills, IL, USA) for 
16 h at RT. Following lyophilization, the peptides were purified and 
guanidine and DMSO were removed by solid phase extraction with 
RP-18 cartridges (Merck, Germany) using acetonitrile with 10 % in
crements until 100 % v/v. Purity was expected to be over 90 % for all 
peptides and no further analyses were systematically performed to 
verify the formation of disulfide bridges or to detect changes in mass due 
to possible oligomerization.

2.2. Cardiomyocyte's isolation

Following the method described by our laboratory (Rojas-Palomino 
et al., 2024), hearts were rapidly dissected out from the mice and 
immersed twice in filtered, cold, Ca2+-free Tyrode's solution (in mM: 
NaCl 135, KCl 5.4, MgCl2 1, glucose 10, HEPES 10, NaH2PO4 0.33, pH 
7.2) supplemented with enoxaparin (1 mg/mL). The aorta was then 
cannulated under magnification, mounted on a Langendorff apparatus 
and perfused at a constant flow rate of 4.5 mL/min with Ca2+-free 
Tyrode's solution bubbled with 95 % O2 and 5 % CO2. This solution was 
supplemented with 1 mg/mL collagenase type 2 (Worthington, Lake
wood, NJ, USA) and 0.1 mg/mL protease type XIV (Sigma, St. Louis, MO, 
USA), at 37 ◦C for ~19–20 min. The ventricles were then gently tritu
rated and agitated with fine forceps to obtain isolated single car
diomyocytes. Ca2+ was then slowly restored to the solution. Only freshly 
isolated, striated, brick-shaped cardiomyocytes, with intact bright 
membrane and without spontaneous contractions were selected for the 
experiments.

2.3. Electrophysiology assays

The fact that preliminary evidence suggests the presence of toxins 
blocking VGCC in venom fractions of P. verdolaga (Estrada-Gomez et al., 
2013, 2019), and most toxins discovered in America have been reported 
to target IK (Rojas-Palomino et al., 2024), prompted us to specifically 
look for toxins targeting ICa. Complementary IK analyses were performed 
to conclude on the specificity of the effects.

Macroscopic Ca2+ (ICa) and K+ (IK) currents were recorded in the 
isolated cardiomyocytes using the whole-cell configuration in voltage- 
clamp mode of the patch-clamp technique (Multiclamp 700B, Axon 
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Instruments, USA) (Conforti, 2012; Hamill et al., 1981; Kodirov, 2023; 
Rojas-Palomino et al., 2024). Microelectrodes with open-tip bath re
sistances of 2–2.5 MΩ were obtained from Schott 8250 glass capillaries 
(593800, A-M Systems, USA) using a horizontal puller (PUL-1000, WPI, 
USA) and a microforge (MF 200-1, WPI).

For ICa recordings, the pipette solution contained (mM): HEPES 11, 
EGTA 10, CsCl 125, MgATP 5 (pH 7.1, adjusted with CsOH) and the bath 
solution had (mM): tetraethylammonium (TEA) chloride 140, MgCl2 1, 
CsCl 6, CaCl2 1, HEPES 10, glucose 10 (pH 7.4 with CsOH) (Lacampagne 
et al., 1995). ICa were elicited with 100 ms voltage steps from − 40 to 
+60 mV in 10 mV increments from a holding potential of − 50 mV. 
Nifedipine (5 and 13 μM) or isoproterenol (10–100 μM) were used in 
control experiments to confirm the identity of the current.

To evaluate IK, the pipette solution contained (mM): KCl 140, MgCl2 
2, MgATP 4, EGTA 5, HEPES 10 (pH 7.2 with KOH) and the bath solution 
had (mM): NaCl 135, KCl 5.4, MgCl2 1, glucose 10, HEPES 10, NaH2PO4 
0.33, tetrodotoxin 0.1 (pH 7.2 with NaOH). Nifedipine 10 μM was added 
to the bath solution only if needed. IK were activated with a protocol of 
100 ms voltage steps from − 30 mV to +80 mV in 10 mV increments from 
a holding potential of − 40 mV. TEA (150 mM) or phrixotoxin 2 (PaTx2, 
200 nM) (Diochot et al., 1999) were used to confirm the identity of the 
current.

Currents were recorded and stored using the Clampex v10.5 software 
(Molecular Devices, USA), at 10 kHz and low-pass filtered at 5 kHz. The 
series resistance of the pipettes was compensated at a maximum of 50 % 
and the P/4 protocol was used to subtract leakage currents. Only re
cordings obtained with a membrane seal resistance (Rt) over 1 GΩ, an 
access resistance (Ra) lower than 10 MΩ, a membrane capacitance (Cm) 
over 100 pF and deemed negligible leak current were included in the 
analyses, ensuring only results with good voltage control. Current den
sities (pA/pF) (Kodirov, 2023) were used for non-paired analysis (con
trols, pharmacological characterizations, concentration-response curve) 
to account for cell-to-cell variability. For paired analysis (screening of 
the peptides), data was normalized to the peak current amplitude of the 
controls. All experiments were conducted at RT (22–24 ◦C).

The lyophilized peptides were reconstituted in deionized water, 
divided into aliquots and stored at − 80 ◦C. On the day of the experiment, 
individual aliquots of peptides were slowly thawed on ice and carefully 
added to the bath solution at a final concentration of 1 μM for screening. 
In further concentration-response experiments, the cardiomyocytes 
were exposed to increasing concentrations of vrdg183 in independent 
assays.

2.4. In silico three-dimensional structures and molecular docking

The amino acid sequences of vrdg183, published by our group 
(Salinas-Restrepo et al., 2024), and calciseptine (UniProt P22947), a 
snake toxin used as a positive control known to specifically block Cav1.2 
(de Weille et al., 1991; Gao et al., 2023; Mesirca et al., 2024), served as 
input for pyPept (Ochoa et al., 2023) and AlphaFold 3 (Abramson et al., 
2024) softwares to generate their three-dimensional (3D) structures. The 
3D models with the highest prediction scores were selected and saved as 
.pdb format. The 3D structure of the human cardiac Cav1.2 isoform 
(UniProt Q13936) was retrieved from the Protein Data Bank (PDB ID 
8WE6, https://www.rcsb.org/, accessed May 2025). Crystallographic 
water molecules, non-protein components and subunits not expected to 
be directly involved in the toxin-channel interaction were removed 
using AutoDock tools. Finally, only the α1C subunit, recognized as the 
primary binding interface for multiple inhibitors (Gao et al., 2023), was 
retained.

To evaluate the most accurate toxins-channel docking protocol, we 
employed the two widely used platforms ClusPro 3.0 (Porter et al., 
2017) and HDOCK (Yan et al., 2020). Each platform's docking results 
underwent comparison to the experimentally resolved reference struc
ture of the calciseptine-Cav1.2 complex (PDB ID 8WE7) while focusing 
on spatial orientation and peptide binding interface. Thus, for the 

vrdg183-Cav1.2 docking we chose the method that produced the calci
septine-Cav1.2 pose closest to the experimentally determined complex.

2.5. Molecular dynamics

The molecular dynamics (MD) simulations aimed to evaluate the 
structural stability and binding behavior of the toxin-channel complexes 
under conditions that mimic the mammalian physiological environ
ment. All protocols were executed using the YASARA Structure software, 
employing the AMBER14 force field, following previously established 
methodologies (Sierra-Hernandez et al., 2025). Once docked, each 
toxin-channel complex was placed in a cubic simulation box, leaving a 5 
Å buffer around the molecules to ensure proper solvation. We applied 
periodic boundary conditions to simulate a continuous environment and 
reduce edge effects. The systems were solvated with explicit water 
molecules, and Na+ and Cl− ions were added to reach a physiological 
extracellular concentration of 0.9 %. All simulations were run at 298.15 
K and the pressure was adjusted at 1 atm based on the density of water 
(0.997 g/ml).

Before the production run, each system underwent energy minimi
zation and equilibration. The production phase lasted 100 ns for each 
complex, using a 1.25 fs time step.

After the simulations, we analyzed the trajectories using YASARA's 
built-in macros. We focused on root mean square deviation (RMSD) and 
Radius of gyration (Rg) to assess structural stability and flexibility. To 
estimate binding strength, the energy terms values were extracted from 
the trajectories using the md_analyzebindenergy.mcr macro, which in
corporates the Poisson-Boltzmann Solver (APBS) for electrostatic cal
culations, based on the Molecular Mechanics Poisson-Boltzmann Surface 
Area (MM-PBSA) method.

The binding energy was calculated as: 

Binding energy = ΔEsolvation + ΔEpotential (1)                                 

Where: ΔEsolvation = Esolv, complex − (Esolv, channel + Esolv, toxin) 
(2)                                                                                                     

ΔEpotential = Epot, complex − (Epot, channel + Epot, toxin)          (3)

This formulation captures the energetic contributions from both 
solvation (Esolv) and molecular interactions (Epot) during complex 
formation.

2.6. Data analysis and statistics

Recordings were analyzed with Clampfit v10.5 (Molecular Devices, 
USA) and graphed with Origin Pro2019 (Origin Lab Corporation, 
Northampton, MA, USA) or GraphPad Prism v10.0 (GraphPad, Boston, 
MA, USA). Results of the screening include three to six independent, 
paired experiments. The activation phase of the currents (i.e., from the 
starting point of the recording to the point of maximum amplitude) was 
described by the τact values of a decay fitted exponential function. In the 
concentration-response experiments, data was fitted with the sigmoidal 
function: 

y=A1 +
A2 − A1

1 + 10(Log x0 − x)p (4) 

The value of Logx0 was considered the inhibitory concentration 50 
(IC50) and p represents the Hill slope. All results are expressed as means 
± standard error of the mean (SEM). Statistical differences were assessed 
using paired or non-paired t-tests for two-group comparisons and one- 
way ANOVA followed by Tukey's post hoc test for analyses involving 
more than two groups. Normality was verified with the Shapiro-Wilk 
test. Differences were considered significant at P < 0.05.
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3. Results

3.1. Peptides

Table 1 summarizes the physicochemical properties of the different 

peptides chosen for this study. vrdg66 served as a control because it 
matches key properties with the other peptides, such as a positive 
charge, good solubility and a very low MW, but was not expected to 
affect VGIC because it lacks disulfide bridges. In contrast, the remaining 
five bridged-peptides were expected to modulate VGIC in 

Table 1 
Physicochemical properties of the P. verdolaga novel peptides evaluated in this studya.

Peptides Amino acids sequence Disulfide bridges MW (kDa) Hydrophobic moment Charge Isoelectric point Solubility (mg/ml)

vrdg66 WKKIKKFF 0 1.12 0.37 +5 11.2 >8
vrdg69 YRARCVIYC 1 1.15 0.06 +3 8.7 2
vrdg164 RSVLKAHCRICRRRG 1 1.81 0.07 +7 10.8 2
vrdg172 CRKLCFRNRCLTYCRGR 2 2.15 0.06 +7 9.8 4
vrdg177 QCRKLCFRNRCLTYCRGR 2 2.28 0.06 +7 9.8 4
vrdg183 QCRKLCFRNRCLTYCRGRG 2 2.33 0.06 +7 9.8 4

a vrdg states for verdolaga. MW: theoretical molecular weight.

Fig. 1. Characterization of ICa and IK obtained in ventricular cardiomyocytes of mice using patch-clamp. A. The panel on the left illustrates the typical appearance of 
recently isolated ventricular cardiomyocytes under low magnification. On the right a representative patched cardiomyocyte is shown. The cell is in the middle and 
the micropipette comes from the right. Scale bars: 100 μm. B. The leftmost panel shows representative recordings of the effect of nifedipine or isoproterenol on ICa at 
0 mV. Although the traces for nifedipine and isoproterenol were obtained in independent experiments, they were ensembled for an easier comparison. The panel in 
the middle depicts the current to voltage (I–V) plots for n = 4 different cells per condition. The rightmost panel shows the grouped results. Nifedipine reduced the 
mean peak ICa current density in a concentration-dependent manner: from − 7.1 ± 0.88 pA/pF under control conditions to − 2.41 ± 0.32 pA/pF at 5 μM and to − 0.41 
± 0.13 pA/pF at 13 μM. Conversely, 100 μM isoproterenol markedly enhanced the current to − 12.52 ± 1.06 pA/pF (*P < 0.05, one-way ANOVA followed by Tukey's 
post-hoc test). The results confirm the identity of the current as ICaL. C. The panel on the left illustrate representative results of the effect of the pharmacological 
modulators tetraethylammonium (TEA) and Phrixotoxin 2 (PaTX2) on IK at +80 mV evaluated in independent experiments. Mean I-V plots for n = 3–4 different cells 
per condition are shown in the middle. The grouped results on the right show that TEA decreased the current density to 3.5 ± 0.92 pA/pF compared to a control IK of 
20.67 ± 4.25 pA/pF. PaTX2 decreased the current to 13.71 ± 1.53 pA/pF (*P < 0.05, one-way ANOVA followed by Tukey's post-hoc test). These results confirm that 
IK comes from different Kv isoforms, including Kv4.x.
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cardiomyocytes.

3.2. Cardiomyocytes and control currents

Representative images of the cardiomyocytes used for the experi
ments are shown in Fig. 1A. Three lines of evidence confirm that these 
cardiomyocytes gave macroscopic L-type ICa (ICaL) mostly carried by the 

Cav1.2 isoform (Alexander et al., 2021; Grunnet, 2010; Hussain and 
Orchard, 1997): i) their inward current peaked between 0 and +10 mV, 
as shown in the current to voltage (I-V) plot, ii) were completely 
inhibited by nifedipine, and iii) were activated by isoproterenol 
(Fig. 1B).

Many IK are activated in these cardiomyocytes under the protocols 
used in this study (Grunnet, 2010; Rojas-Palomino et al., 2024). Given 

Fig. 2. Selected normalized mean traces showing the effect of the P. verdolaga peptides on ICaL. Mean traces were generated by pooling all control (black) or 
experimental (vrdg peptides, green⁋) records in one trace (left column), to summarize the effect of vrdg66 (A), vrdg164 (B), vrdg172 (C) and vrdg183 (D) on ICaL at 0 
mV. The scale bar applies to all panels in the left column. The right column shows the corresponding current to voltage plots of the same toxins illustrated on the left. 
vrdg69 and vrdg177 were not shown because they look like the records of vrdg183. The upper insert represents the voltage step protocol used for stimulation. ⁋All 
traces from the spider toxins are identified in green in this and subsequent figures because the Spanish word “verdolaga” means greenish. *P < 0.05, paired Student's 
t-test for current at 0 mV. ICaL: L-type Ca2+ current. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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the kinetics, the partial response to high concentrations of TEA and its 
sensitivity to PaTx2, this current is likely carried out by Kv4.2 (Ito,f), 
Kv4.3 (Ito,f), Kv1.4 (Ito,s), Kv1.5 and Kv1.7 (Fig. 1C). Thus, we will 
continue generalizing this current as IK.

3.3. Differential effect of the vrdg peptides on ICaL in mice cardiomyocytes

The screening at 1 μM identified vrdg183 as the most effective pep
tide inhibitor of ICaL, followed by vrdg69 and vrdg177, all over 60 %. In 
contrast, vrdg172 and vrdg164 produced a moderate inhibition of less 
than 40 % (Fig. 2 and Table 2). As expected, vrdg66 had no significant 
effect on ICaL. Only vrdg164 lengthened the activation phase of the 
current (τ = 4.45 ± 0.72 vs τ = 2.64 ± 0.49 ms in the control, P = 0.03) 
(Fig. 2). All effects appeared within 5 min of incubation with the toxins.

3.4. Differential effect of the vrdg peptides on IK in mice cardiomyocytes

vrdg69, vrdg172 and vrdg177 at 1 μM inhibited over 40 % IK. The 
remaining peptides inhibited less than 25 % of the current (Fig. 3 and 
Table 2). Notably, vrdg183 had no effect on IK. Similarly, the effects 
appeared within 5 min of exposure to the toxins.

3.5. The new spider toxin vrdg183 has moderate potency to inhibit ICaL in 
mice cardiomyocytes

Given its pronounced and selective effect on ICaL, vrdg183 was 
considered the most promising toxin for further characterization. First, 
we corroborated the inhibitory effect of vrdg183 on ICaL in car
diomyocytes previously exposed to isoproterenol using a design of 
repeated measurements. The results shown in Fig. 4A fully confirm the 
effect of vrdg183 and the good health of the cardiomyocytes employed in 
the assays.

An IC50 of 828.28 nM was then estimated by fitting the 
concentration-response data. These results also indicate that this peptide 
does not affect the activation voltage at any tested concentration 
(Fig. 4B–D).

3.6. 3D structures and molecular docking

The model generated by AlphaFold 3 exhibited the lowest RMSD 
(3.8 Å compared to 8.7 Å for the pyPet structure) relative to the 
experimental calciseptine structure, indicating the highest structural 
fidelity (Fig. 5A). Based on this, AlphaFold 3 was selected as the 
preferred tool for modeling the 3D structure of vrdg183. As expected 
from its length and the presence of four cysteine residues, vrdg183 as
sembles into a structure of two antiparallel β-strands linked by a short 
loop and stabilized by two disulfide bridges (Cys2-Cys15 and Cys6- 
Cys11). The C-terminal region conformed in a longer and freer loop 
than the N-terminal (Fig. 5B). Intramolecular hydrogen bonds also sta
bilize the structure (Table 3). The molecular surface area was 2016.02 

Å2.
The satisfactory structures of the toxins were thus docked into the 

Cav1.2 channel and the results were ranked according to their scores. 
Table 4 reveals the top scoring values in each case, confirming the high 
quality of the models. The confidence scores obtained with HDOCK were 
slightly larger than those obtained with ClusPro, thus HDOCK models 
were expected to be more reliable. Moreover, HDOCK was able to pre
dict the experimentally identified channel binding site of calciseptine 
(Fig. 5C and E). Thus, a further structural evaluation of the HDOCK 
models was performed using molecular visualization tools to assess the 
quality of the binding interface. Particular attention was given to the 
presence of hydrogen bonds, hydrophobic contacts, and the proximity of 
the toxins to known functional or active sites on the channel. This 
combined approach of score-based ranking and structural validation 
was used then to identify the most plausible vrdg183-channel binding 
conformation (Fig. 5D and F). The results confirm that vrdg183 binds to 
the extracellular L6IV loop of the dome located in the outer pore region 
(Fig. 5D and F). The amino acid R18 of the C-terminal region of the toxin 
interacts with P1475, G1476 and K1477 of the channel. Moreover, G19 
of the toxin interacts with K1477 (Table 5).

3.7. Molecular dynamics

The MD simulations were carried out by means of the HDOCK 
docking results, focused on these key aspects: whether the peptide re
mains stably positioned, how strong and consistent its interactions are 
with the surrounding residues, and whether it causes any structural 
changes that might affect ion flow.

The traces in black in Fig. 6A and B show the RMSD and Rg, 
respectively, of control simulations for the α1 channel subunit alone. 
RMSD kinetics demonstrate that the structure achieves conformational 
equilibrium near to 50 ns, remaining mostly stable afterwards. Simi
larly, Rg rapidly decreased over the first 50 ns in a process which then 
continued more gradually. Fig. 6C and D shows the final 3D confor
mation reached, subsequently used for comparison.

Interestingly, the analysis of the RMSD and Rg kinetics in the pres
ence of the toxins reveals distinct dynamic behaviors for Cav1.2 when 
comparing to its unbound state. The channel bound to calciseptine 
(blue) displays relatively stable RMSD values throughout the simulation 
(Fig. 6A). In contrast, the vrdg183-channel complex (green) shows a 
gradual and sustained increase in RMSD, which reaches values about 30 
% higher than for the unbound channel or the channel bound to 
calciseptine.

The Rg profiles of the calciseptine-channel complex (blue) and the 
vrdg183-channel complex (green) behave different from the unbound 
channel (black) as illustrated in Fig. 6B. The calciseptine-channel com
plex stabilizes about 1 Å below the profile of the native channel, early 
(8–10 ns from simulation start) departing from the control profile. When 
bound to vrdg183, there is a rapid decrease within the first 30 ns of the 
Rg simulation, generating a distinctive valley not present in the natural 
dynamics of the unbound channel. Although the vrdg183-channel profile 
almost superimposes to the control profile at the very end of the simu
lation, the kinetics are clearly different during the first 50 ns.

Structural snapshots from the final simulation frames show calci
septine positioned at the extracellular vestibule (Fig. 6E and F), but not 
directly occluding the pore. vrdg183 also binds at a peripheral site, away 
from the central ion-conducting pathway (Fig. 6G and H), reproducing 
the pose presented in the docking results.

Finally, the binding energies were − 468.8 and − 9.5 kJ/mol for 
calciseptine and vrdg183, respectively, suggesting a spontaneous process 
in both cases.

4. Discussion

Our main findings were: i) the venom gland of P. verdolaga has very 
low MW, disulfide-bridged peptides with effect on mammalian VGIC, ii) 

Table 2 
Summary of the effects of the P. verdolaga peptides on ICaL and IK in mice 
cardiomyocytes.a.

Peptides ICaL IK

n Inhibition (%) SEM (%) n Inhibition (%) SEM (%)

vrdg66 6 − 16.3 10.5 5 − 24.4 4.4
vrdg69 4 − 63.3 12.7 4 − 52.5 6.3
vrdg164 5 − 17.4 6.1 3 − 14.4 12.7
vrdg172 4 − 38.8 15.6 3 − 43.9 5.8
vrdg177 3 − 61.8 10.9 3 − 40.9 10.1
vrdg183 4 − 66.7 6.5 3 − 6.2 24.6

a vrdg states for verdolaga. n refers to the number of independent experiments. 
Values in columns 3 and 6 are negative to express the percentage of inhibition of 
the indicated current. ICaL: L-type Ca2+ current. IK: K+ current. SEM: standard 
error of the mean.
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vrdg183 inhibits ICaL but not IK, iii) vrdg183 binds to the L6IV loop of the 
human Cav1.2, away from the channel pore, vi) vrdg69, vrdg164, 
vrdg172 and vrdg177 are unspecific inhibitors of VGIC.

4.1. New American spider toxins with very low MW

Spider VGIC-interacting toxins are underrepresented in the catalog 
of American toxins (Rojas-Palomino et al., 2024). The study of 
P. verdolaga (Theraphosidae) (Cifuentes et al., 2016) represents a valu
able opportunity to identify novel toxins with potential to generate 

Fig. 3. Selected normalized mean traces showing the effect of the P. verdolaga peptides on IK. Mean traces were generated by pooling all control (black) or 
experimental (vrdg peptides, green) records in one trace (left column), to summarize the effect of vrdg69 (A), vrdg164 (B), vrdg177 (C) and vrdg183 (D) on IK at +80 
mV. The scale bar applies to all panels in the left column. The right column shows the corresponding current to voltage plots of the same toxins illustrated on the left. 
vrdg66 and vrdg172 were not shown because they look like vrdg183 and vrdg177, respectively. The upper insert represents the voltage step protocol used for 
stimulation. *P < 0.05, paired Student's t-test for current at +80 mV. IK: K+ current. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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biological knowledge with pharmacological applications.
American spider toxins known to modulate VGCC and VGKC include 

ω-Grammotoxin-SIA from Grammostola spatulate (Theraphosidae), 
which potently inhibits ICaP (IC50 ~50 nM) and ICaN (IC50 ~500 nM) 
(McDonough et al., 1997), and Tx3-2 from Phoneutria nigriventer (Cte
nidae), which blocks ICaL (IC50 ~280 nM) (Kalapothakis et al., 1998). 
Ap2, Ap3 and Ap5 toxins from the Brazilian tarantula Acanthoscurria 
paulensis (Theraphosidae) block Cav2.1 (ICaP/Q) with low potency (IC50 
over 1000 nM) (Tibery et al., 2021). Toxins within the class of ω-aga
toxins, from Agelenopsis aperta (Agelenidae), influence ICaL and ICaP/Q 
(Adams, 2004). GiTx1 from Grammostola iheringi (Theraphosidae) blocks 
IK with low potency (Montandon et al., 2020) and PaTx1 and PaTx2 
from Phrixotrichus auratus (Theraphosidae) are known to block cardiac 
IK (Diochot et al., 1999). The MW of these toxins ranges from ~3.5 to 
6.0 kDa, in contrast to the smaller (~1.1 and 2.3 kDa) new toxins from 
P. verdolaga.

The global panorama is similar. According to ArachnoServer 
(August-2025), of the 869 putative spider toxin sequences with oxidized 
masses between 1.1 and 6.0 kDa, only 27 (3.1 %) fall within 1.1 and 2.3 
kDa. Of them, 15 come from Phoneutria nigriventer. These numbers un
derscore how uncommon the reports of very low MW toxins are. 
Notably, Phoneutria and Pamphobeteus seem to be the only geni of the 
Araneae order, but still different family, experimentally explored and 
demonstrated to have very low MW toxins with effects on VGIC, sug
gesting that these peptides might have evolved all over the complete 
Araneae order. In sum, it is likely that many spider families, already 

studied or yet unexplored, have very low MW VGIC toxins awaiting to be 
discovered.

4.2. vrdg183 is a novel ICaL inhibitor through an allosteric mechanism

Although vrdg183 shares partial sequence identity with gomesin 1-18 
(Silva et al., 2000), it does not have a sizeable antibacterial effect. 
Indeed, vrdg183 has minimum bactericidal concentrations against E. Coli 
and P. aeruginosa between 50 and 100 μM and had no effects against 
S. aureus and E. faecalis at the concentrations used in this study 
(Salinas-Restrepo et al., 2024). Similarly, vrdg183 produced less than 5 
% hemolysis when tested between 1 and 3 μM (not shown), in agreement 
with the profile of gomesin (Silva et al., 2000). Moreover, no apparent 
acute cytotoxic effects were observed on cardiomyocytes upon vrdg183 
exposure, either: there was not an increase in leak current or a change in 
the Rt or Cm at the end of the experiments. vrdg183 has a net positive 
charge and a low hydrophobic moment, which are typical features of 
peptides with low capacity of interaction with or insertion in the 
membrane. Overall, it seems that the effect of vrdg183 on ICaL is not 
mediated by peptide-lipid interactions or disruption of the cell mem
brane, as seen with other toxins (Grau-Campistany et al., 2016; Rojas-
Palomino et al., 2025).

Instead, a mechanism mediated by peptide-peptide interactions was 
proved in silico. The RMSD and Rg profiles suggest a flexible interaction 
between vrdg183 and Cav1.2, indicative of an allosteric modulation, 
which induces a compaction of the channel (Lobanov et al., 2008). The 

Fig. 4. Characterization of the effect of vrdg183 on ICaL. A. Representative traces of the effect of vrdg183 (green) on ICaL prepotentiated by 100 μM isoproterenol. 
Isoproterenol increased the current density from − 6.49 ± 1.21 to − 14.30 ± 1.77 pA/pF. The subsequent application of 1 μM vrdg183 diminished the current 
amplitude to − 10.50 ± 1.52 pA/pF (P < 0.05, one-way ANOVA). B. An IC50 of 858.28 nM for the blockade of cardiac ICaL by vrdg183 was estimated through a 
sigmoidal fit (adjusted R2 = 0.99) of the maximal currents obtained at increasing concentrations of the toxin at 0 mV. C. ICaL current to voltage plot obtained at the 
same increasing concentrations of vrdg183 used in B. No shift in the voltage at which the maximum current is reached was observed in the treatment conditions 
compared to the control and no obvious change in the reversal potential of the channel was observed, either. D. Box plots of the current density of ICaL at different 
concentrations of vrdg183 at 0 mV (*P < 0.05, one-way ANOVA followed by Tukey's post-hoc test). n = 4 for the experiments shown in all panels. IC50: inhibitory 
concentration 50. ICaL: L-type Ca2+ current. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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spatial separation between the toxin binding site and the permeation 
pathway supports an allosteric mechanism instead of a pore occlusion. 
vrdg183 binds to the L6IV loop, which is directly linked to S6IV on one 
side and to P2IV and the selectivity filter on the other side (Gao et al., 
2023; Wu et al., 2016), therefore the conformational change induced by 

Fig. 5. 3D structures and molecular docking. A. Ribbon representation of the calciseptine 3D structure as generated with AlphaFold 3. B. vrdg183 3D structure 
obtained with AlphaFold 3. Disulfide bridges are highlighted in yellow and hydrogen bonds in green. The N- and C-terminals are also labeled. The per-atom con
fidence estimate was very high (>90) for the β-strands and the linker loop and was considered confident (>70) for the C-terminal free loop. C. Lateral view of the best 
binding pose for the calciseptine (CaS, blue)-channel (grey, yellow and red) complex. D. Lateral view of the best binding pose for the vrdg183-channel complex. E. 
Top view of the best binding pose for the CaS-channel complex. F. Top view of the best binding pose for the vrdg183-channel complex. Channel repeats I and IV 
appear in grey while repeats II and III appear in red and yellow respectively. S6II, S6III and the kink of L6IV where G1476 is located are also identified. The insert in F 
zooms in a ball-and-stick representation of the binding among R18 (blue) and G19 (purple) of the C-terminal region of vrdg183 with the P1475, G1476 and K1477 (on 
the grey backbone) residues in the L6IV loop of the channel. The four toxin-channel interactions are indicated with thin colored (green, white, purple and orange) 
dotted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Pairs of amino acids involved in intramolecular hydrogen bonding in the 
structure of vrdg183

Pair of aminoacids Distance (Å) Binding energy (kJ/mol)

Q1-R16 2.24 18.03
Q1-R16 2.24 18.03
R3-Y14 1.72 25.00
R3-Y14 1.62 25.00
L5-L12 1.89 21.88
L5-L12 1.83 25.00
F7-R10 1.61 25.00
F7-R10 1.92 15.83

Table 4 
Docking scores for calciseptine and vrdg183 obtained using ClusPro and HDOCK.

Toxin Calciseptine vrdg183

Docking method ClusPro HDOCK ClusPro HDOCK

Score value − 203.20 − 366.19 − 223.40 − 323.15
Confidence score 0.95 0.96 0.96 0.98
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vrdg183 is expected to be allosterically transmitted from the dome to the 
pore of the channel. This mechanism further explains the fact that the 
vrdg183 effect on the channel was somewhat blunted in presence of 
isoproterenol. If the effect of the toxin were to directly block the pore, a 
profound effect of the toxin would have been observed even in presence 
of isoproterenol. Instead, the opening-favoring channel phosphorylation 
induced by isoproterenol seems to partially counteract the allosteric 
effect of the toxin. In agreement, the allosteric modulation is recognized 
as an important mechanism in Ca2+ channel and Ca2+ binding proteins 
pharmacology as well as in explaining the effect of toxins on different 
types of channels (Dilly et al., 2011; Eggan et al., 2024; Gao et al., 2023; 
Lai et al., 2015; Lyukmanova et al., 2023; Yang et al., 2014; Zhao et al., 
2019).

Interestingly, both vrdg183 and calciseptine bind to L6IV by targeting 
G1476 and surrounding amino acids: P1475 and K1477 for vrdg183, and 
L1471 for calciseptine (Gao et al., 2023), suggesting that this channel 
region may be a hot-spot for the binding of ICaL regulating peptides. The 
larger size of calciseptine allows it to interact with other loops and he
lices of the channel, such as L6III or P2IV, likely explaining why the IC50 
of calciseptine is lower (92 nM (Mesirca et al., 2024)) than the value of 
vrdg183. In summary, our results suggest that vrdg183 is a Cav1.2 
channel inhibitor by acting as an allosteric pore modulator, trapping the 
channel in a non-conducting conformation, in a fashion similar to 
calciseptine.

vrdg183 blocked ICaL without affecting IK, highlighting its potential 
as a pharmacological relevant lead compound. In fact, VGCC blockers, 
including peptide toxins, have shown antihypertensive and analgesic 
properties or have mitigated diabetic complications (Godfraind, 2017; 
López et al., 2019; Sousa et al., 2018; Wang et al., 2023). In fact, an 
effect on Cav1.2 leads to think on a potential modulation of 
excitation-contraction coupling and contractility, justifying a future 
characterization of the effect of vrdg183 on overall cardiac function. 
Given that not all Cav isoforms share the binding sequence PGK, a high 
degree of specificity of vrdg183 is expected, something that must be 
tested in future experiments. Similarly, its effects on Kv isoforms 
involved in cardiotoxicity (Grunnet, 2010; Skibsbye and Ravens, 2016), 
must be attested. Ultimately, following the rational nomenclature for 
spider toxins (King et al., 2008), we can rename vrdg183 as 
ω1.2-Phtx-Pv183a.

4.3. vrdg69, vrdg164, vrdg172, vrdg177 are unspecific VGIC inhibitors

Since these peptides have similar physicochemical properties to 
vrdg183, a mechanism involving toxin-channels interactions is expected. 
However, vrdg164 prolonged the activation phase of ICaL and altered the 
I-V plot. Since an α-helical structure (not shown) can be predicted from 
its primary sequence, vrdg164 may also affect the lipid bilayer. Further 
studies are required to define the precise mechanisms of action of these 
toxins.

Given the plenty of Kv isoforms that contribute to cardiac IK, we 
cannot be certain about a specific isoform targeted by these peptides. 
However, we speculate that the main targets of these toxins are Kv4.x 
isoforms (Guo et al., 2002). Further experiments in heterologous 
expression systems or artificial lipid bilayers can clarify this.

4.4. Strengths, limitations and final remarks

The main strengths are: first, we employed patch-clamp, which is the 
gold standard technique to test the effect of isolated toxins on VGIC. All 
major biophysical properties of the cardiomyocytes and of cardiac ICaL 
and IK (i.e., Cm, current kinetics, current density, etc) were consistent 
with previous descriptions (Benndorf et al., 1985; Gusev et al., 2009; 
Hussain and Orchard, 1997; Kumari et al., 2018; Mitcheson, 1998; Swift 
et al., 2012). Second, we used synthesized peptides, overcoming previ
ous limitations for the study of spider toxins, such as the low efficiency 
of the purification procedures (Tibery et al., 2021). Lastly, the use of 
calciseptine as a control strengthened the in silico simulations and added 
original information to the field. The results were consistent with pre
vious ones (Gao et al., 2023).

Some flaws in our work are: first, we did not systematically verify the 
order and complete formation of the cysteine bridges after purification. 
However, several lines of evidence confirm that they were well syn
thesized, oxidized and folded: the RP-HPLC chromatograms of the syn
thetized peptides, which can be seen elsewhere (Salinas-Restrepo et al., 
2024), confirm the presence of two oxidation stages in the bridged 
peptides; the expected MS ions were actually experimentally observed; 
the RP-HPLC chromatogram of a control vrdg177 synthesized using Cys 
(acm) and tallium fluoroacetate to be in command of the oxidation 
process was similar to the chromatogram of the Cys(trt) peptide oxidized 
with DMSO used in the present assays; this vrdg177 was confirmed to 
have a β-folded structure by circular dichroism (not shown) and there 
was a difference between the effect of the control peptide vrdg66, 
selected from the transcriptomic analysis of the same spider but lacking 
disulfide bridges, and the other, bridged peptides. Second, there is a 
rundown of ~5–10 % of the amplitude of the currents in the 
patch-clamp experiments, which explains in part the measurable effect 
of vrdg66. Moreover, this peptide induces a ~12 % hemolysis at 1.5 μM 
(Salinas-Restrepo et al., 2024). Thus, the small effect of vrdg66 can be 
explained by adding up a small rundown and a slight permeabilization 
of the membrane. Third, we neither evaluated nor discussed the effect of 
the toxins on INa, limiting any conclusion about their specificity. Finally, 
the IC50 and the molecular docking were not performed for all peptides. 
Certainly, each toxin deserves a dedicated work, something out of the 
scope of this paper.

5. Conclusion

A multidisciplinary approach allowed us to identify the first five 
toxins of the spider P. verdolaga which modulate VGIC. This report 
contributes to fill the gap in knowledge about the effect of very low MW 
animal toxins on VGIC. vrdg183 highlights as a moderately potent 
allosteric inhibitor of mammalian ICaL with no effect on IK. Its promising 
specificity and low MW confer vrdg183 pharmacological interest.
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Pairs of amino acids involved in intermolecular interaction between vrdg183 and 
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Pair of aminoacids (toxin-channel) Distance (Å) Type of interaction
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G19-K1477 1.73 Saline bond
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Fig. 6. Molecular dynamic simulations of the interaction between calciseptine and vrdg183 with human Cav1.2. A. Root-mean-square deviation (RMSD) 
profile of the intrinsic conformational behavior of Cav1.2 in absence of ligands (black) and in presence of calciseptine (blue) or vrdg183 (green). The notable increase 
in the values for vrdg183 confirms that this toxin induces more pronounced changes in the channel than calciseptine. B. Radius of gyration profile of the intrinsic 
conformational behavior of Cav1.2 in absence of ligands (black) and in presence of calciseptine (blue) or vrdg183 (green). The sustained decrease for calciseptine 
indicates a compaction of the channel, while the kinetics for vrdg183 suggests a larger peripheral rearrangement. C, D. Lateral and top view of the structural stability 
and compaction of Cav1.2 in the absence of inhibitors. The red-colored structure represents the final conformation of the channel after 100 ns of simulation, 
compared to the starting point (yellow). E, F. Lateral and top views of the initial (yellow) and final conformation (red) of the calciseptine-channel complex. G, H. 
Lateral and top views of the initial (yellow) and final conformation (red) of the vrdg183-channel complex. The final pose of the channel in the vrdg183-channel 
complex demonstrates large peripheral conformational changes in all repeats, while the changes were modest for calciseptine, agreeing with the results of the RMSD 
and radius of gyration. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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