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In the last 2 decades biomedical research has provided
great insights into the molecular signatures underlying
painful conditions. However, chronic pain still imposes
substantial challenges to researchers, clinicians and patients
alike. Under pathological conditions, pain therapeutics often
lack efficacy and exhibit only minimal safety profiles, which
can be largely attributed to the targeting of molecules with
key physiological functions throughout the body. In light of
these difficulties, the identification of molecules and
associated protein complexes specifically involved in chronic
pain states is of paramount importance for designing
selective interventions. lon channels and receptors represent
primary targets, as they critically shape nociceptive signaling
from the periphery to the brain. Moreover, their function
requires tight control, which is usually implemented by
protein-protein interactions (PPls). Indeed, manipulation of
such PPIs entails the modulation of ion channel activity with
widespread implications for influencing nociceptive signaling
in a more specific way. In this review, we highlight recent
advances in modulating ion channels and receptors via their
PPl networks in the pursuit of relieving chronic pain.
Moreover, we critically discuss the potential of targeting PPIs
for developing novel pain therapies exhibiting higher efficacy
and improved safety profiles.

Introduction

The perception of harmful stimuli is critical for the mainte-
nance of cellular homeostasis, avoidance of cell-damaging factors
and consequently survival. In vertebrates, specialized somatic sen-
sory neurons (so-called nociceptors) detect noxious chemical,
mechanical and thermal stimuli and convey this information via
the spinal cord to the brain where the sensory experience of pain
is generzlted.]‘2
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Nociceptors exhibit a high threshold of activation, which is
tightly controlled under physiological conditions to elicit with-
drawal from potentially painful stimuli or removal of irritants
(cough). In response to injury and inflammation, activation char-
acteristics of such nociceptors can be modulated and sensitized to
induce long-lasting plastic changes, which will activate secondary
mechanisms in both the peripheral nervous system (PNS) and
the central nervous system (CNS), leading to clinically relevant
chronic pain syndromes.” These are often manifested as hyperal-
gesia (increased pain sensitivity) and allodynia (pain in response
to an innocuous stimulus).’

Chronic pain imposes major challenges as existing treatments
are inadequate for the majority of patients and accompanied by
adverse side effects."”? A reduction in pain (analgesia) can, in
principle, be achieved by decreasing neuronal excitation, increas-
ing inhibition or a combination of both. However, the targets of
most interventions are widely expressed molecules involved in
critical functions throughout the whole body, thereby accounting
for the observed side effects and minimal safety profiles of current
pain therapies.*®

The development of new analgesic strategies has therefore
focused on molecules that are highly enriched along pain trans-
duction pathways among which are various ion channels and
receptors.” In this review, we discuss the significance of a number
of ion channels and receptors (ion channels/receptors) as well as
their modulation via protein-protein interactions (PPIs) in the
context of pain. Moreover, we provide a critical appraisal of
reported findings with implications for the design of novel pain
therapies. Rather than providing a comprehensive literature
review, we attempt to highlight studies that are representative for
arising new developments in the pursuit of targeting ion channel/
receptor-PPIs to relieve a variety of pain conditions in rodents.
To this end, we focus on PPIs of selected ion channels/receptors
(summarized in Table 1) with pivotal roles in detection and trans-
mission of noxious stimuli along the pain axis, i.e. (i) several exist-
e.g.
receptor potential vanilloid 1 (TRPV1) and voltage-gated calcium

. . .. 8 .
ing drug targets for human pain conditions, transient

channels, (ii) proteins underlying human monogenic channelop-

athy-associated pain syndromes,” e.g., voltage-gated sodium
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Table 1. lon channel/receptor-associated PPls with in vivo relevance for pain sensation in rodents. This list does not represent a

view, but summarizes PPls with proven functional significance for rodent pain behaviors as described in this review

complete literature over-

Channel/ Interacting
Receptor protein Modifying action Reference
AMPAR Stargazin Knockdown attenuates AMPAR-dependent inflammatory pain "7
Knockdown attenuates post-operative pain 18
GRIP Stabilizing interaction attenuates inflammatory pain 113115
Blocking interaction attenuates neuropathic pain 1o
PICK1 Blocking interaction attenuates neuropathic pain 1o
NSF Blocking interaction attenuates neuropathic pain 1o
Cav2.2 CRMP-2 Disrupting interaction attenuates acute, inflammatory and neuropathic pain 8o
Cav3.2 USPs Disrupting interaction attenuates acute, inflammatory and neuropathic pain 7172
mGIuR1/5  Homer proteins Splice variant-dependent interaction affects inflammatory pain 102
Nav1.8 Aquaporin-1 Knockout exhibits reduced inflammatory pain 65
P11 Knockout attenuates acute and neuropathic pain 64
NMDAR PSD-95 Disrupting interaction attenuates inflammatory and neuropathic pain 99
Disrupting PSD-95-nNOS interaction disrupts NMDAR-PSD-95 interaction and reverses neuropathic pain 100
Src Disrupting interaction attenuates inflammatory and neuropathic pain %3
TRPA1 AnxA2 Knockout exhibits increased TRPA1-mediated pain =
TRPV1 AKAP79 Preventing interaction attenuates inflammatory pain 43
GABAg, Activation blocks TRPV1-mediated pain hypersensitivity a4
PIRT Knockout exhibits reduced TRPV1-mediated pain 43
TRPA1/Tmem100  Tmem100 mutant enhances TRPV1-TRPA1 association and inhibits TRPA1-mediated pathological pain; >4

Tmem100 knockout exhibits reduced TRPA1-mediated pain

channels and transient receptor potential ankyrin 1 (TRPAIL), and
(iii) the large family of glutamate receptors crucially involved in
central processes of nociceptive plasticity.

Rationale for targeting ion channels and receptors in pain

The identification of certain ion channels/receptors as noxious
stimulus detectors in peripheral sensory neurons undoubtedly
represents one of the great achievements of modern pain research.
Besides stimulus detection, ion channels/receptors encode painful
stimuli into a discharge of nerve impulses, determine nociceptor
excitability and the activity of nociceptive pathways in the CNS.
Hence, abnormalities in their function influence the perception
of pain. Evidence for their crucial role is provided by targeted
ablation in animals, as well as genetic studies identifying variants
of ion channels that modulate the risk, severity and persistence of
pain in humans.”""

Functional alterations of ion channels/receptors reflect events
that involve PPIs, such as alteration of intrinsic channel proper-
ties (activation threshold, open-probability, (in)activation kinet-
ics), altered  expression, trafficking,
modifications and turnover.”'® The consequences of these pro-

posttranslational

cesses include ectopic activity of nociceptors as well as facilitation
and disinhibition of synaptic transmission in the CNS,* all of
which contribute to pain and increased tissue sensitivity.'?
Therefore, a detailed understanding of the ion channels/receptors
involved in the pathophysiology of pain conditions would pro-
vide far-reaching opportunities for the development of novel
therapeutic strategies aimed specifically at the pain transduction
pathway.

Such ion channel/receptor-based analgesia may include ago-
nists to activate inhibitory pathways, desensitize and ablate noci-
ceptors (e.g. high-dose capsaicin patches), as well as antagonists
to reduce their activity in the periphery and the CNS.”"?
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However, even specifically blocking the activity of ion channels
enriched in nociceptors has proven to be difficult and prone to
adverse side-effects. Prime example is TRPV1, a noxious heat
sensor. Several TRPV1 antagonists were developed, but failed in
clinical trials due to the occurrence of hyperthermia and impaired
noxious heat sensation, rendering common daily activities (e.g.,
taking a shower or consuming hot beverages) potentially danger-
ous."* While these adverse effects might be circumvented by
state-dependent blockers (i.e., antagonists specifically blocking
sensitized or excessive ion channel activity), ion channel/recep-
tor-based analgesia is additionally complicated by the inability to
direct the drug-action to a specific tissue. For example, p-opioid
receptors are widely expressed throughout the body, hence appli-
cation of their agonists (e.g. morphine) is accompanied with
severe side-effects in the CNS (sedation, drowsiness) and the
intestine (constipation).” In the light of these difficulties, alter-
native strategies are in high demand and need to be considered in

parallel.

Modulation of ion channel and receptor function
via protein-protein interactions

A promising approach aims at affecting PPIs.'® Assembly into
dynamic multi-protein complexes determines and modulates the
multiple functions of a single protein and signaling pathways
within a cell — a fact that became known as the concept of cellular
“molecular machines.”'”"” Consequently, identifying the com-
position of such complexes and deciphering PPI networks can
greatly facilitate insights into distinct signaling pathways. Target-
ing PPI networks therefore holds the opportunity to modulate
specific pathways downstream of ion channel/receptor activation,
which may provide 2 major benefits: (i) increase of tissue specific-
ity and (ii) possibilities for subtle tuning of cellular functions."
Taking into account these potential advantages of PPI-directed
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therapeutics, it is not surprising that they are considered a “gold
mine” for drug development.?® Because cellular PPI networks are
vast and essential, they theoretically bear many potential sites for
targeted interference. Over the past years, considerable research
efforts have been placed to identify specific PP inhibitors, modu-
lators and stabilizers."” The results are promising and currently
several PPI-modulating drugs are available on the market for var-
ious diseases. For example, the ant-HIV drug Maraviroc
(Celsentri® from Pfizer), which functions as an entry-inhibitor
by preventing the binding of viral gp120 with the chemokine
receptor CCR5. In contrast, the immunosuppressive actions of
Sirolimus (Rapamune® from Pfizer) depend on its ability to sta-
bilize the binding of the receptor protein FKBP12 and the
FKBP12-rapamycin binding domain of mTOR.*!

Several other PPI-modulating agents have been identified and
are of great clinical interest for cancer therapy and other dis-
eases.'”*>? In regard to PPI modulation in the nervous system,
a prominent study by William Catterall and colleagues described
the efficacy of peptides containing the synaptic protein interac-
tion (synprint) site to dissociate N-type calcium channels from
the synaptic core complex, thereby reducing synaptic transmis-
sion.”* These findings were later extended by the identification of
several inhibitory peptides that prevent G-protein-mediated inhi-
bition of calcium channels.*>”

Meanwhile, our knowledge about ion channel/receptor-
associated PPIs in the nervous system and their impact on
synaptic transmission has progressed rapidly, which can be
attributed to increasingly sensitive techniques for their
identification, including mass spectrometry-based interactom-
ics.18:28:29 Although these studies are of outstanding interest,
their detailed description is beyond the scope of this review.
Instead, we will specifically focus on the modulation of
selected ion channel/receptor-associated PPIs that are relevant
for nociception, as shown by their potency to alter pain per-
ception in rodents. Mere in vitro studies of PPIs lacking in
vivo data on rodent pain behaviors are therefore excluded
from our review.

Technically, the modulation of PPIs to alter ion channel/
receptor function with the aim to attenuate pain behaviors in
vivo might be achieved by several means (Fig. 1). On the one
hand, researchers identified proteins that enhance the activity of
a pro-nociceptive ion channel, hence they are considered as pain
enhancers. Consequently, either their removal or dissociation
from the ion channel (referred to as uncoupling of the PPI)
would lead to decreased pain behaviors. To achieve the first, gene
deletion and siRNA-mediated knockdown may be employed.
For the latter, direct injection of interfering peptides (often fused
to the TAT domain of HIV to confer cell permeability) or virus-
mediated delivery of peptide-encoding DNA has proven to be
effective in many studies. On the other hand, a growing body of
evidence describes the existence of PPIs with analgesic potential.
Cellular mechanisms may involve direct inhibition of ion chan-
nel/receptor activity by an associated protein or the stabilization
of such an interaction via additional interaction partners
(Fig. 1C). Exploiting these analgesic PPIs to shut down excessive
activity of pro-nociceptive ion channels/receptors during chronic
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pain states holds considerable promise for powerful therapeutic
opportunities.

In the following sections, we will introduce and discuss repre-
sentative examples of recent research efforts targeting a number
of promising ion channel/receptor-PPIs to relieve a variety of
pain conditions in rodents (summarized in Table 1).

Protein complexes associated with TRPA1 and channels

TRPA1 and TRPV1 channels belong to the large family of
mammalian TRP ion channels and are highly expressed in noci-
ceptive neurons.” They are activated by a plethora of plant-
derived compounds, natural irritants (e.g., TRPV1 by capsaicin,
an active ingredient of chili peppers, and TRPA1 by mustard oil,
an active ingredient in mustard), chemicals, and toxins, which
endows them with the capacity to function as primary cellular
sensors.” 2932 In fact, Trpvl and Trpal knockout mice exhibit
impaired pain behavior to distinct noxious stimuli and profound
deficiencies in models of inflammatory pain.’*?> Moreover,
there is strong evidence for their involvement in human pain syn-
dromes: gain-of-function mutations in human TRPA1 channels
were found to be associated with familial episodic pain syndrome
(FEPS), a rare but highly debilitating disorder characterized by
sudden attacks of intense pain.*® TRPV1 channels, on the other
hand, represent a major existing drug target for the treatment of
several human pain conditions with capsaicin and resiniferatoxin
patches.7’8 Therefore, the channel attracted attention to design
novel analgesics and several TRPV1-antagonist have already
reached preclinical trials.” As mentioned earlier in this review,
their safety profile has to be closely monitored due to complica-
tions resulting in hyperthermia.

Similar to TRPA1, TRPV1 channels have been shown to be
sensitized by several inflammatory mediators, such as Bradykinin
(Bk) and Prostaglandin-E, (PGE,). Mechanistically, TRPV1
phosphorylation by downstream effectors like protein kinase C
(PKC) and protein kinase A (PKA) seems to be involved.>” 42
Interestingly, A-kinase anchor protein 79/150 (AKAP79/150)
binds to TRPV1 and seems to be required for its sensitization via
PGE,/PKA and Bk/PKC in vitro.*>"** Uncoupling the AKAP79/
150-TRPV1 interaction has recently been shown by Fischer et al.
to be a promising strategy to prevent TRPVI-mediated pain
hypersensitivity. The authors defined the key residues in the
AKAP-binding site of TRPV1 and designed a peptide (fused to
the TAT sequence of HIV to confer cell permeability) capable of
disrupting this interaction. Pain-related behavior after injection
of formalin and carrageenan-induced inflammatory thermal
hyperalgesia were reduced in mice pre-injected with this peptide.
Altogether, these results suggest that TRPV1 sensitization by
inflammatory mediators can be attenuated by uncoupling of the
AKAP79/150-TRPV1 interaction.*® To which extent also one of
the other interactors of AKAP might be mechanistically involved
needs to be elucidated.

A very recent study by Hanack et al. provides new insights,
specifically into TRPV1 sensitization and its modulation by the
GABAg,; receptor subunit.* The GABAg receptor has long been
known to provide inhibitory input to pain transduction. This
action, and

new work mechanistically investigated its
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Pain Pain attenuation

Enhancing analgesic PPls

Figure 1. Strategies for pain relief targeting protein-protein interactions of ion channels/receptors in vivo. The gray arrow symbolizes the activity of the
pro-algesic ion channel/receptor. (A) Knockout or knockdown of a pain-enhancing interactor. (B) Uncoupling of the physical interaction between a pro-
algesic ion channel/receptor and its activating interactor. (C) Enhancing analgesic PPIs by i) introducing a stabilizing protein or ii) activating inhibitory sig-
naling pathways.
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demonstrated that activation of GABAg; selectively reverts the
sensitized state of TRPV1 channels implicated in pathological
pain but leaves acute TRPV1 pain signaling intact. Interestingly,
GABAg, is activated by its endogenous agonist GABA, which
itself is released from hyper-active nociceptive nerve terminals
expressing TRPV1. Hence, this study revealed the existence of an
autocrine feedback mechanism to counteract excessive TRPV1
activity based on physical and functional interaction of TRPV1
with GABAg, (according to the principle described in Fig. 1C).
The exact mechanism how GABAg,; regulates the sensitization
status of TRPV1 remains to be investigated, but may involve
PKC phosphorylation-dependent TRPV1 gating.

The above-mentioned examples fundamentally confirm the
feasibility of attenuating pain either via uncoupling of pro-algesic
PPIs or stabilization of analgesic PPIs (see also Fig. 1). It is note-
worthy that pain thresholds in the absence of inflammation were
unaffected by AKAP79/150 and GABAg;, which is a critical
requirement for translating these findings into future analgesic
strategies.

This is in contrast to the regulation of TRPV1 exerted by its
binding partner Pirt (Phosphoinositide-interacting regulator of
TRP).*> Pirt knockout mice display reduced TRPV1 activity in
sensory neurons and impaired basal pain behaviors to TRPV1,
capsaicin and noxious heat. These results lead to the notion of
Pirt being a key component of the TRPV1 protein complexes.
However, the functional relevance of Pirt might extend beyond
TRPV1 channels, as (i) Pirt interacts with PIP2 known to be
linked to ion channel function in many contexts, (ii) Pirt regu-
lates TRPMS8“® and potentially other TRP channels and (iii) Pirz
knockout mice exhibit deficits in TRPV1-independent models of
itch.”” Despite its seemingly widespread functions, Pirt might
still serve as a potential therapeutic target for pain and itch con-
sidering its limited and specific expression in somatosensory neu-
rons.”> Many more putative interactors of TRPV1 are described;
however, only few of them have been shown to have functional
consequences in vivo. An overview is given by the TRIP database,
a manually curated database containing interacting proteins for
all mammalian TRP channels.*®

In addition, a physical and functional interaction of TRPV1
and TRPA1 channels has been described. TRPV1 and TRPA1
are largely co-expressed in sensory neurons and several studies

O_ . .
4951 Which affects their
49,51-53

suggest that they form heteromers,
functional properties and sensitization. Just recently, the
membrane adaptor protein Tmem100 was found to bind both
TRP channels, thereby weakening their association and selec-
tively potentiating TRPAI activity.”® A Tmem100 mutant,
Tmem100-3Q, and its mimicking cell-permeable peptide
show the opposite effect; i.e. it stabilizes the association of
TRPA1 and TRPVI, attenuates TRPA1 responses in vitro and
blocks TRPAl-mediated inflammatory pain as well as chemo-
therapy-induced neuropathy.’® This result adds to the growing
body of evidence for the physiological relevance of stabilizing
analgesic PPIs and their enormous potential to specifically inter-
fere with the activity of one interaction partner (in this case
TRPA1), while leaving the function of the other intact (in this
case TRPV1).

www.tandfonline.com
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Furthermore, we reported the physical association of TRPA1
with AnnexinA2 (AnxA2), a calcium-regulated protein impli-
cated in membrane transport procc:sses.55 AnxA2 seems to limit
the availability of TRPAI at the plasma membrane of sensory
neurons, which could contribute to increased TRPA1-mediated
pain behaviors we observed in AnxA2 knockout mice. Strikingly,
TRPV1-dependent nociceptive signaling was unaffected by
AnxA2, suggesting a certain degree of specificity — a fact that
could be therapeutically exploited.”> However, analgesic strate-
gies based on the AnxA2-TRPALI interaction might presumably
be limited to local applications in the periphery due to ubiqui-
tous functions of AnxA2 as a calcium effector protein mediating
various membrane transport processes.

Voltage-gated sodium channels and their associated proteins

Throughout the nervous system, voltage-gated sodium chan-
nels (VGSCs) are indispensable for action potential propagation
and nerve excitability.”” Thus, changes in VGSC function
can have profound effects on pain signaling, a fact which is
exploited by local anesthetics, such as lidocaine.'****° In noci-
ceptive neurons of the PNS the tetrodotoxin-sensitive (TTX-S)
channel Navl.7 and 2 tetrodotoxin-resistant (TTX-R) channels,
Navl.8 and Navl.9, are abundantly expressed. Mutations of
Navl.7 have been linked to 3 human pain disorders including
congenital insensitivity to pain.”” In general, sodium channel
blockers effectively relieve pain, however, with narrow safety
windows due to their widespread function (e.g. cardiac side
effects).”” >

VGSCs form multi-protein complexes consisting of pore-
forming o-subunits associated with regulatory 3-subunits and a
plethora of accessory proteins necessary for their dynamic regula-
tion and trafficking in different cell types. These regulatory subu-
nits are often shared among VGSC isoforms.”” In contrast,
modulating accessory proteins may provide a mechanism for
selective control over individual Nav isoforms. The latter is exem-
plified by poor expression of Nav1.8 in heterologous cells, which
can be overcome by the co-transfection of P11.°%! P11 (also
known as S100A10) is a member of the S100 family of calcium-
binding proteins®® and promotes Navl.8 membrane transloca-
tion and function in cultured sensory neurons.®"*®® This regula-
tion is specific to Navl.8, while other VGSCs are unaffected.®!
Furthermore, P11 deletion in nociceptors in mice showed
reduced TTX-R current density and attenuated pain behaviors
mostly similar to those of the Nav1.8 null mutant.®*

Zhang et al. uncovered the interaction of Navl.8 with the
water-transporting protein Aquaporin-1 (AQP1) in mouse sen-
Behavioral studies in Agpl knockout mice
showed greatly reduced thermal inflammatory pain perception
evoked by Bk, PGE, and capsaicin as well as reduced cold pain

6
sory neurons. >

perception. Electrophysiological recordings revealed impaired
Navl.8 function in the absence of AQP1 indicating that the
interaction between the channels accounts, at least in part, for
the observed phenotype.®’

Our knowledge on PPIs of VGSCs relevant for pain percep-
tion is still scarce. Nevertheless, continuous research efforts
focused on determining PPIs specific for VGSC isoforms or their
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accessory subunits might yield fruitful insights and could become
the source of novel VGSC-based therapeutics.

Protein-protein interactions of voltage-gated calcium
channels

Several types of voltage-gated calcium channels (VGCCs) play
a crucial role in signal transmission in the pain pathway with
regard to modulation of the general neuronal excitability and pre-
synaptic neurotransmitter release. Moreover, changes in their
expression and/or activity facilitate pain hypersensitivity in path-
ological conditions.®®°® However, the use of VGCC blockers is
limited due to their narrow therapeutic window and systemic
side effects such as hypotension and memory loss.®” Instead, the
idea of targeting PPIs to selectively interfere with the — often
aberrant — activity of VGCCs during chronic pain states yielded
promising results in several studies.

For example, in mice Cav3.2 ion channel protein levels and
function was found to be upregulated in diverse chronic pain
conditions (originating from inflammation, diabetes or nerve
injury).®® While various mechanisms might contribute to Cav3.2
hyperactivity, several reports hint toward the involvement of
posttranslational modifications and proteasomal degradation of
the channels.”””? The latter appears to be counteracted by the
deubiquitinating enzyme USP5. Garcia-Caballero and colleagues
observed that knockdown of USP5 facilitates Cav3.2 ubiquitina-
tion and concomitantly decreased Cav3.2 protein levels as well as
currents.”"’? These results correlated very well with analgesia in
mouse models of inflammatory and neuropathic pain upon in
vivo knockdown of USP5 or uncoupling the Cav3.2-USP5 inter-
action using TAT peptides.”’

In a very recent follow-up study the same group confirmed the
efficacy of this Cav3.2-USP5-TAT peptide in animal models of
diabetic neuropathy and acute visceral pain.”* In addition, they
screened a library of bioactive small molecules and found 2 com-
pounds (suramin and gossypetin) capable of disrupting the
Cav3.2-USP5 interaction. Both compounds turned out to pro-
tect mice from neuropathic and inflammatory pain upon intra-
thecal injection, and suramin was even effective in visceral and
diabetic pain. Importantly, the implementation of careful con-
trols, i.e., experiments in Czv3.2 null mice and electrophysiology
to rule out direct inhibition of Cav3.2, established that the action
of these compounds targeted the Cav3.2-USP5 interaction.””
Collectively these findings not only demonstrate that preventing
pro-algesic PPIs relieves chronic pain (see also Fig. 1B) and may
be achieved either by uncoupling peptides or by small molecules,
but also highlight in an exemplary manner the necessity of metic-
ulous controls to ensure on-target action of interventions.

Another prominent group of VGCCs, which are intimately
linked to pain signaling are high voltage-activated (HVA) cal-
cium channels. They form heteromultimeric protein complexes
comprised of the pore-forming a1-subunit and auxiliary subunits
(«28-, B- and y-subunits).”
cell surface expression, gating properties of HVA channels and
potentially the susceptibility to second messengers, offering the
possibility to control HVA channel function.”*”® This is exem-
plified by pregabalin, an anti-epileptic drug often used to treat

The latter are proposed to modulate
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several chronic pain syndromes in humans.” The analgesic prop-
erties of pregabalin are not fully understood and several mecha-

. 66,
nisms have been proposed,®®””

e.g., inhibition of neuropathic
pain-induced membrane trafficking of the a281-subunit and
concomitantly  prevention of excessive HVA  channel
function.”®”?

In contrast to the inhibitory action of pregabalin, collapsin
response mediator protein 2 (CRMP-2) was reported to bind to
HVA N-type calcium channels (Cav2.2) resulting in increased
surface expression as well as calcium currents in hippocampal
and sensory neurons.®*®> Further work established the notion
that CRMP-2 expression levels allow the control of Cav2.2 func-
tion, nociceptor excitability and transmitter release.**®” These
findings prompted the mapping of the mutual binding sites of
CRMP-2 and Cav2.2 with the goal to uncouple their physical
interaction and thereby antagonize CRMP-2-mediated Cav2.2
hyperactivity.®”%* Several synthetic CRMP-2 as well as calcium
channel peptides were fused to the TAT protein and significantly
alleviated different pain conditions in mice upon their injec-
tion.*”%%85 For example, a seminal study by Brittain and col-
leagues showed that a CRMP-2 peptide was capable of effectively
suppressing many of the reported functions of CRMP-2 within
the nociceptive pathway, i.e. (i) the Cav2.2-CRMP-2 interaction,
(ii) calcium currents in DRG and (iii) synaptic transmission as
well as calcitonin gene related peptide (CGRP) release in the spi-
nal cord. In addition, they observed a pronounced reduction of
acute, inflammatory and neuropathic pain using various mouse
models.®” Despite the fact that pharmacological blockade of N-
type channels has been linked to anxiety and depression, CRMP-
2 peptides were only mildly anxiolytic without detectable effects
on depression, sensorimotor function or memory retrieval.*’
Taken together, these studies provide unambiguous evidence for
the impact of PPI on ion channels modulation specifically during
pain states and simultaneously offer an elegant way to interfere
with dysregulated ion channels for pain relief with minimized
side effects.

Interestingly, CRMP-2 was initially identified in a screen for
presynaptic Cav2.2-interacting proteins via a mass spectrometry-
based proteomics approach.?” The significance of this discovery
with respect to understanding the molecular underpinnings of
chronic pain and its potential application in pain therapy high-
lights the enormous potential of mass spectrometry-based proteo-
mics screens. Constant progress is made to enhance the
sensitivity, accuracy and reproducibility of mass spectrometers,
which is expected to provide detailed information about the com-
position of protein complexes associated with ion channels/recep-

86-88
tors.

Protein complexes regulating glutamate receptors

Glutamate is a major excitatory neurotransmitter and its
receptors are ubiquitously expressed in the CNS and PNS.*
Glutamate receptors can be divided into 2 groups, ionotropic
glutamate receptors (N-methyl-D-aspartate (NMDA) receptors,
kainate receptors, and a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors) and metabotropic glutamate
receptors (mGluRs). Owing to their crucial function in synaptic
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transmission and plasticity throughout the nervous system, their
involvement in nociceptive signaling, central sensitization (i.e.,
activity-dependent and persistent increase of neuronal excitability
in the dorsal horn), and pain hypersensitivity has been a matter of
intensive research.®?** While blockade of glutamate receptors
to relieve acute and chronic pain states is effective, but therapeu-
tically challenging, a growing body of evidence suggests that
chronic pain-associated hypersensitivity can be attenuated with
minimal side effects by uncoupling PPIs with glutamate receptors
using TAT fusion peptides. Very promising strategies target the
interaction with “regulatory hubs” through which other proteins
co-assemble with NMDA receprors and facilitate receptor activ-
ity.”> Among them are postsynaptic density protein (PSD) 95
and the protein tyrosine kinase Src. PSD-95 plays a major role in
spinal mechanisms governing central sensitization following nox-
ious stimulation.”*”® The resulting synaptic plasticity is largely
mediated by NMDA receptor subunits that bind to PSD-95 as
manifested by experiments which aimed to selectively disrupt
this interaction in the dorsal horn of rats. D’Mello and colleagues
intrathecally injected a TAT fusion peptide harboring the PSD-
95 binding domain of NMDA receptor subunit 2 (NR2B) and
observed a reduction of NMDA receptor-dependent mechanical
and cold hypersensitivity in rats with nerve injury-induced
pain.”” Another signaling protein that is assembled together with
NMDA receptors and PSD-95 is neuronal nitric oxide synthase
(nNOS). Disruption of the nNOS-PSD-95 interaction by intra-
thecal injection of specific inhibitors reversed NMDA-induced
thermal hyperalgesia in mice and mechanical allodynia following
chronic constriction injury of the sciatic nerve.'® In addition,
NR2B interacts with Src, which is physiologically relevant for
inflammatory, i.e. formalin- and complete Freunds adjuvant
(CFA)-induced pain, as well as neuropathic pain upon peripheral
nerve injury.” Like in the studies mentioned above, these pain
behaviors can be suppressed by intrathecal or intravenous injec-
tion of TAT-Src40-49, a peptide consisting of the amino acids
40-49 of Src representing the NMDA receptor binding domain.
Mechanistically, these results may be explained by a reduction of
Src-dependent NR2B phosphorylation, as repressing Src activity
with a broad-spectrum protein tyrosine phosphatase inhibitor
also alleviates thermal hypersensitivity elicited by CFA.”>'" Tt is
remarkable that removal of Src from NMDA receptor complexes
neither affected basal sensory thresholds and acute nociception
nor locomotor and cognitive functions. This strongly suggests
that specific alterations of NMDA receptor-harboring protein
complexes in the dorsal horn may prove useful for relieving pain
syndromes with minimized side effects.”>?%'*

The extent and central role of multi-protein complexes sur-
rounding NMDA receptors is highlighted by additional studies
showing that the long-form Homer proteins, Homerlb and
Homerle, link metabotropic glutamate receptors (mGluR1 and
mGluR5) to NMDA receptors at the cell surface.'”'% These
interactions are antagonized by Homerla, a short form of the
Homerl protein, which is upregulated in the spinal dorsal horn
in rodent models of NMDA receptor—dependent peripheral
inflammation and neuropathy.'”” Consequently, Homerla
uncouples glutamatergic receptors from nociceptive signaling
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events in the dorsal horn and counteracts central sensitization,
thereby reducing inflammatory hyperalgesia in mice. It is note-
worthy, that transgenic mice overexpressing Homerla in the
forebrain also displayed diminished inflammatory pain behaviors,
establishing Homerla as an endogenous attenuator of nocicep-
tive signaling along the pain transduction pathway.'%*

Besides NMDA and metabotropic glutamate receptors,
AMPA  receptors also display dynamic regulation during
acute and chronic pain states.'>'°® Mechanistically, several PPI-
dependent processes have been reported to contribute to these
events via AMPA receptor subunit-specific internalization
and surface trafficking with concomitant changes in calcium per-
meability.'”” "> Among them are interactions between the
AMPA  receptor subunit GluR2 and glutamate receptor-
interacting protein (GRIP) as well as intracellular adaptor pro-
teins such as protein interacting with C-Kinase (PICK1) and
N-ethylmaleimide sensitive fusion protein (NSF) — all of which
are linked to the maintenance of hyperalgesia following nerve
injury, 110114

Many studies contributed to these findings and described
the involvement of these interactions in other pain models; a
complete listing of all is beyond the scope of this review.
Taken together, the picture is emerging that the interplay of
PPIs with AMPA receptors is rather complex with distinct
contributions of certain interactions depending on the model
used.! T¢I Bor example, immunoprecipitation studies
indicate that CFA-induced inflammation reduces the GluR2-
GRIP interaction in the dorsal horn, whereas GluR2-PICK1
remains unaffected. As a consequence, GluR2 internalization
is induced in a PKC phosphorylation-dependent manner and
entails an increase in the calcium permeability of AMPA
receptors resulting in CFA-induced hypersensitivity.''>!"
The authors exploited this mechanism and mutated the
GluR2 PKC phosphorylation site to prevent CFA-induced
GluR2 internalization alongside with alleviation of CFA-
evoked nociceptive hypersensitivity.''> Interestingly, PKC
activation is triggered by spinal NMDA receptors, again
exemplifying their  principal position in  nociceptive
plasticity.'"?

Moreover, NMDA and AMPA receptors are functionally and
physically linked via a PSD-95-stargazin bridge in the dorsal
horn.''? Stargazin is a member of the AMPA receptor regulatory
protein family and binds to the AMPA receptor subunit
GluR1.""”"'® In addition, stargazin represents a pain susceptibil-
ity gene in humans and its polymorphisms are associated with
chronic pain after breast surgery in cancer patients."'*'"” This
function correlates well with studies in rodents implicating the
stargazin-GluR1 interaction in formalin-induced inflammatory
pain as well as in post-operative pain. In respect to the latter,
plantar incision in rats enhanced stargazin binding to GluR1 in
the dorsal horn as evidenced by co-immunoprecipitation studies,
which could be counteracted by prior intrathecal administration
of stargazin siRNA.""""'® Furthermore, downregulation of star-
gazin prior to incision alleviated post-operative pain in rats,
opening the exciting possibility for its preventive use prior to sur-
gical procedures.'"®
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Conclusions

Numerous studies have established by now that ion channels/
receptors are embedded into protein complexes, which critically
influence their function. Importantly, these PPIs can be dynamic
and specifically occur under certain (patho-)physiological states.
A corollary of this concept is that the identification and character-
ization of PPIs can provide a stepping stone for further insights
into ion channel/receptor function, specifically during disease
states. The examples described in this review highlight the poten-
tial of such investigations to explore new molecular players rele-
vant for nociceptive signaling. As a result of these promising
studies in rodent models of pain, mounting interest has devel-
oped to translate PPI-targeting approaches to human pain syn-
dromes, with the hope of gaining improved clinical efficacy and
safety profiles. However, several questions remain unanswered
and require careful considerations before the advantages of PPI
modulators can be fully exploited for relieving human pain.

Challenges in designing PPI modulators

Albeit many promising examples in animal models, clinical
trials and approved drugs for several diseases targeting PPIs for
therapeutic interventions is still in development and subject to
major research and optimization efforts.'” Regarding their chem-
ical composition, most PPI modulators considered to date are
either peptides of peptidomimetic nature belonging to the group
of small-molecule modulators, i.e., naturally occurring, or syn-
thetic agents exhibiting a significant degree of structural complex-
ity to allow selective and efficient binding.'” Regardless of their
structure, several challenges in PPI modulator design have to be
overcome, such as (i) large, hydrophobic and often undefined
interaction interfaces, (ii) low stability and proteolytic lability of
peptide-based modulators, as well as (iii) cell permeability.'”*>"!

Based on the assumption that PPI interfaces are large and lack
defined features, considerable concerns have been raised whether
required selectivity and potency in targeting PPIs might be
achievable.'” However, several studies support the notion that
PPIs can be selectively and effectively targeted via so-called hot
spots (a subset of a few amino acids mainly involved in protein
binding) or post-translational modifications.'”*>'**!?!" Signifi-
cant advances in determining PPI interfaces can also be expected
from the ever increasing knowledge about the structure and, con-
sequently, functional domains of ion channels/receptors. For
example, the very recently published cryoelectron microscopy
structure on TRPAI channels reveals information about its sta-
bility, regulation and putatively “druggable” binding sites.'**

While peptides are considered as excellent leads for the develop-
ment of PPI modulators, the hurdles associated with their proteolytic
lability, hydrophobicity and consequently limited cell permeability
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