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ABSTRACT. TWIK-related K+ (TREK) channels are potential analgesic targets. However, 

selective activators for TREK with both defined action mechanism and analgesic ability 

for chronic pain have been lacking. Here we report C3001a, a selective activator for TREK 

against other two-pore domain K+ (K2P) channels. C3001a binds to the cryptic binding 

site formed by P1 and TM4 in TREK-1, as suggested by computational modeling and 
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experimental analysis. Further, we identify the carboxyl group of C3001a as a structural 

determinant for the binding to TREK-1/2, and the key residue that defines the subtype-

selectivity of C3001a. C3001a targets TREK channels in peripheral nervous system to 

reduce the excitability of nociceptive neurons. In neuropathic pain, C3001a alleviated 

spontaneous pain and cold hyperalgesia. In a mouse model of acute pancreatitis, C3001a 

alleviated mechanical allodynia and inflammation. Together, C3001a represents a lead 

compound which could advance the rational design of peripherally-acting analgesics 

targeting K2P channels without opioid-like adverse effects.

INTRODUCTION

Long-term opioid administration has minimal effects on chronic pain and is generally 

coupled with tolerance, dependence, and addiction1. In acute pancreatitis (AP), the use 

of morphine for pain control may even exacerbate the disease by increasing pancreatic 

neutrophilic infiltration and necrosis2. Thus, there is a clinically unmet demand for 

developing new non-opioid analgesics. In this regard, the two-pore domain K+ (K2P) 

channels are considered as emerging candidates3, 4. Recently, we showed that activation 
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of the TWIK-related acid-sensitive K+ 3 (TASK-3) channel, a K2P channel, using a newly 

discovered selective activator CHET3, displayed therapeutic potential in analgesia5. K2P 

family channels consist of 15 gene products, and each of those contains four 

transmembrane segments (TM1–TM4) and two-pore domains (P1 and P2)6. In the K2P 

family, the TWIK-related K+ channel (TREK) subfamily is comprised of TREK-1 (Kcnk2), 

TREK-2 (Kcnk10), and TWIK-related arachidonic acid-stimulated K+ channel (TRAAK, 

Kcnk4). The TREK family channels share >78% sequence homology and some common 

activation mechanisms7. They are mechanical-, thermal- and lipid-gated channels that 

can be regulated by different physical and chemical stimuli, including membrane stretch8, 

9, membrane depolarization10, temperature11, pH12, 13, arachidonic acid, and other 

polyunsaturated fatty acids9. In peripheral sensory neurons, TREK-1 is expressed in 

peptidergic substance P (SP)-positive fibers or nonpeptidergic isolectin 4-positive (IB4+) 

C-fibers and co-localized with transient receptor potential cation channel subfamily V 

member 1 (TRPV1) channels14, while TREK-2 is selectively expressed in IB4+ C-fibers15. 

Functionally, TREK channels produce background K+ currents which contribute to the 

resting membrane potential (RMP) and action potential properties of nociceptive 

Page 4 of 61

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



neurons16. A recent study by Kanda et al17 found that TREK-1 and TRAAK are highly 

enriched at the nodes of Ranvier of trigeminal myelinated afferent nerves, in which they 

mediate rapid action potential conduction and are involved in sensory behavioral 

response. TREK-1, TREK-2 or TRAAK knockout mice showed significantly increased 

sensitivity to mechanical and thermal stimuli14, 18, 19. Notably, Devilliers et al20 found that 

morphine may enhance the TREK-1-mediated currents by phosphorylating the channel, 

and the enhancement of TREK-1 function contributes to the analgesic effect of morphine 

without its adverse side effects. Thus, activation of TREK channels may provide an 

opportunity to dissociate the analgesic from major adverse effects of opioids for pain 

therapies. 

A few compounds have been previously identified that selectively activate TREK 

channels including ML67-33, BL-1249, ML335, ML402, and GI-53015921-24. However, to 

our knowledge, except for a derivative of BL-124925, the pharmacokinetic profiles as well 

as the in vivo ability of these compounds remain largely unreported. So far, the selective 

TREK-1 activators with reported in vivo analgesic properties are cinnamyl 3,4-dihydroxyl-
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α-cyanocinnamate analogues derived from caffeate esters26. However, the binding site 

and the molecular basis for the subtype-selectivity of these compounds in TREK channels 

are unclear. It is noteworthy that under chronic pain conditions, the expression of TREK 

channels was downregulated18, 27, 28. Therefore, whether selective activation of TREK 

channels is sufficient to attenuate thermal hyperalgesia and mechanical allodynia under 

chronic pain remains to be determined. In the search of small molecules with new 

chemical scaffolds, which selectively activate TREK channels, we discovered a subtype-

selective TREK-1/2 activator, (1S,3R)-3-((4-(6-methylbenzo[d]thiazol-2-

yl)phenyl)carbamoyl)cyclopentane-1-carboxylic acid (named C3001a). Using 

computational and experimental methods, we defined the binding mode and the structural 

selectivity basis of C3001a in TREK-1. Having characterized the inhibitory role of C3001a 

in the excitability of nociceptive neurons, we further explored the therapeutic potential of 

C3001a in mouse models for inflammatory or neuropathic pain. Particularly, since the 

tight coupling between TREK-1 and -opioid receptor (OR), we evaluated the 

therapeutic effects of activation of TREK channels by C3001a in a mouse model of AP. 
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AP in mice represents a specific preclinical visceral inflammatory pain model in which the 

opioids have debatable therapeutic application2, 29. 

RESULTS

C3001a selectively activates TREK channels, preferentially TREK-1 and TREK-2 

channels. In one of our in-house experimental screenings performed to find bioactive 

compounds for the TREK-1, we identified C3001a (Figure 1A) as a potential TREK-1 

activator. In the whole-cell voltage clamp experiments on human embryonic kidney 

(HEK)-293T cells that were transiently transfected with recombinant human TREK-1, 

increase in current amplitude was recorded by the extracellular application of C3001a, 

and the increase could be rapidly reversed by washout (Figure 1B). The effect of C3001a 

in increasing the current was concentration-dependent with a half-maximum effective 

concentration (EC50) of 12.81 M (Figure 1C). To further verify that C3001a is indeed an 

activator of TREK-1, we tested C3001a on TREK-1 channels using inside-out and 

outside-out patches. The outside-out recordings revealed that C3001a significantly 

increased the open probability of TREK-1 (P = 0.0058 for -60 mV, P = 0.0054 for +60 
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mV), with no change in single channel conductance (P = 0.486 for -60 mV, P = 0.055 for 

+60 mV Figure 1D-G). Interestingly, C3001a did not show any significant effects on the 

open probability or channel conductance of TREK-1 in the inside-out recordings (Figure 

S1). Thus, the single channel recordings suggest that C3001a directly activates TREK-1 

through a binding site accessible from the extracellular side of TREK-1. We further 

investigated whether C3001a also activates other K2P channels. TREK-2 and TRAAK, 

two other TREK subfamily members, responded to C3001a with similar EC50 (11.31 M 

and 15.29 M, respectively). C3001a activated TREK-2 with relatively high efficacy (~4.5-

fold at 10 M in comparison to control) which was similar to that on TREK-1. However, 

C3001a activated TRAAK with relatively low efficacy (~2.4-fold at 10 M in comparison 

to control) (Figure. 1H and Figure S2). C3001a showed little effects on other human K2P 

channels, including TWIK-related acid-sensitive K+ 3 (TASK-3), TASK-1, TWIK-related 

spinal cord K+ channel (TRESK) and tandem pore domain halothane-inhibited K+ channel 

1 (THIK-1) (Figure 1I and Figure S2). Together, these results suggest that C3001a is a 

selective TREK-1/2 activator against other K2P channels.

Page 8 of 61

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 1. Identification of a TREK-1/2 activator, C3001a. (A) Chemical structure of 

C3001a. (B) Example whole-cell path-clamp recording of C3001a on TREK-1 channel. (C) 

C3001a concentration-response curve for TREK-1 with EC50 = 12.81 M (n = 6-23). (D) 

Representative single-channel current traces from outside-out patches. (E) Amplitude 
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histograms for the patch recording shown in (D) which were fitted by Gaussian 

distributions. (F, G) Analysis of NPo (channel number times open probability, F) and 

channel conductance changes (G) for the single-channel recordings (n = 7; paired t test). 

(H) C3001a concentration-response curves for TREK-2 and TRAAK (n = 6-13) with EC50 

= 11.31 M, and 15.29 M, respectively. (I) Summary for the effects of C3001a (10 M) 

on several K2P channels (n = 5-12). Data are shown as means ± SEM. **P < 0.01, n.s., 

not significant.

Binding mode of C3001a to TREK-1. To determine the binding modes of C3001a to 

TREK subfamily members, we first analyzed pockets in reported crystal structures of 

TREK subfamily members by using Fpocket 2.0 server30. In this computation, a 

druggability score greater than 0.5 (the threshold) means that the pocket might be 

druggable30. 32 pockets with druggability scores greater than 0.5 were identified (Figure 

S3). Then we docked C3001a into each of the pockets by using Glide. The docking results 

suggested that C3001a may bind to the extracellular crevice formed by P1 and TM4. The 
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docking scores (Gscores) of C3001a to this crevice in many structures are the top ones 

(Figure S3). Since the docking score of C3001a to the P1-M4 pocket (the cryptic binding 

site) in the reported TREK-1 structure with Protein Data Bank (PDB) code of 6CQ8 is the 

best compared to other reported K2P structures, this crystal structure was adopted for 

further computational study. And hereafter the P1-M4 pocket was described as the cryptic 

binding site named by Lolicato et al.23. Of note, identification of the extracellular cryptic 

binding site as potential binding site of C3001a is consistent with the results of inside-out 

and outside-out patches, which suggests that C3001a binds to the extracellular side of 

TREK-1. 

Next, given the protein flexibility and environmental effects, RosettaLigand was applied 

to further characterize the binding modes of C3001a to the cryptic binding site. Six starting 

points were applied for the ligand centroid to scan every site in the pocket as far as 

possible. 1000 docking poses with lowest total energy score were selected and clustered 

into eight possible binding models, whose scores are shown in Figure S4A. We selected 

and analyzed the three top-ranked binding models (Model 1-3), and found that the 
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carboxyl group of C3001a forms a hydrogen bond with Y285 in Model 2, whereas it 

interacts with K286 in Model 1 and Model 3 (Figure S4A). To determine which 

computational model is the correct one, we carried out mutagenesis studies where 

mutation Y285A significantly reduced the activation efficacy of C3001a on TREK-1 

(current enhancement of ~2-fold at 10 M), whereas mutation K286A did not have marked 

effect in the activation efficacy (current enhancement of ~4.9-fold at 10 M, Figure 2A 

and Figure S4B). Therefore, the mutagenesis data are so far consistent with the 

interactions between Y285 and the carboxyl group of C3001a predicted in Model 2, rather 

than Model 1 or Model 3. Next, we designed two derivatives in which the carboxyl group 

was substituted with hydrogen or methoxycarbonyl group to disturb the hydrogen bond 

interaction of C3001a with Y285 (Scheme 1 and 2). The two derivatives (30 M) showed 

little activation effects on TREK-1, supporting that the carboxyl group of C3001a is 

essential for activity (Figure 2B,C).
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Figure 2. Binding mode of C3001a in TREK-1. (A) Concentration-response curve for 

C3001a on mutation Y285A with EC50 = 7.86 M (n = 5-10). (B, C) Chemical structures 

and effects of two C3001a derivatives: CLD104 and CLD105 (30 M) on TREK-1 WT (n 

= 5-6, one-way ANOVA with Dunnett’s post hoc test). (D) The top view and detailed view 

of the predicted binding mode. The TREK-1 structure with PDB code of 6CQ8 was used 

for building this model. (E) 2D diagram shows interactions between C3001a and TREK-

1. (F) Computations show the contributions of seven residues and their mutations to 

C3001a binding (n = 10, top 10 docking models). EVDW and EHB represent energy 
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distributions of VDW and hydrogen bond interactions, respectively. Energy unit is Rosetta 

Energy Unit (R.E.U.). (G) Concentration-response curves for C3001a on four mutations 

(F149A, T156A, W290A and I293A), yielding EC50 of 22.43 M, 7.57 M, 3.91 M and 

7.98 M, respectively (n = 6-13) Data are shown as means ± SEM. ***P < 0.001.

Scheme 1. Synthesis of CLD104a.

N
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aReagents and conditions: (i) HATU, DIPEA, DCM, rt, 12 h; (CLD104 yield: 83%).

Scheme 2. Synthesis of CLD105 and C3001aa.
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aReagents and conditions: (i) RuCl3, NaIO4, EtOAc, MeCN, water, rt, 12 h; (ii) Ac2O, 

150 °C, 30 min; (iii) MeOH, 80 °C, 5 h; (iv) HATU, DIPEA, DCM, rt, 12 h; (v) LiOH, THF, 

water, rt, 8 h; (CLD105 yield: 82%; C3001a yield: 63%).

The detailed information of Model 2 is shown in Figure 2D. In this model, in addition to 

Y285, residues F149, T156, I158, F160, W290, and I293 are close to C3001a and may 

provide hydrophobic interactions with the benzothiazole or benzene ring of C3001a. Also, 

W290 may establish a hydrogen bond with benzothiazole nitrogen of C3001a (Figure 

2D,E). To further verify the binding mode, we calculated the influence of mutations F149A, 

T156A, I158A, F160A, Y285A, W290A and I293A on the binding of C3001a by comparing 

binding contributions of each single residue and that of their mutants (Figure 2F). The 

computation of energy distributions of the average van der Waals (VDW) interactions 

predicted that compared with wild type (WT) TREK-1, F149A, T156A, F160A, Y285A, 

W290A and I293A should reduce the binding of C3001a whereas I158A may not have 

significant effects (Figure 2F, Left). Moreover, in Y285A and W290A, the contributions of 
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hydrogen bond energy of Y285 and W290 to ligand binding were significantly reduced 

(Figure 2F, Right). Then we carried out electrophysiological experiments to test the 

effects of these mutations on the C3001a activation of TREK-1. I158A and F160A 

mutations led to nonfunctional channels (Figure S4C). For other functional mutants, 

expect for I293A, F149A, T156A, Y285A and W290A displayed markedly reduced 

responses to C3001a (Figure 2A,G). So far, by combining computation with functional 

mutagenesis, we provide a few structural determinants for the binding of C3001a in the 

cryptic binding site (Figure 2D,E). 

G275 is a residue located at the mouth of the ligand binding pocket (Figure 3A). 

Although G275 does not form direct interaction with C3001a, introducing a side chain at 

this position should reduce the entrance size of the pocket and as a result may impede 

the binding of C3001a to the pocket (Figure 3A). We made the cysteine mutant G275C 

and we found that G275C showed reduced activation by C3001a (Figure 3B,C). 

Introducing a side chain by MTSET to G275C may further seal up the entrance of the 

pocket. Indeed, application of MTSET reduced the activation of C3001a on G275C. 
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MTSET did not show any significant effect on the TREK-1 WT channel (Figure 3C), 

whereas MTSET further right-shifted the concentration-response curve for C3001a on 

G275C (Figure 3D). These results further support that C3001a binds to the cryptic binding 

site.

Figure 3. C3001a activity on G275C. (A) Pocket changes by G275C mutation or G275C 

modified with MTSET (PDB code: 6CQ8). (B) Example whole-cell path-clamp recordings 

of C3001a on G275C mutation before (Left) and after (Right) MTSET (1 mM). (C) 

Summary for the effects of C3001a (10 M) on TREK-1 WT and G275C without (or with) 
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MTSET (1 mM) (n = 4-5 cells, one-way ANOVA with Tukey’s post hoc test). (D) 

Concentration-response curves of G275C mutation and G275C modified with MTSET on 

C3001a activity with EC50 = 15.19 M and 18.40 M, respectively (n = 5-19). Data are 

shown as means ± SEM. *P < 0.05, **P < 0.01, n.s., not significant.

Figure 4. D227 contributes to C3001a selectivity between TREK-1/2 and TRAAK. (A) 

Sequence alignment of TREK subfamily. (B) Structure presentation of D227Y mutation in 

the proposed binding model (Models were built based on the TREK-1 structure with the 

PDB code of 6CQ8). (C, D) The effects of C3001a (10 M) (C) and the concentration-

response curve of C3001a (D) on TRAAK mutation D227Y with EC50 = 9.96 M (n = 4-

10, one-way ANOVA with Tukey’s post hoc test in (C)). Data are shown as means ±  

SEM. *P < 0.05, **P < 0.01, n.s., not significant.
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Key determinant for C3001a selectivity on TREK subfamily. Compared with TREK-1 

and TREK-2, TRAAK was less sensitive to C3001a. According to the multiple sequence 

alignment in TREK channels, among the residues near the pocket, the residue Y281 in 

TREK-1 was conserved in TREK-2, but not in TRAAK (equivalent residue D227, Figure 

4A). We tested whether D227 controls the subtype selectivity. TRAAK was modeled 

based on C3001a/TREK-1 binding model. Apparently, in C3001a/TRAAK complex, the 

carboxyl group of C3001a forms strong negative electrostatic repulsion with D227 (Figure 

4B). Hence, we tested the effect of C3001a on the mutant TRAAK D227Y. As a result, 

D227Y showed significantly increased activation efficacy (current enhancement of ~5.4-

fold at 10 M) by C3001a, compared with TRAAK WT (current enhancement of ~2.5-fold 

at 10 M).  This was comparable with that in TREK-1 WT (current enhancement of ~5.7-

fold at 10 M) by C3001a (P = 0.90, Figure 4C, D), demonstrating that the residue D227 

in TRAAK is an essential structural determinant for the selectivity of C3001a against 

TRAAK. 
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Figure 5. Effects of C3001a on nociceptive neurons. (A) Left, representative 

electrophysiological traces show the effects of C3001a (10 M) on K+ currents in DRG 

neurons; Right, bar graph summary for experiments in (Left) (n = 35 cells in 4 rats; 

Wilcoxon signed rank test). (B) Left, representative trace shows C3001a-sensitive 

currents at extracellular 3 mM K+ concentrations with reversal potential at -75 mV; Middle, 

bar graph shows the average reversal potential around -77 mV in (Left) (n = 4 cells of 35 

cells in A); Right, representative trace shows C3001a-sensitive currents at extracellular 3 

mM K+ concentrations without determined reversal potential. (C) Representative trace 

and bar graph show the effects of C3001a on RMP changes (n = 18 cells in 4 rats; paired 

t test). (D, E) Traces and bar graph show the effects of C3001a on rheobase and firing 

Page 20 of 61

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



frequency in nociceptive neurons (n = 19 cells in 4 rats; Wilcoxon signed rank test in (D) 

and (E)). Data are shown as means ± SEM. **P < 0.01, ***P < 0.001.

Functional effects of C3001a on dorsal root ganglion (DRG) neurons. The functional 

effects of C3001a on TREK channels were further examined in dissociated DRG neurons. 

Recordings were focused on small-sized DRG neurons (diameter of ~20 m, cell 

capacitance of ~20 pF), in which the TREK channels were functionally identified14. To 

minimize activation of voltage-gated K+ current, we applied voltage ramps from -20 mV 

to -120 mV. In 55 cells recorded, 35 cells responded to C3001a (C3001a-sensitive cells). 

In the C3001a-sensitive cells, C3001a enhanced the whole-cell current density (in pA/pF) 

by about 24% (Figure 5A). We subtracted the C3001a-sensitive current, and found that 

this current was strongly outwardly rectifying (Figure 5B). Only in 4 cells, the reversal 

potential could be reliably determined, which was around -77 mV, a value that was close 

to the reversal potential of K+. In the other 31 cells, the fraction of C3001a-sensitive 

current was negligible between -120 mV and -60 mV (Figure 5B), making the reversal 
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potential of the C3001a-sensitive current difficult to resolve. In addition, the application of 

C3001a resulted in a slight hyperpolarization of the RMP by 1.12 ± 0.42 mV (Figure 5C).

Furthermore, we explored how C3001a regulated the excitability of DRG neurons. In 19 

out of 48 neurons, C3001a increased the rheobase (the minimum current required to elicit 

the first action potential) by ~30% and decreased the number of action potentials evoked 

by suprathreshold current injections by ~60% (Figure 5D,E). In the other 29 cells, C3001a 

did not modify the rheobase and slightly increased the frequency of action potentials by 

6% (Figure S5). Collectively, our electrophysiological data suggest that C3001a increases 

the K+ conductance, hyperpolarizes the RMP, and reduces the excitability in a subset of 

nociceptive DRG neurons.
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Figure 6. Analgesic and anti-inflammatory effects of C3001a in rodents. (A) Left, time 

course of  dose-dependent analgesia by C3001a (1.25, 2.5, 5, 10 mg/kg i.p.) in tail 

immersion test at 52 °C (n = 6-9; unpaired t test or Mann-Whitney test); Right, the 

analgesic effect of C3001a (5 mg/kg i.p.) in tail immersion tests at different temperatures 

(n = 9-17; unpaired t test or Mann-Whitney test); (B) Left, time course of the effect of 
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C3001a (10 mg/kg i.p.) on mechanical allodynia in AP mice (n = 5-6, unpaired t test); 

Right, scatter plots show the effect of C3001a on MPO activity in AP mice (n = 6, unpaired 

t test); (C) Representative  images and scatter plots show the effect of C3001a (10 mg/kg 

i.p.) on pancreatic histopathological changes and scores including edema, inflammation 

and necrosis in AP mice (n = 6, unpaired t test or Mann-Whitney test. Scale bar: 100 m). 

(D) Summary of C3001a (5 mg/kg i.p.) analgesia in CFA-induced chronic inflammatory 

pain. Left, time course of the effects of C3001a on heat hyperalgesia (n = 9-10; unpaired 

t test); Right, time course of the effects of C3001a on mechanical allodynia (n = 9-10; 

Wilcoxon signed rank test). (E) Effects of C3001a (5 mg/kg i.p.) on spontaneous pain 

within a 5 min duration on the day 7 after SNI (measured at 30 min post injection, n = 7; 

unpaired t test). (F) Left, summary for the effect of C3001a (5 mg/kg i.p.) on cold 

hyperalgesia at different stages in SNI (n = 8-10; unpaired t test or Mann-Whitney test); 

Middle, time course of the effects of C3001a on cold hyperalgesia in SNI mice (n= 8; 

unpaired t test); Right, comparison of the effects of C3001a and pregabalin (30 mg/kg, 

i.p.) on cold plantar test in SNI mice (n = 9; unpaired t test); Data are shown as means ± 

SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
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Analgesic and anti-inflammatory effects of C3001a in rodents. The TREK activators 

reported by Vivier et al26, showed in vivo anti-nociceptive activity. However, the 

expression of TREK members was downregulated in chronic pain15, 27, 28 and whether the 

activation of TREK-1/2 under chronic pain is analgesic remains to be determined. The 

pharmacokinetic profile of C3001a (Table S1) showed a negligible brain concentration of 

C3001a and a relatively high concentration of C3001a in the plasma, which suggests that 

C3001a may exert analgesic functions through TREK family expressed in the peripheral 

nervous system (PNS). We systematically evaluated the effects of C3001a in analgesia. 

The anti-nociceptive effect of C3001a was first assessed in the tail immersion test at 52 °C 

in mice. C3001a displayed dose-dependent analgesia, with a maximal effect at a dose of 

5 mg/kg reached 30 min after intraperitoneal (i.p.) injection (Figure 6A, Left). C3001a was 

effective in response to noxious cold (5 °C) or heat stimuli (46 °C and 52 °C) and to 

physiological stimuli (20 °C and 40 °C) (Figure 6A, Right). To further confirm that C3001a 

was targeting TREK family to be analgesic, CLD104, the derivative of C3001a with no 
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activity on TREK-1 up to 30 M (Figure 2B), was used as a negative control. CLD104 

showed no analgesic function in tail immersion test (Figure S6A). AP represents a 

clinically relevant visceral pain model with strong neurogenic inflammation, which could 

be inhibited by TRPV1 and transient receptor potential ankyrin 1 (TRPA1) antagonists31, 

32. Recent study suggested that morphine, widely used for the management of pain in AP, 

may worsen its severity in AP2. Furthermore, there are few effective analgesics without 

side effects or with beneficial influences on anti-inflammatory effects in AP in current 

clinical managements33, 34. Thus, we assessed the analgesic effects of C3001a in a 

mouse model of cerulein-induced AP35. In this model, mechanical allodynia, increased 

myeloperoxidase (MPO) activity, and significant morphological damage in the form of 

necrosis, inflammatory infiltration and pancreatic edema were observed (Figure S6B,C). 

Administration of C3001a (10 mg/kg, i.p.) significantly alleviated mechanical allodynia, 

reduced MPO activity, and attenuated pancreatic necrosis, inflammation and edema 

(Figure 6B,C). We detected robust neuronal expression of TREK-1 and TREK-2 mRNA 

by in situ hybridization using RNAscope in DRG in naïve mice, which were both 

downregulated in cerulein treated mice (Figure S6D). In contrast, no pancreatic 
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expression of TREK-1 and TREK-2 mRNA was detected in the pancreas in naïve or 

cerulein treated mice (Figure S6E), suggesting a neurogenic role of TREK channels in 

the pathogenesis of analgesia and anti-inflammation in AP. Additionally, the negative 

control compound CLD104 was ineffective in attenuating pancreatic MPO activity or 

morphological damage of pancreas in cerulein treated mice (Figure S6F,G). In a mouse 

model of chronic inflammatory pain developed by intraplantar injection with the complete 

Freund’s adjuvant (CFA), C3001a alleviated heat hyperalgesia and mechanical allodynia 

(Figure 6D). In the spared nerve injury (SNI)-induced neuropathic pain mouse model, the 

number of hindpaw lifting, a robust behavior associated with spontaneous pain, was 

reduced following C3001a administration on day 7 after SNI (Figure 6E). In the cold 

plantar test, during SNI development (SNI 7 days) and maintenance (SNI 14 days and 21 

days), C3001a attenuated cold hyperalgesia with similar potency compared to pregabalin 

(Figure 6F). In summary, our data suggests that C3001a is effective in treating thermal 

hyperalgesia and mechanical allodynia in mouse models for acute or chronic pathological 

pain and pain-associated neurogenic inflammation.
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DISCUSSION

For the discovery and modification of small molecule modulators, understanding the 

molecular recognition basis between the small molecules and the targeted proteins is 

critical. The currently available crystal structures of TREK channels provide a platform for 

revealing the binding site of small molecules by using computations. We analyzed 

potential druggable pockets across TREK subfamily crystal structures followed by 

molecular docking to identify the possible binding sites of C3001a. By solving the complex 

crystal structures of TREK-1 with ML335 and its derivatives, Lolicato et al. revealed a 

cryptic selectivity filter binding site for TREK-1 activators23. We compared the binding 

modes of ML335 and its derivatives in crystal structures with that of C3001a. We found 

that C3001a forms hydrophobic interactions with F149 and W290 which were similar to 

the interactions between the equivalent residues F134 and W275 with ML335 and its 

derivatives in crystal structures. However, C3001a forms a hydrogen bond interaction 

with Y285 (Y270 in the crystal structures) through its carboxyl group whereas the sulfonyl 

group of ML335 or its derivatives forms interactions with H141 and S146 (equivalent to 
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H126 and S131 in the crystal structures). These differences are likely due to the flexibility 

of both the extracellular loops and the polar groups of the compounds. The identified 

binding pocket of C3001a was partially overlapped with that of ML335, which further 

supports that this region is a ligand binding site which could accommodate different 

chemotypes23. The C3001a binding site was confirmed using several approaches. First, 

the inside-out and outside-out patch experiments indicated that C3001a binds to the 

extracellular side of the channel. Second, the contributions of several key residues that 

line the binding site were calculated by RosettaLigand and validated by functional 

mutagenesis test. Third, we synthesized two C3001a analogues to further confirm the 

critical role of the carboxyl group of C3001a in TREK-1 binding. Last, the accessibility of 

C3001a to the binding pocket was examined by a real time covalent modification of the 

cysteine mutant of a residue located at the entrance of the pocket. Thus, with computation, 

mutagenesis and chemistry, we provide the binding mechanisms of C3001a to TREK-1. 

Of note, because the carboxyl group faces to the solvent, we cannot rule out the possibility 

that the carboxyl group may be structurally flexible. Future structural biology work may be 

needed to further elucidate the binding of C3001a to TREK channels. Furthermore, the 
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negatively charged group may also contribute to the weak permeability of C3001a to the 

blood brain barrier36. The utility of the carboxyl group should be further explored as far as 

the development of C3001a-based next generation selective activators/inhibitors 

targeting TREK channels in PNS or central nervous system (CNS) is concerned. Our 

study identified the residue D227 in TRAAK as a key determinant for the subtype 

selectivity of C3001a. The D227Y mutation showed markedly increased C3001a-

mediated activation as compared to the TREK-1 WT. Further studies on the structure-

function relationship on TRAAK/C3001a may help identify selective TRAAK inhibitors or 

activators, which may be served to treat cerebral ischemia37 or pain. 

The pharmacokinetic profiles of the previously identified selective activators including 

BL-1249, ML67-33, ML335, ML402, and GI-530159 are unclear21-24. Our pharmacokinetic 

analysis show that C3001a acts predominantly on TREK channels in PNS rather than 

those in the CNS, which allowed us to directly evaluate the analgesic potential of 

activating TREK channels expressed in PNS. Our in vivo data provide direct evidence to 

support that activation of TREK channels in PNS is effective in treating polymodal 
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pathological pain in rodents including thermal hyperalgesia and mechanical allodynia. We 

consider C3001a analgesia on TREK channels in PNS but not those in CNS as an 

advantage, since peripheral targets usually have lower risks in drug 

dependence/addiction38. 

Stimulation of peripheral sensory nerve terminals produces Ca2+-mediated vesicular 

release of neuropeptides like SP and calcitonin gene related peptide, to generate 

neurogenic inflammation characterized by increased vascular permeability and 

vasodilatation. It has been shown that ablating Nav1.8+ sensory neurons or silencing 

them with local anesthetics could reduce allergic airway inflammation39. In AP, blocking 

TRPV1 and TRPA1 activity was shown to be effective in attenuating pain and pancreatic 

inflammation in cerulein-induced AP32. There is increasing pre-clinical and clinical 

evidence to support that thoracic epidural analgesia may be used as an effective way to 

treat AP40, 41. In accord, we show that TREK-1/2 channels in sensory neurons were 

downregulated in AP, and enhancing TREK channel activity reduced pain and pain 

associated neurogenic inflammation. In light of this, we propose that the therapeutic 
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potential of activating TREK channels should be further explored in other models of AP 

as well as in other diseases associated with pain and neurogenic inflammation. 

In summary, using electrophysiology, computational modeling, we discovered a 

selective TREK activator C3001a, and provided molecular recognition basis of C3001a in 

a predicted binding site within TREK-1, which allows to gain insights into channel 

activation and sub-type selectivity and rationalize subsequent optimization. Using 

C3001a and in vivo pharmacology, our study establishes the TREK channels in PNS as 

a therapeutic target in analgesia and pain associated neurogenic inflammation that may 

be devoid of opioid-like adverse effects.

EXPERIMENTAL SECTION

Material and Instrumentation. All reagents and solvents were commercially purchased 

from Alfa Aesar, Adamas, or Shanghai Titan Ltd. (Shanghai, China), and used without 

further purification. HPLC analysis was performed on a Shimadzu LC-10AT HPLC system with 

a C-18 column (5 μm, 4.6 × 150 mm) at 25 °C. HPLC analysis showed that the purity of all the 

final products were more than 95%. 1H NMR spectra were recorded on 400 or 600 MHz (100 or 
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150 MHz for 13C NMR) agilent NMR spectrometer with CDCl3 or DMSO-d6 as the solvent and 

tetramethylsilane (TMS) as the internal standard. Chemical shifts were reported in parts per million 

(ppm, δ scale) downfield from TMS at 0.00 ppm and referenced to the CDCl3 at 7.26 ppm (for 1H 

NMR) and 77.16 ppm (for 13C NMR) or the DMSO-d6 at 2.50 ppm (for 1H NMR) and 39.52 ppm 

(for 13C NMR). Liquid chromatography-mass spectrometry (LC-MS) analysis was performed 

using Agilent LC-MS SQ with electrospray ionization (ESI).

We synthesized (1S,3R)-3-((4-(6-methylbenzo[d]thiazol-2-

yl)phenyl)carbamoyl)cyclopentane-1-carboxylic acid (C3001a) and its two analogues 

(CLD104 and CLD105) (Scheme 1 and 2).

 General Procedures for Synthesis of N-(4-(6-methylbenzo[d]thiazol-2-yl) phenyl) 

cyclopentanecarboxamide (CLD104). To a mixture of cyclopentanecarboxylic acid (137 

mg, 1.2 mmol) in DCM (10 ml), DIPEA (258 mg, 2 mmol) and HATU (570 mg, 1.5 mmol) 

were added at room temperature. After stirring for 15 minutes, 4-(6-

methylbenzo[d]thiazol-2-yl) aniline (1) (240 mg, 1 mmol) was added and the mixture was 

stirred for 12 hours at room temperature. The reaction mixture was then extracted with 

DCM and water. The organic layer was washed with water and dried over anhydrous 

MgSO4, then the solvent was removed under reduced pressure. The crude was then 
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purified by flash column chromatography on silica gel using pentane/EtOAc (4:1) to obtain 

the desired pure product compound 2 (CLD104) as a white solid; Yield 83%. HPLC purity: 

99.1%. 1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 8.1 Hz, 2H), 7.91 (d, J = 8.2 Hz, 1H), 

7.72–7.62 (m, 3H), 7.33–7.27 (m, 2H), 2.80–2.61 (m, 1H), 2.49 (s, 3H), 2.03–1.86 (m, 4H), 

1.86–1.73 (m, 2H), 1.70–1.60 (m, 2H). 13C NMR (150 MHz, CDCl3, Overlapping peaks) δ 

174.8, 152.4, 140.6, 129.5, 128.4, 128.0, 122.6, 121.5, 119.7, 47.2, 30.7, 26.2, 21.7. LC-

MS: m/z = 337.1[M+H]+.

General Procedures for Synthesis of Methyl(1S,3R)-3-((4-(6-methylbenzo[d]thiazol-2-

yl)phenyl)carbamoyl)cyclopentane-1-carboxylate (CLD105) and (1S,3R)-3-((4-(6-

methylbenzo[d]thiazol-2-yl)phenyl)carbamoyl)cyclopentane-1-carboxylic acid (C3001a). 

To a solution of RuCl3 (46 mg, 2.2 mol %) in EtOAc/MeCN/water (28 ml, v:v:v = 2:2:3), 

NaIO4 (8.56 g, 40 mmol) was added and the mixture was cooled to 0 °C. 

Bicyclo[2.2.1]hept-2-ene (3) (941 mg, 10 mmol) was then added slowly and the mixture 

was warmed to room temperature and stirred for 12 hours. The reaction mixture was 

quenched and extracted with EtOAc and water. The aqueous layer was extracted by 
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EtOAc and the organic layers was dried and concentrated under vacuum to obtain the 

desired product compound 4. Compound 4 was used for the subsequent dehydration 

without further purification.  

The solution of compound 4 in acetic anhydride (10 ml) was heated at 150 °C by 

microwave for 30 min, then the solvent was removed under reduced pressure to obtain 

compound 5. The product was used for the next step without further purification.

The solution of compound 5 in MeOH (12 ml) was heated and stirred at 80 °C for 5 

hours. The solvent was removed under reduced pressure and the residue was purified 

with flash column chromatography on silica gel by using DCM/MeOH (50:1) mixture as 

eluent to obtain the desired product compound 6 as colorless liquid (1.12 g, 65% yield 

from compound 3).

Compound 7 (CLD105) was synthesized by compound 6 using the same procedure as 

compound 2. Compound 7 was obtained as a white solid; Yield 82%. HPLC purity: 99.6%. 

1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 8.02 (d, J = 7.4 Hz, 2H), 7.91 (d, J = 8.1 Hz, 

1H), 7.74 (d, J = 7.6 Hz, 2H), 7.67 (s, 1H), 7.31–7.26 (m, 1H), 3.76 (s, 3H), 3.04–2.84 (m, 

2H), 2.49 (s, 3H), 2.32–2.19 (m, 2H), 2.16–1.91 (m, 4H). 13C NMR (150 MHz, CDCl3) δ 
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177.8, 174.2, 166.7, 152.5, 152.4, 141.0, 135.3, 129.3, 128.3, 128.0, 122.6, 121.5, 119.7, 

52.4, 47.6, 44.1, 32.9, 31.0, 31.0, 21.7. LC-MS: m/z = 395.1[M+H]+.

To a solution of compound 7 (197 mg, 0.5 mmol) in THF/water (10 ml, v:v = 4:1), 

LiOH(48 mg, 2 mmol) was added at room temperature. After stirring for 8 hours, the 

reaction mixture was diluted with EtOAc and water. The aqueous layer was washed with 

EtOAc for two more times. Diluted hydrochloric acid was added to the aqueous layer until 

the pH value reached 2, then the precipitated crystal was filtered. The crystal was washed 

with water and dried under reduced pressure. 120 mg Compound 8 (C3001a) was 

obtained.; Yield 63%. HPLC purity: 98.8%. 1H NMR (400 MHz, DMSO-d6) δ 12.14 (s, 1H), 

10.24 (s, 1H), 8.00 (d, J = 8.5 Hz, 2H), 7.92–7.83 (m, 2H), 7.80 (d, J = 8.5 Hz, 2H), 7.33 

(d, J = 8.4 Hz, 1H), 2.95–2.82 (m, 1H), 2.83–2.69 (m, 1H), 2.44 (s, 3H), 2.25–2.10 (m, 

1H), 2.05–1.71 (m, 5H). 13C NMR (100 MHz, DMSO-d6) δ 177.4, 174.6, 166.8, 152.7, 

143.0, 135.9, 135.4, 128.9, 128.7, 128.5, 123.1, 122.7, 120.3, 46.5, 44.4, 34.4, 30.5, 29.9, 

22.0. LC-MS: m/z = 381.1[M+H]+.

Molecular biology. The cDNAs of TREK-1 (human, NM_001017425.3), TREK-2 (mouse, 

NM_029911.5) and TRAAK (human, NM_033310.2) were subcloned into the pEGFPN1 
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expression vector (Invitrogen, US). The cDNAs of TASK-3 (human, NM_001282534.2), 

TASK-1 (human, NM_002246.3), THIK-1 (human, NM_022054.4) and TRESK (human, 

NM_181840.1) were subcloned into the pCDNA3 vector (Invitrogen, US). 

Electrophysiology tests of TREK-1, TREK-2, TRAAK, THIK-1, TRESK, TASK-3, TASK-1, 

were performed with transiently transfected HEK-293T cells using PolyJet™ reagent. All 

site-directed mutagenesis were conducted and sequencing confirmed by providers 

(GENEWIZ, Suzhou, China).

Molecular docking. The crystal structure of TREK-1 (PDB codes 4TWK, 6CQ6, 6CQ8 

and 6CQ9), TREK-2 (PDB codes 4BW5, 4XDJ, 4XDK and 4XDL) and TRAAK (PDB code 

3UM7, 4I9W, 4RUE and 4RUF, 4WFE, 4WFF, 4WFG, 4WFH)23, 42-46 were used to detect 

druggable pockets by using Fpockets 2.0 server30. Druggability score was calculated to 

assess the possibility of a pocket to accommodate drug-like molecules. The score more 

than 0.5 (the threshold) means the pocket might be druggable. C3001a was docked to 

each druggable pocket in all structures by using Schrödinger Glide software SP mode. 

The protonation state of C3001a was assigned by using Ligprep module at pH 7.0 ± 2.0. 

Glide G-score was used to rank the result list. Considering the energetic effects of the 
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solvent environment and the receptor flexibility, RosettaLigand47, 48 was applied to 

generate accurate molecular docking models of C3001a to the TREK-1 channel. The 

docking was processed as described previously5. The yielded 1000 docking models were 

sorted by total score of ligand-protein complex. The select_best_unique_ligand_poses 

application was adopted to cluster the ligand poses by setting RMSD cutoff of 3 Å. 

Missing atoms and loops of crystal structure of TREK-1 (PDB code 6CQ8) were built 

and refined by Discovery Studio 3.0. Modeller was used to create homology models of 

wild-type TRAAK and several mutants of TREK-1, including F149A, T156A, I158A, F160A, 

Y285A, W290A and I293A. In silico alanine scan were conducted by individually changing 

residue to alanine without otherwise changing the conformation of protein or ligands in 

Rosetta. To explore the distribution of binding interactions between compounds and 

TREK-1 or TREK-1 mutants, the average energy of the top 10 models with the lowest 

binding energies (interface score) was calculated. To quantitatively analyze the results, 

the binding energy was decomposed as mainly VDW and H-Bond energy. Further, these 

energies were mapped on per residue by Rosetta’s residue_energy_breakdown utility. 

Page 38 of 61

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Chemicals. For electrophysiology, stock solutions of C3001a and its derivatives (10 mM) 

were prepared in dimethyl sulfoxide (DMSO, Sigma, US) and diluted in the extracellular 

solution to the final concentration before use. MTSET (BOC Sciences, US) was made as 

stock solution (0.5 M) in DMSO and stored in aliquots at -20 °C. Aliquots were diluted in 

external solution to a final concentration of 1 mM within 120 s of being applied to cells. 

For animal studies, C3001a and its derivatives were dissolved in 5% DMSO, 5% Tween 

80 and 90% saline. The solvents were used as vehicle controls. 

Electrophysiology. Whole-cell recordings of ion channels were performed with a 

MultiClamp 700B amplifier (Molecular Devices) at room temperature. The current signals 

were filtered at 2 kHz and digitized at 10 kHz. The pipettes for whole-cell recordings were 

pulled from borosilicate glass capillaries by using a Flaming-Brown horizontal puller 

(Model P1000, Sutter Instruments) and had a resistance of 3-7 MΩ. For recordings of K+ 

channels, the standard pipette solution contained (in mM) 140 KCl, 3 MgCl2, 5 EGTA, 0.5 

CaCl2, and 10 HEPES (pH 7.4, adjusted with KOH), and the external solution contained 

(in mM) 145 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, and 10 HEPES and 10 glucose (pH 7.3, 

adjusted with NaOH). To measure the current-voltage relationships (I-V curves) of K+ 
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channels, HEK-293T cells were held at -60 mV with a ramp from -120 mV to +60 mV 

applied for 500 ms and then the cell was repolarized back to -60 mV.

For single channel recordings of TREK-1 channels, HEK-293T cells were transfected 

with human TREK-1 in the pEGFP-N1 vector. The pipettes had resistances of 7-15 MΩ. 

The standard pipette and bath solution contained (in mM): 140 KCl, 10 HEPES and 2 

EGTA (pH 7.3, adjusted with KOH). During acquisition the single-channel currents were 

low-pass filtered at 2 kHz and sampled at 10 kHz. Recordings lasting at least 50 s were 

subject to further analysis to ensure enough events detected. A threshold at half the open 

channel current amplitude of the major conductance state was set to detect the single 

channel events. No junction potential correction was done. All the events in the selected 

section were detected automatically using Clampfit 10 (Molecular Devices) followed by 

manual inspection. The amplitude histograms were fitted with Gaussian distributions with 

a bin width of 0.1 pA. TREK-1 channel activity in an outside-out patch was expressed 

quantitatively as NPO (N is the number of channels in the patch, and PO is the probability 

of a channel being open). The single channel conductance of TREK-1 channel was 
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calculated using the ratio of current amplitude of the first open state to voltage at -60 mV 

or +60 mV.

Acutely dissociated DRG neuron preparation and electrophysiology. Five to six-week-

old male Sprague-Dawley rats were euthanized with a lethal dose of pentobarbital 

intraperitoneally. The DRGs were collected in a 35-mm tissue culture dish. They were 

digested in 0.3% collagenase (Sigma, US) for 20 min at 37 °C, followed by 1% trypsin 

(Gibco, US) for another 30 min, and the enzymatic treatment were terminated with fetal 

bovine serum (Gibco, US). After titurating by pipetting up and down, the DRG neurons 

were cultured in neurobasal growth medium containing 2% B27 (Gibco, US) supplement 

for 2-4 h. The bath solution contained (in mM) 140 NaCl, 3 KCl, 1.3 MgCl2, 10 HEPES, 

2.4 CaCl2, and 10 glucose (pH 7.3, adjusted with NaOH). The pipette solution contained 

(in mM) 135 KCl, 10 HEPES, 5 EGTA, 10 NaCl, and 4 Mg-ATP (pH 7.4, adjusted with 

KOH). Under voltage-clamp recording mode, cells were clamped at -60 mV, and series 

resistance (<15 MΩ) was compensated by 85%. To minimize voltage-gated K+ currents, 

the membrane potential was depolarized from a holding potential of -60 mV to -20 mV for 

1 s and subsequently hyperpolarized to -120 mV within 1 s. Under current-clamp 
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recording mode, cells were held at 0 pA, and the firing threshold was first measured by a 

series of 100-ms depolarizing current injections in 10-pA incremental steps from 0 pA to 

elicit the first action potential. To further examine the firing properties of the DRG neurons, 

a large depolarizing current (500 ms, 2.5-fold action potential threshold) was delivered to 

elicit the cell generating sufficient firing. Whole-cell recordings were performed with 

hardware settings similar to those described for electrophysiology in HEK-293T cells.

Animals. All procedures were performed on male BALB/c or C57BL/6 mice and 

Sprague-Dawley rats in the study. 6-8 weeks aged BALB/c or C57BL/6 mice were used 

for behavioral tests. 5-6 weeks aged rats were used for DRG neuron electrophysiology. 

Animals were housed in a temperature-controlled environment on a 12 h light-dark cycle 

with food and water ad libitum. All experiments with mice and rats were approved by the 

Animal Research Committee at the West China Hospital of Sichuan University 

(PROTOCOL No.72018175A) and the Animal Research Committee of East China Normal 

University (PROTOCOL No. m20190329).

Tail immersion. Mice were acclimated in a holder with its tail protruding and moving 

freely 15 min for 3 days. The terminal 3 cm of the tail was immersed in water at 5 °C, 
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20 °C, 40 °C, 46 °C, and 52 °C. The latency (in seconds (s)) of tail flick time was 

determined by a jerk of the tail. A cut-off time of 15 s was imposed to minimize tissue 

injury.

Acute pancreatitis mouse model. Acute pancreatitis was induced by 7 intraperitoneal 

injections of cerulein (Tocris; Minneapolis, MN, US) with 50 μg/kg at hourly interval, while 

control mice received PBS injections as previously described49. Cerulein was dissolved 

in ice cold PBS. Dissolved C3001a and vehicle were injected at 2, 4, 6, 8, 10 h after the 

first injection of cerulein. Von Frey test was begun at 0.5 h after the last injection of 

cerulein. Mice were humanly sacrificed 12 h after the first cerulein/PBS injection. 

Pancreatic tissue was promptly harvested, then divided for measurement of MPO activity, 

histopathology, and RNAscope.

Pancreatic MPO activity assay and histopathology scoring were performed as 

previously described50. Specifically, histolopathological assessment of pancreatic 

damage was performed after H&E staining of fixed pancreatic slices (5 mm thickness), 

10 random fields per slide from all animal groups were graded by two independent, 
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blinded observers according to extent of edema, inflammatory cell infiltration and acinar 

necrosis.

Chronic inflammatory pain model. Complete Freund’s Adjuvant (CFA) (Sigma, US) was 

injected subcutaneously (20 μl) into the left hindpaw to induce chronic inflammation pain 

in mice. After injection, the syringe was kept for at least 30 s to avoid overflow.

Hargreaves test. The CFA-induced inflammatory mice were acclimated in Plexiglas 

chambers with a glass floor for 3 days. A radiant heat source (Ugo-Basile, Italy) was 

aimed at the plantar surface of the left hindpaw through a glass surface. The stimulus 

intensity was set to produce an approximate latency of 10 s at baseline, and a cut-off 

value was set at 20 s to avoid unexpected damage. The withdrawal latency was recorded 

per mouse with a 5 min inter-stimulation period.

von Frey test. The mice were individually placed in an elevated transparent cage (20 × 

20 × 14 cm) with a wire mesh floor (0.5 × 0.5 cm) to acclimate to the environment for 3 

days before testing. The mechanical paw withdrawal threshold was assessed using von 

Frey filaments (Ugo-Basile, Italy) with an ascending order. The tip of the filament was 

perpendicularly targeted to the region, and sufficient stimulation was maintained for 1 s. 
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Rapid paw withdrawal or flinching was considered a positive response, and the bending 

force for which at least 60% of the application elicited a positive response was recorded 

as the mechanical paw withdrawal threshold.

Spared nerve injury model. Mice were anesthetized with 75 mg/kg pentobarbital 

intraperitoneally. After shaving and disinfection with povidone iodide and 75% ethanol, a 

minimal skin incision was made on the lateral left mid-thigh to expose the sciatic nerve 

and its three terminal branches by separating the muscle layers. The tibial and common 

peroneal nerves were tightly ligated with 5.0 silk threads, and a 1-2 mm of each nerve 

distal to the ligation was cut and removed. The sural nerve was restrictively preserved to 

avoid any harmful injury. The muscle layer and skin were closed after surgery, and the 

animals were transferred to a warm pad to recover from anesthesia.

Spontaneous pain test. After 3 days of acclimation, the SNI mice were individually 

placed in an elevated transparent cage (20 × 20 × 14 cm) with a wire mesh floor (0.5 × 

0.5 cm). A 5 min duration was videotaped by an action camera (SONY, HDR-AS50) for 

each mouse, and the number of left hindpaw flinches was calculated by a blind 

experimenter.
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Cold plantar test. Mice were acclimated on the glass plate of 6 mm depth for 3 

consecutive days. A 5 ml syringe packed with powdered dry ice was used as the cold 

probe. The center of the left hindpaw of SNI mice was targeted. The withdrawal latency, 

defined as any action to move the paw vertically or horizontally away from the glass plate, 

was measured with a stopwatch. A cutoff time of 30 s was used to avoid potential tissue 

damage.

Pharmacokinetics study. Pharmacokinetics of C3001a was analyzed in BALB/c mice (n 

= 6). Plasma and brain concentrations were determined using LC-MS/MS methods after 

a single intraperitoneal injection dose (i.p. 5 mg/kg) of compound as a clear solution in 5% 

DMSO + 5% Tween80 + 90% saline at a concentration of 0.5 mg/ml. Blood samples were 

collected into heparinized test tubes at each time point (0.083 h, 0.25 h, 0.5 h, 1.0 h, 2.0 

h, 4.0 h, and 8.0 h) and centrifuged at 2,000 g for 15 minutes to generate plasma samples. 

Brains were collected after myocardial perfusion with normal saline and homogenated 

with brain: normal saline (1:2, W/V) to generate brain samples. LC-MS/MS methods to 

quantify C3001a in plasma and brain samples were developed. Plasma and brain 

samples were extracted with ACN, mixed and centrifuged. The supernatants were 

Page 46 of 61

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



transferred into injection vials. The samples were analyzed with a Shimadzu HPLC 

system coupled with a 4000 Qtrap mass spectrometer (AB SCIEX), which was equipped 

with an Applied Biosystems electrospray ionization (ESI) source and operated with 

Analyst 1.6.3 (AB SCIEX). The column used was an Agela Venusil XBP C18 50 × 2.1 

mm, 5 micron column. The mobile phase consisted of A: 5 mM NH4OAc with 0.1% formic 

acid in water, and B: MeOH. Standard curves were prepared by spiking compounds into 

control plasma and brain and these were used to determine drug concentrations. 

Pharmacokinetic parameters including area under the curve (AUC), Tmax, Cmax, and T1/2 

were calculated via non-compartmental analysis (NCA) using Phoenix WinNolin version 

6.4 with mean concentration at each time point.

RNAscope in situ hybridization. The hybridization assay was performed as described in 

the previous study5 . The sequences of the target probes, preamplifier, amplifier and label 

probes are proprietary and commercially available (Advanced Cell Diagnostics, US). The 

in situ probes included TREK-1 (Kcnk2 (Cat#440421)), TREK-2 (Kcnk10 (Cat#535391)). 

Fluorescence images were taken using a NIKON A1R+ two-photon confocal scanning 

microscope and were analyzed using ImageJ software.
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Figure S1. Inside-out recordings of TREK-1 with 10 M C3001a application.

Figure S2. Representative current traces for several K2P channels in response to 10 M C3001a.

Figure S3. Pocket analysis of TREK channel crystal structures.

Figure S4. Possible binding models based on RosettaLigand docking and their validation.

Figure S5. No inhibitory effects of C3001a on a portion of DRG neurons.

Figure S6. Data for nociception and AP associated with Figure 6.

Table S1. Pharmacokinetic profile of C3001a in plasma and brain following a single 

intraperitoneal administration to male mice.

Table S2. List of molecular formula strings
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Data S1. The binding model of C3001a/TREK-1 complex based on the TREK-1 structure with 

PDB code of 6CQ8.

Data S2. Homology model of the TRAAK channel based on the TREK-1 structure with PDB code 

of 6CQ8.

Data S3. Homology model of C3001a/TRAAK complex based on the TREK-1 structure with PDB 

code of 6CQ8.

Accession codes

The binding model of C3001a/TREK-1 complex, homology model of the TRAAK channel and 

homology model of C3001a/TRAAK complex were built on the basis of the TREK-1 crystal 

structure with PDB code of 6CQ8. Authors will release the atomic coordinates upon article 

publication.
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ABBREVIATIONS

TREK, TWIK-related K+ channel; TRAAK, TWIK-related arachidonic acid-stimulated K+ 

channel; K2P, two-pore domain K+ channels; AP, acute pancreatitis; TASK-3, TWIK-related acid-

sensitive K+ 3; TM, transmembrane segment; SP, substance P; IB4+, isolectin 4-positive; TRPV1, 

transient receptor potential cation channel subfamily V member 1; TRPA1, transient receptor 

potential ankyrin 1; RMP, resting membrane potential; OR, -opioid receptor; TRESK, TWIK-

related spinal cord K+ channel; THIK-1, tandem pore domain halothane-inhibited K+ channel 1; 

VDW, van der Waals; R.E.U., Rosetta Energy Unit; MTSET, N,N,N-trimethyl-2-

[(methylsulfonyl)thio]-ethanaminium, monochloride; DRG, dorsal root ganglion; i.p., 

intraperitoneal; SNI, spared nerve injury; DIPEA, N,N-Diisopropylethylamine; HATU, 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-Oxide 

Hexafluorophosphate; MPO, myeloperoxidase; CFA, Complete Freund’s Adjuvant.
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