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Abstract: For voltage-gated Ca2+ channel (VGCC), its α2δ subunits are traditionally considered to
be auxiliary subunits that regulates VGCC trafficking to the plasma membrane. The antiepileptic,
antinociceptive and anxiolytic gabapentin (GBP) has previously been shown to bind the VGCC
α2δ subunits with high affinity to disrupt VGCC trafficking. Yet, the interaction between GBP and
α2δ still remains poorly understood from a structural point of view. For instance, it is not clear
yet what the structural implication is of α2δ-1-bound GBP against VGCC trafficking. With a set
of experimental data-driven structural analysis of the VGCC α2δ-1 and its ligand GBP, this article
postulates for the first time that: 1), α2δ-1 bound GBP stabilizes the α2δ-1-GBP complex structure; 2),
α2δ-1 bound GBP restrains the conformational flexibility of α2δ-1; 3), α2δ-1-bound GBP establishes an
electrostatic axis consisting of Q535 (Gln535)-R241 (Arg241)-GBP (gabapentin)-D452 (Asp452), which
constitutes an energetically favourable contribution towards the structural stability of the α2δ-1-GBP
complex and helps restrains the conformational flexibility and local structural rigidification of α2δ-1;
and 4), GBP-induced local conformational inflexibility and structural rigidification of α2δ-1 is one key
step in the pharmacological disruption of VGCC trafficking by GBP.
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1. Introduction

Voltage-gated Ca2+ channels (VGCCs) are important mediators of Ca2+ influx into electrically
excitable cells [1]. Regulation of VGCCs’ activity can be achieved in two principal manners: (1) direct
regulation of the Ca2+ channel activity, and (2) the active number of channels that are embedded in
the plasma membrane [1]. The molecular determinants underlying calcium channel trafficking to
and from the plasma membrane is well summarized in [1]. In particular, the α2δ subunits of VGCC
are traditionally considered to be auxiliary subunits that regulates VGCC trafficking to the plasma
membrane [2,3] Pharmacologically, it has been established that Gabapentin (GBP) [4–8] is a ligand of
the α2δ auxiliary subunits [9], and the α2δ-1-bound GBP is able to disrupt VGCC trafficking [10].

GBP is a member of the antiepileptic [11,12], anxiolytic [13] and antinociceptive [14,15] drugs of the
gabapentinoid family, including GBP, pregabalin and mirogabalin [4,16–23]. While the pharmacological
activity of GBP is mediated by α2δ subunits, it is also prevented by site-directed mutations [24] in
either α2δ1 (1103 aa, GenBank accession number: O08532) or α2δ2 (1156 aa, GenBank accession number:
NP_001167518) that are able to abolish GBP binding, although α2δ3 does not bind GBP [3,10].

Structurally, the disulfide bridge between the α2δ 1 subunit is not required for GBP binding [25].
However, α2 alone is not able to bind GBP, suggesting that both subunits (α2 and δ) are necessary
for GBP binding [25]. Further internal deletion and site-directed (single amino acid substitution)
mutagenesis study identified Arg217 of α2δ-1 as critical for GBP binding [16,25]. In the meanwhile,
an RRR motif just before the von Willebrand factor A (VWA) domain was found to be essential for
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gabapentin binding to the α2δ 1 subunit of VGCC [24], and the third arginine in this RRR motif has
been termed Arg217 (R217). Nonetheless, this numbering is taken from the end of the 24-residue signal
sequence and represents Arg241 in the primary amino acid sequence of α2δ-1 [3,16,17].

2. Motivation

Despite the continued development of VGCC structural biology in recent years [26–28], it
still remains elusive how gabapentinoids (such as GBP or prebabalin [3,16,17,29]) exert their
pharmacological activities against VGCC trafficking. Thus, with a set of experimental data-driven
structural analysis of both α2δ-1 and its ligand GBP, this article aims to address this question with a
structural perspective.

3. Materials and Methods

As of February 9, 2020, the Protein Data Bank [30] hosts only five GBP-related experimental
structures (PDB IDs: 2A1H, 2COG, 2COI, 2COJ, 2EJ3), non of which represents an experimentally
determined complete (holeless [31]) complex structure of GBP-bound α2δ-1. Therefore, a computational
structural approach is employed here to build a complex structural model of GBP-bound
α2δ-1 of VGCC. The crystal structure of GBP was accessed via the Cambridge Crystallographic
Data Centre (CCDC) with an access number 811428 (supplementary file gaba.pdb, Table 1)
[32]. The structural model of α2δ-1 (Table 1) was modelled using the SWISS-MODEL server
(https://swissmodel.expasy.org/interactive) [33] with the Cryo-EM CaV1.1 structure (PDB ID:
6JP8) [26,27]. Afterwards, the two structures were docked using PatchDock [34] to generate 100
complex structural models, which were screened with an in-house python script (supplementary file
R241-Screen.py, Table 1) to ensure that Arg241’s side chain is in the closest spatial proximity of GBP.
The screening process lead to the most outstanding 25th complex structural model (supplementary
file docking.res.25.pdb, Table 1), which was subsequently subject to energy minimization with the
YASARA server (http://www.yasara.org/minimizationserver.htm) [35] to build a complex structural
model of GBP-bound α2δ-1 of VGCC(supplementary file complex.pdb, Table 1). Afterwards, a
comprehensive set of salt bridging and hydrogen bonding analysis (Table 1) was carried out as
described in [36] previously.

4. Results

4.1. Building a structural model of GBP-bound α2δ-1 subunit of VGCC

As described above in the Materials and Methods section, with a set of experimental data-driven
structural analysis of the VGCC α2δ-1 subunit and its ligand GBP, this article puts forward a set of
supplementary files as outlined in Table 1, including both apo and GBP-bound α2δ-1 structural models,
along with the results of their salt bridging and hydrogen bonding analysis (Table 1).

Supplementary file Notes
gaba.pdb GBP structural model
receptor.pdb α2δ-1 structural model
receptor.pdf Salt bridging and hydrogen bonding within α2δ-1 structure
R241-Screen.py The python script used for the screening of the GBP-bound α2δ-1 structural model
docking.res.25.pdb Output of the python script R241-Screen.py
complex.pdb GBP-bound α2δ-1 structural model
complex.pdf Salt bridging and hydrogen bonding of the GBP-bound α2δ-1 structure

Table 1. Supplementary files (with their annotations) for the potential peer review of this manuscript.
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With the three-dimensional structures of both GBP (as ligand of the VGCC α2δ-1 subunit, Figure 1)
and α2δ-1 (as receptor of GBP, Figures 2 and 3), an in silico molecular docking approach [34] was
employed to construct a complex structural model of the two molecules, as shown in Figure 3.

Figure 1. Crystal structure of GBP (supplementary file gaba.pdb, Table 1) [32]. In this figure, GBP is
shown as coloured sticks, all atoms are labelled with their respective atomic symbols and numbers.
This figure is prepared using PyMol [37] with gaba.pdb (Table 1) as an input.

From Figure 3, it is clear that the presence of GBP did not lead to any major conformational
modification for the VGCC auxiliary α2δ-1 subunit, because the two structural models of both apo
and GBP-bound α2δ-1 overlay quite well just with a naked-eye inspection. In further agreement with
this naked-eye inspection, a quantitative analysis was carried out with supplementary file RMSD.py
(complex.pdb and receptor.pdb (Table 1) as two inputs for this python script), yielding an RMSD
value of only 1.15 Å for all backbone and side chain carbon atoms within the two structural models
((complex.pdb and receptor.pdb (Table 1)) of both apo and GBP-bound α2δ-1.

To answer how exactly α2δ-1-bound GBP acts against VGCC trafficking, it is necessary to really
delve into the structural implication of GBP bound to the VGCC α2δ-1 subunit, which is to be described
below in details.
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Figure 2. Structural model of GBP-bound α2δ-1. In this figure, α2δ-1 is shown as cyan cartoon, while
GBP is shown as coloured sticks. This figure is prepared using PyMol [37] with complex.pdb (Table 1)
as an input.

Figure 3. An overlay of the structural models of apo (green cartoon) and GBP-bound (cyan cartoon)
α2δ-1. In this figure, GBP is shown as coloured sticks. This figure is prepared using PyMol [37] with
complex.pdb and receptor.pdb (Table 1) as two inputs.
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4.2. Structural implication of GBP bound to the α2δ-1 subunit of VGCC

First, a comprehensive set of structural analysis was carried out for the two structural models of
both apo and GBP-bound α2δ-1 as described in [36] previously, including salt bridging and hydrogen
bonding analysis. The results of the structural analysis are included in two supplementary files
(receptor.pdf and complex.pdf, Table 1) for the two structural models (receptor.pdf and complex.pdf,
Table 1), respectively.

Nonetheless, GBP is not a typical building block of protein in that it is not classified as an amino
acid chemically. As a result, an additional set of salt bridging and hydrogen bonding analysis was
conducted specifically for the interaction between GBP and the VGCC α2δ-1 subunit, leading to the
structural identification of a GBP-induced structural axis consisting of an electrostatic quadruplet,
namely Q535(Gln535)-R241(Arg241)-GBP(Gabapentin)-D452(Asp452) inside the complex structure of
GBP and α2δ-1, as shown in Figures 4 and 5. Specifically, the structural axis consists of GBP and an
amino acid residue triplet, namely Q535(Gln535) and R241(Arg241) and D452 (Asp452), as shown in
Figures 4 and 5, of the α2δ-1 subunit of VGCC.

Figure 4. A GBP-induced structural electrostatic axis (Q535-R241-GBP-D452) inside the complex
structure of GBP and α2δ-1. This figure is prepared using PyMol [37] with complex.pdb (Table 1) as
an input. In this figure, α2δ-1 subunit is shown as cyan cartoon, while Gln535, R241, GBP and Asp452
are shown as coloured sticks. The structural axis Q535(Gln535)-R241(Arg241)-GBP-D452(Asp452) is
stabilized by a set of electrostatic interactions between Gln535, R241, GBP and Asp452, including both
salt bridges and hydrogen bonds, as shown here with a series of dotted blue lines.

As illustrated in Figures 4 and 5, the quadruplet electrostatic axis constitutes a favourable
contribution towards the structural stability of the GBP-α2δ-1 complex, and an unfavourable
contribution towards the local conformational inflexibility of α2δ-1 of VGCC, too. Specifically, the
local conformational flexibility is affected for the Leu485-Thr606 motif of the VGCC α2δ-1 subunit,
consisting of six β-sheets, three α helices and five random coils, by the quadruplet Q535-R241-GBP-D452
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electrostatic axis (Figures 4 and 5), the establishment of which is is supported by the results of the
structural analysis below,

1. Q535’s side chain oxygen atom is only 3.0, 3.2 and 2.8 Å away from the side chain NH2 group of
R241, as shown by Figures 6 and 7. Considering that this GBP-α2δ-1 complex structure was built
via a rigid-body docking approach, this article postulates that the side chains of Q535 and R241
of α2δ-1 formed stable hydrogen bonds, both in the absence and in the presence of GBP.

2. R241’s another side chain NH2 group nitrogen atom is only 3.1 and 2.8 Å away from the two
oxygen atoms of GBP, suggesting the existence of stable hydrogen bonds between R241’s another
side chain NH2 group and the two oxygen atoms of GBP.

3. GBP’s NH2 group nitrogen atom is only 3.6 and 3.9 Å away from the side chain oxygen atoms
of D452, highlighting the formation of two salt bridges between GBP and D452’s negatively
charged side chain.

4. No further electrostatic interaction (i.e., hydrogen bonding) was structurally identified for Q535.
5. No further electrostatic interaction was structurally identified for D452, neither salt bridging nor

hydrogen bonding.

Figure 5. A closer look of the GBP-induced structural electrostatic axis (Q535-R241-GBP-D452) inside
the complex structure of GBP and α2δ-1. This figure is prepared using PyMol [37] with complex.pdb
(Table 1) as an input. In this figure, α2δ-1 is shown as cyan cartoon, while Gln535, R241, GBP and Asp452
are shown as coloured sticks. The structural axis Q535(Gln535)-R241(Arg241)-GBP-D452(Asp452) is
stabilized by a set of electrostatic interactions between Gln535, R241, GBP and Asp452, including both
salt bridges and hydrogen bonds, as shown here with a series of dotted blue lines.
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Figure 6. A GBP-induced structural axis (Q535-R241-GBP-D452) inside the complex structure of GBP
and α2δ-1. This figure is prepared using PyMol [37] with complex.pdb (Table 1) as an input. In this
figure, α2δ-1 is shown as cyan cartoon, while Gln535, R241, GBP and Asp452 are shown as coloured
sticks. The structural axis Q535(Gln535)-R241(Arg241)-GBP-D452(Asp452) is stabilized by a set of
electrostatic interactions between Gln535, R241, GBP and Asp452, including both salt bridges and
hydrogen bonds, as shown here with a series of dotted yellow lines.

Figure 7. A GBP-induced structural axis (Q535-R241-GBP-D452) inside the complex structure of GBP
and α2δ-1. This figure is prepared using PyMol [37] with complex.pdb (Table 1) as an input. In this
figure, α2δ-1 is shown as cyan cartoon, while Gln535, R241, GBP and Asp452 are shown as coloured
sticks. The structural axis Q535(Gln535)-R241(Arg241)-GBP-D452(Asp452) is stabilized by a set of
electrostatic interactions between Gln535, R241, GBP and Asp452, including both salt bridges and
hydrogen bonds, as shown here with a series of dotted yellow lines, the numbers (in black) nearby
represent the inter-atomic distances in Å.
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5. Postulation and Hypothesis

With a set of experimental data-driven structural analysis of the VGCC α2δ-1 and its ligand GBP,
this article postulates for the first time that,

1. α2δ-1 bound GBP stabilizes the α2δ-1-GBP complex structure via the quadruplet electrostatic axis,
as shown by Figures 4 and 5.

2. α2δ-1 bound GBP restrains the conformational flexibility of α2δ-1 of VGCC via the quadruplet
electrostatic axis, as shown by Figures 4 and 5.

Overall, VGCC trafficking is a complicated transmembrane process. For instance, whether the
α2δ subunit undergoes major conformational movement to facilitate VGCC trafficking, is still not clear
yet. Nor is it experimentally observed that GBP does disrupt VGCC trafficking via the establishment
of the quadruplet electrostatic axis (Figures 4 and 5) with its α2δ-1 subunit. Nevertheless, with the
structural analysis and discussion above, this article for the first time puts forward two hypothesis as
below,

1. Major conformational movement of the α2δ subunit, especially of the Leu485-Thr606 motif, is
necessary for VGCC trafficking.

2. GBP-induced local conformational inflexibility and structural rigidification of α2δ-1 is one
important step in the pharmacological disruption of VGCC trafficking by GBP.

With respect to how VGCC trafficking takes place, and how VGCC trafficking blockers exert
their pharmacological activities, this article calls for further investigations, both experimental and
computational [28,38].
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