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Abstract: Analgesic and anti-inflammatory properties mediated by the κ opioid receptor (KOR)
have been reported for oxadiazole imidazodiazepines. Affinities determined by radioligand
competition assays of more than seventy imidazodiazepines using cell homogenates from HEK293
cells that overexpress KOR, µ opioid receptor (MOR), and δ opioid receptor (DOR) are presented.
Affinities to synaptic, benzodiazepine-sensitive receptors (BZR) were determined with rat brain extract.
The highest affinity for KOR was recorded for GL-I-30 (Ki of 27 nM) and G-protein recruitment
was observed with an EC50 of 32 nM. Affinities for MOR and DOR were weak for all compounds.
Ester and amide imidazodiazepines were among the most active KOR ligands but also competed
with 3H-flunitrazepam for brain extract binding, which is mediated predominately by gamma
aminobutyric acid type A receptors (GABAAR) of the α1-3β2-3γ1-2 subtypes. Imidazodiazepines
with carboxylic acid and primary amide groups did not bind KOR but interacted strongly with
GABAARs. Pyridine substitution reduced KOR affinity. Oxadiazole imidazodiazepines exhibited
good KOR binding and interacted weakly with BZR, whereas oxazole imidazodiazepines were
more selective towards BZR. Compounds that lack the imidazole moiety, the pendent phenyl,
or pyridine substitutions exhibited insignificant KOR affinities. It can be concluded that a subset of
imidazodiazepines represents novel KOR ligands with high selectivity among opioid receptors.

Keywords: opioid receptor; imidazodiazepine; GABAA receptor

1. Introduction

The κ opioid receptor (KOR) belongs to a class of opioid receptors that include the µ and δ opioid
receptor (MOR and DOR) and nociception opioid receptor (NOP) [1]. Drug candidates targeting this G
protein-coupled receptor (GPCR) have been developed for neuropsychiatric disorders [2] and pain [3,4].
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The concept of biased agonism [5] that distinguishes between GPCR activation and β-arrestin mediated
signaling pathways has shown promise in the development of KOR-based analgesics with fewer side
effects [6,7]. This is important for the development of new treatments for neuropathic pain (NP),
which occurs in about 7% of the US population [8]. NP can arise without overt stimulation of peripheral
sensory neurons and is usually associated with other diseases such as diabetic neuropathy, infections,
and cancer chemotherapies [9].

We introduced imidazodiazepine GL-IV-03 as a new drug candidate for NP, which alleviated the
agitation response in both phases of the formalin nociception test without inducing impairment of
sensorimotor coordination [10]. GL-IV-03 interacted selectively with KOR and reduced the production
of nitric oxide (NO) by activated microglia. The anti-inflammatory response was reversed in the
presence of KOR antagonist norbinaltorphimine. Microglia have been implicated in the maintenance
of NP by transiting from resting (ramified) to an activated, amoeboid morphology [11] followed by
the secretion of pro-inflammatory molecules including NO [12,13]. Microglia affected dorsal horn
astrocytes and acted synergistically to incite and maintain NP [11]. The role of NO in pain has been
demonstrated by injection of NO [14,15].

In support of our therapeutic pain research, a large library of imidazodiazepines has been screened
in collaboration with the National Institute of Mental Health’s Psychoactive Drug Screening Program
to identify high-affinity KOR ligands. Here, we present affinities of these compounds at the KOR,
MOR and DOR and the brain benzodiazepine binding site, discuss their structure-activity relationships,
and formulate a KOR binding model for imidazodiazepine GL-I-30.

2. Results

Ligand affinities were determined for KOR, DOR, and MOR using radioligand binding assays at
a screening concentration of 10,000 nM [16]. For these assays, cell homogenates from HEK293
cells that overexpressed KOR, MOR, and DOR were used in combination with [3H]-U69593,
[3H]-DAMGO, and [3H]-DADLE, respectively. Compounds that exceeded more than 50% radioligand
displacement were investigated further in concentration-dependent experiments to determine Ki

values. Gamma aminobutyric acid type A receptor (GABAAR) binding was determined with rat brain
homogenate and 3H-flunitrazepam. Flunitrazepam binds to GABAAR subtypes that consists of two
α and two β subunits and one γ or δ subunit [17]. Strong affinities to α1-3,5,6β1-3γ1-y/δ GABAARs
have been reported for flunitrazepam [17–20]. The extrasynaptic GABAAR subtype expression in the
brain includes 43% α1β2γ2, 15% α2β3γ2 + 8% α2βγ1, 10% α3β3γ2, 6% α4βγ/δ, 4% α5β3γ2, and 4%
α6β2γ2/δ [21]. Therefore, compounds with high affinity toward the synaptic benzodiazepine-sensitive
receptors (BZR) predominately bind α1-3β2-3γ1-2 GABAARs. Alternatively, compounds with weak BZR
binding might be selective for α4-6βγ/δ GABAARs. Detailed GABAAR subtype binding for several
imidazodiazepines, as well as in vivo evaluations, can be found in the publications cited.

Some imidazodiazepines that were developed originally as anxiolytic drug candidates with weak
affinity toα1β2γ2 and good affinity toα2,3,5β3γ2 GABAARs exhibited surprisingly strong KOR affinities.
Table 1 summarizes carboxylic acid derivatives of chiral and achiral imidazodiazepines bearing a
2’-fluorophenyl ring.
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Table 1. Opioid and benzodiazepine receptor binding of 2′-fluorophenyl substituted imidazodiazepines.
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Entry Compound R1 R2 R3 CH3 KOR % 1 MOR % 1 DOR % 1 BZR % 1 KOR
(Ki, nM)

BZR
(Ki, nM)

1 GL-I-30 HC≡C t-BuO (S) 95 54 7 96 27 177

2 GL-I-33 HC≡C t-PenO (S) 94 30 25 96 34 117

3 GL-I-41 HC≡C t-Bu(H)N (S) 97 40 10 90 39 140

4 GL-I-78 c-Pr EtO (S) 96 32 41 76 48 352

5 SH-I-048B Br EtO (S) 95 0 0 61 63 96

6 GL-I-32 HC≡C PrO (S) 95 9 14 98 64 148

7 GL-I-31 HC≡C i-PrO (S) 94 32 8 97 65 245

8 GL-I-38 HC≡C c-PrO (S) 95 18 16 96 68 127

9 SH-I-047 Br EtO (R) 82 16 0 84 86 238

10 SH-053-2′F-S-CH3 HC≡C EtO (S) 93 7 36 92 90 111

11 GL-I-43 HC≡C Et(H)N (S) 95 22 3 94 102 44

12 MP-III-023 HC≡C Me(H)N (S) 91 0 16 97 119 37

13 MP-III-021 HC≡C MeO (S) 93 0 22 88 122 219

14 GL-I-77 HC≡C EtS (S) 95 41 4 92 125 124

15 GL-I-55 HC≡C c-Pr(H)N (S) 93 17 24 95 150 20

16 GL-III-68 c-Pr Et(H)N (R) 88 0 10 100 150 452

17 GL-III-42 c-Pr EtO (R) 86 0 13 62 174 726

18 GL-II-74 HC≡C Et(H)N (R) 86 10 0 84 194 68

19 GL-III-66 HC≡C i-Pr(H)N (R) 63 0 0 88 233 271

20 MP-III-058 Br MeO (R) 84 0 4 86 237 290

21 SH-053-2′F-R-CH3 HC≡C EtO (R) 89 28 32 85 240 379

22 GL-II-75 HC≡C c-Pr(H)N (R) 81 0 3 85 278 93

23 GL-II-76 HC≡C Pyrrolidine (R) 80 0 0 43 371 - 2

24 MP-III-022 HC≡C Me(H)N (R) 80 3 22 95 381 83

25 GL-I-36 HC≡C F3CCH2O (S) 85 8 0 77 411 418

26 GL-III-69 Br Me2N (R) 75 0 10 100 511 446

27 MP-II-075 HC≡C BzO H 84 0 16 98 547 21

28 MP-III-004 HC≡C MeO (R) 76 0 24 78 599 445

29 GL-I-54 HC≡C Me2N (S) 78 18 11 94 788 90

30 GL-III-70 c-Pr Me2N (R) 68 0 50 100 800 3395

31 GL-II-73 HC≡C Me2N (R) 58 6 0 75 1189 506

32 MP-III-019.B HC≡C H2N (R) 62 2 0 94 1534 54

33 MP-III-018.B HC≡C H2N (S) 51 2 10 97 2782 17

34 GL-III-54 Cl HO (R) 22 0 0 100 - 2 42

35 SH-053-2′F-S-CH3-Acid HC≡C HO (S) 20 0 18 93 - 2 29

36 SH-053-2′F-R-CH3-Acid HC≡C HO (R) 16 0 0 93 - 2 37

37 GL-II-93 Br HO (R) 0 0 0 73 - 2 86

1 Percent inhibition at 10,000 nM; 2 dose response was carried out only for compounds with an inhibition of >50%.

The imidazodiazepine with the highest measured KOR affinity was GL-I-30 (Ki = 27 nM) (Table 1,
entry 1). Interestingly, it was the only ligand in the series that also exhibited an appreciable affinity
for MOR (Ki = 1850 nM). Overall, compounds with a (S) methyl configuration were superior ligands
for KOR. The affinity difference between (R) and (S) ligands ranged between 1.3 and 4.9-fold (Table 1,
entries 5 vs. 9 and 13 vs. 28). Four different R1 substituents were explored. For entries 4, 5, and 10,
we found that cyclopropyl was superior to bromo and acetylene. Other examples supporting this SAR
were entries 20 vs. 28 and 26 vs. 29. For R2 (esters, thioesters and amides) we observed that a large
hydrophobic group like t-butyl was a better fit for KOR’s binding pocket than smaller substituents
such as propyl, ethyl, or methyl (Table 1, entries 1, 6, 10, and 13). The KOR affinity difference between
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t-butyl and methyl ester was 4.5-fold. Interestingly, the change from an ethyl to a trifluoroethyl ester
reduced KOR affinity by 4.5-fold (Table 1, entries 10 vs. 25). A similar trend was observed for amides.
The change from a t-butyl to methyl amide reduced KOR binding by 3.1-fold (Table 1, entries 3 vs. 12).
The thioester GL-I-77 exhibited KOR affinity similar to the corresponding ester (Table 1, entries 10
vs. 14). N,N′-Dimethyl amides were poor KOR ligands. The change from an N-methyl amide to
N,N′-dimethyl amide reduced KOR affinity by 6.6-fold (Table 1, entries 12 vs. 29). Non-substituted
amides as well as carboxylic acid ligands exhibited very low KOR affinities. No KOR affinity was
observed for GL-II-93 (MIDD0301) (Table 1, entry 37). Interestingly, the BZR affinity for non-substituted
amide and carboxylic acid imidazodiazepines was below 100 nM (Table 1, entries 32–37). The R1

cyclopropyl group that improved KOR affinity significantly reduced BZR affinity in comparison to
a bromo substituent (Table 1, entries 4 vs. 5, 9 vs. 17 and 26 vs. 30). Similar to KOR, (S) methyl
imidazodiazepines showed better BZR affinities than (R) isomers. In some cases the affinity difference
was 5.6-fold (Table 1, entries 29 vs. 31).

For the same scaffold, the pendent aromatic ring had a significant impact on KOR binding.
The binding of ligands with a 2′-pyridine substituent are summarized in Table 2.

Table 2. Opioid and benzodiazepine receptor binding of 2′-pyridine substituted imidazodiazepines.
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Entry Name R1 R2 R3 CH3 KOR 1 % MOR 1 % DOR 1 % BZR 1 %
KOR

(Ki, nM)
BZR

(Ki, nM)

1 MP-II-068 HC≡C iPrO H 85 0 34 97 550 42
2 GL-II-06 Br EtO (R) 79 11 9 81 401 556
3 Hz-166 HC≡C EtO H 60 6 49 n.d. 3821 n.d.
4 GL-II-19 HC≡C EtO (R) 44 17 2 71 - 2 1143
5 MP-III-024 HC≡C MeO H 43 0 24 81 - 2 277
6 GL-II-32 HC≡C MeO (R) 35 32 0 63 - 2 1427
7 GL-II-31 HC≡C MeHN (R) 23 17 3 72 - 2 1697
8 GL-II-51 Br HO (R) 11 0 0 84 - 2 181
9 SR-II-54 HC≡C HO H 9 8 1 80 - 2 69

10 GL-II-30 HC≡C HO (R) 0 20 4 65 - 2 431
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n.d. = not determined.

Compounds with a 2′-pyridine substituent exhibited a lower KOR affinity than those bearing a
2′-fluorophenyl substituent. The difference ranged between 2-4.7-fold (Table 2, entry 2 vs. Table 1,
entry 9). Similar to compounds in Table 1, ligands with larger hydrophobic groups were more potent
(e.g., ethyl ester GL-II-19 vs. methyl ester GL-II-32) (Table 2, entry 4 vs. 6). Carboxylic acid ligands
showed weak KOR affinity (Table 2, entries 8–10). Interestingly, achiral imidazodiazepines, such as
HZ-166 and MP-III-024, exhibited slightly stronger affinities to KOR than their chiral counterparts
with (R) configurations (Table 2, entries 3 vs. 4 and 5 vs. 6). For substitutions at R1, compounds
with a bromo function were more active than those with an acetylene group (Table 2, entries 2 vs.
4 and 8 vs. 10). In contrast, 2′-pyridine bearing ligands exhibited good to excellent BZR binding.
Achiral ligands MP-II-68 and SR-II-54 (Table 2, entries 1 and 9) were especially active. Also in this
series, carboxylic acid derivatives were good BZR ligands (Table 2, entries 8–10).

Ester and amide bioisosteres were investigated next. The binding for a series of oxadiazoles is
summarized in Table 3.
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Table 3. Opioid and benzodiazepine receptor binding of imidazodiazepine oxadiazoles.
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1 Percent inhibition at 10,000 nM, 2 dose response was carried out only for compounds with an inhibition of >50%,
n.d. = not determined.

The imidazodiazepine with the strongest KOR affinity in this series was GL-I-81 (Table 3,
entry 1). It was the only ligand in this series that exhibited appreciable MOR affinity (Ki = 2920 nM).
Interestingly, imidazodiazepine oxadiazoles exhibited SAR similar to imidazodiazepine esters and
amides. 2′-Fluorophenyl substituted compounds showed better KOR affinities than corresponding
2′-pyridine ligands (Table 3, entries 9 vs. 10). Isopropyl substituted oxadiazoles were more active
than the corresponding ethyl or methyl substituted imidazodiazepine oxadiazoles (Table 3, entries 1,
3 and 4). No significant difference in KOR affinity was found between the methyl and ethyl substitution
(Table 3, entries 3 vs. 4 and 11 vs.12). Compounds with a (S) methyl configuration exhibited better KOR
affinities than the corresponding (R) ligands (Table 3, entries 1 vs. 2 and 4 vs. 7). For R1 substitution,
bromo was superior to acetylene and cyclopropyl (Table 3, entries 6, 7, and 9). All oxadiazoles exhibited
better affinities towards KOR than BZR, except achiral ligands with a 2′-pyridine substituent (Table 3,
entries 11 and 12).

Next oxazole imidazodiazepines were explored. Their binding is summarized in Table 4.
Imidazodiazepine oxazoles with a bromo substituent in the R1 position were superior KOR ligands

in comparison to those bearing an acetylene group (Table 4, entries 1 vs. 4, 2 vs. 7, 3 vs. 6, 5 vs. 9, 8 vs.
11, 12 vs. 13 and 14 vs. 15). Ligands with a methyl substituted oxazole were less active than those with
a non-substituted oxazole (Table 4, entries 1 vs. 5, 8 vs. 9, 4 vs. 10, 12 vs. 14, and 13 vs. 15). Also,
similar to all other scaffolds, compounds with a 2′-fluorophenyl group exhibited greater KOR affinities
than those with phenyl or 2′-pyridine substitutions (Table 4, entries 1, 8 and 12, and entries 5, 9 and 14).
Achiral oxazole ligands exhibited better affinities toward KOR than chiral ligands (Table 4, entries 1
vs. 2 and 4 vs. 6). The configuration of the R3 methyl group did not significantly influence KOR
binding (Table 4, entries 2 vs. 3 and 6 vs. 7). Achiral oxazoles exhibited better BZR affinities than chiral
oxazoles, especially those bearing phenyl or 2′-fluorophenyl substitutions. Chiral imidazodiazepine
oxazoles with a (S) configuration were better ligands for BZR than their corresponding (R) isomers
(Table 4, entries 2 vs. 3 and 6 vs. 7). Imidazodiazepines with a methyl substituted oxazole exhibited
slightly lower BZR affinities than those without. Finally, 2′-pyridine substitution resulted in lower
BZR affinities for imidazodiazepine oxazoles.

Other related benzodiazepines have been investigated for KOR affinity but did not exhibit
significant KOR activity at 10,000 nM (Figure 1, compounds 1 and 2).
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Table 4. Opioid and benzodiazepine receptor binding of imidazodiazepine oxazoles.
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Entry Name R1 R2 R3 X KOR 1 % MOR 1 % DOR 1 % BZR 1 %
KOR

(Ki, nM)
BZR

(Ki, nM)

1 SH-I-85 Br H H C-F 91 16 33 99 162 11
2 GL-III-76 Br H (S) C-F 83 3 0 100 221 120
3 GL-III-36 Br H (R) C-F 88 0 12 86 246 319
4 KRM-II-18B HC≡C H H C-F 89 11 20 97 361 38
5 KRM-III-59 Br Me H C-F 73 0 11 96 408 20
6 GL-III-73 HC≡C H (R) C-F 74 12 4 65 449 602
7 GL-III-78 HC≡C H (S) C-F 74 10 9 101 451 261
8 KRM-II-73 Br H H C-H 83 11 32 97 736 45
9 KRM-III-66 Br Me H C-H 67 12 11 86 756 49

10 KRM-III-65 HC≡C Me H C-F 64 0 16 96 879 45
11 KRM-II-82 HC≡C H H C-H 78 5 20 95 1203 96
12 KRM-II-97 Br H H N 62 18 8 93 1959 140
13 KRM-III-67 HC≡C H H N 48 30 3 71 - 2 144
14 KRM-II-81 Br Me H N 46 7 15 86 - 2 294
15 KRM-III-79 HC≡C Me H N 9 32 1 81 - 2 308

1 Percent inhibition at 10,000 nM, 2 dose response was carried out only for compounds with an inhibition of >50%.

Molecules 2020, 25, x FOR PEER REVIEW 6 of 12 

 

9 KRM-III-66 Br Me H C-H 67 12 11 86 756 49 

10 KRM-III-65 HC≡C Me H C-F 64 0 16 96 879 45 

11 KRM-II-82 HC≡C H H C-H 78 5 20 95 1203 96 

12 KRM-II-97 Br H H N 62 18 8 93 1959 140 

13 KRM-III-67 HC≡C H H N 48 30 3 71 - 2 144 

14 KRM-II-81 Br Me H N 46 7 15 86 - 2 294 

15 KRM-III-79 HC≡C Me H N 9 32 1 81 - 2 308 

1 Percent inhibition at 10,000 nM, 2 dose response was carried out only for compounds with an 

inhibition of >50%. 

Imidazodiazepine oxazoles with a bromo substituent in the R1 position were superior KOR 

ligands in comparison to those bearing an acetylene group (Table 4, entries 1 vs. 4, 2 vs. 7, 3 vs. 6, 5 

vs. 9, 8 vs. 11, 12 vs. 13 and 14 vs. 15). Ligands with a methyl substituted oxazole were less active than 

those with a non-substituted oxazole (Table 4, entries 1 vs. 5, 8 vs. 9, 4 vs. 10, 12 vs. 14, and 13 vs. 15). 

Also, similar to all other scaffolds, compounds with a 2′-fluorophenyl group exhibited greater KOR 

affinities than those with phenyl or 2′-pyridine substitutions (Table 4, entries 1, 8 and 12, and entries 

5, 9 and 14). Achiral oxazole ligands exhibited better affinities toward KOR than chiral ligands (Table 

4, entries 1 vs. 2 and 4 vs. 6). The configuration of the R3 methyl group did not significantly influence 

KOR binding (Table 4, entries 2 vs. 3 and 6 vs. 7). Achiral oxazoles exhibited better BZR affinities than 

chiral oxazoles, especially those bearing phenyl or 2′-fluorophenyl substitutions. Chiral 

imidazodiazepine oxazoles with a (S) configuration were better ligands for BZR than their 

corresponding (R) isomers (Table 4, entries 2 vs. 3 and 6 vs. 7). Imidazodiazepines with a methyl 

substituted oxazole exhibited slightly lower BZR affinities than those without. Finally, 2′-pyridine 

substitution resulted in lower BZR affinities for imidazodiazepine oxazoles. 

Other related benzodiazepines have been investigated for KOR affinity but did not exhibit 

significant KOR activity at 10,000 nM (Figure 1, compounds 1 and 2). 

 

Figure 1. Benzodiazepine compound series and opioid receptor agonist MP1104. 

A series of compounds that lack a pendent phenyl ring and exhibit selective α4β3γ2 GABAAR 

binding was described as potential new treatments for asthma (Figure 1, 1) [22–24]. Among a series 

of more than thirty compounds, none exhibited significant KOR affinity. Benzodiazepines lacking 

the imidazole moiety such as 2 [25] did not show any significant KOR affinity either. 

To demonstrate that GL-I-30 is a full KOR agonist, a BRET recruitment assay was employed.[26] 

GL-I-30 induced the recruitment of GαoA protein to KOR with an EC50 of 32.3 nM (Figure 2). The 

efficacy was 100% in comparison to full agonist salvinorin A. 

To correlate the SAR of imidazodiazepines with available structural information about KOR, we 

used the recently reported active-state KOR structure [27]. The majority of high affinity KOR ligands 

have a basic nitrogen that enables hydrogen bonding with Asp138. MP1104 (Figure 1) was used for 

the crystallization of the active-state KOR structure due to its superior ability to promote the 

recruitment of nanobody NB39 to KOR. GL-I-30 was docked into the binding pocket resulting in two 

possible docking poses (Figure 3A,C). 

Figure 1. Benzodiazepine compound series and opioid receptor agonist MP1104.

A series of compounds that lack a pendent phenyl ring and exhibit selective α4β3γ2 GABAAR
binding was described as potential new treatments for asthma (Figure 1, 1) [22–24]. Among a series of
more than thirty compounds, none exhibited significant KOR affinity. Benzodiazepines lacking the
imidazole moiety such as 2 [25] did not show any significant KOR affinity either.

To demonstrate that GL-I-30 is a full KOR agonist, a BRET recruitment assay was employed [26].
GL-I-30 induced the recruitment of GαoA protein to KOR with an EC50 of 32.3 nM (Figure 2).

The efficacy was 100% in comparison to full agonist salvinorin A.
To correlate the SAR of imidazodiazepines with available structural information about KOR,

we used the recently reported active-state KOR structure [27]. The majority of high affinity KOR
ligands have a basic nitrogen that enables hydrogen bonding with Asp138. MP1104 (Figure 1) was
used for the crystallization of the active-state KOR structure due to its superior ability to promote the
recruitment of nanobody NB39 to KOR. GL-I-30 was docked into the binding pocket resulting in two
possible docking poses (Figure 3A,C).
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Non-linear regression was used to determined EC50 values. Data n = 24 is depicted as mean and SEM.
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Figure 3. Compound docking poses with KOR [PDB ID 6B73] [27]. (A) Best docking pose for GL-I-30,
(B) recreated docking pose for U50,488, (C) second best docking pose for GL-I-30, (D) best docking
pose for MP-II-068.
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Like MP1104, GL-I-30 was able to form a salt-bridge with Asp138 for the best docking pose
(Figure 3A). The calculated imine pKa of GL-I-30 (7.2) is highly dependent on the alpha substituent
(chiral methyl) and the pendent phenyl ring. The calculated imine pKa of MP-II-068 bearing a
2′-pyridine substituent is significantly lower than 6.7 and the affinity towards KOR is 4.9% of the
GL-I-30- KOR binding affinity (Table 2, entry 1). These electronic effects also resulted in an alternative
KOR docking pose for MP-II-068 in comparison to GL-I-30 (Figure 3, A vs. D).

Further stabilization by the 2′-fluorophenyl substituent of GL-I-30 through intramolecular
hydrogen bonding can occur [28], as well as interaction with Gln115 (2.79 Å), although intermolecular
H . . . F bonds are very weak (Figure 3A) [29]. Ligand interactions with Gln115 were also observed
for U50,488 [30], a highly selective KOR agonist, when docked into the MP1104 binding pocket
(Figure 3B) [27]. Many classic opioids interact with Tyr139 of KOR [31]. A possible interaction of
Tyr139 with the ether oxygen of MP1104 and salvinorin A was reported [27]. For GL-I-30, we observed
π-hydrogen bonding with Tyr139. The iodobenzamide group MP1104 filled out the same pocket as
the t-butyl ester of docked GL-I-30. Interestingly, MP1104 analogs with different benzamide groups
exhibited similar KOR affinities, supporting the fact that this pocket is highly inducible [27]. Also for
GL-I-30 analogs with different esters and amides we observed similar KOR affinities. Hydrogen bonding
between the benzamide of MP1104 and Tyr312 appeared to be mediated by water (3.6 Å). The distance
between the imidazole nitrogen of GL-I-30 and Tyr312 is 3.49 Å, enabling a similar stabilization.

A lower docking score was observed for an alternative orientation of GL-I-30 (Figure 3C). The low
affinity KOR ligand MP-II-068 assumed this orientation as the best docking pose (Figure 3D). The ester
function of both ligands occupied the hydrophobic pocket shaped by Trp287, which was occupied by
the MP1104 cyclopropylmethyl group. This residue is linked to a Pro-Ile-Phe motif, which is a central
switch for GPCR activation [32]. In this alternative pose, GL-I-30 can interact with Met142. A similar
occupancy was observed for biased agonist IBNtxA, when docked into KOR [27].

3. Discussion

Affinity data for a large library of imidazodiazepines contribute to a comprehensive SAR that
indicates similar trends of opioid receptor binding for carboxylic acid derivatives and their bioisosteres.
The greatest affinities towards KOR were imidazodiazepine esters and amides with large hydrophobic
substituents and a 2′-fluorophenyl group. Larger R1 groups such as cyclopropyl and bromo increased
KOR binding and among chiral ligands the (S) isomer was superior. KOR binding affinities of
oxadiazole and oxazole imidazodiazepines were lower than ester and amide imidazodiazepines.

The most active imidazodiazepine, GL-I-30, was confirmed as a full KOR agonist inducing the
recruiting of G-protein GαoA to KOR with an EC50 of 32 nM, correlating well with the Ki of 27 nM for
KOR affinity. The opioid receptor selectivity of GL-I-30 in comparison to MOR is 68-fold. In respect to
BZR binding a 6.5-fold selectivity was observed. Thus, the binding pocket of KOR and GABAARs
have a commonality that can be deduced from the presented data. Several ligands have equal affinities
for BZR and KOR, however, some of these ligands exhibit excellent GABAAR subtype selectivity. For
example, SH-053-2′F-S-CH3 is a selective α2,3,5β3γ2 GABAAR ligand with low efficacy for the α1β3γ2

GABAAR [33]. Thus, biochemical studies are warranted to further characterize these compounds. For
BZR binding, GABAAR subtype selectivity can be determined by electrophysiology to identify selective
α2,3,5β3γ2 GABAAR ligands with several clinical applications including pain [34,35]. For KOR agonists,
G-protein biased ligands with weak effects on β-arrestin recruitment have shown promise as analgesic
agents with reduced adverse side effects, such as sedation and dysphoria [36]. GPCR downstream
signaling such as GTP hydrolysis, β-arrestin recruitment, and cAMP inhibition have to be evaluated
for ligands of interest.

Medicinal chemistry research resulted in many high affinity GABAAR ligands with insignificant
KOR affinity. Two of them are under development as clinical candidates for epilepsy (KRM-II-81) [37]
and asthma (GL-II-93 also known as MIDD0301) [38]. In contrast, only GL-I-76 (Table 1, entry 23)
and GL-III-63 (Table 3, entry 9) have low BZR affinities and moderate affinity towards KOR with
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371 nM and 678 nM, respectively. Current research efforts are focused on designing more selective
imidazodiazepines with better KOR affinities and developing these novel anti-inflammatory agents
such as GL-IV-03 for neuropathic pain.

4. Materials and Methods

4.1. Synthesis

The synthesis of the majority of ligands in Tables 1, 2 and 4 has been described in Li et al. [39,40]
The synthesis of imidazodiazepine oxadiazoles (Table 3) has been described in Cook et al. [41,42].

4.2. Radioligand Binding Assays

Detailed protocols for the primary and secondary radioligand binding assays can be found
in the National Institute of Mental Health’s Psychoactive Drug Screening Program (NIMH PDSP)
Assay Protocol Book [43]. Briefly, primary and secondary radioligand binding assays are carried
out in a final of volume of 125 µL per well in appropriate binding buffer. The radioactive ligand
concentration is close to the Kd ([3H]-U69593 0.83 nM, [3H]-DAMGO 1.20 nM, and [3H]-DADLE
2.69 nM). Total binding and nonspecific binding are determined in the absence and presence of 10 µM
of appropriate reference compound (Naltrindole DOR, Salvinorin A KOR and DAMGO MOR). In brief,
plates are usually incubated at room temperature and in the dark for 90 min. Reactions are stopped
by vacuum filtration onto 0.3% polyethyleneimine (PEI) soaked 96-well filter mats using a 96-well
Filtermate harvester, followed by three washes with cold PBS buffer. Scintillation cocktail is then
melted onto the microwave-dried filters on a hot plate and radioactivity counted in a Microbeta counter.
The data (n = 6) were analyzed by nonlinear regression.

4.3. BRET Assay

The BRET recruitment assays were performed with HEK293T cells according to previously
reported procedures with minor modifications [26]. Briefly, the cells were co-transfected overnight
with GαoA-RLuc, Gβ3, Gγ8-GFP2 and human KOR receptor at a 1:1:1:1 ratio. The next day, cells were
seeded (~40,000 cells/well) into poly-L-Lysine coated 96-well white clear bottom cell culture plates in
DMEM containing 1% dialyzed FBS. 24 h later, the 96-well plates bottom were covered with white
backing (PerkinElmer, Waltham, MA, USA) and the culture medium was removed. Immediately,
the cells were washed with 80 µL/well of assay buffer (1×HBSS, 20 mM HEPES, 1 mg/mL BSA, pH 7.4).
Then the cells were treated with 80 µL of drugs in assay buffer for 10 min at room temperature, followed
by addition of 20 µL/well of RLuc substrate and incubated for another 10 min. Plates were read using a
Mithras LB940 reader for the RLuc Luminescence (400 nm) and GFP2 (515 nm) emission and the ratio
of GFP2/RLuc (n = 24) was analyzed by non-linear regression using GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA).

4.4. Docking

The crystal structure of KOR bound to MP1104 and an active-state-stabilizing nanobody (PDB ID
6B73) [27] was prepared for docking using the Molecular Operating Environment (MOE) structure
preparation function to repair any structural defects, adjust partial charges and protonation state,
and optimize the hydrogen bond network, hydrogen positions and solvent molecules. For the GL-I-30,
U50,488 and MP-II-068 docking, a triangle matcher placement using London dG scoring was performed
for 30 poses followed by a refinement using a rigid receptor ad GBVI/WSA dG scoring for 5 poses. The
final scorings for GL-I-30 were −8.4 kJ/mol and −8.1 kJ/mol, respectively (Figure 3A,C). The scoring for
MP-II-068 was −7.82 kJ/mol (Figure 3D).
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5. Conclusions

It can be concluded that hydrophobic ester and amide imidazodiazepines with a 2′-fluorophenyl
substitution are novel KOR agonists with high selectivity among opioid receptors. A SAR study
identified ligands that interacted selectivity with KOR and those binding KOR and BZR enabling
diverse therapeutic applications. Elements of structural importance for KOR binding supported a
proposed docking model of imidazodiazepines to inform future ligand design. Although complete
GPCR signaling is yet to be determined, recruitment of GαoA to KOR by these ligands reflected the
KOR affinity data.

6. Patents

The compounds disclosed in the publication are part of the following patents. J.M.C. in: “Selective
Agents for Pain Suppression” (US20100317619), “Stereospecific Anxiolytic and Anticonvulsant Agent
with Reduced Muscle-Relaxant, Sedative, Hypnotic, and Ataxic Effects” (US20060003995), “Anxiolytic
Agents with Reduced Sedative and Ataxic Effects” (US7119196B2) and “GABAergic Agents to Treat
Memory Deficits” (US20100130479). J.M.C., M.M.P., K.R.M., and G.L. are inventors of patent:
“GABAergic Ligands and Their Uses” (WO2016154031). J.M.C., G.L., and M.M.P. are inventors of
“Treatment of Cognitive and Mood Symptoms in Neurodegenerative and Neuropsychiatric Disorders
with Alpha-5-containing GABA(A) receptor Agonists” (WO2017161370). G.L., J.M.C., D.C.S. and
L.A.A. are inventors of patent “GABA(A) Receptor Modulators and Methods to Control Airway
Hyperresponsiveness and Inflammation in Asthma” (WO2018035246A1).

Author Contributions: Conceptualization, J.M.C., D.C.S. and L.A.A.; methodology, G.L., A.N.N., N.M.Z., B.N.M.,
Y.L. and L.A.A.; investigation, G.L., M.Y.M., M.M.P., K.R.M., Y.L.; writing—original draft preparation, G.L. and
L.A.A.; writing—review and editing, G.L., A.N.N., M.Y.M., N.M.Z., B.N.M., M.M.P., K.R.M., Y.L., J.M.C., D.C.S.
and L.A.A.; project administration, J.M.C., D.C.S. and L.A.A.; funding acquisition, J.M.C., D.C.S. and L.A.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Institutes of Health (USA) R41HL147658 (L.A.A. and
D.C.S.), R01NS076517 (J.M.C. and L.A.A.) and R01HL118561 (J.M.C., L.A.A., and D.C.S.), as well as the University
of Wisconsin-Milwaukee, University of Wisconsin-Milwaukee Research Foundation (Catalyst grant), the Lynde
and Harry Bradley Foundation, and the Richard and Ethel Herzfeld Foundation. In addition, this work was
supported by grant CHE-1625735 from the National Science Foundation, Division of Chemistry.

Acknowledgments: Ki determinations for KOR, DOR, MOR, and BZR and KOR G-protein recruitment data
were generously provided by the National Institute of Mental Health’s Psychoactive Drug Screening Program,
Contract # HHSN-271-2018-00023-C (NIMH PDSP). The NIMH PDSP is directed by Bryan L. Roth MD, PhD at the
University of North Carolina at Chapel Hill and Project Officer Jamie Driscoll at NIMH, Bethesda MD, USA.

Conflicts of Interest: L.A.A., B.N.M. and D.C.S. are employees of Pantherics Incorporated. Pantherics did not
finance this research. The funders indicated in the acknowledgment section that they had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

References

1. Pasternak, G.W.; Pan, Y.X. Mu opioids and their receptors: Evolution of a concept. Pharmacol. Rev. 2013, 65,
1257–1317. [CrossRef]

2. Lanlanne, L.; Ayranci, G.; Kieffer, B.L.; Lutz, P.-E. The kappa opioid receptor: From addiction to depression,
and back. Front. Psychiatry 2014, 5, 1–17.

3. Kivell, B.; Prisinzano, T.E. Kappa opioids and the modulation of pain. Psychopharmacology 2010, 210, 109–119.
[CrossRef] [PubMed]

4. Cahill, C.M.; Taylor, A.M.; Cook, C.; Ong, E.; Moron, J.A.; Evans, C.J. Does the kappa opioid receptor system
contribute to pain aversion? Front. Pharmacol. 2014, 5, 253. [CrossRef] [PubMed]

5. Kenakin, T.; Christopoulos, A. Signalling bias in new drug discovery: Detection, quantification and
therapeutic impact. Nat. Rev. Drug Discov. 2013, 12, 205–216. [CrossRef] [PubMed]

6. Dogra, S.; Yadav, P.N. Biased agonism at kappa opioid receptors: Implication in pain and mood disorders.
Eur. J. Pharmacol. 2015, 763, 184–190. [CrossRef]

http://dx.doi.org/10.1124/pr.112.007138
http://dx.doi.org/10.1007/s00213-010-1819-6
http://www.ncbi.nlm.nih.gov/pubmed/20372880
http://dx.doi.org/10.3389/fphar.2014.00253
http://www.ncbi.nlm.nih.gov/pubmed/25452729
http://dx.doi.org/10.1038/nrd3954
http://www.ncbi.nlm.nih.gov/pubmed/23411724
http://dx.doi.org/10.1016/j.ejphar.2015.07.018


Molecules 2020, 25, 3864 11 of 12

7. Spetea, M.; Eans, S.O.; Ganno, M.L.; Lantero, A.; Mairegger, M.; Toll, L.; Schmidhammer, H.; McLaughlin, J.P.
Selective kappa receptor partial agonist HS666 produces potent antinociception without inducing aversion
after i.c.v. administration in mice. Br. J. Pharmacol. 2017, 174, 2444–2456. [CrossRef]

8. Hedegaard, H.; Warner, M.; Minino, A.M. Drug overdose deaths in the United States, 1999–2016. NCHS Data
Brief 2017, 294, 1–8.

9. van Hecke, O.; Austin, S.K.; Khan, R.A.; Smith, B.H.; Torrance, N. Neuropathic pain in the general population:
A systematic review of epidemiological studies. Pain 2014, 155, 654–662. [CrossRef]

10. Nieman, A.N.; Li, G.; Zahn, N.M.; Mian, M.Y.; Mikulsky, B.N.; Hoffman, D.A.; Wilcox, T.M.; Kehoe, A.S.;
Luecke, I.W.; Poe, M.M.; et al. Targeting nitric oxide production in microglia with novel imidazodiazepines
for nonsedative pain treatment. ACS Chem. Neurosci. 2020, 11, 2019–2030. [CrossRef]

11. Machelska, H.; Celik, M.O. Recent advances in understanding neuropathic pain: Glia, sex differences, and
epigenetics. F1000Research 2016, 5, 2743. [CrossRef] [PubMed]

12. Popiolek-Barczyk, K.; Mika, J. Targeting the microglial signaling pathways: New insights in the modulation
of neuropathic pain. Curr. Med. Chem. 2016, 23, 2908–2928. [CrossRef] [PubMed]

13. Kettenmann, H.; Hanisch, U.K.; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91,
461–553. [CrossRef] [PubMed]

14. Holthusen, H.; Arndt, J.O. Nitric oxide evokes pain in humans on intracutaneous injection. Neurosci. Lett.
1994, 165, 71–74. [CrossRef]

15. Levy, D.; Zochodne, D.W. NO pain: Potential roles of nitric oxide in neuropathic pain. Pain Pract. Off. J.
World Inst. Pain 2004, 4, 11–18. [CrossRef]

16. Besnard, J.; Ruda, G.F.; Setola, V.; Abecassis, K.; Rodriguiz, R.M.; Huang, X.P.; Norval, S.; Sassano, M.F.;
Shin, A.I.; Webster, L.A.; et al. Automated design of ligands to polypharmacological profiles. Nature 2012,
492, 215–220. [CrossRef]

17. Im, W.B.; Pregenzer, J.F.; Thomsen, D.R. Effects of GABA and various allosteric ligands on TBPS binding to
cloned rat GABA(A) receptor subtypes. Br. J. Pharmacol. 1994, 112, 1025–1030. [CrossRef]

18. Liu, J.; Chen, T.; Norris, T.; Knappenberger, K.; Huston, J.; Wood, M.; Bostwick, R. A high-throughput
functional assay for characterization of gamma-aminobutyric acid(A) channel modulators using
cryopreserved transiently transfected cells. Assay Drug Dev. Technol. 2008, 6, 781–786. [CrossRef]

19. Sur, C.; Quirk, K.; Dewar, D.; Atack, J.; McKernan, R. Rat and human hippocampal alpha5 subunit-containing
gamma-aminobutyric AcidA receptors have alpha5 beta3 gamma2 pharmacological characteristics.
Mol. Pharmacol. 1998, 54, 928–933. [CrossRef]

20. Hauser, C.A.; Wetzel, C.H.; Berning, B.; Gerner, F.M.; Rupprecht, R. Flunitrazepam has an inverse agonistic
effect on recombinant alpha6beta2gamma2-GABAA receptors via a flunitrazepam-binding site. J. Biol. Chem.
1997, 272, 11723–11727. [CrossRef]

21. Chuang, S.H.; Reddy, D.S. Genetic and molecular regulation of extrasynaptic GABA-A receptors in the Brain:
Therapeutic insights for epilepsy. J. Pharmacol. Exp. Ther. 2018, 364, 180–197. [CrossRef] [PubMed]

22. Jahan, R.; Stephen, M.R.; Forkuo, G.S.; Kodali, R.; Guthrie, M.L.; Nieman, A.N.; Yuan, N.Y.; Zahn, N.M.;
Poe, M.M.; Li, G.; et al. Optimization of substituted imidazobenzodiazepines as novel asthma treatments.
Eur. J. Med. Chem. 2017, 126, 550–560. [CrossRef] [PubMed]

23. Forkuo, G.S.; Guthrie, M.L.; Yuan, N.Y.; Nieman, A.N.; Kodali, R.; Jahan, R.; Stephen, M.R.; Yocum, G.T.;
Treven, M.; Poe, M.M.; et al. Development of GABAA receptor subtype-selective imidazobenzodiazepines as
novel asthma treatments. Mol. Pharm. 2016, 13, 2026–2038. [CrossRef] [PubMed]

24. Forkuo, G.S.; Nieman, A.N.; Yuan, N.Y.; Kodali, R.; Yu, O.B.; Zahn, N.M.; Jahan, R.; Li, G.; Stephen, M.R.;
Guthrie, M.L.; et al. Alleviation of multiple asthmatic pathologic features with orally available and subtype
selective GABAA receptor modulators. Mol. Pharm. 2017, 14, 2088–2098. [CrossRef]

25. Cook, J.M.; Zhou, H.; Huang, S.; Sarma, P.V.V.S.; Zhang, C. Sterospecific Anxiolytic and Anticonvulsant Agent
with Reduced Muscle-Relaxant Sedative Hypnotic and Ataxic Effects. U.S. Patent US7618958, 30 June 2005.

26. Olsen, R.H.J.; DiBerto, J.F.; English, J.G.; Glaudin, A.M.; Krumm, B.E.; Slocum, S.T.; Che, T.; Gavin, A.C.;
McCorvy, J.D.; Roth, B.L.; et al. TRUPATH, an open-source biosensor platform for interrogating the GPCR
transducerome. Nat. Chem. Biol. 2020, 16, 841–849. [CrossRef]

27. Che, T.; Majumdar, S.; Zaidi, S.A.; Ondachi, P.; McCorvy, J.D.; Wang, S.; Mosier, P.D.; Uprety, R.; Vardy, E.;
Krumm, B.E.; et al. Structure of the nanobody-stabilized active state of the kappa opioid receptor. Cell 2018,
172, 55–67. [CrossRef]

http://dx.doi.org/10.1111/bph.13854
http://dx.doi.org/10.1016/j.pain.2013.11.013
http://dx.doi.org/10.1021/acschemneuro.0c00324
http://dx.doi.org/10.12688/f1000research.9621.1
http://www.ncbi.nlm.nih.gov/pubmed/28105313
http://dx.doi.org/10.2174/0929867323666160607120124
http://www.ncbi.nlm.nih.gov/pubmed/27281131
http://dx.doi.org/10.1152/physrev.00011.2010
http://www.ncbi.nlm.nih.gov/pubmed/21527731
http://dx.doi.org/10.1016/0304-3940(94)90712-9
http://dx.doi.org/10.1111/j.1533-2500.2004.04002.x
http://dx.doi.org/10.1038/nature11691
http://dx.doi.org/10.1111/j.1476-5381.1994.tb13185.x
http://dx.doi.org/10.1089/adt.2008.161
http://dx.doi.org/10.1124/mol.54.5.928
http://dx.doi.org/10.1074/jbc.272.18.11723
http://dx.doi.org/10.1124/jpet.117.244673
http://www.ncbi.nlm.nih.gov/pubmed/29142081
http://dx.doi.org/10.1016/j.ejmech.2016.11.045
http://www.ncbi.nlm.nih.gov/pubmed/27915170
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00159
http://www.ncbi.nlm.nih.gov/pubmed/27120014
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00183
http://dx.doi.org/10.1038/s41589-020-0535-8
http://dx.doi.org/10.1016/j.cell.2017.12.011


Molecules 2020, 25, 3864 12 of 12

28. Linclau, B.; Peron, F.; Bogdan, E.; Wells, N.; Wang, Z.; Compain, G.; Fontenelle, C.Q.; Galland, N.;
Le Questel, J.Y.; Graton, J. Intramolecular ohfluorine hydrogen bonding in saturated, acyclic fluorohydrins:
The gamma-fluoropropanol motif. Chemistry (Easton) 2015, 21, 17808–17816.

29. Bettinger, H.F. How good is fluorine as a hydrogen-bond acceptor in fluorinated single-walled carbon
nanotubes? Chemphyschem 2005, 6, 1169–1174. [CrossRef]

30. Tortella, F.C.; Robles, L.; Holaday, J.W. U50,488, a highly selective kappa opioid: Anticonvulsant profile in
rats. J. Pharmacol. Exp. Ther. 1986, 237, 49–53.

31. Vardy, E.; Mosier, P.D.; Frankowski, K.J.; Wu, H.; Katritch, V.; Westkaemper, R.B.; Aube, J.; Stevens, R.C.;
Roth, B.L. Chemotype-Selective modes of action of kappa-opioid receptor agonists. J. Biol. Chem. 2013, 288,
34470–34483. [CrossRef]

32. Katritch, V.; Cherezov, V.; Stevens, R.C. Structure-Function of the G protein-coupled receptor superfamily.
Annu. Rev. Pharmacol. Toxicol. 2013, 53, 531–556. [CrossRef] [PubMed]

33. Savic, M.M.; Huang, S.; Furtmuller, R.; Clayton, T.; Huck, S.; Obradovic, D.I.; Ugresic, N.D.; Sieghart, W.;
Bokonjic, D.R.; Cook, J.M. Are GABAA receptors containing alpha5 subunits contributing to the sedative
properties of benzodiazepine site agonists? Neuropsychopharmacology 2008, 33, 332–339. [CrossRef] [PubMed]

34. Witkin, J.M.; Cerne, R.; Davis, P.G.; Freeman, K.B.; do Carmo, J.M.; Rowlett, J.K.; Methuku, K.R.;
Okun, A.; Gleason, S.D.; Li, X.; et al. The alpha2,3-selective potentiator of GABAA receptors,
KRM-II-81, reduces nociceptive-associated behaviors induced by formalin and spinal nerve ligation in rats.
Pharmacol. Biochem. Behav. 2019, 180, 22–31. [CrossRef] [PubMed]

35. Fischer, B.D.; Schlitt, R.J.; Hamade, B.Z.; Rehman, S.; Ernst, M.; Poe, M.M.; Li, G.; Kodali, R.; Arnold, L.A.;
Cook, J.M. Pharmacological and antihyperalgesic properties of the novel alpha2/3 preferring GABAA receptor
ligand MP-III-024. Brain Res. Bull. 2017, 131, 62–69. [CrossRef] [PubMed]

36. Brust, T.F.; Morgenweck, J.; Kim, S.A.; Rose, J.H.; Locke, J.L.; Schmid, C.L.; Zhou, L.; Stahl, E.L.; Cameron, M.D.;
Scarry, S.M.; et al. Biased agonists of the kappa opioid receptor suppress pain and itch without causing
sedation or dysphoria. Sci. Signal. 2016, 9, ra117. [CrossRef]

37. Witkin, J.M.; Ping, X.; Cerne, R.; Mouser, C.; Jin, X.; Hobbs, J.; Tiruveedhula, V.; Li, G.; Jahan, R.; Rashid, F.;
et al. The value of human epileptic tissue in the characterization and development of novel antiepileptic
drugs: The example of CERC-611 and KRM-II-81. Brain Res. 2019, 1722, 146356. [CrossRef]

38. Forkuo, G.S.; Nieman, A.N.; Kodali, R.; Zahn, N.M.; Li, G.; Rashid Roni, M.S.; Stephen, M.R.; Harris, T.W.;
Jahan, R.; Guthrie, M.L.; et al. A novel orally available asthma drug candidate that reduces smooth muscle
constriction and inflammation by targeting GABAA receptors in the lung. Mol. Pharm. 2018, 15, 1766–1777.
[CrossRef]

39. Li, G.; Stephen, M.R.; Kodali, R.; Zahn, N.M.; Poe, M.M.; Tiruveedhula, V.P.B.; Huber, A.T.; Schussman, M.K.;
Qualmann, K.; Panhans, C.M.; et al. Synthesis of chiral GABAA receptor subtype selective ligands as
potential agents to treat schizophrenia as well as depression. Arkivoc 2018, 4, 158. [CrossRef]

40. Li, G. Design and synthesis of achiral and chiral imidazodiazepine (IMDZ) GABA(A)R subtype selective
ligands for the treatment of CNS disorders, as well as Asthma. Ph.D. Thesis, University of Wisconsin
Milwaukee, Milwaukee, WI, USA, 2019.

41. Cook, J.M.; Li, G.; Poe, M.M.; Savic, M.M.; Sibille, E. Treatment of Cognitive and Mood Symptoms in
Neurodegenerative and Neuropsychiatric Disorders with Alpha5-Containing Gabaa Receptor Agonists.
U.S. Patent WO2017161370, 20 March 2017.

42. Cook, J.M.; Poe, M.M.; Methuku, K.R.; Li, G. Gabaergic Ligands and Their Uses. WO Patent WO2016154031A,
29 September 2016.

43. Roth, B. National institute of mental health psychoactive drug screening program. In Assay Protocol Book;
Department of Pharmacology, University of North Carolina at Chapel Hill: Chapel Hill, NC, USA, 2018;
p. 359.

Sample Availability: Not available.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cphc.200400324
http://dx.doi.org/10.1074/jbc.M113.515668
http://dx.doi.org/10.1146/annurev-pharmtox-032112-135923
http://www.ncbi.nlm.nih.gov/pubmed/23140243
http://dx.doi.org/10.1038/sj.npp.1301403
http://www.ncbi.nlm.nih.gov/pubmed/17392731
http://dx.doi.org/10.1016/j.pbb.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30825491
http://dx.doi.org/10.1016/j.brainresbull.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28267561
http://dx.doi.org/10.1126/scisignal.aai8441
http://dx.doi.org/10.1016/j.brainres.2019.146356
http://dx.doi.org/10.1021/acs.molpharmaceut.7b01013
http://dx.doi.org/10.24820/ark.5550190.p010.460
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Synthesis 
	Radioligand Binding Assays 
	BRET Assay 
	Docking 

	Conclusions 
	Patents 
	References

