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16 Abstract

17  Acid-sensing ion channels (ASICs) are voltage-independent cation channels that
18 detect decreases in extracellular pH. Dysregulation of ASICs underpins a number
19 of pathologies. Of particular interest is ASIC3, which is recognised as the key
20 sensor of acid-induced pain and is instrumental in the establishment of pain
21 arising from inflammatory conditions, such as rheumatoid arthritis. Thus, the
22 identification of new ASIC3 modulators and the mechanistic understanding of
23 how these compounds modulate ASIC3 could be important for the development
24  of new strategies to counteract the detrimental effects of dysregulated ASIC3
25 activity in inflammation. Here, we report the identification of novel ASIC3
26 modulators based on the ASIC3 specific agonist, 2-guanidine-4-
27  methylquinazoline (GMQ). Through a GMQ-guided in silico screening of Food
28 and Drug administration (FDA)-approved drugs, 5 compounds were selected and
29 tested for their possible modulation of rat ASIC3 (rASIC3) using whole-cell patch-
30 clamp electrophysiology. Of the chosen drugs, guanabenz, an a2-adrenoceptor
31 agonist, produced similar effects to GMQ on rASIC3, activating the channel at
32 neutral pH and potentiating its response to mild acidic stimuli. Sephin1, a
33 guanabenz derivative that lacks a2-adrenoceptor activity, has been proposed to
34 act as a selective inhibitor of a regulatory subunit of the stress-induced protein
35 phosphatase 1 (PPP1R15A) with promising therapeutic potential for the
36 treatment of multiple sclerosis. However, we found that like guanabenz, sephin1
37 activates rASIC3 at neutral pH and potentiates its response to acidic stimulation,
38 i.e. sephin1 is a novel modulator of rASIC3. Furthermore, docking experiments
39 showed that, like GMQ, guanabenz and sephin1 likely interact with the nonproton
40 ligand-sensing domain of rASIC3. Overall, these data demonstrate the utility of
41  computational analysis for identifying novel ASIC3 modulators, which can be
42  validated with electrophysiological analysis and may lead to the development of
43  better compounds for targeting ASIC3 in the treatment of inflammatory
44  conditions.
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45 Introduction

46  Extracellular protons modulate the activity of a wide range of ion channels and
47  receptors, which activate sensory neurons involved in nociception and the
48 development of pain [1]. One key group of proton sensors is the acid-sensing ion
49  channel (ASIC) family, these voltage-independent, ligand-gated cation channels
50 are activated by extracellular protons [2—4] and belong to the amiloride-sensitive
51 epithelial sodium channel/degenerin (ENaC/DEG) ion channel family [5,6]. In
52 mammals, four genes (accn1-4) encode for at least 6 different ASIC subunits
53 (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, ASIC4), which can assemble into
54  homo- and heterotrimeric channels displaying different pH sensitivity, current
55  kinetics and pharmacology [7-9]. ASICs are widely expressed in the central and
56 peripheral nervous systems [2,10] and are implicated in a range of physiological
57 and pathological processes including nociception, mechanosensation and
58 learning/memory [2,5,11-13]. The involvement of ASICs in such a plethora of
59 physiological and pathological roles makes them attractive pharmacological
60 targets for drug development and a variety of agents have been identified that act
61 as agonists/antagonists for these channels with differing levels of selectivity [14].
62  Of the ASIC subunits, there is good evidence that ASIC3 is a critical acid sensor
63 involved in acid-induced pain. ASIC3 homomers are the most sensitive to
64 decreases in extracellular pH [7], in response to which they produce a biphasic
65 inward current composed of a large, rapidly desensitizing transient current,
66 followed by a smaller, non-desensitizing sustained window current (resulting from
67 an overlap between pH-dependent activation and inactivation curves) that lasts
68 for the duration of the acidic stimulus [15,16]. Although protons appear to be the
69 main endogenous activators of ASICs, other molecules that modulate ASIC
70 function have been discovered. For instance, endogenous molecules such as
71  arachidonic acid and anandamide [17], serotonin [18], dynorphins [19] and lactate
72 [20] all enhance ASIC3 currents in response to acidic stimulation. In addition, 2-
73  guanidine-4-methylquinazoline (GMQ) [21], agmatine [22] and
74 lysophosphatidylcholine [23] can activate ASIC3 at neutral pH by increasing the
75 sustained, window current. Moreover, a range of toxins isolated from animal
76  venoms also modulate ASIC function [24]. Among them, APETx2, a toxin isolated
77 from the sea anemone Anthopleura elegantissima, inhibits the transient
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78 component of ASIC3 activation in response to an acidic stimulus (pH 4) without
79  affecting its sustained component [25] and it has been used to establish the role
80 of ASIC3 in a number of physiological and pathological processes, including
81 inflammatory pain [26]. Nevertheless, the relationship between ASIC3, pain and
82 inflammation is complex. Several histological studies, as well as those employing
83 pharmacological ASIC3 modulation, have determined an involvement of ASIC3
84 in pain elicited in deep tissues such as joints, muscle and the viscera [27-33].
85 However, further studies using ASIC3-deficient mice have suggested a more
86 limited role in pain [34], as well as a proposed dual role of ASIC3 in arthritis where
87 lack of ASIC3 ameliorates pain, but increases inflammatory processes in the
88  arthritic joint [35]. A possible explanation of these controversial results could be
89 that inflammatory processes are sometimes [36], but not always [37],
90 accompanied by acidosis. Nevertheless, the complex and controversial role of
91 ASIC3 in some inflammatory processes requires the development of better
92 pharmacological tools to dissect its precise function in such conditions. To this
93 end, in the present study we hypothesised that we could employ GMQ as a query
94  structure in a ligand-based in silico screening of FDA-approved drugs to identify
95 novel ASIC3 modulators. From the results of the screening, we selected five
96 different compounds with chemical and structural similarities to GMQ. From all
97 drugs tested, guanabenz (GBZ), an antihypertensive drug, caused an
98 enhancement of acid-induced rASIC3 activation and, like GMQ, it also activated
99 the channel at neutral pH. Given that GBZ is an agonist of a2-adrenoceptors [38],
100 and with the goal of identify a more selective ASIC3 modulator, we evaluated the
101 effect of sephin1, a GBZ derivative that has no adrenoceptor activity that may be
102  of use in protein misfolding diseases such as multiple sclerosis [39]. Similarly to
103 GBZ and GMQ, sephin1 was activated rASIC3 at neutral pH and potentiated its
104 activation in response to a mild acidosis. In summary, we demonstrate that
105 ligand-based in silico approaches can be useful to identify novel small molecule
106  modulators of ASIC3. Indeed, we have identified, from a library of FDA-approved
107 drugs that have been proven safe for their use in humans, novel ASIC3
108 modulators that enhance rASIC3 activity, proving that this approach can serve to
109 identify potential new ASICs modulating drugs that could be useful for treatment
110 of inflammatory disorders.
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111 Materials and Methods

112 Ligand-based screening

113 The 3D structure of GMQ was obtained from pubchem (pubchem CID: 345657)
114  and was subsequently energy-minimised using MMFF94 force field implemented
115 in OpenBabel version 2.4.0 [40]. Using the energy-minimised GMQ structure as
116 a 3D query, Rapid Overlay of Chemical Structures (ROCS) (version 3.2.2.2,
117  OpenEye Scientific Software, Santa Fe, NM) [41] was used to screen a conformer
118 library generated from eDrug3D database [42] that contains 1884 different
119 molecular structures including structures of enantiomers and of active
120 metabolites of FDA-approved drugs. The conformer library was generated using
121  Omega 3.0.1.2 (OpenEye Scientific Software) [43]. For each alignment, ROCS
122 compares 3D shape and chemical similarity and returns a Tanimoto Combo (TC)
123 score, ranging from 0 to 2, that includes a Shape Tanimoto (maximum 1) and
124  Colour Tanimoto (scaled colour score, maximum 1) [44]. Following manual
125 inspection of the top 150 hits ranked by the TC score, a subset of drugs was
126  selected for experimental testing. Molecular field-based alignment [45] of drug
127  structures with GMQ was performed using Forge (v 10.4.2; Cresset®, Litlington,
128 Cambridgeshire, UK).

129

130 Chinese hamster ovary cell culture and transfection

131  Chinese hamster ovary (CHO) cells (Sigma, passage 6 to 20) were chosen for
132 this study due to the absence of endogenous ASIC-like currents [46] and were
133  grown using standard procedures in the following medium: Ham'’s F-12 Nutrient
134  Mixture (Life Technologies), 10 % fetal bovine serum (Sigma), 1 %
135  Penicillin/Streptomycin (100 U/ml, Life Technologies). 24-hours before
136  transfecting cells, 35 mm dishes (Fisher) were coated with 100 pg/ml poly-L-
137 lysine (Sigma) and cells from a 70-80% confluent flask were trypsinised,
138 resuspended in 5 ml CHO medium and a volume was taken to seed cells at a
139  1:10 dilution (2 ml/dish). For transfections, an EGFP expression vector was used
140 to enable identification of transfected cells and DNA was transfected at a ratio of
141 20:1 (rASIC3:GFP), using 1.5 ug rASIC3 DNA and 0.075 uyg EGFP DNA; the
142  transfection reagent Lipofectamine LTX (Life Technologies) was used according

143 to the manufacturer’s protocol.


https://doi.org/10.1101/704445
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/704445; this version posted July 18, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

144

145  Whole-cell electrophysiology

146  Whole-cell patch clamp recordings from CHO cells were performed at room
147  temperature 24-hours after transfection. For all the experiments, the intracellular
148  solution contained (in mM) 110 KCI, 10 NaCl, 1 MgClz, 1 EGTA, 10 HEPES, 2
149  Na2ATP, 0.5 NaxGTP in MilliQ water; pH was set to pH 7.3 by adding KOH and
150 the osmolality was adjusted to 310-315 mOsm with sucrose. The extracellular
151  solution contained (in mM) 140 NaCl, 4 KCI, 2 CaClz, 1 MgClz, 10 HEPES, 4
152 Glucose in MilliQ water; osmolality was adjusted to 300-310 mOsm with sucrose
153 and pH was adjusted to 7.4 with NaOH. Patch pipettes were pulled from glass
154  capillaries (Hilgenberg) using a Model P-97, Flaming/Brown puller (Sutter
155 Instruments) and had a resistance of 4-8 MQ. Data were acquired using an
156 EPC10 amplifier (HEKA) and Patchmaster software (HEKA) after suitable
157 resistance compensation. To measure the effect of the different selected
158 compounds on rASIC3 current amplitude and inactivation time constant the
159 following protocol was used. After 5 s of pH 7.4 solution, pH 6 or pH 7 was applied
160 for 5 s to determine the baseline rASIC3 response. Then, in the first group of
161 experiments, a second pH 6 application was performed after 10 s of pH 7.4 and
162 30 s of compound application to determine the effect of these compounds on
163  rASIC3. In the second group of experiments, after the initial pH 7 baseline rASIC3
164 response, compounds were applied at pH 7 after 30 s of pH 7.4 to measure the
165 effect of the selected compounds on pH 7 rASIC3 activation. Finally, a third 5 s
166 pH 6 or pH 7 application was performed after 30s of pH 7.4 solution to determine
167  reversibility of any possible effect of the compounds on the channel. For dose-
168 response recordings of sephin1 at neutral pH and pH 7, increasing concentrations
169 of sephin1 were applied for 10 s with a 30 s wash period with extracellular pH 7.4
170  solution between each application. For pH-response recordings, extracellular
171  solutions with a pH ranging from 7.4 to 5 with/without sephin1 were applied for
172 10 s with a 30 s wash period between applications. All compounds/acidic
173  solutions were applied to cells through a gravity-driven 12-barrel perfusion
174  system [47]. In all the experiments the holding potential was set at -60mV.

175

176  Molecular Docking
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177 We used a homology model of rASIC3 (Uniprot accession: 035240) based on
178  the 1.9 A crystal structure of chicken ASIC1 homotrimer (PDB id: 2QTS; [8]) as a
179 template. Detail of the model building was previously reported [48]. Selected
180 drugs were docked to the rASIC3 model using the Lamarckian genetic algorithm
181 (LGA) implemented in AutoDock 4.2.6 [49]. For all docking, an unbiased ("blind")
182 docking approach was used where the entire rASIC3 trimer was used for
183  generating the grid map in AutoGrid. Prior to docking, structures of all drugs
184  (obtained from PubChem) and the rASIC3 trimer were prepared using the
185 AutoDock Tools. Five independent docking runs were performed for each drug
186 and the pose associated with the highest reproducibility and lowest predicted free
187  energy of interaction (AG, kcal/mol) was considered as the final pose for each
188  drug. From the top-ranked poses of the docked drugs, the 2D ligand interaction
189 diagrams were generated using PoseView™ implemented in the ProteinsPlus
190 webserver (https://proteins.plus/). Open-Source PyMOL 1.8 (Schrodinger, LLC)
191  was used for all molecular representations.

192

193 Drugs

194  All the small molecules used in this study were purchased from Sigma except for
195 tizanidine (Tocris) and APETx2 (Smartox). Stock solutions were made at 100 mM
196 for tizanidine (in H20), guanabenz (EtOH), cycloguanil (DMSO) and sephin1
197 (DMSO), 50 mM for GMQ (DMSO) and brimonidine (H20), and 40 mM for
198 guanfacine (H20). For most experiments, compounds were diluted in pH 7.4 or
199 pH 7 extracellular solution at 500 uM, however, GMQ, guanabenz and sephin1
200 were diluted in extracellular pH 7.4 solution at 1 mM for one set of experiments.
201  An APETx2 stock solution was made at 100 uM and diluted at 1 uM in pH 7.4
202  extracellular solution.

203

204 Data analysis

205 Absolute peak amplitudes were measured by subtracting the peak amplitude
206 response from the 5-second mean baseline prior to stimulation. Peak amplitude
207 was then normalised by dividing the absolute peak amplitude by the capacitance
208 of the cell to obtain peak current density (pA/pF). The inactivation time constant

209 was measured with a single exponential equation using a built-in function of
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210 Fitmaster. The sustained current to transient current ratio was calculated by
211  measuring the size of the sustained current (peak sustained response at the end
212 of the stimulus minus the 5-second mean baseline current) and dividing his value
213 by the peak amplitude current (lsus/lpeak X 100). The analysis of ASIC3 current
214 amplitudes and kinetics was performed as previously reported [9]. Statistical
215 analysis was performed in GraphPad Prism using a paired t-test comparing the
216  baseline pH response (pA/pF) against the pH response after compound
217  application for each cell. Data were plotted as a percentage of the initial pH
218 response for each cell. Results are expressed as mean * standard error of the
219 mean (SEM), unless otherwise stated. For dose-response curves, all
220 measurements were expressed as a percentage of the pH baseline peak current
221 value (pH 6 or pH 7). For pH-response curves, all measurements were
222  transformed to percent of the maximum peak current (I/Imax x 100). The ECso for
223  both dose- and pH-response (pHso) experiments were determined using a
224  standard Hill equation using GraphPad Prism. For the pH-response curve in the
225 presence of sephin1 a biphasic equation was used in GraphPad Prism. For the
226  analysis of pH-dependent effect of sephin1 on the rASIC3 sustained current a
227  Gaussian distribution equation was used in GraphPad Prism. All figures were
228 made using GraphPad Prism and Adobe lllustrator CS6.
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229 Results

230 Ligand-based in silico screening of novel ASIC3 modulators

231 Using the energy-minimised 3D structure of GMQ as a query, we used ROCS to
232 screen a conformer library of FDA-approved drugs (eDrug3D) [42]. ROCS aligns
233 each conformer from the target chemical library against the query or bait structure
234  and quantifies the overall similarity between the aligned ligands as the Tanimoto
235 Combo (TC) score. The latter is the sum of the Shape Tanimoto and the Color
236  Tanimoto (scaled colour score), which represent the measure of similarity in 3D
237 shape and chemical properties between the aligned moieties, respectively [44].
238 Of the top 150 hits ranked by the TC score, we manually inspected each
239 individual hit for the degrees of 3D shape overlap and chemical similarity with
240 GMQ, paying particular attention to the presence of a guanidine (or similar)
241 moiety. This finally led us to shortlist 5 drugs, namely tizanidine (T1Z), cycloguanil
242 (CG), brimonidine (BRI), guanfacine (GF) and GBZ (Fig. 1A). Of these hits, GBZ
243  and GF contain an explicit (i.e. free) guanidine group (shown in red in Fig.1B),
244  whereas CG, BRI and TIZ have an 'implicit' (i.e. within a ring) guanidine moiety.

245

246 To assess how these drugs compare to GMQ in terms of overall surface
247  electrostatics, they were aligned to the energy-minimised GMQ structure using
248 the software Forge™ (Cresset, UK), which uses a proprietary molecular
249  mechanics-based (‘XED') forcefield to generate and compare molecular ‘field
250 points' between aligned molecules (Fig. 1B). These field points represent
251  positions of maximum interaction of a molecule with its electrostatic, steric and
252 hydrophobic surroundings and thus effectively provides a 'protein-centric' view of
253 aligand. Upon alignment, Forge produces a field similarity score that takes both
254  volume and molecular field points into account and a field score >0.7 is often
255 regarded as indicator of reasonably good electrostatic similarities between the
256 query and the bait molecule [45]. GBZ both qualitatively and quantitatively has
257 the highest field point similarity with GMQ; in decreasing order of similarity of
258 molecular fields, compound similarity with GMQ was computed as: BRI > TIZ >
259  GF > CG (Fig. 1B).

260

261
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262 Effect of selected drugs on acid-induced rASIC3 activation.

263  The following set of experiments were conducted to determine if the selected
264 drugs modulate rASIC3 function. We performed whole-cell patch clamp
265 recordings in CHO cells co-transfected with rASIC3 and EGFP and evaluated the
266 effect of 30 s application of each drug (500 uM) on the rASIC3 response to pH 6.
267 In this series of experiments, we also evaluated the effect of GMQ and APETx2,
268 which were used as positive controls. As expected, in rASIC3-expressing CHO
269 cells, APETx2 (1uM) application did not activate the channel at neutral pH, but
270  produced a significant inhibition of transient (Ipeak, Fig. 2A-B, n = 10, paired t-test,
271  p =0.0013) and sustained (Iss, Fig. 2A, n = 10, paired t-test, p = 0.029) current
272  evoked by pH 6 (Table 1). However, the ratio Iss/lreak Was significantly increased
273  (Fig 2C and Table 1, n = 10, paired t-test, p = 0.036), indicating that the
274  predominant APETx2 inhibitory effect is exerted on the transient phase as
275 previously described [25]. In addition, APETx2 significantly inhibited the
276  inactivation time constant (Tau) of rASIC3 (Fig. 2D and Table 1, n = 10, paired t-
277  test, p = 0.0005). By contrast, GMQ generated a sustained inward current at pH
278 7.4 as reported previously [21], but did not significantly modulate channel current
279  amplitude or inactivation kinetics (Table 1).

280

281  Among the 5 drugs tested in these series of experiments (summarised in Table
282 1), with the exception of GBZ, none of them produced a significant change on
283  rASIC3 current amplitude or inactivation kinetics (Fig. 2B-D). Unlike all other
284  compounds tested, and in a similar fashion to GMQ, we observed that GBZ, a
285 drug currently used to treat hypertension, activated rASIC3 at neutral pH (Fig.
286  2A). However, unlike GMQ, pre-application of GBZ elicited a significant increase
287 in the transient and sustained components of the pH 6-induced rASIC3 current
288 (Fig. 2B and Table 1, lpeak, N = 11, paired t-test, p = 0.0173; Iss, n = 11, paired t-
289 test, p = 0.015). The stronger potentiating effect upon the sustained current
290 (403%) compared with the effect on the transient current (113%) produced a
291 significant increase in the Iss/lpeak ratio (Fig. 2C and Table 1, n = 11, paired t-test,
292 p = 0.016) and the inactivation time constant of the pH 6-induced rASIC3
293  response was significantly increased by GBZ (Fig. 2D and Table 1, n = 11, paired
294  t-test, p = 0.014).

10
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295 Effect of GBZ on rat ASIC3 response to mild acidosis.

296  Millimolar concentrations of GMQ are required to activate rASIC3 channels at
297 neutral pH, but at micromolar concentrations, GMQ sensitises pH 7-induced
298 rASIC3 channel activation [21]. At neutral pH, even though both GMQ and GBZ
299 (1 mM), are capable of activating rASIC3, the activation of rASIC3 by GBZ is of
300 smaller magnitude compared to GMQ-induced rASIC3 activation (11 £ 1.6% for
301 GMQ vs 5 + 1.1 for GBZ, Fig.3A and 3B). Given the structural and chemical
302 similarities between GMQ and GBZ (Fig. 1), we next tested the effect GBZ (500
303 M) on pH 7-induced rASIC3 activation to determine if, like GMQ, it also
304 sensitises the pH 7 response of rASIC3. As expected, the application of GMQ
305 (500 uM) at pH 7 elicited a significant sensitisation of rASIC3 by increasing the
306 amplitude of both transient and sustained current components (lpeak pH 7: 50 +
307 5.9 pA/pF vs lpeak pH 7 + GMQ: 203.4 + 34.8 pA/pF, paired t-test, n =9, p = 0.001;
308 Iss: 13.3 + 1.5 pA/pF vs 132.5 £ 25.4 pA/pF, paired t-test, n =9, p = 0.0012, Fig.
309 3C and 3D), and also increased the lss/lpeak ratio (Iss/lpeak pH 7: 26.8+ 1.2 % vs
310 Iss/lpeak pH 7 + GMQ: 63.7 + 2 %, paired t-test, n = 9, p < 0.0001, Fig. 3D),
311 suggesting a stronger effect on the sustained component of rASIC3. Similarly,
312  GBZ (500 pM) potentiated the pH 7-induced rASIC3 activation (lpeak pH 7: 159.3
313  + 36 pA/pF vs lpeak pH 7 + GBZ: 418.6 £ 103.5 pA/pF, paired t-test, n =6, p =
314  0.038; Iss: 52.3 + 9.6 pA/pF vs 342.1 + 82.6 pA/pF, paired t-test, n =6, p =0.012;
315  lss/lpeak PH 7: 35 £ 4.9 % vs Iss/lpeak pH 7 + GBZ: 81.3 + 3.2 %, paired t-test, n =
316 6, p = 0.012, Fig. 3B and 3D), suggesting a similar mechanism of rASIC3
317 modulation. However, as observed for the activation of rASIC3 at neutral pH, the
318 sensitising effect on the transient component of the pH 7-induced rASIC3
319 activation by GBZ was smaller than that elicited by GMQ, although the effect of
320 both molecules on the ratio Iss/lpeak Was of comparable magnitude (lpeak GMQ:
321  408.1 + 44.9 % vs lpeak GBZ: 275.4 + 25.3 %; Iss/lpeak GMQ: 240.3 £ 9.1 % vs
322 lss/lpeak GBZ: 259.6 + 42.5 %, Fig. 3D).

323

324  The carboxyl-carboxylate interaction pair formed by the residues E79 and E423
325 inthe palm domain of rASIC3 has been implicated in GMQ binding and the cavity
326  where these two amino acids are localised has been named the 'nonproton ligand
327 sensor domain' because several 'nonproton' ASIC3 ligands such as GMQ,

11
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328 agmatine and serotonin all bind this domain [18,21,22]. Although GBZ shares
329 certain structural and chemical properties with GMQ, including a guanidine
330 moiety (Fig. 1B), these molecules may or may not share the same binding site
331 or manifest similar binding mode to the same site on ASIC3. To address this
332 aspect, we performed in silico blind docking experiments with GMQ and GBZ
333 against our rASIC3 homology model [48]. In this unbiased docking approach,
334 GMQ preferentially docked to a pocket located in the palm domain of rASIC3
335 (Fig.3E) which has been computationally and experimentally established in
336 previous studies as the likely binding site for GMQ and designated as the
337 nonproton ligand sensor domain [21,50]. In our hands, the guanidinium moiety of
338 GMAQ seems to form two salt bridges with E423 whilst the 4-methylquinazoline
339 moiety makes a hydrophobic interaction with L77 and V425 (Fig. 3F).
340 Interestingly, GBZ also docked to the same location (Fig. 3E). Whilst similar salt
341 bridges are also retained in the best docked pose of GBZ, no comparable
342  hydrophobic interactions were discernible with L77 and V425, presumably due to
343 lack of an additional aromatic ring when compared to GMQ structure (Fig.3F).
344

345 Taken together, these results indicate that GBZ modulates rASIC3 in the mild
346  acidic range and that its binding site likely overlaps with that of GMQ, the so called
347 nonproton ligand sensor domain. However, their precise modes of binding may
348 be different, which may underlie the different potencies observed on rASIC3
349  current activation.

350

351 The GBZ derivative, sephin1, positively modulates rASIC3

352 Recently, it has been demonstrated that a GBZ derivative without a2-
353 adrenoceptor activity, sephin1 (also known as IFB-088; Fig.4A) acts as an
354 inhibitor of a regulatory subunit of the stress-induced protein phosphatase 1
355 (PPP1R15A) [51]. Sephin1 is effectively the mono-chlorinated version of GBZ
356 and is currently under investigation in clinical trials and hence was not included
357 in the eDrug3D database that we initially screened with ROCS using GMQ as
358 bait. ROCS-based alignment of sephin1 with GMQ revealed by far the highest
359 similarity among the 5 initially selected FDA-approved compounds in terms of
360 both 3D shape (>90%) and chemical features (>50%) with an overall TC score of
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361 1.481 (Fig. 4A). In agreement with this, sephin1 appeared to be the most similar
362 to GMQ among all FDA-approved selected drugs in terms of the molecular field
363  points with the highest overall field score (Field Score = 0.847, Fig. 4B).

364

365  Given the high molecular similarity observed in silico for sephin1 and GMQ/GBZ,
366 we evaluated the effect of sephin1 on the acid-induced rASIC3 response. Firstly,
367 we observed that sephin1 (500 uM) did not affect the transient component of pH
368 6-induced rASIC3 activation, but it did induce an increase in the amplitude of the
369 sustained component (lpeak pH 6: 782.8 + 98.5 pA/pF vs lpeak pH 6 + sephin1:
370 775.1 £ 108.7 pA/pF, paired t-test, n = 10, p = 0.82; Iss pH 6: 4.3 £ 0.6 pA/pF vs
371 Iss pH 6 + sephin1: 11.2 + 2.8 pA/pF, paired t-test, n = 10, p = 0.03, Fig. 4B and
372 4C) without significantly affecting the lss/lIpeak ratio (lss/lpeak pH 6: 0.3 £ 0.1 pA/pF
373 Vs Iss/lpeak pH 6 + sephin1: 0.6 + 0.2 pA/pF, paired t-test, n = 10, p = 0.13) or the
374 inactivation time constant (Tau: 301.4 + 16.5 ms vs 336.9 + 34.4 ms, paired t-
375 test,n =10, p = 0.09, Fig. 4C) . Similarly to GMQ and GBZ, both 500 uM and 1
376  mM sephin1 also activated rASIC3 at neutral pH (Fig. 4C and 4E insets) with an
377 ECso of a similar magnitude to that described for GMQ (GMQ = 0.68 mM [21] vs.
378 sephin1 =0.35 mM) (Fig. 4F). Furthermore, like GMQ and GBZ, sephin1 induced
379 a strong sensitisation, in a dose-dependent fashion, of the transient and
380 sustained components of the pH 7-induced rASIC3 activation (Fig. 5A-D),
381 revealing an ECso of 28.93 pM for the rASIC3 transient current at pH 7 (Fig. 5B).
382  Given the high similarities in the action of sephin1 and GMQ, we hypothesized
383 that sephin1 also binds to the nonproton ligand sensor domain of rASICS3.
384  Similarly to GBZ, in silico blind docking experiments showed the likely interaction
385 of sephin1 with the E423 of the nonproton ligand sensor domain, but not E79,
386 together with possible hydrophobic interaction of the aromatic ring of sephin1 with
387 residue A378 (Fig. 5SE and 5F). We next tested the pH dependency of rASIC3
388 modulation by sephin1. The application of different pH solutions ranging from pH
389 7.4to 5 (Fig. 5G and 5H) on rASIC3 induced currents of increasing magnitude to
390 produce a sigmoidal curve that could be fitted to reveal a pHso value of 6.36 (Fig.
391 5G inset), in accordance with previous reports [7,52]. However, in the presence
392 of sephin1 (500 pM), rASIC3 transient activation followed a pH-dependent,
393 biphasic curve (Fig. 5H inset), suggesting an interplay between the action of
394 sephin1 on rASIC3 and its proton activation. As showed previously by Yu et al.
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395 using GMQ [21], sephin1 activated rASIC3 at neutral pH, but also potentiated its
396 sustained current at all pH solutions tested, showing a Gaussian distribution with
397 apeak at pH 6.56 (r?> = 0.43, Fig. 51). Altogether, these results show that sephin1
398 modulates rASIC3 activation possibly through interacting with the nonproton
399 ligand sensor domain of the channel.
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400 Discussion

401  The ASIC family of ion channels have been implicated in many physiological and
402  pathological processes including nociception [53-55], where they have been
403 established as attractive pharmacological targets for treating pain. ASIC3 is
404  considered of particular interest given its high expression in primary sensory
405 neurones [10] and its involvement in inflammatory pain originating from different
406 tissues including muscle, joints and skin [26-28,56-58]. Therefore, the
407  exploration of novel ASIC3 modulators could increase our knowledge of ion
408 channel function and also be pivotal for the development of new strategies to
409 counteract the detrimental effects of dysregulated ASIC3 activity in
410 pathophysiological states. Many molecules that modulate ASIC3 function have
411  been discovered, ranging from non-selective ASIC3 blockers such as amiloride
412  that acts as a pore blocker and paradoxically stimulates ASIC3 at neutral pH [3],
413  to more specific molecules, such as the inhibitory toxin APETx2, which inhibits
414  the acid-induced transient ASIC3 current [25], and the selective agonist GMQ,
415  which activates ASIC3 at neutral pH and potentiates its activation in response to
416  an acidic stimulus through the nonproton ligand sensor domain of ASIC3 [21,61].
417  Inthe present study, we used a ligand-based in silico screening of FDA-approved
418 drugs to identify novel rASIC3 modulators. Of the top 150 hits ranked by TC
419 score, we selected 5 different drugs with the highest structural and chemical
420 resemblance to GMQ (Fig. 1A), including the presence of a guanidine group.
421 Using an independent algorithm implemented in Cresset's Forge™, we then
422  aligned these 5 drugs with GMQ and compared their surface electrostatic
423  properties represented by the molecular field points. Of the selected drugs, GBZ
424  showed a striking resemblance to GMQ with regard to surface electrostatics and
425 this was reflected in the highest observed value for the field score (0.80). Of the
426  remaining 4 drugs, only BRI which had the 2" best field score, showed some
427  degree of electrostatic similarity with GMQ (Fig.1B).

428

429  We next sought to experimentally evaluate the effects of these drugs on acid-
430 induced rASIC3 activation. Only one of the drugs tested showed a modulatory
431 effect on rASIC3 acid response to pH 6, namely GBZ, an a2-adrenoceptor
432  agonist. When compared to GMQ, GBZ exhibited a high TC score (1.086) (Fig.
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433  1B) and the highest molecular field score (0.8) among the FDA-approved drugs
434  selected (Fig. 1), together with the presence of an explicit guanidine group.
435 Interestingly, TIZ and BRI that showed a higher TC score (Fig. 1A; 1.047 and
436  1.161, respectively) than GBZ and a lower field score in terms of surface
437  electrostatics but the presence of an implicit guanidine moiety (Fig. 1B), did not
438 modulate rASIC3 function, suggesting that a combination of structural and
439 chemical similarities with GMQ and the presence of an explicit guanidine group
440 are required to modulate ASIC3. Nevertheless, it was perhaps unsurprising to
441  observe that GBZ followed a similar mode of action to GMQ, being capable of
442  activating rASIC3 at neutral pH (Fig. 2A and 3A) and inducing a non-desensitising
443  inward current, however its potency was lower than that described for GMQ.
444  Based on our findings from the blind docking experiments against the rASIC3
445 homology model (Fig. 3E), this difference could be explained by the lack of
446 interaction with the core residue L77 and the adjacent residue V425. Such
447  interactions are observed for GMQ in our docking experiment (Fig. 3F) and have
448 been previously shown to be important in the interaction of the 4-
449  methylquinazoline moiety of GMQ [61].This is plausible because, unlike GMQ,
450 GBZ lacks a second aromatic moiety in an appropriate position to allow such
451  hydrophobic contacts. Moreover, the sensitisation of the pH 6-induced rASIC3
452  activation observed by GBZ (Fig. 2A and 2B) suggests a more pronounced effect
453  of the drug in channel opening and desensitisation in response to low acidic
454  stimulus, contrary to the more dominant effect of protons in the GMQ sensitisation
455  at lower pH [21].

456

457 GBZ is an orally active a2-adrenoceptor agonist that has been used for many
458 years as an antihypertensive drug [62]. However, GBZ also binds to the
459  regulatory subunit of protein phosphatase 1, PPP1R15A, disrupting the stress-
460 induced dephosphorylation of the a subunit of the translation initiation factor 2
461 (elF2a), which protects against the detrimental accumulation of misfolded
462  proteins in the endoplasmic reticulum (ER) [63] and has been proven effective in
463  animal models that mimic misfolding protein diseases such as multiple sclerosis
464  [64]. A recent study has identified a mono-chlorinated version of GBZ, sephin1,
465  which retains the GBZ PPP1R15A inhibition activity, but without adrenoceptor
466  activity [51] and it has also been shown to be effective in animal models of
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467  amyotrophic lateral sclerosis [51], Charcot-Marie-Tooth 1B (CMT1B) neuropathy
468 [51] and multiple sclerosis [39]. Given the efficacy of sephin1 to ameliorate the
469 pathogenesis of misfolding protein diseases, InFlectis Bioscience has begun the
470 Phase | clinical trials to evaluate the safety of sephin1 (IFB-088) with the aim of
471 evaluating its effect on the treatment of Charcot-Marie-Tooth 1B (CMT1B)
472  disorder.

473

474  As a result of the similar pharmacological profile of GBZ to GMQ and with the
475 intention of identifying a more selective rASIC3 modulator without adrenoceptor
476  activity, we tested the effect of sephin1 on acid-induced rASIC3 activation. We
477 observed that sephin1 shared a similar pharmacological profile with GBZ and
478 GMQ, sensitising the response (sustained component) of rASIC3 to low pH (pH
479  6) (Fig. 4C and 4D) and mild acidosis (pH 7) (Fig. 5A-D), and activating rASIC3
480 at neutral pH (Fig.4E). These results were consistent with our expectations given
481 that sephin1 appeared to be most similar to GMQ in terms of structural and
482  chemical properties, exhibiting the highest TC score (Fig. 4A), and in terms of
483  molecular field points with the highest overall field score (Fig. 4B). Moreover,
484  increasing concentrations of sephin1 induced increasing potentiation of the pH 7-
485 induced rASIC3 activation (Fig. 5A). Our docking experiments indicated that
486  sephini is likely to bind to the nonproton ligand sensor domain and, as we
487 observed for GMQ and GBZ, the negatively charged residue E423 is likely to
488 interact with the explicit guanidinium group of sephin1 (Fig. 5E and 5F). However,
489 compared to GBZ, sephin1’s lack of a chloride atom in the aromatic ring seems
490 to allow it to make hydrophobic interactions with surrounding residues like A378,
491  but not with L77 and Val425 as observed for GMQ (Fig.3F). Overall, these
492 interactions likely underlie differential recognition of sephin1 at the nonproton
493  ligand sensor domain of ASIC3, compared to that of GMQ and GBZ.

494

495  Sephin1 is able to selectively disrupt the PPP1R15A-PP1c complex at 50 pM in
496 cells in vitro and after oral administration, sephin1 accumulates in the nervous
497  system reaching concentrations of up to 1 uM in the brain and sciatic nerve [51].
498 Moreover, a 2-week treatment with sephin1 at 100 nM has shown efficacy in
499 rescuing myelination of the dorsal root ganglia in a mouse model that mimics
500 Charcot-Marie-Tooth 1B (CMT1B) in humans. Given the high functional
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501 expression of rASIC3 in DRG neurones and its involvement in pain derived from
502 inflammatory diseases, together with the action of sephin1 observed on the
503 channel, itis possible that sephin1 treatment could induce and/or exacerbate pain
504 due to the activation of ASIC3 in DRG neurones, however our results show that
505 both activation of rASIC3 at neutral pH and potentiation of the response to mild
506 acidosis (pH 7) require higher concentrations of sephin1 (Fig. 4F and 5A) than
507 those observed to be beneficial in treating misfolding protein diseases in mice.
508 However, the possible additive effects of ASIC3 activated by sephin1 and other
509 endogenous molecules found in the inflammatory soup such as arachidonic acid,
510 which also potentiates acid-induced response of ASIC3 [17] cannot be excluded.
511 Moreover, ASICs function as trimers, displaying different pharmacological
512  profiles depending upon subunit composition. In the present study, we have not
513 evaluated the effect of sephin1 in heteromeric ASIC3-containing channels or
514  other homomeric ASIC channels, and therefore, we cannot hypothesise what
515 might be the potential effects of sephin1 in vivo. For instance, GMQ modulates
516  ASIC1a and ASIC1b by shifting their pH dependence of activation to more acidic
517 values [60], precisely the opposite effect seen for ASIC3, effect attributed to
518 structural differences in the extracellular domain of ASIC1a/b and ASIC3 [65].
519 Given the pharmacological and structural resemblance of sephin1 to GMQ, it is
520 possible that sephin1 induces similar modulatory effects on other ASIC subunits.
521 Nevertheless, we believe that the evaluation of pain thresholds in mice and
522 humans used to study the effect of sephin1 in misfolding protein disease should
523  be considered in future studies.

524

525 In summary, we have identified new rASIC3 modulators using a ligand-based in
526  silico approach, namely GBZ and sephin1, and evaluated their effect on rASIC3
527  function using electrophysiology. Here we provide proof of principle, using a size-
528 restricted chemical library (i.e. FDA-approved drug library), but believe this
529 approach can be exploited in the future to screen much larger chemical space,
530 enabling the identification of novel chemical scaffolds that act as ASIC
531 modulators.
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787 Figures/Table Legends

788 Figure 1. Selected FDA-approved drugs after ligand-based in silico
789 screening using GMQ as query molecule. (A) 2D chemical structure of GMQ
790 and selected FDA-approved drugs (Guanidine or similar moiety is shown in red)
791 and alignment of these drugs with GMQ based on molecular electrostatic field
792 potentials. Forge™ (v 10.4.2; Cresset) was used to align the drug structures with
793  the energy-minimised structure of GMQ. In all cases, the negative, positive and
794  hydrophobic field points are coloured blue, red and gold, respectively (van der
795 Waals isosurfaces are not shown). The sphere size corresponds to possible
796 interaction strength with the cognate probe used for field point calculation. The
797 individual molecular field similarity scores to GMQ (maximum value = 1) are given
798 below right in each panel. (B) Representations of the selected drugs showing
799  similarity in 3D shape and chemical features with GMQ. Drugs were chosen from
800 ligand-based in silico screening using ROCS (OpenEye Scientific Software) that
801 ranked them on the basis of Tanimoto Combo Score. The latter is a sum of Shape
802 Tanimoto and Colour Tanimoto score indicating similarity in 3D shape (maximum
803 value = 1) and chemical features (maximum value = 1). The volume of the query
804 molecule (GMQ) is shown as a dotted area and the chemical similarity aspects
805 are shown in different colours. The figure was generated by ROCS Report
806 (OpenEye).

807

808 Figure 2. Effect of the selected drugs rASIC3 response to pH 6. (A) Example
809 traces of the effect for the 5 different selected drugs (500 uM) on pH 6-induced
810 rASIC3 activation together with example traces showing the effect of known
811 rASIC3 modulators, APETx2 (1 uM) and GMQ (500 uM). In all cases drugs were
812  applied for 30 s prior to pH 6-induced rASIC3 activation. (B-D) Bar plots showing
813 the effect of the selected drugs, APETx2 and GMQ on transient (peak) (B) and
814  sustained current (C), and inactivation time constant (D) of rASIC3 activation.
815 Values were normalised to baseline pH 6 rASIC3 activation and expressed as
816 means + SEM (n = 7-11, paired t-test, *p <0.05 and ***p < 0.005 vs baseline pH
817 6 activation).

818
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819 Figure 3. Effect of guanabenz (GBZ) on rASIC3 response to neutral and mild
820 acidic pH. (A) Example traces of rASIC3 activation at neutral pH elicited by GMQ
821 (1 mM)and GBZ (1 mM). Inset showing magnification of GBZ activation. (B) Bar
822  plot showing the quantification of GMQ- and GBZ-induced rASIC3 activation at
823 neutral pH normalised against ASIC3 pH 6 response. Values were normalised
824  against pH 6 rASIC3 activation. (C) Example traces of the effect of GMQ and
825 GBZ potentiation of the pH 7-induced rASIC3 activation. (D) Bar plot showing the
826 quantification of the potentiation induced by GMQ and GBZ of the pH 7-induced
827 rASIC3 activation. Values were normalised against the baseline pH 7 ASCI3
828 activation (n = 6-9, paired t-test, *p < 0.05, **p < 0.01, ****p < 0.001, vs baseline
829 pH 6 activation). (E) The ligand interaction diagrams of GMQ and GBZ were
830 generated using PoseView from their cognate docked complexes (shown in Fig.
831  4F) with rASIC3 model. (F) GMQ and GBZ were blindly docked to a homology
832 model of rASIC3 dimer (green = chain C and pale blue = chain A) using
833  AutoDock4.2.6. Binding poses of the molecules represent the top-ranked docked
834  pose of individual molecules and are shown in (F) global and (F inset) close-up
835 views. GMQ and GBZ are shown in red and cyan stick representations,
836 respectively.

837

838 Figure 4. Effect of sephin1 on rASIC3 activation. (A) Comparison of GMQ and
839 sephin1 2D structure and molecular field electrostatics as described in Fig.1 for
840 sephin1 (B) Example trace of effect of sephin1 (500 uM) on pH6-induced rASIC3
841 activation. (B inset) Magnification of rASIC3 activation induced by sephin1 at
842 neutral pH. (C) Bar plot quantifying sephin1 effect on the transient and sustained
843 normalised current and inactivation time constant of the pH 6-induced rASIC3
844  activation expressed as a percentage of the pH 6 baseline activation (n = 10,
845 paired t-test; *p <0.05 vs baseline pH 6 activation). (D) Example trace showing
846  rASIC3 activation by sephin1 at neutral pH. (B inset) Magnification of the current
847 elicited by sephint (n = 12). (E) Dose-response effect of increasing
848 concentrations of sephin1 (1 nM-3 mM) applied at neutral pH on rASIC3.
849  Absolute values were normalised using the capacitance of each cell (pA/pF) and
850 expressed as a percentage of the pH 6-induced rASIC3 activation. A non-linear
851 regression using a sigmoidal function was used to determine the ECsp of sephin1
852 on rASIC3 (n =4-12, ECs0 = 0.68 mM).
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853

854  Fig. 5. Effect of sephin1 on rASIC3 response to mild acidosis (pH 7) and pH-
855 dependency. (A) Dose-response effect of increasing concentrations of sephin1
856 (1pM-1mM) applied at pH 7 on rASIC3. (B) Fitting of normalised values for the
857 transient (peak) and sustained current (pA/pF) obtained in A using a sigmoidal
858 function. (C and D) Bar plot showing the quantification of the data points obtained
859 in A for each sephin1 concentration. Normalised values were expressed as a
860 percentage of the baseline rASIC3 pH 7 activation (n = 8-11, paired t-test, **p <
861 0.01, **p =< 0.005, ****p < 0.001, vs baseline pH 7 activation). (E) Ligand
862 interaction diagram of sephin1 generated using PoseView from its cognate
863 docked complex with rASIC3 model. (F) GMQ and sephin1 were blindly docked
864  to a homology model of rASIC3 dimer using AutoDock4.2.6. Binding poses of the
865 molecules represent the top-ranked docked pose of individual molecules and are
866  shown in close-up views. GMQ and sephin1 are shown in red and magenta stick
867 representations, respectively. (G and H) pH-dependent effect of sephin1 on
868 rASIC3. Example traces of rASIC3 response to a pH range from 7.4 to 5 with and
869  without sephin1 (500 uM) (n = 7-11) (G and H insets) pH-response curves of
870 rASIC3 activation by different pH extracellular solutions used with (G inset) and
871  without (H inset) sephin1 (500 uM). (l) Bar plot showing the quantification of the
872  normalised sustained current (pA/pF) elicited by sephin1 at different pH solutions.
873

874 Table 1. Effect of the selected compounds on rASIC3 current kinetics.
875 Comparison of the mean + SEM of the amplitude of the transient (lpeak) and
876  sustained (Iss) current, together with the ratio Ireax/lss and the inactivation time
877 constant (Tau) between baseline rASIC3 responses and after compound
878  application (Paired t-test, *p < 0.05, **p < 0.01, ***p < 0.005).
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