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Abstract

Otopetrin 1 (OTOP1) is a proton (H) channel which detects acidic stimuli in sour taste

receptor cells and plays some sort of role in the formation of otoconia in the inner ear.

Although it is known that zinc ion (Zn?*) inhibits OTOP1, Zn** requires high concentrations

(mM order) to inhibit OTOP1 sufficiently, and no other inhibitors have been found.

Therefore, to identify a novel inhibitor, we screened a chemical library (LOPAC'?") by

whole-cell patch clamp recordings, measuring proton currents of heterologously-expressed

mouse OTOP1. From the screening, we found that reactive blue 2 inhibited OTOP1 currents.

Further evaluations of three analogues of reactive blue 2 revealed that cibacron blue 3G-A

potently inhibited OTOP1 currents. Cibacron blue 3G-A inhibited OTOP1 currents in a

concentration-dependent manner, and its 50% inhibitory concentration (IC50) and the Hill

coefficient were 5.0 pM and 1.1, respectively. The inhibition of OTOP1 currents by cibacron

blue 3G-A was less affected by extracellular anion compositions, membrane potentials, and low

pH than the inhibition by Zn?*. These results suggest that the inhibition of OTOP1 by cibacron

blue 3G-A is neither likely to be a pore-blocking inhibition nor a competitive inhibition.

Furthermore, our findings revealed that cibacron blue 3G-A can be used as a novel inhibitor of

OTOP1 especially under the conditions in which OTOP1 activity is evaluated such as low pH.
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1. Introduction

Otopetrin 1 (OTOP1) was at first discovered as a multi-transmembrane protein, mutations of which

impeded the development of otoconia (or otolith) in the vestibular system [1,2]. Later, OTOP1 was

revealed to be a proton (H*) channel which detects acidic stimuli in sour taste receptors [3].

Since the functional role of OTOP1 in the otoconia formation has not been revealed [1], inhibitors

of OTOP1 will be a useful tool for clarifying the role of OTOP1. However, no inhibitor of OTOP1 has

been reported yet except for the Zn>* [3-5]. Although Zn?" inhibits the proton currents of OTOP1,

Zn?* requires high concentrations (mM order) to inhibit OTOP1 sufficiently, and the inhibition is

weakened by lowering the extracellular pH [3-6]. Zn?" also inhibits numerous ion channels, such as

voltage-dependent Ca®>* channels, voltage-gated Na" channels, several potassium channels, ligand

(NMDA, GABA)-gated channels, TRP channels, and others [7,8]. Moreover, Zn?" is an essential trace

element, which has a large number of physiological roles, and contrarily has a toxic effect if excess is

infused [9]. Therefore, Zn?* cannot be stated as a good inhibitor of OTOP1 and is not appropriate for

in vivo administration.

Therefore, in this study, in order to identify a novel OTOP1 inhibitor, we screened 1280

compounds in a chemical library, LOPAC!?%° (Merck, Darmstadt, Germany) using a heterologous



expression system (mouse OTOP1 expressed in CHO-K1 cells) and whole-cell patch clamp recordings.

From the library, we identified reactive blue 2 as a novel inhibitor of OTOP1. Further evaluations of

reactive blue 2 analogues revealed that cibacron blue 3G-A potently inhibited OTOP1 currents. We

also analyzed the inhibitory features of OTOP1 currents by cibacron blue 3G-A while comparing them

with those by Zn?>* and found that there are some advantages in cibacron blue 3G-A as an inhibitor of

OTOPL1.

2. Materials and Methods

2.1 Plasmid constructions and cell transfection

A full-length mouse Otopl (mOtopl) complementary DNA (cDNA) was amplified by PCR from

mouse (C57BL/6J, male) brown adipose tissue cDNA, which was produced in the previous research

[10]. The mOtopl cDNA was cloned into a pmCherry-C1 (Takara Bio, Otsu, Shiga, Japan) vector or

a pIRES2-EGFP (Clontech, Mountain View, CA, USA) vector. The encoded amino acid sequence of

mOTOP1 was almost identical to the sequence deposited in GenBank (GenBank accession

#NP_766297.2) except for 396" alanine, which is glycine in NP_766297.2. The mOtopI-pmCherry-

C1 was used for the screening of LOPAC'?%, and other experiments were conducted using the

mOtopl-pIRES2-EGFP. The vectors were transiently transfected into CHO-K1 (RIKEN BRC,

Tsukuba, Ibaraki, Japan) cells using Trans-IT 293 transfection reagent (Takara Bio). Membrane



currents were recorded from mCherry- or enhanced green fluorescence protein (EGFP)-positive single

cells on the next day after the transfection. Empty vector (pmCherry-C1 or pIRES2-EGFP) transfected

cells did not show inward currents by perfusion of acidic solutions (the differences between the current

amplitudes at —100 mV under pH 5.0, 5.5, and 6.0 and those under pH 7.4 were between —0.9 and 6.8

PA (n=3)).

2.2 Whole-cell patch—clamp experiments

The methods used for measurements and analysis of whole-cell currents were similar to those

reported previously [11]. The membrane potential was held at 0 mV and varied from —100 to +100

mV (with ramp pulse) over a duration of 400 msec following a prepulse of =100 mV for 50 msec every

5 sec. To minimize pH alteration, the pipette solution contained a high concentration (200 mM) of a

pH buffer, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) (pH 7.3 with cesium

hydroxide (CsOH)). Bath solutions for the measurements of OTOP1 currents were N-methyl-D-

glucamine (NMDG)-glutamate or NMDG-CI rich HEPES- or 2-morpholinoethanesulphonic acid

(MES)-buffered solutions (pH 5.0-7.4). The detailed compositions of solutions are listed in Table 1.

The liquid junction potentials were not corrected. Currents were low-pass filtered at 1 kHz and

sampled at 5 kHz. All experiments were performed at room temperature.

The screening of LOPAC'?® was conducted by evaluating inhibitory effects of mixtures of five



compounds (each concentration was 0.5 uM) on OTOP1 currents under the pH 5.5 solution. When a

mixture inhibited more than 10% of the OTOP1 current amplitude (a current amplitude under pH 5.5

— that under pH 7.4) at —100 mV, each compound of the mixture was re-evaluated separately. To

eliminate the effect of the solvent (dimethyl sulfoxide (DMSO)), the control pH 5.5 solution without

compounds also contained the same amount of DMSO when LOPAC!?%? and reactive blue 2 analogues

were screened. In other experiments, the control solutions did not contain DM SO, but it was confirmed

that DMSO did not inhibit OTOP1 currents (the remaining current percentage was 98.6 + 1.2% under

the NMDG-glutamate-rich pH 5.5 solution (n = 4)).

2.3 Data analyses

The 50% inhibitory concentration (IC50) of inhibitors was computed using KyPlot 6.0

(KYENSLAB INC., Chiyoda-ku, Tokyo, Japan) by fitting the concentration—response curve with the

Hill equation:

F(x) =100/(1 + (x/IC50)™)

where x is the concentration of an inhibitor, and nH is the Hill coefficient.

All average results are presented as means + S.E. of independent experiments (n). Two-tailed

unpaired Student's t-test, One-way ANOVA, and Dunnett’s test were used to determine P values.

Statistical significance was defined as P < 0.05.



2.4 Drugs

LOPAC'?% (Merck, Darmstadt, Germany), each compound of which was diluted to 1 mM with

DMSO, was provided by Center for Supporting Drug Discovery and Life Science Research, Graduate

School of Pharmaceutical Science, Osaka University under the support of BINDS (Basis for

Supporting Innovative Drug Discovery and Life Science Research) and stored at —30°C. Reactive blue

2 (synonym: procion blue HB) was obtained from BLD pharmatech (Shanghai, China). Remazol

brilliant blue R salt was obtained from nacalai tesque (Kyoto, Japan). Reactive blue 4 and cibacron

blue 3G-A were obtained from MedChemExpress (Monmouth Junction, NJ, USA). Stock solutions of

these compounds were dissolved in DMSO at a concentration of 100 mM and stored at —30°C.

3. Results

3.1 Reactive blue 2 inhibits OTOP1

In the first screening, the mixture of five compounds including reactive blue 2 inhibited 19.6% of

OTOP1 currents. In the re-evaluation of the five compounds, reactive blue 2 (0.5 uM; its chemical

structure is shown in Fig. 1A) showed the highest inhibition (8.5%) of OTOP1 currents among the

five compounds. Therefore, we bought reactive blue 2 and examined its effect in a higher concentration

(100 uM). One hundred uM reactive blue 2 inhibited about 50% of OTOP1 currents under pH 5.5 and



its inhibition was reversible (Figs. 1B and 1C). This result indicates that reactive blue 2 is a novel

inhibitor of OTOP1. However, the 50% inhibition by 100 uM implies that the inhibitor is not potent.

Therefore, we examined analogues of reactive blue 2.

3.2 Cibacron blue 3G-A potently inhibits OTOP1

The reactive blue 2 analogues which we examined were reactive blue 4, remazol brilliant blue R salt,

and cibacron blue 3G-A (Fig. 2A). The all three analogues inhibited OTOP1 currents but cibacron blue

3G-A showed the strongest inhibition of OTOP1 currents (Figs. 2B and 2C). Cibacron blue 3G-A is

an isomer of reactive blue 2 (Figs. 1A and 2A, the different group is underlined). OTOP1 currents

were inhibited by cibacron blue 3G-A in a concentration-dependent manner (Figs. 3A and 3B). The

IC50 and Hill coefficient, which were obtained by fitting to the Hill equation, were 5.0 uM and 1.1,

respectively.

3.3 Cibacron blue 3G-A is less affected by extracellular anion compositions, membrane potentials,

and pH than Zn**

We analyzed the inhibitory features of OTOP1 currents by cibacron blue 3G-A while comparing them

with those by Zn?",

Firstly, in the patch clamp measurements, organic anions such as glutamate, which was used in



this study, are often used to avoid contamination of chloride currents. However, we found that the

inhibition of OTOP1 currents by Zn?* in the glutamate-rich solution was significantly weaker than that

in the chloride-rich solution (Figs. 4A and 4B). We did not reveal the mechanism of the reduction in

the potency of Zn?* in the glutamate-rich solution, but this might be due to the chelation of Zn?" by

glutamate [12]. On the other hand, the inhibition by cibacron blue 3G-A showed no significant change

whether the chloride-rich solution or the glutamate-rich solution was used (Figs. 4C and 4D. the IC50s

and the Hill coefficients under the chloride-rich solution and under the glutamate-rich solution were

4.5 uM and 1.1, and 5.0 uM and 1.1, respectively).

Secondly, the inhibition of OTOP1 currents by Zn>* was affected by membrane potentials (Fig.

4E) although it has been reported that inhibition by Zn?* was voltage independent [4,13]. On the other

hand, the inhibition by cibacron blue 3G-A was not significantly different from —100 mV to —40 mV.

The discrepancy in the voltage dependency of Zn?" between our result and the literature might be due

to the difference in the method of analysis. At least, however, the inhibition by cibacron blue 3G-A

seems to be less voltage dependent than that of Zn?>* when they were compared by the same analysis.

Finally, the inhibition of OTOP1 currents by Zn>* (1 mM) was dependent on the extracellular pH

(Fig. 4F) as reported elsewhere [4,5]. On the other hand, the inhibition by cibacron blue 3G-A (10 pM)

was not significantly different whether pH 5.0, 5.5, or 6.0 solutions were used (Fig. 4F). The IC50s

and the Hill coefficients at pH 5.0, pH 5.5, and pH 6.0 were 3.4 uM and 1.0, 5.0 uM and 1.1, and 5.2



uM and 1.0, respectively (Fig. 4G).

Discussion

The inhibitory features which were observed in this study provided a few insights into the mechanism

of the OTOP1 inhibition by cibacron blue 3G-A. The inhibition of OTOP1 by cibacron blue 3G-A is

neither likely to be a competitive inhibition nor a pore-blocking inhibition because the inhibition was

independent of pH (i.e. the concentration of H*, which is the ion conducted by OTOP1) (Figs. 4F and

4G) and membrane potentials (Fig. 4E), respectively. Hill coefficients obtained by fitting to the Hill

equation were also around 1.0 (Figs. 3B, 4D and 4G). This suggests that there seems to be just one

binding site of cibacron blue 3G-A in OTOPI1, or if there are multiple sites, the bindings show no

cooperativity [14]. Although the binding site of cibacron blue 3G-A in OTOP1 was not revealed in

this study, structural analyses using x-ray crystallography or Cryo-EM of cibacron 3G-A-bound

OTOP1 structure may identify it. Moreover, such analyses might be useful for understanding how

OTOP1 changes its conformation to conduct H* if the binding of cibacron blue 3G-A fixes a

conformation of OTOPI.

Cibacron blue 3G-A has advantages as an OTOP1 inhibitor comparing with Zn?"*. Firstly, cibacron

blue 3G-A can inhibit OTOP1 at lower concentrations than Zn?" as the inhibition by 10 uM cibacron

blue 3G-A was comparable with that by 1 mM Zn?" (Fig. 4E). Secondly, cibacron blue 3G-A is less
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affected by extracellular anion composition, membrane depolarizations, and low pH than Zn?>* (Fig.

4). When measuring proton currents, lower pH solutions are used. And in order to reduce

contamination of chloride currents, glutamate-rich solutions can be used as mentioned above. When

OTOPI1 conducts H* in an intact cell during cell physiological experiments, the membrane potential

is likely to be depolarized as observed in sour taste receptor cells [4,6]. In such conditions, the

inhibition of OTOP1 by Zn?* is assumed to become weaker, while cibacron blue 3G-A is supposed to

be less affected (or might be more potent in acidic conditions as the IC50 was rather slightly lower at

pH 5.0 than pH 6.0).

Although Zn?* inhibits numerous ion channels other than OTOP1 [7,8], cibacron blue 3G-A also

inhibits other proteins. Cibacron blue 3G-A is known to block P2X and P2Y purinergic receptors (and

simultaneously potentiate P2X3 and P2X4 receptors) at uM order concentrations [15-19]. When

cibacron blue 3G-A is used for the inhibition of OTOP1, its blocking of P2 receptors should be taken

into account, and vice versa. Cibacron blue 3G-A was also reported to inhibit cytosolic enzymes, such

as lactate dehydrogenase and glutathione S transferase, and Na*-K*-ATPase by binding to the

nucleotide binding site in the intracellular side [20-22]. As cibacron blue 3G-A contains charged

sulfate groups, it seems to be membrane impermeable at physiological pH. However, reactive blue 2,

the isomer of cibacron blue 3G-A, was reported to be taken up into the cytosol of rat C6 glioma cells

after its incubation for hours [23]. Therefore, when analyses of cell functions require long-time
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incubation with cibacron blue 3G-A, its side effects on cytosolic proteins also need to be considered

even if it is applied extracellularly. Moreover, the effects of cibacron blue 3G-A on other proton

channels (Hv channel, OTOP2, and OTOP3) have not been evaluated. If the specificity of cibacron

blue 3G-A among the proton channels is revealed, the inhibition by cibacron blue 3G-A might be able

to discriminate these proton channels.

With the cautions mentioned above, however, cibacron blue 3G-A can be used for the evaluations

of alterations in cell functions when OTOP1 function is inhibited. At least, the inhibition by cibacron

blue 3G-A can be treated as one of the necessary conditions for the identification of OTOP1 currents

by patch clamp measurements in addition to the inhibition by Zn?".

Finally, based on the findings obtained in this study, better inhibitors of OTOP1 might be able to

be developed by using cibacron blue 3G-A as a lead compound. If more specific inhibitors are

developed, they will be more useful for research on the physiological roles of OTOP1. Furthermore,

such specific inhibitors might be able to be used for the clinical treatment of dysgeusia (taste disorders,

such as phantogeusia, and parageusia) which are associated with sour taste by inhibiting OTOP1

although such dysgeusia is relatively less prevalent [23].
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Figure legends

Fig. 1. Reactive blue 2 was found as an inhibitor of OTOP1 by screening LOPAC!23,

(A) Chemical structures of reactive blue 2. Reactive blue 2 is a mixture of two isomers with a distinct

sulphonic acid, which is underlined with a dashed red line, in meta (left) or para (right) position [18].

(B) Representative I-V curves of whole-cell currents. One hundred micro molar reactive blue 2, which

was dissolved in a pH 5.5 solution, was applied extracellularly (Reactive Blue 2; red line). Before

(before; blue line) and after (wash; green line) the application of reactive blue 2, a pH 5.5 solution

with the solvent (0.1% DMSO) was perfused. To subtract leak currents, a pH 7.4 solution was also

perfused (pH 7.4; black line). (C) A summary of remaining current amplitudes in the presence of 100
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uM reactive blue 2 (Reactive Blue 2; red bar), which were normalized to the current amplitude before

its application (before; blue bar). After washing, current amplitudes were recovered (wash; green bar).

To avoid influence of rundown of current amplitudes, data were collected only when the current

amplitudes recovered more than 90% of initial values after washing (the same criterion was applied to

all following experiments). Shown are means + S.E. (n=5), (**p < 0.01 vs. before, Dunnett’s test).

Fig. 2. Cibacron blue 3G-A was the most potent inhibitor among reactive blue 2 analogues

examined.

(A) Chemical structures of reactive blue 2 analogues examined (from left to right, Reactive Blue 4,

Remazol Brilliant Blue R salt, and Cibacron Blue 3G-A). Cibacron blue 3G-A is an isomer of reactive

blue 2 with a distinct sulphonic acid, which is underlined with a dashed red line, in ortho position. (B)

Representative [-V curves of whole-cell currents. One hundred micro molar reactive blue 2 analogues

(Reactive Blue 4, Remazol Brilliant Blue R, and Cibacron Blue 3G-A), which were dissolved in a pH

5.5 solution, were applied extracellularly (red line). Before (blue line) and after (wash; green line) the

application of the reactive blue 2 analogues, a pH 5.5 solution with the solvent (0.1% DMSO) was

perfused. To subtract leak currents, a pH 7.4 solution was also perfused (pH 7.4; black line). (C)

Summaries of remaining current amplitudes in the presence of 100 pM reactive blue 2 analogues

(Reactive Blue 4, Remazol Brilliant Blue R, and Cibacron Blue 3G-A; red bar), which were

18



normalized to the current amplitude before its application (before; blue bar). Green bars show the

normalized current amplitudes after washing (wash). Shown are means = S.E. (n =4 to 7. *p < 0.05,

**p < 0.01 vs. before, Dunnett’s test).

Fig. 3. Concentration-inhibitory curve of cibacron blue 3G-A

(A) Representative [-V curves of whole-cell currents. Different concentrations (1-100 uM) of cibacron

blue 3G-A, which were dissolved in an NMDG-glutamate-rich pH 5.5 solution, were applied

extracellularly (red line). Before (blue line) and after (wash; green line) the application of cibacron

blue 3G-A, the pH 5.5 solution was perfused. To subtract leak currents, a pH 7.4 solution was also

perfused (pH 7.4; black line). (B) The horizontal axis indicates cibacron blue 3G-A concentrations

(uM). The vertical axis indicates percentage of remaining OTOP1 current amplitudes, which were

normalized to that before application, at —100 mV in the presence of cibacron blue 3G-A (1-100 uM).

Shown are mean + S.E. (n =4 or 5). The line was drawn by fitting to the Hill equation.

Fig. 4. Comparison of inhibitory features of Zn** and those of cibacron blue 3G-A

(A) Representative I-V curves of whole-cell currents. One mM Zn?*, which was dissolved in the

chloride-rich pH 5.5 solution (left) or in the glutamate-rich pH 5.5 solution (right), was applied

extracellularly (red line). Before (blue line) and after (wash; green line) the application of Zn?*, the
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pH 5.5 solution was perfused. To subtract leak currents, a pH 7.4 solution was also perfused (pH 7.4;

black lines). (B) Percent inhibitions of OTOP1 currents by 1 mM Zn?" at —100 mV in the chloride-rich

pH 5.5 solution (white bar) or in the glutamate-rich pH 5.5 solution (black bar). Shown are mean +

S.E. (n =4 or 5. **p < 0.01, Student’s t-test). (C) Percent inhibitions of OTOP1 currents by 10 uM

cibacron blue 3G-A at —100 mV in the chloride-rich pH 5.5 solution (white bar) or in the glutamate-

rich pH 5.5 solution (black bar). Shown are mean + S.E. (n=4 or 5. N.S.: not significant, Student’s t-

test). (D) Concentration-inhibitory curves of cibacron blue 3G-A in the chloride-rich pH 5.5 solution

(white square) or in the glutamate-rich pH 5.5 solution (black circle, the same data with Fig. 3B).

Shown are mean + S.E. (n =4 or 5). Error bars smaller than symbols are not shown (the same applies

hereinafter). The lines were drawn by fitting to the Hill equation (glutamate: solid line, chloride: dotted

line). (E) Percent inhibitions of OTOP1 currents by 10 uM cibacron blue 3G-A (blue circle) or by 1

mM Zn?* (orange triangle) at—100 mV, —-80 mV, —-60 mV, and —40 mV. Shown are mean + S.E. (n = 4.

*#p < 0.01, N.S.: not significant, One-way ANOVA). (F) Percent inhibitions of OTOP1 currents by

10 uM cibacron blue 3G-A (blue circle) or by 1 mM Zn?* (orange triangle) in the glutamate-rich pH

5.0, 5.5, or 6.0 solutions at —100 mV. Shown are mean £ S.E. (n = 4 or 5, **p < 0.01, N.S.: not

significant, One-way ANOVA). (G) Concentration-inhibitory curves of cibacron blue 3G-A in the

chloride-rich pH 5.0 (red triangle), 5.5 (black circle, the same data with Fig. 3B), or 6.0 solutions (blue

square). Shown are mean = S.E. (n =4 to 6). The lines were drawn by fitting to the Hill equation (pH
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5.0: red line, pH 5.5: black line, pH 6.0: blue line).
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Table 1. Compositions of solutions (mM). pH was adjusted with CsOH or NMDG.

NMDG CsOH Glutamate HCI HEPES MES EGTA CaCl, MgCl, pH
86-
Pipette solution 200 10 2 7.3
100

NMDG-Glutamate-rich

155-157 150 10 2 7.4
solution pH 7.4
NMDG-Glutamate-rich

151-152 150 10 2 6.0
solution pH 6.0
NMDG-Glutamate rich

149-150 155 10 2 5.5
solution pH 5.5
NMDG-Glutamate rich

139-140 160 10 2 5.0
solution pH 5.0
NMDG-Chloride rich

156-159 150 10 2 7.4
solution pH 7.4
NMDG-Chloride rich

158 150 10 2 6.0

solution pH 6.0
NMDG-Chloride rich

153-154 150 10 2 5.5
solution pH 5.5
NMDG-Chloride rich

151 150 10 2 5.0

solution pH 5.0
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