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ABSTRACT: Existing pharmacotherapies acting on the opioid receptor system — LEand-irce
. i K e K — With sodium
have been extensively used to treat chronic pain and addictive disorders. — Nosodium
Nevertheless, the adverse side effects associated with opioid therapy underscore
the need for concerted measures to develop safer analgesics. A promising avenue
of research stems from the characterization of a sodium-dependent allosteric
regulation site housed within the delta-opioid receptor and several other G
protein-coupled receptors (GPCRs), thereby revealing the presence of a cluster

of sodium and water molecules lodged in a cavity thought to be present only in

Energy

the inactive conformation of the receptor. Studies into the structure—function R R’ R R R*
relationship of said pocket demonstrated its critical involvement in the 1 [ [} 11
functional control of GPCR signaling. While the sodium pocket has been T ey e

proposed to be present in the majority of class A GPCRs, the shape of this
allosteric cavity appears to have significant structural variation among
crystallographically solved GPCRs, making this site optimal for the design of new allosteric modulators that will be selective for
opioid receptors. The size of the sodium pocket supports the accommodation of small molecules, and it has been speculated that
promiscuous amiloride and 5’-substituted amiloride-related derivatives could target this cavity within many GPCRs, including opioid
receptors. Using pharmacological approaches, we have described the selectivities of S'-substituted amiloride-related derivatives, as
well as the hitherto undescribed activity of the NHE1 inhibitor zoniporide toward class A GPCRs. Our investigations into the
structural features of the delta-opioid receptor and its ensuing signaling activities suggest a bitopic mode of overlapping interactions
involving the orthosteric site and the juxtaposed Na* pocket, but only at the active or partially active opioid receptor.

Conformational landscape

B INTRODUCTION the class A family. Recent studies have revealed the presence of
a highly conserved cavity serving as an allosteric binding site
for sodium ion and water molecules, forming a cluster in the
middle of the 7TM bundle of the majority of class A GPCRs,
including the delta-opioid receptor (DOR).” Although most
drugs target the orthosteric site of GPCRs, exploiting allosteric
binding sites provides several advantages. Among others, this
strategy would allow for more precise control of subtype
selectivity, would preserve the spatiotemporal activity of
endogenous ligand, and could be used to control functional
selectivity of the natural ligand, all of which hold great
potential for developing efficacious novel compounds and
candidate drugs.”* This sodium cavity is formed by the side
chains of 16 amino acid residues, of which 15 residues are
conserved in all class A branches. At the same time, structural

Delta-Opioid Receptor. Delta-opioid receptors (DOR)
belong to the class A of G protein-coupled receptors (GPCRs),
a superfamily of seven-transmembrane proteins of which more
than 30% of prescribed drugs target. Besides their critical role
in pain management, DOR agonists have also been shown to
exhibit antidepressant activity and have the potential to treat
spasms associated with Parkinson’s disease. However, the
clinical use of DOR agonists is limited due to the possible
occurrence of potentially life-threatenin§ side effects such as
tolerance, convulsions, and seizures.. GPCRs transduce
extracellular stimuli into intracellular outcomes through two
main mechanisms, the G-protein-dependent pathway, which
facilitates a change in the concentration of an intracellular
second messenger via the activation of the heterotrimeric G-
protein, as well as a G-protein-independent mechanism,
whereby receptor signaling is attenuated by phosphorylation Received: December 22, 2021

and internalization, processes both dependent on the initial Accepted:  April 28, 2022
Published: May 12, 2022

recruitment of the protein adaptor fB-arrestin.

GPCR activation is tightly controlled through intramolecular
determinants serving as intrinsic locks or switches. These
motifs are highly conserved within GPCRs, especially within
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studies revealed an important disparity in the structure of the
sodium cavity, which seems to affect the selectivity and
function of ligands. In the human DOR, the oxygen atom of
side-chain Asn131%3 directly coordinates with the sodium ion,
while the nitrogen atom forms a hydrogen bond to Asp128>**
and a salt bridge with the nitrogen group of naltrindole bound
to the orthosteric site. Thus, these interactions between
Asnl131%3, Asp1283‘32, and the sodium ion serve not only as an
ionic lock to stabilize the inactive state of the receptor but also
as a propagation link between the two sites during the
activation of the receptor.”*~®

Therefore, this allosteric pocket could be critical for the
modulation of signaling and ligand binding. Importantly, some
unique features of DOR’s sodium cavity distinguish it from
other sodium sites in Class A GPCRs. The sodium ion
interacts with conserved residues, which are arranged into two
shells; the first coordination shell of the sodium ion in the
allosteric site is formed by five oxygen atoms, three of them
from Asp95>%°, Ser135°*%*, and Asn131%*%* side chains and the
other two oxygen atoms of molecules of water. The second
coordination shell consists of side chains of three amino acid
residues, Trp2746'48, Asn3107%, and Asn3147%, with two other
water molecules in contact with the first shell. Additionally, the
aspartic acid residue in position 2.50 (Asp>*°) is essential for
binding sodium in this site, as it forms a strong salt bridge with
the positively charged sodium ion. Remarkably, these
conserved residues of the sodium cavity are among the most
conserved motifs in class A GPCRs and have critical roles in
GPCRs activation, namely, CW**xP in helix VI and NP”#xxY
in helix VII (reviewed by Katritch et al.”*?).

The size of the sodium cavity permits the accommodation of
small molecules of about 200—300 Daltons in the inactive state
conformation.” Despite this emergent information on the
atomic structure of the sodium cavity, the functional role and
allosteric behavior of sodium ions in GPCRs are still poorly
understood. Interestingly, the effect of sodium ions on ligand
binding at certain GPCRs and especially at opioid receptors
was observed more than forty years ago. It has been reported
that the presence of a high concentration of sodium increases
the binding affinity of antagonists to the opioid receptors,
while the decrease in Na® has no significant effect on the
affinity of the agonist. Therefore, researchers drew upon the
presence or absence of Na* to discriminate whether a ligand
was an agonist or an antagonist.'’ This finding suggested that
the sodium ion stabilized the inactive state of opioid receptors
and was described to likely act as an allosteric modulator.
Later, the same allosteric qualities of sodium ion were observed
at six other different GPCRs, including Neurotensin NTSR1,
Dopamine D2R, Adrenergic a2-AR, Adenosine A;,AR, and
Protease Activated PAR-1.°

Amiloride and Its Derivatives as GPCR Allosteric
Modulators. The suggested functional importance of the
allosteric pocket in receptor activation and its exceptionally
high conservation in class A GPCRs makes it an attractive
target for the discovery of small molecules with unique
functional and pharmacological properties, insights of which
can be applied and served as novel starting points for drug
discovery.

Some reports have proposed that the diuretic amiloride
could exert allosteric modulation on different GPCRs, albeit
with modest affinity (>10 gM)."" Extending on these findings,
a few amiloride-related derivatives have shown comparable or
stronger affinities at several receptors.”” ™% As a potassium-

sparing diuretic, amiloride works by directly blocking the
epithelial sodium channels (ENaCs) and acid-sensing ion
channel 3 (ASIC3), as its mechanism of action entails the
reduction of potassium excretion and inhibition of sodium
reabsorption in the distal tubule, resulting in the loss of sodium
and water from the body.'? It is also used to alleviate edema
associated with hepatic cirrhosis and in the treatment of heart
failure by blocking Na*/H" exchangers-1 (NHE1), resulting in
decreased reperfusion injury in ischemic attacks.'’

Interestingly, mutation of the conserved Asp>*” in selected
GPCRs abolishes the effect of amiloride and its derivatives on
orthosteric ligands, with Na™ modulating this effect.”’°7%° It has
thus been proposed that the guanidium group, which is found
in all amiloride-related derivatives, can bind with the
carboxylate group of Asp™* residue, which is now known to
coordinate the Na* ion.”> However, the low affinity and
selectivity of amiloride toward GPCRs, and the lack of
molecular and structural information have hampered the
systematic study of these allosteric ligands (reviewed in ref 22).

Most studies using amiloride-related derivatives have used
biochemical characterization, such as binding experiments, due
to said compounds’ low affinities and low allosteric
constants.”> At the concentration required to have an effect
in vitro (>10 uM), these Na* channel inhibitors are toxic to
cells (data not shown). Moreover, few studies have addressed
the functional effect. One such study revealed a modest effect
with 10 uM of S-(N,N-hexamethylene)amiloride (HMA) at
the gonadotropin-releasing hormone receptor (GnRHR) using
an NFAT-reporter assay ' whole another using isolated rat
tracheal rings showed a reduction of the Emax of acetylcholine
toward muscarinic receptors using 100 ygM — 1 mM of
amiloride.””

From this premise, we tested nontoxic concentrations of 5'-
substituted amiloride-related derivatives in a functional
cellular-based assay at most class A GPCRs. Herein, we
aimed to identify receptors with a greater affinity toward these
molecules, which would enable the execution of better-
informed pharmacological studies toward potentially targeting
the Na* pocket.

B RESULTS

The PRESTO-Tango GPCR assay possesses unique and
advantageous features that enable the simultaneous testing of
a set of amiloride derivatives at all class A GPCRs.”**’ The
difficulty in screening the entire druggable GPCRome in
parallel is mainly due to the inherent diversity of G protein
signal-transduction cascades. The measurement of G protein-
independent f-arrestin recruitment provides a universal assay
platform, as nearly all tested GPCRs can induce arrestin
translocation.”®*”*" We selected to test S5-(N,N-dimethyl)-
amiloride (DMA), S-(N-methyl-N-isobutyl)amiloride (MIA),
5-(N-ethyl-N-isopropyl)-amiloride (EIPA), 5-(N,N-
hexamethylene)amiloride (HMA), and the sodium-hydrogen
exchanger isoform 1 (NHEL) inhibitor zoniporide. We also
opted to include zoniporide, which is the ligand with the
lowest degree of structural similarity to amiloride, as it contains
a guanidium group and showed no toxicity at 10 #M. This set
of Na* channel inhibitors was tested at 10 uM for their
capacity to modulate the basal activity of class A GPCRs.
Importantly, the ligands were tested in “agonist mode” and not
in “allosteric mode,” meaning that the stimulation of receptors
with their corresponding agonists was not required for this
screen. This reasoning stems from previous reports of several
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Figure 1. Parallel interrogation of the class A GPCR-ome by four sodium channel inhibitors. (A) HTLA cells were plated in 384-well plates,
transfected with 350 GPCR Tango constructs, and either stimulated with the indicated compounds at 10 M or with vehicle buffer (- compound).
The vector pcDNA3.1+ was used as a negative control, and the DRD2 receptor stimulated with quinpirole was used as a positive control (excluded
from the heatmap). A heatmap was generated following extraction of the fold-over basal (treated/nontreated) increase for each receptor assayed in
quadruplicate. The adjacent table highlights the six receptors showing >3-fold increase (treated/nontreated), and KOR was added to highlight its
insensitivity toward the modulators. The complete list of GPCR tested is shown in Table S1. (B) Dose—response curves for compound profiling
and demonstration of S-arrestin2 recruitment to DOR in secondary screening. HTLA cells were transiently transfected with the DOR-Tango
receptor and stimulated with increasing concentrations of the indicated agonist or antagonist, in the presence or absence of 10 uM EIPA or
amiloride. Data were normalized toward BW373U86, which represents the agonist with the highest efficacy (n = 3 in quadruplicate).
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Figure 2. Parallel interrogation of class A GPCR-ome at external sodium concentrations of 30 and 200 mM. (A) HTLA cells were plated in 384-
well plates, transfected with 350 GPCR Tango constructs, and media was replaced for modified DMEM containing 30 or 200 mM NaCl. Data are
represented as the ratio between the relative light unit (RLU) at 200 mM divided by RLU at 30 mM. Data = 0 suggests no difference, >1 suggests
an increase in activity with 200 mM Na’, and <1 suggests an increase in activity with 30 mM Na". Only three receptors showed a strong effect: M2,
M3, and M4 muscarinic receptors. (B) Dose—response curves and demonstration of S-arrestin2 recruitment to M1—MS5 receptors in secondary
screening. HTLA cells were transiently transfected with M1—MS-Tango receptors and stimulated with increasing concentrations of carbachol in

media containing either 140 mM (normal media), 30 mM, or 200 mM NaCl. Osmolarity was adjusted with choline chloride for all media (n = 3 in
quadruplicate).

allosteric modulators exhibiting partial agonist activity at high nociception receptor (OPRL1 or NOP). Interestingly, even

concentrations. As such, we assumed that modulation of the
Na® pocket, which locks the receptor in an inactive
conformation, would modulate basal activity and would
therefore be detectable in agonist mode. As shown in Figure
1 and Table S1, only six GPCRs were found to be modulated
by at least one of the ligands tested at 10 uM, given the set
threshold of >3-fold increase. Strikingly, we obtained hits for
two of the three classical opioid receptors (OR), the delta-OR
(DOR) and the mu-OR (MOR), and the closely related

with high sequence homology, the kappa-OR (KOR) was not
detected in this primary screening. As shown in the inset of
Figure 1B, the secondary screening at the DOR revealed that
EIPA possesses significant agonist and positive allosteric
modulation (ago-PAM) in the absence or presence of the
selective agonist DADLE, respectively. We also found that the
agonist activity of EIPA was reversed by the DOR antagonists
naltrindole, 6’-GNTI, and 5'-GNTIL The reversal effect
observed by the antagonists corroborates EIPA’s direct ago-
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Figure 3. Profiling of 5'-substituted amiloride-related derivatives and sodium channel inhibitors through demonstrations of f-arrestin2 recruitment
to DOR. HTLA cells were transiently transfected with the DOR-Tango receptor and stimulated with increasing concentrations of DADLE in the
presence or absence of 10 uM of the indicated modulator (n = 3 in quadruplicate).

PAM mode of action on the receptor. At a nontoxic
concentration (10 M), the prototypic inhibitor amiloride
was found to have no activity. This is not surprising as most
biophysical studies using amiloride found activity only at >100
UM, concentrations which cannot be used in a cell-based assay.

Using a similar approach, we tested the effect of different
concentrations of extracellular Na* on the basal activity of the
class A GPCRome. Using Na*-free DMEM media, we adjusted
the osmotic strength using choline chloride and tested three
different concentrations of Na*, specifically 30, 140, and 200
mM. The physiologic Na" concentration is approximatively
140—150 mM Na® in the extracellular space and 5—15 mM in
the intracellular environment; moreover, Na* concentration is
extremely variable and dynamic throughout the body. Using
»Na- MR imaging, it has been shown to be modulated in
various pathophysiological states ranging from S to 300 mM in
certain regions, with a median concentration of approxima-
tively 40 mM in brain white matter.’>*® Although the
intracellular Na* concentration is usually around 5—15 mM,
we observed some level of cell death at 15-20 mM
extracellular Na*, and as such, we chose to work with 30
mM, which is the lowest concentration with no effect on cell
viability. As shown in Figure 2, comparisons at 200 vs 30 mM
Na" revealed little impact on the context of basal activity across
the interrogated GPCRome. As the Na® pocket is highly
conserved within class A GPCRs, we were expecting to have a
broad effect on the basal activity of GPCRs. As this was not
observed, these findings indicate that Na® concentration is
probably not a significant mode of regulation of GPCR activity
and determinant for interaction, but rather it is ligand
interaction that alters the conformation of the Na" pocket
and hence the release of the Na* ion from the pocket. The only
outliers detected from our screen were the muscarinic
acetylcholine receptor subtypes M2, M3, and M4; these were
confirmed in secondary Tango experiments by performing
dose—response validation using the agonist carbachol at the
five muscarinic acetylcholine receptors. A significant increase
in basal activity (>10-fold) was observed by reducing
extracellular Na* to 30 mM at M2, M3, and M4. Although
modest at the M1 and MS, we found that these two receptors
had much higher basal activity than M2, M3, and M4, and thus
the detected difference in basal activity is limited to <2-fold.
We also observed a loss of agonist efficacy and potency for all
five subtypes. Conversely, increasing external Na* to 200 mM
significantly increases carbachol efficacy by more than 3-fold,
without affecting potency for M2, M3, and M4 and weakly
increasing efficacy at M1 and MS. Although the physiological
significance of these findings is unknown, it is yet tempting to
speculate a link to the other acetylcholine receptor, the ligand-

16942

gated nicotinic acetylcholine receptor (nAChR), which is an
important Na* channel. Spatiotemporal control of Na*
concentration at the synaptic cleft could potentially be a
control mechanism of the muscarinic receptor. Seeing as M1,
M3 and MS are Gg-coupled receptors, whereas M2 and M4
are Gi-coupled, it appears that the coupling mechanism is not
relevant to the observed effect of Na*, although we do not
exclude its influence on G-protein signaling itself.

Similar selectivities of amiloride-related derivatives have
been previously described for the human A2A adenosine
receptor by the group of Ijzerman.”* However, most of the
experiments were performed using in vitro biochemical and
biophysical experiments. This likely explains why the A2A
receptor was not observed as a potential hit from our primary
screening and the null effect observed at A2A in the cell-based
Tango assay; moreover, a similar conclusion can also be drawn
for all GPCRs previously reported to be modulated by
amiloride. Various S5'-substituted amiloride-related derivatives
have been previously synthesized to perform structure—
activity-relationship (SAR) at the A2A receptor.”* The same
derivatives, generously donated by the Ijzerman group, and
others were tested at the DOR, as shown in Figure 3
(structures are shown in Figure S1). Some derivatives were
found to be toxic at >5 uM, which accounts for the flat curves
for derivatives 7363, 7355, 7439, and 7440. With the exception
of 7327, 7403, DMA, KR-32568, and phenamil, all other
compounds demonstrated some level of allosteric activity. MIA
remains the best ago-PAM, while zoniporide remains the best
PAM without intrinsic agonist activity. The lack of DMA
activity also highlights the importance of having a large
hydrophobic moiety at the S’-substitution. The single addition
of the chlorine group on the phenyl in 7327 abolishes its
activity compared to 7332. Altogether, we found that the 5'-
amiloride substitution was relatively permissive but required an
extensive hydrophobic substitution, and that none of the
compounds tested outperformed the original MIA, EIPA,
HMA, and zoniporide used in the primary screening.

It has been proposed that S'-substituted amiloride-related
derivatives bind to the sodium ion site and influence
orthosteric ligand binding, implicating the possible interference
of sodium ion with the interaction of the ligands by direct
competition. Thus, a Schild analysis of HMA, MIA, zoniporide,
and the inactive phenamil was performed at different
permissive extracellular sodium concentrations. As shown in
Figure S2, reducing extracellular Na" to 30 mM slightly
increases the agonistic activities of HMA and MIA, while 200
mM does the opposite. Although this result does not exclude
interaction within the Na* pocket, the effect of the Na* ion is
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Figure 4. Measurement of the pharmacological properties of the three modulators of interest (HMA, MIA, and zoniporide) at different DOR
mutants. HTLA cells were transiently transfected with the WT or mutant DOR-Tango receptors and stimulated with increasing concentrations of
DADLE or naltrindole, in the presence or absence of the indicated modulator at 10 gM.

weak, indicating a more complex mode of binding or main
interaction outside this pocket.

Relevant to this idea, we conducted experiments probing the
structure—activity relationship at the receptor level, specifically
by creating several mutants and chimeras to increase our
understanding of the residues contributing to the actions of
amiloride-related derivatives and zoniporide (Figures 4 and
S3). A chimera between the delta and the kappa-opioid
receptor was generated because the latter is unresponsive to
amiloride-related derivatives. A DOR chimera comprising a
KOR fragment spanning the N-terminus to the end of TM1
(KOR-TM1) gives a functional receptor as demonstrated by
the dose—response curve with DADLE (Figure 4), as well as
the antagonist response toward naltrindole in the presence of
100 nM DADLE (Figure S3). We observed a loss of allosteric
modulation (PAM) by MIA, HMA, and zoniporide, but the
agonistic effect is still present. The loss of allosteric regulation
is likely caused by the chimera’s increased efficacy observed
solely with DADLE compared to the wild type (WT) receptor,
which perhaps reaches the maximum efficacy of the receptor
with DADLE alone. Yet, this result strongly supports that TM1
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is not an essential determinant of the resultant findings. The
ECL2 chimera or any chimeras involving TM2-TM6 results in
inactive receptors. The chimeras, including the KOR ECL3,
showed no efficacy toward DADLE but are still sensitive to
MIA, and HMA, as corroborated by agonist activity.
Naltrindole still reverses the effect with the ECL3 chimera
but with a relatively low affinity, supporting the idea of a
bitopic mode of interaction involving the orthosteric site and a
juxtaposed allosteric site, probably at the apex of the Na*
pocket. A chimera comprising the DOR ECL2 of the leopard
frog (Rana pipiens) has previously been shown to be
functional;*® indeed, this DORrpECL2 was found to be nearly
identical to the WT receptor. Given the low homology
between the human and R. pipiens ECL2, we believe that ECL2
does not play a substantial role in the interactions and
functional effects of amiloride-related derivatives and zonipor-
ide.

Thereafter, we examined specific mutations of the exposed
residues that might be involved in the binding and functional
effect of our modulators (Figures 4 and S3), commencing with
mutants in the Na* pocket. We previously demonstrated that
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Figure 5. Assessment of the functional impact of three modulators
performed to determine the Ky at each mutant receptor. Each mutant

on the binding of DOR ligands. (A) 3H-DADLE saturation assays were
presenting a confident Ky was evaluated in a competition experiment with

increasing concentrations of the indicated ligands. Results are presented as average +3 s.e.m. from two or more separate experiments, each assayed
in triplicate. Binding curves were fit to a one-site model. (B) 3H-DADLE and 3H-naltrindole saturation assays were performed to determine the Ky
at the WT receptor. (C) Subsequent allosteric competition experiments were performed with increasing concentrations of the indicated ligand, in
the presence or absence of the indicated modulator. A representative result is shown from three independent experiments performed in triplicate.

mutants within this pocket act as an eflicacy switch and reverse
the antagonist naltrindole to an agonist by disrupting an
important ionic lock that stabilizes the inactive conformation.”
The AG, required for the transition to the active conformation
is probably lowered, and naltrindole has the minimal
requirement to stabilize a partially active state. Therefore, it
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is not surprising to observe this effect with all mutants
performed except D9SN*°. Mutation of the key Na'-
coordinating residue D95** to alanine (D9SA*’) results in
an almost complete loss of original properties observed for
MIA, HMA, and zoniporide. Similarly, the D95N>*® mutant
also had nearly full nullification of activity. However, the
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remaining ago-PAM properties of MIA are reversed with
naltrindole, indicating that this residue is not critical for
interaction but rather for function. Other mutations were
considered, chiefly N310A”* and N314A7*, which lead to
reduced effect but not a total abrogation of detected activity.
As for mutating residues N131V** and S135A%%°, which are
less conserved in class A GPCR but present in all three opioid
receptors, we noted an increase in the ago-PAM properties of
zoniporide (which is absent with WT), and interestingly, for
S135A, the efficacy of DADLE is restored in the presence
amiloride-related derivatives and zoniporide. These latter
results strongly support an allosteric mechanism underlying
the observed effects. Another interesting observation is that
when the S135A mutant is stimulated with naltrindole, it
abolishes the agonist activity of our allosteric modulators, but
the modulators do not abrogate the agonist activity of
naltrindole. This result suggests a state-dependent effect of
the amiloride-related derivatives and zoniporide. We thus
propose that our modulators bind and stabilize a partially
active receptor, hence attributing to their partial agonist
activities and low potency. A similar change in the conforma-
tional ensemble has also been described for Fg754, a recently
described bitopic modulator targeting the Na*-cavity at the
Aj A receptor.36

Interestingly, a similar effect was observed with the
juxtaposed mutant residue S311A7*¢, which is also present in
the Na* pocket but not involved in the coordination of sodium
or water molecules (Figure 4). Mutation of other residues in
helix VII showed that only G307A”*' completely suppressed
the effects of our tested modulators (Figure 4). The Y318F"%3
of the NPxxY microswitch motif does not inhibit the
modulators’ response, indicating that this layer is not of high
importance to this phenomenon. Mutation within the DRY or
PIF motif did not abolish the effects of the allosteric
modulators, as shown for RI146A%>° and Y147A3%!. The
mutation of F270A%* of the PIF motif results in complete loss
of DADLE efficacy, which can be rescued using all three
modulators in a manner similar to what was observed for
S135A%% and S311A7*¢ mutants described above (Figure 4).

Other scattering mutations were performed, including
T84A>, which revealed increased agonist activity of our
PAM, including the zoniporide, a result similar to that noted
with K108A*® (Figure 4). The latter also shows heightened
efficacy of DADLE, very similar to that observed with the KOR
TM1 chimera described previously. The K108>%® side-chain
points directly within the top of the orthosteric pocket and is
potentially involved in peptide-ligand interaction, but not with
morphinan ligands which situate deeper in the pocket. The last
TM2 mutation of Y109A*** did not lead to significant
disturbance of our modulators. On the other hand, the
Y129A** mutation completely abrogated the efficacy of
DADLE, but all three modulators retained their activity. It
also cancels the binding of naltrindole, which is not surprising
since this residue forms a hydrogen bond with water
molecules, as well as the critical hydroxy group of the tyrosine
in opioid peptides or corresponding phenol group in
morphinan. Therefore, this residue is critical for opiate binding
but not for receptor activation, as our allosteric modulators can
still activate the receptor when mutated. L129M>* in TM3,
another distinct residue in KOR, was also found to mediate
none of the actions of the three allosteric modulators. Finally, a
series of mutations were performed at the top of TM6 and
TM7, which was found to be important for controlling

DADLE efficacy. To elaborate, these mutants increased the
ago-PAM behaviors produced, excluding their role in
interacting or affecting our modulators. Nonfunctional mutants
are shown in Figure S$4.

Our mutational studies suggest that amiloride-related
derivatives and zoniporide bind deep into the orthosteric
pocket, with possible overlapping interactions with the top of
the Na" pocket. Residues G307"* and D95>*° are the two
mutants that remained functional and showed the greatest
reduction in allosteric modulation by all three compounds
(MIA, HMA, and zoniporide). The residues S135>%, $31174,
and F270%*, all devoid of DADLE response, regained efficacy
in the presence of the modulators, likely to compensate for the
lack of the propagation between the orthosteric site and the
TM7, which is bounded by the Na" pocket. Given that
naltrindole blocked the allosteric agonism of MIA and HMA,
but that MIA, HMA, and zoniporide did not block the agonist
effect of naltrindole, it is likely that both types of compounds
do not bind simultaneously to the receptor and probably
interact with a different receptor intermediary state. It is
important to note that naltrindole, a morphinan antagonist at
the WT receptor, is an agonist at the Na"-pocket mutants, as
previously reported.”

Next, we sought to estimate the binding affinities of the
three selected modulators, namely, MIA, HMA, and
zoniporide, toward the DOR. As shown in Figure SA, all
three modulators can displace the radioligand agonist 3H-
DADLE with an estimated K, between 0.5 and 1 M. It is thus
questionable whether both molecules can simultaneously bind
the receptor, as discussed below. Performing radioligand
binding at mutant receptors is always challenging, in part
due to the low affinities or low expression levels (low B,,,,) of
many mutants, making it difficult to quantify the Ky; Figure SA
highlights some of the mutants that consistently perform well
in that experiment. In agreement with our functional data, the
G307A mutant lost almost all modulator affinity. Surprisingly,
the D9SA mutant still binds to all modulators with similar
affinity, indicating the D**° is not critical for interaction yet still
important for receptor regulation by the modulators, thus
being a functionally disrupted mutant.

Certain mutants that demonstrated increased activities also
had boosted affinities, such as W284E/K and S135A mutants.
In the case of S135A, the affinity of naltrindole and DADLE
are also shifted leftward, indicating that the loss of DADLE
efficacy observed in the f-arrestin recruitment assay is not
related to a decrease in affinity, but rather to a breakdown in
signal propagation between the orthosteric site and the TM7
due to Na'-pocket disturbance. As shown in Figure 5B, all
three modulators failed to efficiently displace the radioligand
antagonist 3H-naltrindole, exhibiting a low displacement at 10
UM. Given the poor ability of DADLE to displace naltrindole,
we added the superagonist BW373U86 (BW) as a control.
BW373U86 (like most SNC series of compounds) is a
superagonist in arrestin recruitment and is unaffected by Na*
because it directly modulates the TM-VII at the top of the
orthosteric site” (and unpublished data). A binding experi-
ment performed in allosteric mode showed that MIA has no
effect on the K; of naltrindole toward 3H-DADLE, suggesting
that the two molecules do not interact simultaneously with the
receptor. However, this functional outcome is brought about
by noncompetitive allosteric antagonists, as MIA cannot
displace naltrindole and has no effect on DADLE and
BW373U86 affinity (Figure SC).

https://doi.org/10.1021/acsomega.1c07226
ACS Omega 2022, 7, 16939-16951


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c07226/suppl_file/ao1c07226_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

B DISCUSSION

Commonly defined as ligands that bind to topologically
distinct sites on receptors and hence, do not occupy the natural
ligand binding sites, allosteric modulators are ubiquitous
among GPCRs, including those of endogenous nature such
as the heterotrimeric G proteins and sodium ions. Allosteric
ligands convey several advantages over their orthosteric
counterparts, including spatial and temporal fine-tuning of
the response of endogenous ligands, which could reduce side
effects generated by chronic activation of receptors throughout
the body. Moreso, other allosteric sites unassociated with
endogenous molecules also harbor exploitable features given
that they are generally less conserved, offering thus another
level of selectivity. The virtues of allosteric regulation are
particularly pertinent for the modulation of the opioid system,
as chronic and overstimulation of opioid receptors are well-
known to trigger side effects such as tolerance and addiction, as
well as constipation and respiratory depression. Modulating
only those receptors where the natural opioid peptides are
present could efficiently relieve pain and reduce undesired
opioid actions. Relevant to this application, the continued
discoveries of novel class A GPCR allosteric modulators and
the increased availability of structure-based computational
methods and GPCR crystallography are advancing the
development and optimization of suitable allosteric agents,
bypassing the difficulties associated with chemical screening
using functional assays.””’~*" Different allosteric modulators
have been described for the delta and mu-opioid receptors
(MORs), the most active being the BMS-986122 at the
MOR.** Interestingly, the activity of this modulator was
found to be correlated with the action of sodium and was able
to disrupt the occupation of Na* ion, facilitating agonist
binding and hence the positive allosteric modulation observed.
Although the binding site is unknown, it was shown to not
compete with the orthosteric ligand and showed probe
dependency, which is dependent on agonist efficacy. This is
quite interesting as Na* ion was found to not only modulate
receptor state and thus agonist versus antagonist affinity, but
also control efficacy by facilitating the transition toward the
active state, as seen with antagonists that are reverted to
agonists as reported before and herein.””*

S’-Substituted amiloride-related derivatives are weak and
promiscuous allosteric inhibitors at many GPCRs. The
proposed binding mode, based on docking and mutational
studies at the adenosine 2A receptor, suggests the interaction
of the guanidium group with the carboxy moiety of the D**.
Certain limitations render pharmacological evaluation difficult
with a cell-based assay, including the fact that the affinity of
most amiloride-related derivatives at GPCRs is >S5 yM and that
most of these channel inhibitors are toxic to cells at >10 uM.
Amiloride is a potassium-sparing diuretic that blocks the
epithelial sodium channel (ENaC) and has also been shown to
be a weak Na*/H" exchanger (NHE) inhibitor, resulting in the
generation of more potent NHE inhibitors from S-alkylamino-
substituted derivatives of amiloride such as, among others, S-
(N,N-hexamethylene)-amiloride (HMA), S-(N,N-dimethyl)-
amiloride (DMA), 5-(N-ethyl-N-isopropyl)-amiloride (EIPA),
and 5-(N-methyl-N-isobutyl)amiloride (MIA).*** Although
useful in illustrating the potential clinical benefit of NHEI
inhibition in cardiac pathology, these derivatives were found to
be nonselective NHE inhibitors, ultimately leading to the
generation of zoniporide, a more selective NHE1 inhibitor

derived from the lead NHEI inhibitor CP-545,470.** Although
distinct from amiloride, most NHE inhibitors contain an
acylguanidine group essential for their activity.* Similar to
amiloride-related derivatives, zoniporide was found to have a
weak affinity for a few GPCRs. However, it is interesting to
note that, as reported by Tracey et al.** in 2003, zoniporide has
a fairly good affinity for the rat mu-opioid (60 nM) and mouse
delta-opioid (238 nM), but no detectable interaction with the
kappa-opioid receptor. To obtain better pharmacological
profiles of these drugs at GPCRs, we decided to perform
reverse pharmacology by screening a nontoxic concentration of
the selected inhibitors. The Presto-Tango is a unique open
resource that allows simultaneous testing of most class A
GPCRs using f-arrestin2 recruitment to measure receptor
activity.”**” This signal amplification platform is extremely
sensitive and allows the detection of weak partial agonists,
which usually run undetected by most assays. As a reporter
assay, stimulation is performed over 16 h, conducive to
increased sensitivity and minimization of the temporal aspect
of drug action and interaction. While allosteric modulators are
normally screened in the presence of an agonist, the
simultaneous interrogation of over 350 GPCRs would make
it difficult to test them in the presence of their respective
agonists. We therefore opted for screening in “agonist” mode,
stimulating the receptors with a single concentration of said
modulators, to detect any activity at the class A GPCR-ome
level. Although it is not optimal for studies of pure allosteric
modulators, considering that amilorides were found to be quite
promiscuous with mixed pharmacological properties in radio-
ligand binding experiments, and given the proposed mode of
action toward the Na'-binding site, which is an important
efficacy switch, we were confident in detecting a potential
modulating effect. Indeed, as this publication demonstrates, we
found that the mu- (MOR) and delta- (DOR) opioid receptors
were strongly modulated by some of the derivatives tested. We
chose to further characterize the interaction at the delta-opioid
receptor, given our é)revious structural studies of the Na*-cavity
on said receptor.”***” Our work provides a clear illustration of
the direct activity of the derivatives at DOR, with MIA and
HMA demonstrating the best agonist allosteric modulator
activity (Ago-PAM). In contrast, zoniporide was found to have
very weak agonist activity but still retains a similar PAM in the
presence of the prototypic agonist DADLE. Considering the
proposed mode of interaction with the Na'-coordinating
residue D>, present in more than 95% of class A GPCRs,° we
first examined the effect of different Na* concentrations. We
reasoned that if the D> is critical for the interaction, changes
in Na* concentration should have a significant impact, which
was not observed. A weak effect was detected, but not robust
enough to implicate such an important role to D** in the
matter of coordinating ionic interaction with the guanidium
group of our derivatives.

Toward increasing our understanding of the structure—
activity relationship, we used site-directed mutagenesis at
DOR. Although many mutants were inactive or not expressed,
we found interesting effects using our tested amiloride-related
derivatives (MIA, HMA, and zoniporide). The Na* pocket is
crafted by 15 of the 34 most conserved residues in the majority
of nonolfactory class A GPCRs. The pocket integrates three
important well-known molecular switches, FxxCW®*3D,
NPXXY”*?, and a cluster of residues making a hydrogen-
bonding network; it should be noted that only the DRY motif
is excluded from the pocket. Depending on the receptor, five or
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Figure 6. 5'-Substituted amiloride-related derivatives and the sodium channel inhibitor zoniporide stabilize a partially active conformation. (A)
HTLA cells were transiently transfected with the DOR-Tango S135A mutant receptor and stimulated with increasing concentrations of naltrindole
or DADLE, in the presence or absence of the indicated modulator at 10 #M. Elbow connector lines are used to designate a common partially active
state stabilized by naltrindole and all three modulators, compared to the fully active state stimulated by MIA and DADLE (green), indicated by the
arrow line. (B) Proposed model for binding of MIA and zoniporide to DOR. Docking poses of MIA (blue) and zoniporide (pink) were generated
using the inactive structure (PDB:4N6H) bound to naltrindole (gray). The TM VII (green) and TM V (pink) are indicated as reference. Some
important residues of the docked complex as well as the water network of the inactive structure are represented and labeled. The polar interaction
network is concentrated on the left side of the binding pocket, while the right side is mainly hydrophobic. The residue G’*, found to be critical for
the interaction, is highlighted in green, and its hydrophobic surface is shown in the form of a mesh. The Na* ion is shown as a purple sphere for
reference (from the inactive structure) but is not present in the docked complex.

six of the 15 residues lining the pocket are involved in the
direct interaction with the Na* ion, or through coordination
between water and the Na* ion.”*” While the D95A>*® mutant
abrogated the observed functional effect, it did not strongly
reduce binding, thus excluding it as a direct interacting residue
with our modulators. Some of the residues forming the pocket
have been found to increase the activity of our modulators,
such as N131V>%, S135A%%, and S311A74, and may even
rescue the loss of DADLE efficacy. As a result, we propose that
these important residues lining the Na® pocket are not
important for the interaction with any of the modulators, but
rather control a favorable receptor state for their interaction.
This is supported by the result obtained using the antagonist
naltrindole, which is reversed to partial agonist at all mutants of
the Na™-H,O coordinating residues. In the presence of our

16947

modulators, naltrindole acts slightly as an antagonist until
DOR reaches an intermediate active state, wherein naltrindole
and our modulator have similar efficacy. While naltrindole did
not displace our modulator in the binding experiment, the
most plausible explanation is that transient states are favorable
to both molecules; while both act as partial agonists,
naltrindole displaces our modulator by a noncompetitive
inhibitory mechanism since it has a higher affinity. Some
mutants gave results that were very difficult to interpret; for
example, the N67A'*" mutant completely abolished the effects
of DADLE and our modulators but gained efficacy with the
antagonist naltrindole. This mutant is therefore still functional
to a certain level, but we cannot conclude its role in the drug
interaction. The only active mutant abrogating the modulators’
effect is the G307A7'7424D This residue and the adjacent
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Y3087#(74342) are believed to play an important role in f-
arrestin recruitment in the mu-opioid receptor (MOR).*
Interaction of the ligand with this residue on TM7 and TM2-
TM3 stabilizes a balanced signaling state, whereas ligands that
do not interact with TM7 G”*'-Y”** are G protein biased, such
as shown for TRV130.** It is thus possible that the weak
engagement of this region by the 5’-substituted amilorides
stabilizes a partial agonist state. Interestingly, partial agonists
such as morphine do not engage G'*'-Y”**, and the full agonist
DAMGO interacts with this TM7 region based on computa-
tional modeling.”® None of the mutations within the Na*
pocket of the DOR receptor completely abolishes the
functional activity nor the binding of the tested modulators,
clearly excluding a major role for this pocket during their
interaction. Many mutations have been shown to increase the
agonist or PAM activity of all modulators, as shown for
T84A>¥ and K108*%® where zoniporide gains agonist activity,
behavior which is absent when zoniporide is tested with the
WT receptor. The two most exciting mutants are the S311A74
and S135A%%, two residues that are exposed at the top of the
sodium pocket and coordinate Na* through water molecules.
In both cases, naltrindole is converted to a partial agonist that
stabilizes the same receptor state as all three modulators
(Figure 6A). We cannot exclude that both molecules can bind
to the receptor simultaneously, seeing as none of the
modulators displace naltrindole in the binding experiment.
Hence, the reversal effect of naltrindole at the WT receptor
could be a consequence of stabilizing the inactive con-
formation, which is not permissive to interaction with the
modulators. Our docking and modeling studies also support
our hypothesis that the modulators bind deep in the
orthosteric pocket, with the guanidium moiety sitting on the
apex of the Na® pocket. Some key residues important for
receptor activation, such as D128>%% W274%%, and Y3087,
are likely to be directly modulated by hydrophobic
interactions. Given the lack of a side chain for the G3077*,
we believe that the loss of interaction and effect upon mutation
to alanine is caused by steric hindrance of the methyl side
chain in alanine, as well as the destabilization of the Y3087+
(Figure 6B). Altogether, the partial agonist effect of MIA is
caused by disruption of the D*32-Y** TM3-TM?7 lock, which
in turn disrupts the Na* ionic lock. This strongly supports that
some sodium channel inhibitors harboring a guanidium group
can stabilize a partially active receptor similar to the Na*-free
receptor stabilized with naltrindole. Finally, we were unable to
effectively quantify G protein signaling initiated by these
compounds at the opioid receptors. Although the aforemen-
tioned effects were also detected using cAMP as the reading
output of G protein signaling, we observed a receptor-
independent modulation of cAMP, making results difficult to
interpret.

B CONCLUSIONS

In conclusion, we aimed to delineate the interactions of 5'-
substituted amiloride-related derivatives and the NHEI
inhibitor zoniporide at the delta-opioid receptor. Although
most in vitro studies using those derivatives have been
performed using radioligand binding or in silico modeling,
our characterization approach employed a f-arrestin recruit-
ment assay. Since the affinity of these derivatives toward the
delta- and mu-opioid receptors is higher than other receptors,
this allowed us to use nontoxic concentrations to study their
functional impact on delta-opioid receptor signaling. Our

results suggest binding of our modulators deep in the
orthosteric site, which does not allow co-hosting with an
orthosteric ligand such as DADLE or naltrindole. 5'-
substituted amiloride-related derivatives such as MIA, HMA,
and EIPA have agonist activity and positive allosteric
modulation, which increases efficacy when co-incubated with
the full agonist DADLE. However, zoniporide, which is
chemically distinct from amiloride, has a PAM activity devoid
of intrinsic agonist activity. We proposed a bitopic binding
mode deep in the orthosteric site overlapping the apex of the
Na* pocket, wherein G307”*! is a critical residue for the
interaction, and $3117¢, S135°%°, and D95**° are important
for the transmission of the signal toward the TM7 and
consequently f-arrestin recruitment. Recently, the group of
Peterson reported that NHE1 inhibitors could reduce opioid
self-administration in a zebrafish model.*’ Although prelimi-
nary, it could be very interesting to test whether this result is
mediated by NHE1, or a direct allosteric effect on opioid
receptors, or both simultaneously. Many GPCRs interact with
the Na(+)/H(+) exchange regulatory cofactor (NHERF-1/2),
which was originally characterized as a cAMP-dependent
regulator of Na(+)/H(+) exchange (NHE). Additionally,
some GPCRs have been shown to regulate proton efflux
through NHE1 and NHE3. Therefore, there is a clear link
between GPCRs, cAMP, and Na(+)/H(+) exchangers.””'
Since these modulators have a greater affinity toward the delta-
and mu-opioid receptors, this polypharmacological effect at
NHEI and opioid receptors could be a promising avenue to
explore, with the overall aim to reduce the side effects
associated with opioid analgesics, including dependence and
tolerance.

B METHODS

Cell Culture. Human Embryonic Kidney cells (HEK293T)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal bovine serum (FBS),
5% bovine calf serum (BCS), and 100 pg/mL of penicillin and
streptomycin at 37 °C in a humidified atmosphere containing
5% CO,. HTLA cells (kindly provided by Dr. Richard Axel),
which are HEK293T stably expressing human f-arrestin fused
to Tobacco Etch Virus (TEV) protease and luciferase reporter
gene, were maintained in DMEM supplemented with 5% FBS,
5% BCS, 100 pg/mL penicillin and streptomycin, 2.5 pg/mL
puromycin, and 50 pg/mL hygromycin.

Tango f-Arrestin Recruitment Assay. Assays were
performed using modifications of the original Tango assay””
as described and detailed previously.””>*>* HTLA cells were
transfected by the PEI precipitation method. The next day, the
cells were plated in DMEM supplemented with 1% dialyzed
FBS into Poly-L-Lys (PLL) coated 384-well white clear-bottom
cell culture plates, at a density of 15,000 cells per well and in a
total volume of 40 uL. The following day, ligand solutions were
prepared in filtered assay buffer (20 mM HEPES, 1X Hanks’
balanced salt solution (HBSS), pH 7.40) at 3X and added to
cells (20 uL per well) for overnight incubation (16—20 h). On
the next day, media and drug solutions were removed, and 20
uL per well of homemade Glo reagent (108 mM Tris—HCI; 42
mM Tris-Base, 75 mM NaCl, 3 mM MgCI2, 5 mM
dithiothreitol (DTT), 0.2 mM coenzyme A, 0.14 mg/mL p-
luciferin, 1.1 mM adenosine triphosphate (ATP), 0.25% v/v
Triton X-100, 2 mM sodium hydrosulfite) was added. The
plates were incubated for 10 min at room temperature in the
dark before counting using a Hidex Sense Beta Plus (Gamble
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Technologies, ON). Data were subjected to nonlinear least-
squares regression analysis using the sigmoidal dose—response
function provided in GraphPad Prism 9.0. Data of three
independent experiments (n = 3) performed in quadruplicate
are presented as Relative Light Unit (RLU) or normalized as
indicated in figure legends. Parallel interrogation was
performed as previously published by us,”” with the exception
that custom-made DMEM (Wisent, Inc,, QC, Canada) was
used when different sodium concentrations were tested. Na*-
Free DMEM was adjusted with the desired NaCl concen-
tration and compensated with choline chloride for a final
concentration of 140 mM ion" Cl” (final osmolarity of 337
mOsm/kg). Trypan blue exclusion was used to measure cell
viability for the different conditions tested; all conditions
selected did not affect cell viability.

Radioligand Binding Assays. *H-DADLE or °H-
naltrindole binding assays were performed using HEK293T
membrane preparations transiently expressing WT or mutant
DOR receptors. HEK293T cells were transfected to make
membranes, and binding assays were set up in 96-well plates as
previously described.”” All binding assays were conducted in
the DOR binding buffer (50 mM Tris HCl, 2 mM EDTA, pH
7.40) in the absence of external NaCl, using 25 to 40 ug of
membrane per well. Saturation binding assays with 0.2—30 nM
’H-DADLE or *H-naltrindole in DOR binding buffer were
performed to determine equilibrium dissociation constant
(Ky), while 10 #M naltrindole was used to define nonspecific
binding. To quantify the allosteric potential of each modulator,
a series of concentrations of tested ligands (e.g, DADLE) were
incubated with a fixed concentration of *H-DADLE or *H-
naltrindole, in the absence and presence of increasing
concentrations of the indicated modulator. Reactions (either
saturation or competition binding) were incubated for 2 h at
room temperature in the dark and terminated by rapid vacuum
filtration onto chilled 0.3% PEI-soaked GF/A filters, followed
by three quick washes with cold washing buffer (50 mM Tris
HCl, pH 7.40) and quantified as previously described.”
Results (with or without normalization) were analyzed using
GraphPad Prism 9.0 using one-site models.

Molecular Biology. Codon optimized DOR-Tango
construct (Addgene #66461) was used in all experiments,
including as a template for mutagenesis and chimera
construction. Single-site mutagenesis was performed using
QuikChange mutagenesis kit (Agilent, ON), and generated
mutants were confirmed by Sanger sequencing. Chimeras were
created using Gibson Assembly Cloning Kit (NEB, ON), with
OPRK1-Tango (Addgene #66462) serving as the source for
the KOR chimera, and rpECL2 fragment synthesized by IDT
(Towa). All plasmids and/or more information are available
upon request.

Molecular Docking. Compound structures of 5-(N-
methyl-N-isobutyl)amiloride (MIA) and zoniporide were
obtained from the PubChem database®® and were subjected
to molecular docking against the target crystal structures of the
inactive (PDB: 4N6H) and active delta-opioid receptor, solved
in complex with the peptide agonist KGCHMO07 (PDB:
6PT2). Ligand and protein target preparations, and subsequent
docking simulations, were performed using ICM-Pro software
(Molsoft L.L.C., version 3.9.2a). Receptor preparation
included removing unnecessary fusions and preserving water
molecules known to play a role in Na*-ion binding.”” Ligands
were also preprocessed, with charges assigned to the
compounds using the Merck Molecular Force Field

(MMFF).>® Following the generation of receptor grid maps,
five independent docking simulations were performed with a
sampling thoroughness of 1. Obtained docking poses were
rescored at the end of each run using the default ICM scoring
functions, individually loaded, and subsequently sorted by their
predicted binding scores. They were also clustered with RMSD
cutoff values to remove redundancy within the conformations
generated during each simulation.
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B ABBREVIATIONS

Ago-PAM:agonist-positive allosteric modulator
ASIC3:acid-sensing ion channel 3
BW:Superagonist BW373U86
DADLE:[p-Ala2, p-Leu$5]-Enkephalin
DMA:S-(N,N-dimethyl)amiloride
DOR:Delta-opioid receptor
EIPA:S-(N-ethyl-N-isopropyl)amiloride
ENaC:epithelial sodium channel

GPCR:G protein-coupled receptor
HMA:5-(N,N-hexamethylene )amiloride
KOR:Kappa-opioid receptor
MIA:S-(N-methyl-N-isobutyl)amiloride
MOR:Mu-opioid receptor

nAChR:nicotinic acetylcholine receptor
NHE1/3:sodium-hydrogen exchanger isoform 1/3
NHERF-1/2:Na(+)/H(+) exchange regulatory cofactor 1/2
OPRL1/NOP:nociceptin receptor

OR:opioid receptor

PAM:positive allosteric modulator
RLU:relative light unit

SAR:structure—activity relationship
TM:transmembrane domain
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