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Abstract
Inhibition of voltage-gated calcium (CaV) channels is a potential therapy for many neurological diseases
including chronic pain. Neuronal CaV1/CaV2 channels are composed of α, β and α2δ subunits. The βsubunits of CaV channels are cytoplasmic proteins that increase the surface expression of the poreforming α subunit of CaV. We targeted the high-affinity protein-protein interface of CaVβ’s pocket
within the CaVα-subunit. Structure-based virtual screening of 50,000 small molecule library docked to
the

β-subunit

led

to

the

identification

of

2-(3,5-dimethylisoxazol-4-yl)-N-((4-((3-

phenylpropyl)amino)quinazolin-2-yl)methyl)acetamide (compound 45). This small molecule bound to
CaVβ and inhibited its coupling with N-type voltage-gated calcium (CaV2.2) channels, leading to a
reduction in CaV2.2 currents in rat dorsal root ganglion (DRG) sensory neurons, decreased pre-synaptic
localization of CaV2.2 in vivo, decreased frequency of spontaneous excitatory post-synaptic potentials
(sEPSC), and inhibited release of the nociceptive neurotransmitter calcitonin gene related peptide
(CGRP) from spinal cord. 45 was antinociceptive in naïve animals and reversed allodynia and
hyperalgesia in models of acute (post-surgical) and neuropathic (spinal nerve ligation, chemotherapyand gp120- induced peripheral neuropathy, and genome-edited neuropathy) pain. 45 did not cause
akinesia or motor impairment, a common adverse effect of CaV2.2 targeting drugs, when injected into
the brain. 45, a quinazoline analog, represents a novel class of CaV2.2-targeting compounds that may
serve as probes to interrogate CaVα-β function and ultimately be developed as a non-opioid therapeutic
for chronic pain.
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1. Introduction
The N-type voltage-gated calcium (CaV2.2) channels are critical determinants of increased
neuronal excitability and neurotransmission accompanying persistent neuropathic pain [6; 9; 12; 65].
Expressed in the presynaptic termini of primary afferent nociceptors in the spinal cord [57], CaV2.2
represent a control point for synaptic activity. The potential of targeting CaV2.2 has been demonstrated
with attenuation of allodynia by CaV2.2-blocking conotoxins [49] and the altered pain behavior of
CaV2.2 knock-out mice [26; 27]. CaV2.2 remains a high-value target with several companies
developing CaV2.2-targeted compounds [29; 64]. Ziconotide (Prialt®)[33] and Gabapentin
(Neurontin®) directly target different elements of the CaV2.2 complex. These drugs, however, present
with problematic side effects, difficult dosing regimens and have high number needed to treat (NNT)
values [16]. Therefore, the development of novel CaV2.2-targeted drugs with improved efficacy and
therapeutic index is highly desirable [43]. We have advanced a strategy targeting protein interactions
that modulate CaV2.2 as an alternative to direct channel blockade [7; 15; 17; 59; 60]. Targeting channel
regulation may potentially lessen many of the adverse side effects associated with direct channel block.
Supporting this concept, we reported that targeting CaV2.2 indirectly with a peptide derived from an
ancillary regulatory protein did not affect memory retrieval, motor coordination, depression-associated
behaviors [7] and was not rewarding/addictive [17].
Here, we focused on the β subunits of CaV channels. CaVβs are cytoplasmic proteins encoded
by four different genes (β1-4), including multiple splice variants [14]. Their signature roles are to
increase the surface expression of the pore-forming α subunit of Ca2+ channels [14; 45] and regulate
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biophysical properties of the α subunit of Ca2+ channels [14; 45]. The sum effect of these ancillary roles
is to increase the amount of Ca2+ influx within cells. In neurons, Ca2+ influx triggers neurotransmitter
release, where the amount of transmitter released from a presynaptic terminal is dependent on the
amount of Ca2+ entering the terminal [3; 47]. Further involvement of β subunits in regulating synaptic
transmission is also supported by evidence of protein-protein interactions of the CaVβ subunits with the
synaptic vesicle release machinery [54]. Thus, the subunit is part of the transmitter release site core
complex, at the center of which resides the α subunit of the Ca2+ channel [25]. Altered CaVβ subunit
expression will modulate the function of the α subunit of the calcium channel and can underlie
pathological neuronal transmission. In neuropathic pain, CaVβ3 expression is increased and leads to
augmented high-voltage-gated Ca2+ channel function in small diameter sensory neurons [30]. This
pathological increase of CaVβ3 amplifies spinal nociceptive neurotransmission and is sufficient to
induce pain [30]. Thus, pharmacotherapeutic approaches targeting the CaVβ/CaVα interface could
restore physiological Ca2+ homeostasis and be beneficial for chronic pain management.
We utilized a computational approach to target a protein-protein interface important for voltagegated calcium channel activity. We report the identification of the small molecule 2-(3,5dimethylisoxazol-4-yl)-N-((4-((3-phenylpropyl)amino)quinazolin-2-yl)methyl)acetamide (45) targeting
the CaVβ/CaVα interface. Here, we demonstrate that 45 (i) specifically inhibits CaV2.2 (over other
subtypes) in sensory neurons, (ii) acts at presynaptic sites, (iii) blunts release of the pro-nociceptive
neurotransmitter CGRP, (iv) reverses thermal hyperalgesia and mechanical allodynia in acute and
neuropathic models of pain, and (v) has no effect on motor activity. This quinazoline analog may be
used to mitigate chronic pain by controlling CaV2.2 function.

2. Materials and Methods
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Detailed descriptions of methods used, and any associated references are available in SI Materials and
Methods. Briefly, all biochemical, electrophysiology and behavior experiments were performed in a
blinded fashion according to established protocols [7; 37; 40]. All animal protocols were approved by
the Institutional Animal Care and Use Committee of the College of Medicine at the University of
Arizona and conducted in accordance with the Guide for Care and Use of Laboratory Animals published
by the National Institutes of Health.

3. Results
3.1. A quinazoline compound (45) targets the CaVα-CaVβ interface and inhibits depolarization evoked
Ca2+ influx in sensory neuron subpopulations
To identify small molecules that disrupt the CaVα–β interaction, we used a virtual screening approach
against the crystal structure of the complex formed between the CaVβ2a subunit and a peptide of the
α1c subunit (Fig. 1A) [52]. The alpha interaction domain (AID) peptide was removed and its binding
site was used for docking 50K drug-like small molecules (molecular weight ≤ 500 Da) commercially
available from ChemBridge Inc. The resulting complexes were ranked using Glide score and other
energy-related terms [18]. Forty-nine compounds docked into the α-binding pocket on CaVβ2a. The 49
compounds were screened by Ca2+ imaging for their ability to inhibit depolarization-induced calcium
influx in rat DRG neurons. Of these compounds, 13 were either insoluble or killed the neurons, and 11
compounds inhibited Ca2+ influx by ≥50%. One docked compound, 45, engaged all three (V241, I343,
N390) AID “hotspot” residues (Fig. 1B). The structure of 45 aligned with 3 residues (W440, I441,
Y437) from the AID (Fig. 1C, E) and specifically bound CaVβ2a protein in saturation transfer
difference nuclear magnetic resonance (STD-NMR) (Fig. 1D).
Microscale thermophoresis – a method that permits analysis of biomolecular interactions,
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demonstrated that 45 reduced the binding of CaVβ2-His to the AID-CaV2.2 peptide from a Kd of 12 nM
to 208 nM (Fig. 1F) and reduced the binding of CaVβ2-His to the AID-CaV2.1 peptide from a Kd of
18.3 nM to 93 nM (Fig. 1G) while binding of CaVβ2-His to the AID peptides from CaV1.1 (Fig. 1H),
CaV1.2/CaV1.3/CaV1.4 (Fig. 1I), and CaV2.3 (Fig. 1J) were unaffected. Whether the inhibition was
achieved through 45 binding to the predicted pocket on CaVβ or through allosteric modulation remains
to be determined.
45 inhibited depolarization-evoked Ca2+ influx in a concentration-dependent manner in DRG
sensory neurons with an IC50 of ~9.1μM (Fig. 1K). Since compounds are known to aggregate at
screening-relevant concentrations in every compound library, we queried the Aggregator Advisor
database [13] with 45, which revealed no similarity to known aggregators. A similar query of 45 in the
Zinc15 database revealed no hits to molecules containing PAINS chemotypes. As the Aggregator
Advisor calculated a partition coefficient for 45 in n-octanol/water (cLogP) value of 3.5, which is in the
range reported for many other aggregators [22], dynamic light scattering was performed. Dynamic light
scattering curve of 45 in the presence of a non-ionic detergent (0.1% Tween-20) did not reveal
significant colloidal aggregation with only less than 9% of the compound forming particles around a 50
nm radius (Fig. S1A). To further control for potential effects of aggregation, we subjected 45 to a
centrifugation spin-down (15 min at 21,000 X g) and then used the supernatant from the spin-down of
45 to perform calcium imaging studies in sensory neurons. There were no differences in the
depolarization-triggered calcium responses between cells treated with 45 irrespective of whether it was
centrifuged or not (Fig. S1B). These data, along with the use of non-ionic detergent in the MST
experiments (Fig. 1E, F) as well as Tween-80 in the vehicle for all in vivo experiments triangulate to
eliminate colloidal aggregation as a mechanism of 45’s inhibitory effect. Ca2+ influx was inhibited by 45
in all classes of DRG neurons (Fig. S2A-F), identified by constellation pharmacology – a method that
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permits functional ‘fingerprinting’ of neurons to specific receptor agonists [51].

3.2. Lack of activity of 45 for opioid receptors
Inhibition of Ca2+ influx in sensory neurons can occur via activation of opioid receptors [23].
Consequently, we tested whether opioid receptors could be engaged by 45 by competition radioligand
binding at all 3 opioid receptors in vitro. We competed 45 and a positive control compound (naloxone
for MOR and DOR, U50,488 for KOR) versus a fixed concentration of 3H-diprenorphine in Chinese
Hamster Ovary (CHO) cells expressing the human μ (MOR), δ (DOR), or κ (KOR) opioid receptor. 45
(up to 10 μM) did not bind to the MOR or KOR, and only bound to the DOR with very weak affinity
(Fig. S2G-I). In contrast, the positive control compounds bound to all 3 targets with expected affinity
(Fig. S2G-I). Thus, inhibition of Ca2+ influx by 45 likely does not involve opioid receptors. Compound
45 was evaluated at UNC’s NIMH Psychoactive Drug Screening Program (PDSP) against a battery of
30 receptors known to adversely impact drug effectiveness. No significant binding was observed at 20

μM. Moreover, 45 did not affect hERG K+ channel activity at 20 μM, which helps to confirm drug
safety (data not shown).

3.3. Preferential activity of 45 for CaV2.2
Because the CaVα–β pocket is conserved across the various α and β subunits, we next set out to
determine if 45 was selective for any of the isoforms. Using whole-cell patch-clamp electrophysiology,
we measured Ca2+ currents in DRG neurons treated with 20 µM of 45 (~twice the IC50 of ~9.1μM) or
0.1% DMSO as a control (Fig. 2A). Consistent with our Ca2+ screening, 45 inhibited (by ~50%) total
Ca2+ currents in DRG sensory neurons (Fig. 2B, C), without affecting the biophysical properties
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(activation and inactivation) of these channels (Fig. 2D, E). Next, using saturating concentrations of
selective Ca2+ channel inhibitors, we isolated either CaV1 (L-type), CaV2.1 (P/Q-type), CaV2.2 (Ntype) or CaV2.3 (R-type) Ca2+ currents in DRGs to evaluate the inhibitory potential of 45 on each
subtype. 45 (20 μM) inhibited only N-type Ca2+ channels (>70%) but had no effect on the other subtypes
(Fig. 2F). Next, we expressed the α-subunit of CaV2.2 in combination with CaVβ1-4 subunits in
heterologous cells and measured whole cell currents. 45 inhibited CaV2.2 currents when co-expressed
with CaVβ subunits 1-3 (Fig. S3A-C), but not with CaVβ4 (Fig. S3D). Together, these results
demonstrate selectivity of 45 for N-type channels with CaVβ subunits 1-3, but not CaVβ4.

3.3. 45 inhibits spinal neurotransmission
CaV2.2 is involved in spinal nociceptive neurotransmission [20] through the control of pre-synaptic
nociceptive neurotransmitter release from C-fibers [7; 20; 38; 50]. 45-mediated inhibition of CaV2.2
from DRG neurons should in turn decrease spontaneous excitatory post-synaptic currents (sEPSCs)
measured in the substantia gelatinosa of the dorsal horn of the spinal cord. We recorded sEPSCs from
neurons in laminae I-II in this region of the lumbar dorsal horn (Fig. 3A, B). No change was observed in
the series resistance of cells perfused with 45 (20 µM) compared with control (Fig. 3C). 45 treatment
had no effect on the amplitude of the recorded sEPSCs (Fig. 3D-E). We observed a decrease of sEPSC
frequency after treatment with 20 µM of compound 45 (Fig. 3F-G). Next, we recorded EPSCs evoked
by a paired pulse stimulation protocol, which is commonly used to assess changes in presynaptic
function [66; 67]. At 50-ms intervals, paired-pulse ratios were increased by 45 treatment (Fig. 3H-I).
These results collectively implicate a presynaptic provenance for the mechanism of 45’s action.

3.4. 45 reduces CaV2.2 spinal presynaptic localization
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45 can inhibit CaV2.2 AID interaction with the beta subunits. We asked if interfering with this
interaction using 45 in vivo could affect CaV2.2 presynaptic localization in lumbar dorsal horn of the
spinal cord. We first extracted synaptosomes from the dorsal horn of the spinal cord of rats 1 hour after
injection with 45 (2µg in 5µl, i.th.) and isolated pre- and post-synaptic fractions (Fig. 4A). The
fractionation efficiency was verified by western blot where the post-synaptic marker PSD95 was highly
enriched in the PSD fraction while the pre-synaptic marker synaptophysin was only found in the nonPSD fraction (Fig. 4A). Indeed, CaV2.2 was exclusively localized in the pre-synaptic fraction (Fig. 4A).
We then focused on the pre-synaptic (non-PSD) fraction to evaluate if 45 could change the pre-synaptic
levels of CaV2.2. We found that 45 decreased CaV2.2 pre-synaptic levels (Fig. 4B, C). Notably, 45 did
not affect the localization of the NaV1.7 voltage-gated sodium channel NaV1.7 (Fig. 4B, C). These
results demonstrate that interfering with the CaV2.2 AID/beta-subunit interaction specifically reduces
the pre-synaptic localization of the CaV2.2 in vivo.

3.5. 45 leads to accumulation of cytoplasmic CaV2.2 in the presence of proteasomal inhibition
A recent study demonstrated that the β subunit protects CaV2.2 from degradation by the proteasome
[56]. To test if 45 could work through this pathway, DRG neurons were treated with 45 (20µM) or its
vehicle (DMSO) for 1-16 hours and immunostained with an antibody against CaV2.2. Prolonged, but
not short treatment, with 45 caused an increase in total CaV2.2 immunostaining (Fig. S4). To investigate
a potential effect of 45 on CaV2.2 trafficking and degradation, DRG neurons were treated in presence or
absence of the proteasome inhibitor lactacystin, and the ratio of membrane staining over cytoplasm
staining was quantified as well as the total fluorescence intensity. DRG neurons cultured in presence of
lactacystin exhibited an increase in total CaV2.2 staining (Fig. S4C, E), indicating that preventing
protein degradation leads to increased levels of CaV2.2 expression. Levels of CaV2.2 in DRG neurons
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treated with 45 were not increased in presence of lactacystin (Fig. S4E). Taken together, these results
raise the possibility that the increase in CaV2.2 expression levels after 45 treatment might be caused by
a protective effect of 45 on CaV2.2 degradation; thus, diminishing the impact of proteasome inhibition
on CaV2.2 expression levels. A higher portion of CaV2.2 channel appears to be located at the membrane
in DRG neurons treated with 45 for 16 hours compared to neurons receiving both 45 and lactacystin
(Fig. S4F). Blockade of the proteasome added to and 45 treatment might lead to an accumulation of
CaV2.2 in the cytoplasm.

3.6. Inhibition of spinal CGRP release by 45
CaV2.2 activity controls C-fiber sEPSCs and the release of the nociceptive neurotransmitter calcitoningene related peptide (CGRP). Since 45 inhibited CaV2.2 and sEPSC frequency, we hypothesized that
evoked spinal CGRP release would be inhibited by 45. To test this, we measured CGRP release evoked
by depolarization (90 mM KCl, a concentration activating mostly CaV2.x channels [58]) in an ex-vivo
preparation of the lumbar region of rat spinal cord. Enzyme-linked immunosorbent assay (ELISA) was
used to measure CGRP content; samples were collected every 10 min. Basal CGRP levels were ~8.2
pg.ml-1.mg-1 of tissue (Fig. 4D, fractions #1 & 2). Prior to stimulation, control (0.1% DMSO) or a 20

μM 45 was added (Fig. 4D, fraction #3). While 45 application did not elicit any CGRP release from the
spinal cords (Fig. 4D, fraction #3), depolarization evoked CGRP release from spinal cord which was
inhibited by ~63 % by compound 45 (Fig. 4D, fraction #4). These results show that inhibiting CaV2.2
by targeting the CaVβ-CaVα interface with 45 results in decreased depolarization-evoked CGRP release.

3.7. Broad antinociceptive efficacy of 45
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The peptide ω-conotoxin GVIA remains a defining ligand for CaV2.2 and is marketed as Prialt®
(Primary Alternative to Morphine) for relief of chronic and cancer-related pain [44], establishing the
therapeutic value of targeting CaV2.2. 45 increased withdrawal latency to a heat stimulus in naïve rats
(Fig 5A), demonstrating anti-nociceptive potential. Furthermore, CaV2.2 is known to be involved in
post-surgical pain [17], neuropathic pain [62], chemotherapy induced neuropathy [24], HIV-induced
sensory neuropathy [37] and Neurofibromatosis type 1 (NF1) related pain [40]. Thus, we performed an
analgesic appraisal of 45 on heat and tactile sensitivity of rats in vivo. We chose to administer 45
intrathecally (2 µg in 5 µl) to directly reach the site of action of CaV2.2 in the dorsal horn; the presynaptic termini of pain fibers that synapse with spinal cord neurons and require CaV2.2 for the release
of neurotransmitter at these synapses. 45 reversed mechanical allodynia and thermal hyperalgesia in
models of NF1-related pain (Fig. 5B), post-surgical pain (Fig. 5C-D) and neuropathic pain (Fig. 5E-F).
45 was also efficient in reversing mechanical allodynia in paclitaxel-induced peripheral neuropathy (Fig.
5G), and HIV-induced sensory neuropathy (Fig. 5H). The reversal lasted about 2-3 hours across the
behavioral paradigms tested, consistent with a plasma half-life of 2.2 hr for 45 (data not shown). These
results demonstrate the utility of 45 to modulate painful sensations in rodents.

3.8. 45 does not cause motor impairment
The clinically used CaV2.2 drug Prialt (Zinocotide) produces akinesia when injected into the brain [34].
To test if 45 would elicit a similarly undesirable effect, we used the rotarod test to assess rats’ motor
function after an intracerebroventricular (i.c.v.) injection of 45 (2 µg in 5 µl). Rats were followed for 90
min after the injection and no motor impairment was observed (Fig. S5) after 45 brain injection. We did
not observe other behavioral alterations such as seizures in any of the animals tested.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

3.9. 45 works through a spinal mechanism and does not affect anxiety
45 was tested in acute thermal pain models (hot plate or tail-flick) as CaV2.2 blockers have been
reported to be more effective against chronic than acute pain [33]. When a dose (15 mg/kg) of 45 was
intraperitoneally administered in acute thermal pain models, the latency times were not affected in the
hot plate test (predominantly supraspinal) but increased in the tail-flick test (predominantly spinal) (Fig.
6A, B).
As it has been previously demonstrated that inhibition of CaV2.2-mediated signaling induces
alterations in the neuronal network involved in anxiety-related behaviors [29; 64], we next tested the
effects of 45 on anxiety using the elevated plus maze test. Time spent in the open arms of the elevated
plus maze, time spent in the closed arms and number of entries in the open arms did not differ between
animal treated with 45 or its vehicle (Fig. 6C, D), suggesting that 45 does not affect anxiety-related
behaviors.

4. Discussion
The present work used a rational structure-based design strategy to identify a new class of non-opioid,
analgesic compounds targeting the CaVα/CaVβ interface. The quinazoline analog 45 (i) specifically
bound to CaVβ, (ii) inhibited the biochemical interaction between CaVβ2 and the AID of CaV2.2 and to
a lesser extent between CaVβ2 and the AID of CaV2.1, but not other subtypes, (iii) and functionally
inhibited CaV2.2 function in DRG sensory neurons. 45 inhibited the pre-synaptic localization of CaV2.2
in vivo as well as inhibiting spinal neurotransmission, which resulted in decreased neurotransmitter
release from the spinal cord. Finally, 45 was anti-nociceptive in naïve rats and reversed mechanical
allodynia and thermal hyperalgesia in rodent models of acute (post-surgical), neuropathic (spared nerve
ligation, paclitaxel or HIV-induced sensory neuropathy) and genetic (NF1-related) pain. No adverse
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effects were observed for 45 in rats or mice. These results are an instructive example that
pharmacological disruption of the CaVα/CaVβ interface can result in a selective, safe and broadly
antinociceptive compound, setting the stage for structure-activity relationship studies to improve on this
lead molecule for the development of novel pain therapeutics.
The CaVα/CaVβ interaction shapes activity and trafficking of all subtypes of high voltage-gated
calcium channels (i.e., L-, N-, P/Q-, and R-type). Prior to the crystallization of CaVβ subunits, WyethAyerst Research used a high throughput yeast two-hybrid screen to identity compounds that disrupt α1b
and β3 and found WAY141520, which inhibited calcium currents with an IC50 of 95 μM with some
inhibitory activity against CaV2.2 but was not tested against other channels nor was its mechanism of
action studied [63]. Structural studies of CaVβs in early 2000’s [11; 42; 52] with a fragment of the α
subunit revealed a high homology between the various α-β subunits, predicting that targeting of this
interface would result in non-selective compounds. The details of this interface have been extensively
studied in deep thermodynamic detail for all of the CaV1 and CaV2 AIDs and that has defined the
hotspots on both sides of this interaction [53]. Of the three “hot spots” identified by the Minor
laboratory, V241 makes no contacts with the AID, N390 does not contribute to the energetics of the
interaction, and only I343 is important, interacting with one of the core residues that comprise the AID
hotspot (CaV1.2 Y437) [53]. Despite these theoretical predictions, 45 exhibited selectivity for CaV2.2.
45 interacts with CaVα-CaVβ domain mainly at the lipophilic pocket defined by Val 339 – Ile 343 [52].
The AID sequence aligns (side chains of critical residues Y437, W440, and I441; Fig. 1C) with the
quinazoline ring and phenylpropyl group of 45. We hypothesize that these interactions result in high
selectivity for 45. That 45 reduced the binding affinity between CaVβ and AID peptides of CaV2.2 (by
~17.3-fold) and CaV2.1 (by ~5-fold) but had no effect on binding to other channel subtypes
demonstrates selectivity for the interaction. Although this selectivity was unexpected, the
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electrophysiology recordings on sensory neurons confirmed a selectivity for CaV2.2 while the
electrophysiology recordings in heterologous cells, performed in an independent laboratory, confirmed
inhibition through CaV2.2 and CaVβ1b, CaVβ2a, and CaVβ3. Inhibiting CaV2.2 with 45 did not show
the typical regulation of the channel’s gating property by CaVβs [8]. But this is consistent with a prior
report that demonstrated no effect on voltage-dependent activation of high-voltage activated calcium
channels upon deletion of CaVβ3 subunit in DRGs [30]. It has also been reported that orientation of
CaVβ to the α subunit of CaV2.2 subunit is critical for its regulation of channel activity with insertions
or deletion of the AID linker, which are expected to maintain the α-helical structure of the linker but
induce a rotation of CaVβ with respect to CaVα1, diminish Cavβ regulation of activation and
inactivation [55]. Thus, 45 could possibly induce conformational changes that result in disrupt the
rigidity of the α-helix which may in turn explain the lack of effects on biophysical properties.
That 45 was effective and safe in vivo likely stems from the restricted expression patterns of the
CaVβ subunits. For example, CaVβ1 is expressed in skeletal muscle [21], CaVβ2 is expressed in the
heart and at very low levels in the central nervous system (CNS) [31], CaVβ3 expression is found in
smooth muscle and in the CNS (including the spinal cord) [31], and CaVβ4 is expressed predominantly
in the cerebellum [31]. CaV2.2 is expressed in the brain and in the sensory neurons [10]. Thus, only in
the brain and sensory neurons does CaV2.2 expression overlap with that of CaVβ3 and CaVβ4. Our in
vitro results demonstrated that only coexpression of the CaVβ3/4 subunits with CaV2.2 resulted in high
Ca2+ currents while CaVβ1/2 coexpression with CaV2.2 (a configuration that is not physiologically
relevant because these subunits are primarily expressed in skeletal or heart muscles) resulted in low Ca2+
currents. 45 inhibited Ca2+ currents when co-expressed with CaVβ1/2/3, but not CaVβ4. Thus in vivo, 45
would only target CaVβ3/CaV2.2 coupling because of the overlapping tissue distribution of these
subunits. The notion that CaV2.2 functions with CaVβ3 to mediate nociception in vivo is supported by
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mouse models lacking either CaV2.2 [46] or CaVβ3 [41] with these transgenic mice demonstrating
resistance to pain sensation. Notably, CaVβ3 expression is increased in neuropathic pain [30], in parallel
with increased voltage-gated calcium channel function. Thus, the specific uncoupling of CaVβ3/CaV2.2,
but not CaVβ4/CaV2.2, may underpin the calcium channel subtype selectivity of 45 and its in vivo
efficacy for the reversal of chronic pain behaviors.
The time-course of action of 45 is reminiscent of Gabapentin, another trafficking regulator of the
N-type channel, which requires at least 17 hours prior to inhibition of calcium currents with maximum
inhibition observed at 40 hours [19]. From a mechanistic viewpoint, fractionation studies demonstrated
that 45 reduces the pre-synaptic localization of CaV2.2 which may account for its effect on a reduction
in neurotransmitter (CGRP) release. Long-term treatment of DRGs with 45 increased CaV2.2 expression
either due to increased protein synthesis or to a reduction of its degradation. Consistent with the work of
Dolphin and colleagues [56], our data suggests that 45 may act in a fashion analogous to the β subunit in
sparing the channel from proteasomal degradation.
A common denominator in the neuropathic models appraised here is the plasticity of CaV2.2:
targeted truncation of neurofibromin, achieved by acute CRISPR/Cas9 editing of the Nf1 gene in adult
rats, resulted in increases of CaV2.2 currents [39]; SNL increased CaV2.2 expression in the synaptic
plasma membranes of the dorsal horn [28]; and the Cacna1b gene encoding CaV2.2 is highly
upregulated in a rodent model of HIV-SN treated with gp120 compared to sham-treated controls [32].
Previous reports have shown attenuation of allodynia by a CaV2.2-blocking compound in the paw
incision model of surgical pain [17] as well as the paclitaxel-induced model of chemotherapy-induced
peripheral neuropathy [5]. The broad antinociceptive potential of 45 across acute and neuropathic
models, in two species, can be attributed to its biochemical and functional inhibition of the CaVα-CaVβ
interaction, a mechanism distinct from direct block of CaV2.2 by small molecules covering various
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pharmacophores [61].
Therapeutic management strategies for chronic pain usually involve the use of opioid molecules.
These compounds primarily act on the MOR expressed on DRG sensory neurons to provide analgesia.
MOR inhibition of nociception is mediated by the activation of G(i/o)-type GTP binding protein which
inhibits CaV2.2 [35; 36]. In neuropathic pain, alternative splicing of CaV2.2 mRNA leads to two
different CaV2.2 isoforms containing either the exon 37a (e37a) or e37b in sensory neurons [4]. After a
neuropathic injury, expression of e37a is lost, resulting in an enrichment of e37b containing CaV2.2 in
sensory neurons [1]. This switch in alternative splicing is an important event underlying resistance and
tolerance to opioids since the remaining e37b containing CaV2.2 is resistant to the inhibition mediated
by opioids [2]. No alternative splicing has been reported in the binding region between CaVα/CaVβ.
Thus, targeting this interface using 45 is unlikely to be susceptible to similar tolerance mechanisms in
neuropathic pain.
Although the CaV2.2 inhibiting drug Ziconotide (Prialt®) is effective in chronic and cancerrelated pain [44], it requires intrathecal dosing to circumvent systemic side effects that include
confusion, depression, hallucinations, decreased alertness, somnolence, orthostatic hypotension and
nausea [48]. Thus, a small molecule, such as 45, devoid of these encumbrances and lacking a non-opioid
mechanism would be a welcome addition to the armamentarium of the pain physician for managing
chronic pain.

Acknowledgements
This work was supported by a Career Development Award from the Arizona Health Science Center to
M.K., grants from the National Natural Science Foundation of China (81603088) to J.Y., National
Institutes of Health awards (NINDS K08 to A.P.; R01NS098772 from the National Institute of

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Neurological Disorders and Stroke and R01DA042852 from the National Institute on Drug Abuse to
R.K.); and a Neurofibromatosis New Investigator Award from the Department of Defense
Congressionally Directed Military Medical Research and Development Program (NF1000099) to R.K.

Conflict of interest
R.K., M. K., and V. G. have filed a provisional patent on the use of quinazoline analogs.

References
[1] Altier C, Dale CS, Kisilevsky AE, Chapman K, Castiglioni AJ, Matthews EA, Evans RM, Dickenson
AH, Lipscombe D, Vergnolle N, Zamponi GW. Differential role of N-type calcium channel
splice isoforms in pain. The Journal of neuroscience : the official journal of the Society for
Neuroscience 2007;27(24):6363-6373.
[2] Andrade A, Denome S, Jiang YQ, Marangoudakis S, Lipscombe D. Opioid inhibition of N-type
Ca2+ channels and spinal analgesia couple to alternative splicing. Nature neuroscience
2010;13(10):1249-1256.
[3] Augustine GJ, Charlton MP, Smith SJ. Calcium entry and transmitter release at voltage-clamped
nerve terminals of squid. JPhysiol 1985;367:163-81.:163-181.
[4] Bell TJ, Thaler C, Castiglioni AJ, Helton TD, Lipscombe D. Cell-specific alternative splicing
increases calcium channel current density in the pain pathway. Neuron 2004;41(1):127-138.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[5] Bellampalli SS, Ji Y, Moutal A, Cai S, Wijeratne EMK, Gandini MA, Yu J, Chefdeville A, Dorame
A, Chew LA, Madura CL, Luo S, Molnar G, Khanna M, Streicher JM, Zamponi GW, Gunatilaka
AAL, Khanna R. Betulinic acid, derived from the desert lavender Hyptis emoryi, attenuates
paclitaxel-, HIV-, and nerve injury-associated peripheral sensory neuropathy via block of N- and
T-type calcium channels. Pain 2018.
[6] Bourinet E, Zamponi GW. Voltage gated calcium channels as targets for analgesics. Current topics
in medicinal chemistry 2005;5(6):539-546.
[7] Brittain JM, Duarte DB, Wilson SM, Zhu W, Ballard C, Johnson PL, Liu N, Xiong W, Ripsch MS,
Wang Y, Fehrenbacher JC, Fitz SD, Khanna M, Park CK, Schmutzler BS, Cheon BM, Due MR,
Brustovetsky T, Ashpole NM, Hudmon A, Meroueh SO, Hingtgen CM, Brustovetsky N, Ji RR,
Hurley JH, Jin X, Shekhar A, Xu XM, Oxford GS, Vasko MR, White FA, Khanna R.
Suppression of inflammatory and neuropathic pain by uncoupling CRMP-2 from the presynaptic
Ca(2)(+) channel complex. Nature medicine 2011;17(7):822-829.
[8] Buraei Z, Yang J. Structure and function of the beta subunit of voltage-gated Ca(2)(+) channels.
Biochimica et biophysica acta 2013;1828(7):1530-1540.
[9] Cao YQ. Voltage-gated calcium channels and pain. Pain 2006;126(1-3):5-9.
[10] Castiglioni AJ, Raingo J, Lipscombe D. Alternative splicing in the C-terminus of CaV2.2 controls
expression and gating of N-type calcium channels. The Journal of physiology 2006;576(Pt
1):119-134.
[11] Chen YH, Li MH, Zhang Y, He LL, Yamada Y, Fitzmaurice A, Shen Y, Zhang H, Tong L, Yang J.
Structural basis of the alpha1-beta subunit interaction of voltage-gated Ca2+ channels. Nature
2004;429(6992):675-680.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[12] Cizkova D, Marsala J, Lukacova N, Marsala M, Jergova S, Orendacova J, Yaksh TL. Localization
of N-type Ca2+ channels in the rat spinal cord following chronic constrictive nerve injury.
ExpBrain Res 2002;147(4):456-463.
[13] Coan KE, Shoichet BK. Stoichiometry and physical chemistry of promiscuous aggregate-based
inhibitors. Journal of the American Chemical Society 2008;130(29):9606-9612.
[14] Dolphin AC. Calcium channel diversity: multiple roles of calcium channel subunits.
CurrOpinNeurobiol 2009;19(3):237-244.
[15] Feldman P, Khanna R. Challenging the catechism of therapeutics for chronic neuropathic pain:
Targeting CaV2.2 interactions with CRMP2 peptides. Neuroscience letters 2013;557 Pt A:27-36.
[16] Finnerup NB, Otto M, McQuay HJ, Jensen TS, Sindrup SH. Algorithm for neuropathic pain
treatment: an evidence based proposal. Pain 2005;118(3):289-305.
[17] Francois-Moutal L, Wang Y, Moutal A, Cottier KE, Melemedjian OK, Yang X, Wang Y, Ju W,
Largent-Milnes TM, Khanna M, Vanderah TW, Khanna R. A membrane-delimited Nmyristoylated CRMP2 peptide aptamer inhibits CaV2.2 trafficking and reverses inflammatory
and postoperative pain behaviors. Pain 2015;156(7):1247-1264.
[18] Friesner RA, Murphy RB, Repasky MP, Frye LL, Greenwood JR, Halgren TA, Sanschagrin PC,
Mainz DT. Extra precision glide: docking and scoring incorporating a model of hydrophobic
enclosure for protein-ligand complexes. Journal of medicinal chemistry 2006;49(21):6177-6196.
[19] Heblich F, Tran Van MA, Hendrich J, Watschinger K, Dolphin AC. Time course and specificity of
the pharmacological disruption of the trafficking of voltage-gated calcium channels by
gabapentin. Channels (Austin) 2008;2(1):4-9.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[20] Heinke B, Balzer E, Sandkuhler J. Pre- and postsynaptic contributions of voltage-dependent Ca2+
channels to nociceptive transmission in rat spinal lamina I neurons. The European journal of
neuroscience 2004;19(1):103-111.
[21] Hofmann F, Biel M, Flockerzi V. Molecular basis for Ca2+ channel diversity. Annual review of
neuroscience 1994;17:399-418.
[22] Irwin JJ, Duan D, Torosyan H, Doak AK, Ziebart KT, Sterling T, Tumanian G, Shoichet BK. An
Aggregation Advisor for Ligand Discovery. Journal of medicinal chemistry 2015;58(17):70767087.
[23] Jiang YQ, Andrade A, Lipscombe D. Spinal morphine but not ziconotide or gabapentin analgesia is
affected by alternative splicing of voltage-gated calcium channel CaV2.2 pre-mRNA. Molecular
pain 2013;9:67.
[24] Kawakami K, Chiba T, Katagiri N, Saduka M, Abe K, Utsunomiya I, Hama T, Taguchi K.
Paclitaxel increases high voltage-dependent calcium channel current in dorsal root ganglion
neurons of the rat. Journal of pharmacological sciences 2012;120(3):187-195.
[25] Khanna R, Li Q, Bewersdorf J, Stanley EF. The presynaptic CaV2.2 channel-transmitter release site
core complex. EurJNeurosci 2007;26(3):547-559.
[26] Kim C, Jeon D, Kim YH, Lee CJ, Kim H, Shin HS. Deletion of N-type Ca2+ channel Cav2.2
results in hyperaggressive behaviors in mice. JBiolChem 2008.
[27] Kim C, Jun K, Lee T, Kim SS, McEnery MW, Chin H, Kim HL, Park JM, Kim DK, Jung SJ, Kim
J, Shin HS. Altered nociceptive response in mice deficient in the alpha(1B) subunit of the
voltage-dependent calcium channel. MolCell Neurosci 2001;18(2):235-245.
[28] Lai CY, Ho YC, Hsieh MC, Wang HH, Cheng JK, Chau YP, Peng HY. Spinal Fbxo3-Dependent
Fbxl2 Ubiquitination of Active Zone Protein RIM1alpha Mediates Neuropathic Allodynia

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

through CaV2.2 Activation. The Journal of neuroscience : the official journal of the Society for
Neuroscience 2016;36(37):9722-9738.
[29] Lee MS. Recent progress in the discovery and development of N-type calcium channel modulators
for the treatment of pain. Prog Med Chem 2014;53:147-186.
[30] Li L, Cao XH, Chen SR, Han HD, Lopez-Berestein G, Sood AK, Pan HL. Up-regulation of
Cavbeta3 subunit in primary sensory neurons increases voltage-activated Ca2+ channel activity
and nociceptive input in neuropathic pain. The Journal of biological chemistry
2012;287(8):6002-6013.
[31] Ludwig A, Flockerzi V, Hofmann F. Regional expression and cellular localization of the alpha1 and
beta subunit of high voltage-activated calcium channels in rat brain. The Journal of neuroscience
: the official journal of the Society for Neuroscience 1997;17(4):1339-1349.
[32] Maratou K, Wallace VC, Hasnie FS, Okuse K, Hosseini R, Jina N, Blackbeard J, Pheby T, Orengo
C, Dickenson AH, McMahon SB, Rice AS. Comparison of dorsal root ganglion gene expression
in rat models of traumatic and HIV-associated neuropathic pain. Eur J Pain 2009;13(4):387-398.
[33] McGivern JG. Ziconotide: a review of its pharmacology and use in the treatment of pain.
Neuropsychiatric disease and treatment 2007;3(1):69-85.
[34] McIntosh JM, Corpuz GO, Layer RT, Garrett JE, Wagstaff JD, Bulaj G, Vyazovkina A, Yoshikami
D, Cruz LJ, Olivera BM. Isolation and characterization of a novel conus peptide with apparent
antinociceptive activity. The Journal of biological chemistry 2000;275(42):32391-32397.
[35] Moises HC, Rusin KI, Macdonald RL. Mu- and kappa-opioid receptors selectively reduce the same
transient components of high-threshold calcium current in rat dorsal root ganglion sensory
neurons. The Journal of neuroscience : the official journal of the Society for Neuroscience
1994;14(10):5903-5916.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[36] Moises HC, Rusin KI, Macdonald RL. mu-Opioid receptor-mediated reduction of neuronal calcium
current occurs via a G(o)-type GTP-binding protein. The Journal of neuroscience : the official
journal of the Society for Neuroscience 1994;14(6):3842-3851.
[37] Moutal A, Li W, Wang Y, Ju W, Luo S, Cai S, Francois-Moutal L, Perez-Miller S, Hu J, Dustrude
ET, Vanderah TW, Gokhale V, Khanna M, Khanna R. Homology-guided mutational analysis
reveals the functional requirements for antinociceptive specificity of collapsin response mediator
protein 2-derived peptides. British journal of pharmacology 2018;175(12):2244-2260.
[38] Moutal A, Wang Y, Yang X, Ji Y, Luo S, Dorame A, Bellampalli SS, Chew LA, Cai S, Dustrude
ET, Keener JE, Marty MT, Vanderah TW, Khanna R. Dissecting the role of the CRMP2neurofibromin complex on pain behaviors. Pain 2017;158(11):2203-2221.
[39] Moutal A, Yang X, Li W, Gilbraith KB, Luo S, Cai S, Francois-Moutal L, Chew LA, Yeon SK,
Bellampalli SS, Qu C, Xie JY, Ibrahim MM, Khanna M, Park KD, Porreca F, Khanna R.
CRISPR/Cas9 editing of Nf1 gene identifies CRMP2 as a therapeutic target in neurofibromatosis
type 1 (NF1)-related pain that is reversed by (S)-Lacosamide. Pain 2017.
[40] Moutal A, Yang X, Li W, Gilbraith KB, Luo S, Cai S, Francois-Moutal L, Chew LA, Yeon SK,
Bellampalli SS, Qu C, Xie JY, Ibrahim MM, Khanna M, Park KD, Porreca F, Khanna R.
CRISPR/Cas9 editing of Nf1 gene identifies CRMP2 as a therapeutic target in neurofibromatosis
type 1-related pain that is reversed by (S)-Lacosamide. Pain 2017;158(12):2301-2319.
[41] Murakami M, Nakagawasai O, Yanai K, Nunoki K, Tan-No K, Tadano T, Iijima T. Modified
behavioral characteristics following ablation of the voltage-dependent calcium channel beta3
subunit. Brain Res 2007;1160:102-112.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[42] Opatowsky Y, Chen CC, Campbell KP, Hirsch JA. Structural analysis of the voltage-dependent
calcium channel beta subunit functional core and its complex with the alpha 1 interaction
domain. Neuron 2004;42(3):387-399.
[43] Pexton T, Moeller-Bertram T, Schilling JM, Wallace MS. Targeting voltage-gated calcium
channels for the treatment of neuropathic pain: a review of drug development. Expert opinion on
investigational drugs 2011;20(9):1277-1284.
[44] Rauck RL, Wallace MS, Leong MS, Minehart M, Webster LR, Charapata SG, Abraham JE,
Buffington DE, Ellis D, Kartzinel R. A randomized, double-blind, placebo-controlled study of
intrathecal ziconotide in adults with severe chronic pain. Journal of pain and symptom
management 2006;31(5):393-406.
[45] Richards MW, Butcher AJ, Dolphin AC. Ca2+ channel beta-subunits: structural insights AID our
understanding. Trends PharmacolSci 2004;25(12):626-632.
[46] Saegusa H, Kurihara T, Zong S, Kazuno A, Matsuda Y, Nonaka T, Han W, Toriyama H, Tanabe T.
Suppression of inflammatory and neuropathic pain symptoms in mice lacking the N-type Ca2+
channel. The EMBO journal 2001;20(10):2349-2356.
[47] Sakaba T, Neher E. Quantitative relationship between transmitter release and calcium current at the
calyx of held synapse. JNeurosci 2001;21(2):462-476.
[48] Schmidtko A, Lotsch J, Freynhagen R, Geisslinger G. Ziconotide for treatment of severe chronic
pain. Lancet 2010;375(9725):1569-1577.
[49] Scott DA, Wright CE, Angus JA. Actions of intrathecal omega-conotoxins CVID, GVIA, MVIIA,
and morphine in acute and neuropathic pain in the rat. EurJPharmacol 2002;%20;451(3):279286.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[50] Smith MT, Cabot PJ, Ross FB, Robertson AD, Lewis RJ. The novel N-type calcium channel
blocker, AM336, produces potent dose-dependent antinociception after intrathecal dosing in rats
and inhibits substance P release in rat spinal cord slices. Pain 2002;96(1-2):119-127.
[51] Teichert RW, Raghuraman S, Memon T, Cox JL, Foulkes T, Rivier JE, Olivera BM.
Characterization of two neuronal subclasses through constellation pharmacology. Proceedings of
the National Academy of Sciences of the United States of America 2012;109(31):12758-12763.
[52] Van PF, Clark KA, Chatelain FC, Minor DL, Jr. Structure of a complex between a voltage-gated
calcium channel beta-subunit and an alpha-subunit domain. Nature 2004;429(6992):671-675.
[53] Van PF, Duderstadt KE, Clark KA, Wang M, Minor DL, Jr. Alanine-scanning mutagenesis defines
a conserved energetic hotspot in the CaValpha1 AID-CaVbeta interaction site that is critical for
channel modulation. Structure 2008;16(2):280-294.
[54] Vendel AC, Terry MD, Striegel AR, Iverson NM, Leuranguer V, Rithner CD, Lyons BA, Pickard
GE, Tobet SA, Horne WA. Alternative splicing of the voltage-gated Ca2+ channel beta4 subunit
creates a uniquely folded N-terminal protein binding domain with cell-specific expression in the
cerebellar cortex. JNeurosci 2006;26(10):2635-2644.
[55] Vitko I, Shcheglovitov A, Baumgart JP, Arias O, II, Murbartian J, Arias JM, Perez-Reyes E.
Orientation of the calcium channel beta relative to the alpha(1)2.2 subunit is critical for its
regulation of channel activity. PloS one 2008;3(10):e3560.
[56] Waithe D, Ferron L, Page KM, Chaggar K, Dolphin AC. Beta-subunits promote the expression of
Ca(V)2.2 channels by reducing their proteasomal degradation. The Journal of biological
chemistry 2011;286(11):9598-9611.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[57] Westenbroek RE, Hell JW, Warner C, Dubel SJ, Snutch TP, Catterall WA. Biochemical properties
and subcellular distribution of an N-type calcium channel alpha 1 subunit. Neuron
1992;9(6):1099-1115.
[58] Wheeler DG, Groth RD, Ma H, Barrett CF, Owen SF, Safa P, Tsien RW. Ca(V)1 and Ca(V)2
channels engage distinct modes of Ca(2+) signaling to control CREB-dependent gene
expression. Cell 2012;149(5):1112-1124.
[59] Wilson SM, Brittain JM, Piekarz AD, Ballard CJ, Ripsch MS, Cummins TR, Hurley JH, Khanna
M, Hammes NM, Samuels BC, White FA, Khanna R. Further insights into the antinociceptive
potential of a peptide disrupting the N-type calcium channel-CRMP-2 signaling complex.
Channels (Austin) 2011;5(5):449-456.
[60] Wilson SM, Schmutzler BS, Brittain JM, Dustrude ET, Ripsch MS, Pellman JJ, Yeum TS, Hurley
JH, Hingtgen CM, White FA, Khanna R. Inhibition of transmitter release and attenuation of antiretroviral-associated and tibial nerve injury-related painful peripheral neuropathy by novel
synthetic Ca2+ channel peptides. The Journal of biological chemistry 2012;287(42):3506535077.
[61] Yamamoto T, Takahara A. Recent updates of N-type calcium channel blockers with therapeutic
potential for neuropathic pain and stroke. CurrTopMedChem 2009;9(4):377-395.
[62] Yang J, Xie MX, Hu L, Wang XF, Mai JZ, Li YY, Wu N, Zhang C, Li J, Pang RP, Liu XG.
Upregulation of N-type calcium channels in the soma of uninjured dorsal root ganglion neurons
contributes to neuropathic pain by increasing neuronal excitability following peripheral nerve
injury. Brain Behav Immun 2018;71:52-65.

bioRxiv preprint doi: https://doi.org/10.1101/492181; this version posted December 10, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[63] Young K, Lin S, Sun L, Lee E, Modi M, Hellings S, Husbands M, Ozenberger B, Franco R.
Identification of a calcium channel modulator using a high throughput yeast two-hybrid screen.
NatBiotechnol 1998;16(10):946-950.
[64] Zamponi GW. Targeting voltage-gated calcium channels in neurological and psychiatric diseases.
Nature reviews Drug discovery 2016;15(1):19-34.
[65] Zamponi GW, Lewis RJ, Todorovic SM, Arneric SP, Snutch TP. Role of voltage-gated calcium
channels in ascending pain pathways. Brain research reviews 2009;60(1):84-89.
[66] Zhang Y, Xiao X, Zhang XM, Zhao ZQ, Zhang YQ. Estrogen facilitates spinal cord synaptic
transmission via membrane-bound estrogen receptors: implications for pain hypersensitivity. J
Biol Chem 2012;287(40):33268-33281.
[67] Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu Rev Physiol 2002;64:355-405.

Figure Legends
Figure 1. Structure-guided high-throughput screen of CaV α-β interaction inhibitors identifies 45.
(A) Space-filling model of the CaVβ2a subunit showing its α-binding pocket (ABP). A ribbon
representation of the CaV α-interaction domain (AID, purple) and the AID’s key interaction residue
(M245) are highlighted. (B) Ball-and-stick representation of key ABP residues are shown (i.e., V241,
I343, and N390). (C) A three-dimensional representation of 45 (red) overlaid on the AID’s reveals
shared chemical features, especially at AID residues W440, I441, and Y437. (D) 1D 1H STD NMR
showing on-resonance difference spectrum for 45 (red); only regions that yielded a STD signal in the
presence of 45 are plotted. The two-dimensional chemical structure of compound 45 shows that region a
corresponds with the STD signal highlighted. (E) Amino acid alignments of AID residues of the
indicated calcium channel subtypes. Residues different from the CaV2.2 core AID sequence are denoted
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in orange. Asterisks denote the key residues conserved in all AID sequences involved in the interaction
with the beta subunits. Microscale thermophoresis (MST) was used to determine dissociation constants
for binding of AID-CaV2.2 (F) , CaV2.1 (G), CaV1.1 (H), CaV1.2/3/4 (I) (500-0.01nM), and CaV2.3
(J) to Beta2-CaVβ2-His (25nM) in the presence (filled red circles) or absence of 10 μM 45 (open
squares). Data is presented as means ± SEM. (K) Concentration-response curve illustrates that 45
inhibits membrane depolarization-evoked Ca2+ influx in DRGs (n>150 cells per concentration from 3
independent platings) in a concentration dependent manner.

Figure 2. 45 selectively inhibits Ca2+ currents mediated by CaV2.2. (A) Activation (i.e., currentvoltage (I-V) relationship voltage step protocol). Cells were held at resting membrane potential for 5-ms
before depolarization by 200-ms voltage steps from -70 mV to +60 mV in 10 mV increments. Currents
were normalized to each cell’s capacitance (pF). This allowed for collection of current density data to
analyze activation of Ca2+ channels as a function of current vs. voltage as well as peak current density.
(B) Representative Ca2+ current traces from DRGs subjected to the activation protocol (shown in A). (C)
Summary graph of peak Ca2+ current density (pA/pF) from DRGs incubated with 0.1% DMSO or 30µM
45 overnight (n=12; *P < 0.05, Kruskal–Wallis test with Dunnett’s post hoc comparisons). (D)
Inactivation voltage step protocol. Cells were held at -90 mV for 20-ms before depolarization by 1.5-s
voltage steps from -100 mV to +10 mV in 10 mV increments, followed by a 20-ms pulse at 10 mV
before returning to -90 mV for 20-ms. (E) Normalized peak current plotted against its preceding holding
potential and fitted with the Boltzmann relation. No significant differences were detected in halfmaximal voltage or slope properties of either activation or inactivation between DMSO and 45
conditions. (F) Summary graph of peak Ca2+ current density (pA/pF). Presence of 45 did not
significantly reduce Ca2+ currents pharmacologically isolated through L-type, P/Q-type, or R-type Ca2+
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channels. Presence of 45 significantly reduced N-type Ca2+ currents (compared to DMSO treated DRGs,
n=6-10; *P < 0.05, Kruskal–Wallis test with Dunnett’s post hoc comparisons).

Figure 3. 45 decreases spontaneous excitatory synaptic transmission. Photomicrograph of slice
preparation (showing that the substantia gelatinosa (SG) can be identified as a translucent pale band in
the superficial dorsal horn enabling positioning of the recording electrode to this region. (A, i) infrared
differential interference contrast image, and (A, ii) image of the same cell (indicated by a purple red box
in middle panel) with part of the recording electrode after whole-cell configuration. (B) Representative
recording traces of cells from the indicated groups: 0.1% DMSO or 20 μM 45. (C) Series resistance in
unchanged between the two conditions. The cumulative probability of amplitude (D) and inter-event
interval (F). Summary of amplitudes (E) and frequencies (G) of sEPSCs for the indicated groups are
shown. Data are expressed as means ± SEM from n= 17-18 cells per condition. *p < 0.05 (versus
DMSO); Student’s t-test. (H) Representative traces of paired pulse ratio (PPR) from the indicated
groups: 0.1% DMSO or 20 μM 45. (I) Summary of average PPRs from the indicated groups. Data are
expressed as means ± SEM from n= 13-17 cells per condition. *p < 0.05 (versus DMSO); Student’s ttest.

Figure 4. 45 decreases CaV2.2 pre-synaptic localization in vivo and reduces evoked calcitonin gene
related peptide (CGRP) release from spinal cord. (A) Immunoblots showing the integrity of the
synaptic fractionation from lumbar dorsal horn of the spinal cord. The non-post synaptic density (nonPSD) fraction was enriched in the pre-synaptic marker Synaptophysin (Syp) and the PSD fraction was
enriched in the post-synaptic marker PSD95. The membrane-associated protein flotillin was used as a
loading control. (B) Immunoblots showing the presynaptic CaV2.2 levels in the lumbar dorsal horn of
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the spinal cord of animals having received 45 (2µg in 5 µl, i.th.) compared to vehicle (0.1% DMSO).
Synaptophysin shows the integrity of each fraction. Flotilin is used as a loading control. (C) Bar graph
showing decreased CaV2.2 levels at the presynaptic sites of lumbar dorsal horn of the spinal cord in 45
treated animals. Mean ± S.E.M., *p<0.05, Mann-Whitney compared to the DMSO vehicle treatment.
(D) Fractions collected every 10 minutes corresponded with the following conditions: 1-baseline, 2baseline, 3-treatment, 4-treatment + 90 mM KCl, 5-wash. Prior treatment with compound 45
significantly reduced high potassium-evoked CGRP release in spinal cord (vs. DMSO, n=4-5, *P <
0.0001, one-way ANOVA with Dunnett’s post hoc comparisons).

Figure 5. 45 is antinociceptive in naïve animals and reverses mechanical allodynia and thermal
hyperalgesia in acute and neuropathic pain models. (A) Paw withdrawal latencies (PWLs) of naïve
rodents to a heat stimulus were significantly increased 1 hour following an intrathecal (i.t.) injection of
45 compared to animals injected with vehicle (10% DMSO, 10% Tween80, 80% saline) (compared to
i.t. injection of vehicle (n=6, *P < 0.05, two-way ANOVA). (B) PWLs of rodents subjected to targeted
Cas9-mediated editing of Nf1 (via i.t. injection) were significantly decreased, but i.t. injections of 45
reversed this behavior (vs. i.t. injection of vehicle, n=6, *P < 0.05, two-way ANOVA). (C) PWLs of
rodents that received a paw incision (Sx) on the left hind paw were significantly decreased. I.t. injection
of 45 reversed this nociceptive behavior (compared to i.t. injection of vehicle, n=6, *P < 0.05, two-way
ANOVA). (D) Paw withdrawal thresholds (PWTs) of rodents that received a paw incision (Sx) on the
left hind paw were significantly decreased. Intrathecal (i.t.) injection of 45 reversed this nociceptive
behavior (compared to i.t. injection of vehicle, n=6, *P < 0.05, two-way ANOVA). (E) PWLs of rodents
that received a spinal nerve ligation (SNL) on the left hind paw were significantly decreased. Intrathecal
(i.t.) injection of 45 reversed this nociceptive behavior (compared to i.t. injection of vehicle, n=6, *P <
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0.05, two-way ANOVA). (F) PWTs of SNL-rodents were also significantly decreased. I.t. injection of
45 also reversed this behavior (vs. i.t. injection of vehicle, n=6, *P < 0.05, two-way ANOVA). (G)
PWTs of rodents that received four 2 mg/kg intraperitoneal (i.p.) injections of Paclitaxel (Px) over 12
days were significantly decreased. I.t. injection of 45 reversed this behavior (vs. i.t. injection of vehicle,
n=6, *P < 0.05, two-way ANOVA). (H) PWTs of rodents were significantly decreased 15 days after
receiving three i.t. injections of gp-120. I.t. injection of 45 reversed this behavior (vs. i.t. injection of
vehicle, n=6, *P < 0.05, two-way ANOVA). The experiments were conducted in a blinded fashion.

Figure 6. 45 is analgesic in mice but does not affect anxiety-related behaviors. (A) Paw withdrawal
latencies of naïve mice to a hot-plate test (52°C) 75 min after injection of 45 administered
intraperitoneally (i.p.) were unaffected compared to animals injected with vehicle (10% DMSO, 10%
Tween80, 80% saline) (compared to i.p. injection of vehicle (n=12, p=0.7583, t-test with Welch’s
correction)). (B) Tail-flick latencies of naïve mice to a hot (52°C) water bath 75 min after injection of 45
administered intraperitoneally were significantly increased compared to animals injected with vehicle
(n=12, *P < 0.05, t-test with Welch’s correction). Naïve mice received an i.p. injection of 45 (15mg/kg)
or its vehicle and anxiety-related behaviors were assessed during 10 minutes in an elevated plus maze
test. (C) Heatmaps of the positions occupied by mice treated with in the elevated-plus maze apparatus.
(D) Bar graphs of the mean time spent in the open arms of the elevated plus maze. No differences were
found between animals treated with 45 or with its vehicle (p=0.6014, t-test with Welch’s correction,
n=12 mice/group). The experiments were conducted in a blinded fashion.
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