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Abstract Voltage-gated sodium (Nav) channels are important pharmacological targets, with Nav1.7 playing a
central role in pain signaling. Unlike conventional pore blockers, aryl sulfonamide gating modifiers target the
voltage-sensing domain 4 (VSD4) through a state-dependent voltage-sensor trapping mechanism, preferentially
interacting with the activated VSD4 and its R4 gating-charge residue. Targeting the relatively less-conserved VSD4
region may offer greater Nav1.7 isoform selectivity and reduced off-target effects. In this study, molecular docking
was employed to investigate the interactions of two amide ligands and their corresponding copper(Il) and cobalt(l1)
complexes with human Navl1.7 VSD4, using the selective VSD4 inhibitor GX-936 as a reference. Docking was
performed using AutoDock following standard receptor and ligand preparation procedures. Among the investigated
compounds, Cobalt Amide ligand 1 yielded the most negative docking score among the tested compounds. Cobalt
Amide ligand 1 formed multiple predicted hydrogen-bonding electrostatic, m—n and hydrophobic interactions with
key VSD4 residues, including Tyr1537, Trp1538, Argl602, Argl605, and particularly Arg1608, with a predicted
electrostatic interaction distance of 4.48 A. The better docking behavior of the cobalt complex may be associated
with metal coordination-induced changes in molecular geometry, electronic distribution, and conformational
properties. Overall, these findings identify Cobalt Amide ligand 1 as a promising candidate for further investigation
as a Nav1.7 VSD4 modulator, with potential applications in the development of novel analgesic or anesthetic agents
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1. Introduction

Voltage-gated sodium (Nav) channels are integral
membrane proteins responsible for the initiation and
propagation of action potentials in electrically excitable
cells. The rapid influx of sodium ions through these
channels  regulates  neuronal  signaling,  sensory
transmission, skeletal muscle excitation, and cardiac
electrical activity [1,2]. Consequently, Nav channels are
important therapeutic targets for several neurological and
cardiovascular disorders and have attracted considerable
interest in the development of analgesic and anesthetic
agents [2,3,4].

Structural and pharmacological studies of human
Navl.7 have provided important insights into the
mechanism of VSD4-targeting inhibitors. The crystal
structure of human Navl.7 VSD4 (PDB ID: 5EKO)
revealed a pharmacologically relevant binding site for aryl
sulfonamide inhibitors, including GX-936 (3-cyano-4-[2-
[2-(1-ethylazetidin-3-yl)pyrazol-3-yl]-4-

(trifluoromethyl)phenoxy]-N-(1,2,4-thiadiazol-5-

yl)benzenesulfonamide) [5]. Unlike conventional pore
blockers that directly inhibit Na* conductance, aryl
sulfonamides act as gating modifiers by preferentially
binding to the activated conformation of VSDA4. Their
anionic sulfonamide group interacts with the fourth
gating-charge residue (R4) of the S4 helix, thereby
opposing voltage-sensor deactivation, trapping the voltage
sensor, and disrupting the conformational transitions
required for normal channel gating (Figure 1) [5]. In
contrast, outer-pore blockers such as tetrodotoxin prevent
Na* permeation, whereas local anesthetics primarily
interact with the inner pore and stabilize non-conducting
or inactivated channel states [7,8]. Importantly, the greater
sequence variability of VSD4 relative to the highly
conserved Nav pore, together with interactions involving
residues in the S2 and S3 helices, may contribute to
improved isoform selectivity and reduced off-target
activity [5]. The involvement of phospholipids in the
VSD4 binding environment further emphasizes the
importance of the membrane context in Navl.7
pharmacology [5]. Collectively, these structural features
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establish VSD4 as a promising target for the development
of novel Nav1.7-selective molecular scaffolds and provide
a rational framework for investigating alternative

compounds capable of modulating voltage-sensor function.

Nav channel inhibition is also an important mechanism
underlying the action of local anesthetics. Local anesthetic
compounds reduce nerve impulse propagation by
modulating sodium-channel-mediated electrical signaling,
resulting in reversible loss of sensation [7,8]. Based on
their chemical structures, local anesthetics are commonly
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classified as ester- or amide-type compounds. Amide-type
local anesthetics, including lidocaine, bupivacaine,
mepivacaine, and ropivacaine, are widely used clinically
[7,8,9]. The amide functionality contributes to the
molecular architecture, polarity, chemical stability, and
hydrogen-bonding properties of these compounds. Their
molecular framework generally contains both hydrophobic
and polar components, allowing interactions with
complementary regions of sodium-channel binding
environments [7,8,9].

Gating modifier binds
to activated VSD4

Voltage sensor trapping
and disrupted gating

Anionic

warhead |,/

The voltage sensor is trapped in
the activated state, preventing its
normal movement and disrupting

the conformational transitions

required for channel gating.

FUNCTIONAL CONSEQUENCES
& Trapping of the voltage sensor in the activated state
© Disrupti
@ Impaired opening of the pore
@ Reduced Na+ conductance
@ Inhibition of Nav1.7 channel activity

Gating modifiers change
how the channel opens
and closes, rather than
blocking the pore directly.
This may provide better
selectivity and potentially
fewer side effects.

-
of voltag

Figure 1. Proposed mode of action of VSD4-targeting gating modifiers on Navl.7. The gating modifier preferentially binds the activated VSD4
conformation, where its anionic warhead interacts with the R4 (Argl1608) gating-charge residue on the S4 helix, trapping the voltage sensor and
disrupting normal channel gating. This mechanism reduces voltage-sensor movement and Na* conductance, thereby inhibiting Nav1.7 activity without

directly occluding the channel pore

The identification of new amide-containing scaffolds is
therefore of interest for the computational exploration of
compounds that may interact with Nav channels. In
addition to conventional structural modification,
coordination with transition metals can substantially alter
the physicochemical characteristics of an organic ligand.
Metal coordination may modify molecular geometry,
charge and electronic distribution, conformational
flexibility, rigidity, and the spatial orientation of
functional groups [10,11]. Consequently, copper and
cobalt complexation provides an approach for generating
molecular architectures distinct from the corresponding
free ligands.

Copper and cobalt are particularly relevant transition
metals because of their versatile coordination chemistry
with nitrogen- and oxygen-containing ligands [10,11,12].
Coordination with these metals can influence the
electronic properties and three-dimensional arrangement
of an amide-based ligand, potentially altering its
molecular recognition by biological macromolecules. The
resulting copper and cobalt complexes may therefore
establish different interaction profiles from those of their
parent ligands. However, the biological effect of metal
coordination is dependent on the specific ligand,
coordination environment, complex stability, and properties
of the target protein. Importantly, neither the presence of

copper or cobalt nor a favorable docking score alone
establishes anesthetic activity or sodium-channel inhibition.

Molecular docking is a useful computational method
for preliminary investigation of possible protein-ligand
interactions. It  predicts plausible ligand-binding
orientations and provides estimates of relative binding
favorability based on a defined scoring function [13,14].
Docking can additionally identify amino acid residues
potentially involved in hydrogen bonding, hydrophobic
contacts, electrostatic  interactions, and aromatic
interactions. Comparative docking of parent ligands and
metal complexes can therefore provide preliminary
information regarding the influence of metal coordination
on predicted receptor recognition.

Accordingly, the present study investigated two amide
ligands and their corresponding copper and cobalt
complexes against the Navl.7 VSD4 receptor structure
represented by PDB ID 5EKO. Chain A was selected for
receptor preparation and docking. The parent amide
ligands, their Cu and Co complexes, and the reference
inhibitor GX-936 were comparatively evaluated. The
objective was to determine whether copper and cobalt
coordination influenced the predicted binding behavior of
the amide-based molecular compounds.scaffolds and to
identify key non-covalent interactions associated with the
best-ranked compounds.
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2. Materials and Methods

2.1. Ligand Structure

The compounds used were prepared and characterized
according to the literature [15]. Two amide ligands were
used. The compounds are illustrated as structures (1)-(6):
Amide ligand 1 (1), Amide ligand 2 (2), Copper Amide
ligand 1 (3), Cobalt Amide ligand 1 (4), Copper Amide
ligand 2 (5), Cobalt Amide ligand 2 (6).

(2)

(6)

2.2. Retrieval and Preparation of the
Receptor Structure

The crystal structure of the human Navl.7 voltage-
sensor domain IV (VSD4) was obtained from the Protein
Data Bank under the accession number 5EKO [5]. For the
molecular docking study, chain A was selected as the
receptor structure.

Protein preparation was performed using MGLTools
and AutoDockTools [16]. Crystallographic water
molecules and non-essential heteroatoms were removed
from the receptor structure before docking preparation.
Polar hydrogen atoms were added, and Kollman charges
were assigned to the protein. The prepared receptor was
subsequently saved in PDBQT format for molecular
docking.

2.3. Ligand Structure Generation and
Preparation

The investigated compounds consisted of Amide ligand
1, Amide ligand 2, Cobalt Amide ligand 1, Cobalt Amide
ligand 2, Copper Amide ligand 1, Copper Amide ligand 2,
and the reference Nav1.7 inhibitor GX-936.

The chemical structures were generated and converted
into three-dimensional molecular structures using
ChemDraw. The generated ligand structures were
subsequently prepared using MGLTools/AutoDockTools.
Hydrogen atoms were added, and Gasteiger partial
charges were assigned. Rotatable bonds were defined
where applicable, and the prepared ligands were converted
into PDBQT format.

For the copper and cobalt complexes, the coordinated
structures were retained during ligand preparation to
preserve the coordination architecture used in the
computational docking calculations.

2.4. Molecular Docking

Molecular docking was performed using the AutoDock
program [13]. The prepared chain A of PDB ID 5EKO0 was
used as the receptor. A docking grid was positioned to
encompass the selected pharmacologically relevant
receptor region associated with the VSD4 binding site.

Each ligand was independently docked against the
prepared receptor structure. Multiple possible ligand
conformations and orientations were generated and ranked
according to the AutoDock scoring function. The docking
conformation with the lowest predicted binding energy
was selected as the best-ranked pose for further analysis.

Docking scores were expressed in kcal/mol, and more
negative values were interpreted as more favorable
predicted interactions according to the applied AutoDock
scoring function. The docking scores were used for
comparative ranking and were not interpreted as direct
measurements of experimental binding affinity or
pharmacological potency.

2.5. Protein—-Ligand Interaction Analysis

The best-ranked docking poses were analyzed to
identify predicted non-covalent interactions between the
ligands and residues of the Navl.7 VSD4 receptor.
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Hydrogen bonds, carbon—hydrogen bonds, electrostatic
interactions, hydrophobic contacts, - interactions, -
alkyl interactions, amide-n interactions, m-sulfur
interactions, and other relevant contacts were examined.

Particular attention was given to Cobalt Amide ligand 1,
which produced the most favorable docking score, and to
the reference compound GX-936. Interaction distances
were recorded in angstroms (A).

2.6. Data Analysis

The docking scores of the parent amide ligands were
compared with those of their respective cobalt and copper
complexes to assess the influence of metal coordination on
the predicted binding behavior. The docking scores and
interaction profiles were additionally compared with those
obtained for GX-936.

The results were interpreted as computational
predictions of relative binding favorability under the
applied docking protocol. Further experimental and
computational validation would be required to establish
actual binding affinity, channel inhibition, anesthetic
activity, or therapeutic potential.

3. Results and Discussion

3.1. Comparative Docking Analysis

3.1.1. Molecular Docking Analysis

Molecular docking was performed to investigate the
binding potential of two amide ligands and their
corresponding copper and cobalt complexes against the
voltage-sensor domain 1V (VSD4) of the human voltage-
gated sodium channel Navl.7. The Navl.7 VSD4
structure (PDB ID: 5EKO0) was used as the receptor, and 3-
cyano-4-[2-[2-(1-ethylazetidin-3-yl)pyrazol-3-yl]-4-
(trifluoromethyl)phenoxy]-N-(1,2,4-thiadiazol-5-
yl)benzenesulfonamide (GX-936) was included as the
reference Navl.7 inhibitor. The docking results were
evaluated based on predicted docking scores and ligand—
receptor interactions to identify compounds with favorable
binding characteristics.

3.1.2. Docking Scores and Comparative Analysis

The predicted docking scores of the investigated
compounds are presented in Table 1. Among the tested
compounds, Cobalt Amide ligand 1 exhibited the most
negative docking scores (-9.1 kcal/mol), followed by
Cobalt Amide ligand 2 (-8.6 kcal/mol), Amide ligand 1 (-
8.3 kcal/mol), Copper Amide ligand 1 (-7.8 kcal/mol),
Copper Amide ligand 2 (-7.4 kcal/mol), and Amide ligand
2 (-7.2 kcal/mol), (Table 1). The reference inhibitor GX-
936 showed a docking score of -5.9 kcal/mol under the
applied computational protocol.

The more negative docking score observed for Cobalt
Amide ligand 1 is interpreted as in a more favorable
predicted binding pose according to the applied scoring

function. Cobalt Amide ligand 1 yielded a docking score
that was 3.2 kcal/mol more negative than that of GX- 936;
however, this difference does not imply a corresponding
difference in free energy of binding. However, these
values represent computational scoring estimates and
should not be interpreted as direct experimental binding
affinities or potency measurements.

Table 1. Predicted docking scores of the investigated compounds
against Navl.7 VSD4

SIN Name Docking score kcal/mol
1 Amide ligand 1 -8.3
2 Amide ligand 2 -7.2
3 Cobalt Amide ligand 1 -9.1
4 Cobalt Amide ligand 2 -8.6
5 Copper Amide ligand 1 -7.8
6 Copper Amide ligand 2 -7.4
7 Drug(GX-936) -5.9

The relatively favorable docking scores observed
(Table 1) for the metal complexes compared with their
corresponding parent ligands are consistent with the
hypothesis that metal coordination may influence the
predicted receptor-binding behavior of the amide scaffold.
In particular, cobalt coordination resulted in the most
favorable docking scores among the investigated
compounds. This may be associated with changes in
molecular geometry, electronic distribution, conformational
rigidity, charge distribution, and the spatial orientation of
ligand functional groups produced by metal coordination.
Details for the remaining compounds are provided in the
Supplementary Material.

3.1.3. Interaction Profile of Cobalt Amide ligand 1

The favorable docking score of Cobalt Amide ligand 1
was supported by an extensive network of predicted
hydrogen-bonding  electrostatic, and  hydrophobic
interactions within the Navl1.7 VSD4 binding region
(Table 2) (Figure 2). Importantly, Cobalt Amide ligand 1
interacted with the key VSD4 residues TYR1537,
TRP1538, ARG1602, ARG1605, and ARG1608.

Two conventional hydrogen bonds were predicted
between Cobalt Amide ligand 1 and TYR1537, with
distances of 2.09 A and 2.18 A. TYR1537 also formed a
n—7 stacked hydrophobic interaction with the ligand at
451 A. These interactions suggest that Tyr1537 may
contribute to recognition and stabilization of the predicted
ligand—-VSD4 complex.

The ligand also showed multiple interactions with
TRP1538, including an amide—n stacked interaction at
4.69 A and n—n T-shaped interactions at 4.93 A and 5.33
A. These aromatic interactions may assist in positioning
and stabilization of the ligand within the hydrophobic
portion of the VSD4 binding environment.

Interactions with the positively charged ARG1602
included a m—cation electrostatic interaction at 4.72 A and
a m-alkyl hydrophobic interaction at 5.32 A. Similarly,
ARG1605 participated in a n-alkyl interaction at 4.77 A.
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Figure 2. Structural representation and molecular interactions of Cobalt Amide ligand 1 with the Nav1.7 voltage-sensor domain 1V (VSD4). (a) Three-
dimensional structure of the Nav1.7 VSD4 region bound to Cobalt Amide ligand 1. (b) Detailed representation of the interactions between Cobalt
Amide ligand 1 and the surrounding amino acid residues in the VSD4 binding pocket, showing the key hydrogen-bonding, electrostatic, and

hydrophobic interactions

Table 2. Non-covalent bond distances between Cobalt Amide ligand 1 (CB1) and Voltage-gated sodium (Nav) channels

Bond Name D'?B;;] ce Category Bond Type
P:CB1:H10 - A:TYR1537:0 2.08649 Hydrogen Bond Conventional Hydrogen Bond
P:CB1:H11 - A:TYR1537:0 2.18051 Hydrogen Bond Conventional Hydrogen Bond
P:CB1:H1 - A:MET1582:0 2.35557 Hydrogen Bond Carbon Hydrogen Bond

P:CB1:H12 - P:CB1:N3 2.50854 Hydrogen Bond Conventional Hydrogen Bond
P:CB1:H12 - A:MET1582:0 2.67575 Hydrogen Bond Conventional Hydrogen Bond
A:ASP1586:HA - P:CB1:01 2.83153 Hydrogen Bond Carbon Hydrogen Bond

A:ASP1586:0D1 - P:CB1 4.06539 Electrostatic Pi-Anion

A:ARG1608:NH2 - P:CB1 4.47708 Electrostatic Pi-Cation
A:TYR1537 - P:CB1 4.50737 Hydrophobic Pi-Pi Stacked

A:TYR1537:C,0;TRP1538:N - P:CB1 4.68572 Hydrophobic Amide-Pi Stacked

A:ARG1602:NH2 - P:CB1 4.71856 Electrostatic Pi-Cation
P:CB1 - A:ARG1605 4.76532 Hydrophobic Pi-Alkyl
P:CB1 - A:VAL1541 4.92267 Hydrophobic Pi-Alkyl
A:TRP1538 - P:CB1 4.93088 Hydrophobic Pi-Pi T-shaped
P:CB1 - A:ARG1602 5.32069 Hydrophobic Pi-Alkyl
A:TRP1538 - P:CB1 5.32611 Hydrophaobic Pi-Pi T-shaped

Of particular significance, Cobalt Amide ligand 1
established an electrostatic =m-cation interaction with
ARG1608 at a distance of 4.48 A. ARG1608 corresponds
to the R4 gating-charge residue of the VSD4 S4 segment
and is therefore an especially important residue when
considering voltage-sensor modulation. The predicted
interaction between Cobalt Amide ligand 1 and ARG1608
provides a potentially relevant structural basis for its
recognition of the Nav1.7 VSD4 region.

Additional hydrogen-bonding interactions were predicted
with MET1582, at distances of 2.36 A and 2.68 A, while a
carbon-hydrogen interaction involving ASP1586 was
observed at 2.83 A. ASP1586 also participated in an
electrostatic m—anion interaction at 4.07 A. Additional
hydrophobic contacts were observed with VAL1541 (4.92
A) and other residues within the binding region.

3.1.4. Comparison with GX-936
The interaction profile of Cobalt Amide ligand 1 was

further compared with that of GX-936 (Table 3) (Figure 3).

GX-936 showed predicted interactions with several
residues also contacted by Cobalt Amide ligand 1,

including TYR1537, TRP1538, ARG1602, ARG1605, and

ARG1608. GX-936  formed hydrogen-bonding
interactions involving ARG1602, ARG1605, and
ARG1608, together with electrostatic interactions

involving ARG1605, ASP1586, and GLU1524. It also
showed aromatic and hydrophobic interactions with
TYR1537, TRP1538, LEU1536, VAL1541, MET1582,
PHE1583, and ALA1604.

The overlap in the interaction residues is particularly
noteworthy. Both Cobalt Amide ligand 1 and GX-936
engage TYR1537, TRP1538, ARG1602, ARG1605, and
ARG1608, suggesting that Cobalt Amide ligand 1
occupies a functionally relevant region of the VSD4
binding environment. Most importantly, the predicted
interaction with ARG1608 at 4.48 A provides a hypothesis
for a mechanistic link to the VSDA4 region targeted by GX-
936. Nevertheless, the present docking analysis cannot
establish that Cobalt Amide ligand 1 produces the same
voltage-sensor  trapping mechanism as GX-936.
Electrophysiological experiments would be required to
determine the functional consequences of the predicted
interaction with ARG1608.
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Figure 3. Structural representation and molecular interactions of GX-936 with the Nav1.7 voltage-sensor domain IV (VSD4). (a) Three-dimensional
structure of the Nav1.7 VVSD4 region bound to GX-936. (b) Detailed representation of the interactions between GX-936 and the surrounding amino acid
residues in the VSD4 binding pocket, showing the key hydrogen-bonding, electrostatic, and hydrophobic interactions

Table 3. Non-covalent bond distances bonds between GX-936 and Voltage-gated sodium (Nav) channels

Bond Name D'?};;‘ ce Category Bond Site
A:ARG1605:NH1 - P:GX Electrostatic Pi-Cation A:ARG1605:NH1
A:GLU1524:0E2 - P:GX Electrostatic Pi-Anion A:GLU1524:0E2
A:ASP1586:0D1 - P:GX Electrostatic Pi-Anion A:ASP1586:0D1

A:ARG1602:HE - P:GX:02 Hydrogen Bond Conventional Hydrogen Bond A:ARG1602:HE
A:ARG1602:HH21 - P:GX:02 Hydrogen Bond Conventional Hydrogen Bond A:ARG1602:HH21
A:ARG1605:HH11 - P:GX:02 Hydrogen Bond Conventional Hydrogen Bond A:ARG1605:HH11
A:ARG1608:HH22 - P:GX:03 Hydrogen Bond Conventional Hydrogen Bond A:ARG1608:HH22

P:GX:H2 - P:GX:03 Hydrogen Bond Carbon Hydrogen Bond P:GX:H2
P:GX:H7 - A:SER1578:0 Hydrogen Bond Carbon Hydrogen Bond P:GX:H7
A:TYR1537 - P:GX Hydrophobic Pi-Pi Stacked A:TYR1537
P:GX - P:GX Hydrophobic Pi-Pi Stacked P:GX
A:TRP1538 - P:GX Hydrophobic Pi-Pi T-shaped A:TRP1538
A:LEU1536:C,0;TYR1537:N - P:GX Hydrophobic Amide-Pi Stacked A:LEU1536:C,0;TYR1537:N
A:ALA1604 - P:GX:C5 Hydrophobic Alkyl A:ALA1604
P:GX:C5 - A:ARG1605 Hydrophobic Alkyl P:GX:C5
P:GX:C24 - A:VAL1541 Hydrophobic Alkyl P:GX:C24
P:GX:C24 - A:MET1582 Hydrophobic Alkyl P:GX:C24
A:PHE1583 - P:GX:C24 Hydrophobic Pi-Alkyl A:PHE1583
P:GX - A:VAL1541 Hydrophobic Pi-Alkyl P:GX
P:GX - A:MET1582 Hydrophobic Pi-Alkyl P:GX
P:GX - A:LEU1536 Hydrophobic Pi-Alkyl P:GX
P:GX:S2 - A:TYR1537 Other Pi-Sulfur P:GX:S2
A:MET1582:0 - P:GX Other Pi-Lone Pair A:MET1582:0

3.1.5. Importance of Copper and Cobalt Coordination

The incorporation of copper and cobalt into the amide
scaffold represents an important structural modification
that can substantially alter the physicochemical and
conformational properties of the parent ligand. Transition-
metal coordination may modify molecular geometry,
electronic distribution, conformational rigidity, charge
distribution, and the orientation of functional groups
available for protein recognition. These changes can
consequently influence hydrogen bonding, electrostatic
interactions, m-interactions, and hydrophobic contacts
within a receptor binding site.

The present docking results provide evidence that metal
coordination may influence the predicted interaction of the
amide derivatives with Navl.7 VSD4. Cobalt Amide
ligand 1 produced the most favorable docking score (-9.1
kcal/mol), whereas the corresponding Amide ligand 1
showed a score of -8.3 kcal/mol. Similarly, the copper

complexes displayed favorable docking scores, although
they were less favorable than those of the cobalt
complexes in the present analysis. These differences
suggest that the nature of the coordinated metal may
influence the three-dimensional and electronic properties
of the resulting complexes and consequently their
predicted receptor interactions [11,18,19,20].

The particularly favorable docking scores of Cobalt
Amide ligand 1 may therefore arise from a combination of
metal-induced conformational organization and favorable
presentation of its interacting groups toward the VSD4
binding region. Its extensive interaction network,
including contacts with the key residues TYR1537,
TRP1538, ARG1602, ARG1605, and ARG1608, further
supports this interpretation.

3.1.6. Overall Interpretation and Potential
Pharmacological Relevance

Taken together, the docking analysis identifies Cobalt
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Amide ligand 1 as the top-ranked compound, with a
predicted docking score of -9.1 kcal/mol and an extensive
interaction network within Navl.7 VSDA4. Particularly
important are its predicted interactions with TYR1537,
TRP1538, ARG1602, ARG1605, and especially
ARG1608. The interaction with ARG1608 at 4.48 A is
noteworthy because this residue represents the R4 gating
charge of the VSD4 S4 segment and is involved in
recognition of the reference VSD4 inhibitor GX-936.

The results suggest that cobalt coordination may
improve the docking score of the amide scaffold with the
Navl.7 VSD4 region, potentially through changes in
molecular  geometry, electronic  properties, and
conformational organization. The similarity between the
interaction residues of Cobalt Amide ligand 1 and GX-936
further supports the possibility that the cobalt complex
may engage a functionally relevant region of the Navl.7
voltage sensor.

Accordingly, Cobalt Amide ligand 1 represents a
promising candidate for further investigation as a potential
Navl1.7 VSD4-modulating compound and as a candidate
for anesthetic or analgesic applications. Nevertheless,
molecular docking alone cannot establish Navl1.7
inhibition, voltage-sensor trapping, anesthetic activity, or
clinical efficacy. Molecular dynamics simulations,
quantum-mechanical/QM-MM  studies,  experimental
binding assays, electrophysiological measurements, and
toxicity/pharmacological evaluation are required to
determine whether the predicted interactions translate into
functional Navl1.7 modulation and potential anesthetic
activity.

4. Conclusion

The present molecular docking study investigated two
amide ligands and their corresponding copper(ll) and
cobalt(ll) complexes as potential modulators of the
voltage-sensing domain IV (VSD4) of human Navl.7.
Among the tested compounds, Cobalt Amide ligand 1
exhibited the best docking score (9.1 kecal/mol), followed
by Cobalt Amide ligand 2 (—8.6 kcal/mol) and Amide
ligand 1 (—8.3 kcal/mol), compared with —5.9 kcal/mol for
the reference inhibitor GX-936 wunder the applied
conditions. Cobalt Amide ligand 1 formed multiple
predicted interactions with key VSDA4 residues, including
TYR1537, TRP1538, ARG1602, ARG1605, and
particularly ARG1608, the R4 gating-charge residue, with
a predicted interaction distance of 4.48 A. Its interaction
with this functionally important residue suggests that the
cobalt complex may engage a pharmacologically relevant
region of the Navl.7 voltage sensor. Comparison of the
free ligands and their metal complexes further indicates
that metal coordination may alter molecular geometry,
electronic distribution, conformational rigidity, and
functional-group orientation, thereby influencing receptor
interactions. Unlike conventional pore blockers that
directly occlude the sodium-conducting pore, gating
modifiers regulate voltage-sensor movement and channel
gating, which may provide greater isoform selectivity and

potentially reduce unwanted effects on other Nav channels.

Overall, Cobalt Amide ligand 1 emerges as a promising
computational candidate for Navl.7 VSD4 modulation,

warranting further experimental validation through
biochemical, electrophysiological, and  molecular
dynamics studies. When developing metal complexes as
potential  pharmaceuticals or  anesthetics, their
thermodynamic and kinetic stability under physiological
conditions, represent critical parameters. In general,
transition metal ions such as Co(ll) and Cu(ll) can be
effectively stabilized by well-optimized chelating ligands,
which significantly minimizes premature dissociation in
biological media and suppresses the cytotoxicity
associated with free metal ions. The amide ligands
investigated in this study were strategically designed to
form robust chelate rings with the metal centers via
multiple nitrogen and oxygen donor atoms, which is
expected to impart reasonable stability under physiological
environments. Nevertheless, a comprehensive assessment
of their real-time biostability, neurotoxicity, and general
cytotoxicity remains beyond the scope of this preliminary
docking study. Future works must incorporate solution
stability assays in physiological buffers, along with in
vitro cell viability studies, to rigorously balance the
anesthetic efficacy and safety profiles of these
coordination compounds.
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