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channel heteromers and facilitates conditioned fear
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G-protein—gated inwardly-rectifying K* (GIRK) channels are
targets of G, ,,-protein—signaling systems that inhibit cell excitabil-
ity. GIRK channels exist as homotetramers (GIRK2 and GIRK4) or
heterotetramers with nonfunctional homomeric subunits (GIRK1
and GIRK3). Although they have been implicated in multiple con-
ditions, the lack of selective GIRK drugs that discriminate among
the different GIRK channel subtypes has hampered investigations
into their precise physiological relevance and therapeutic poten-
tial. Here, we report on a highly-specific, potent, and efficacious
activator of brain GIRK1/2 channels. Using a chemical screen and
electrophysiological assays, we found that this activator, the
bromothiophene-substituted small molecule GAT1508, is specific
for brain-expressed GIRK1/2 channels rather than for cardiac
GIRK1/4 channels. Computational models predicted a GAT1508-
binding site validated by experimental mutagenesis experi-
ments, providing insights into how urea-based compounds
engage distant GIRK1 residues required for channel activa-
tion. Furthermore, we provide computational and experi-
mental evidence that GAT1508 is an allosteric modulator
of channel-phosphatidylinositol 4,5-bisphosphate interac-
tions. Through brain-slice electrophysiology, we show that
subthreshold GAT1508 concentrations directly stimulate
GIRK currents in the basolateral amygdala (BLA) and poten-
tiate baclofen-induced currents. Of note, GAT1508 effec-
tively extinguished conditioned fear in rodents and lacked
cardiac and behavioral side effects, suggesting its potential
for use in pharmacotherapy for post-traumatic stress disor-
der. In summary, our findings indicate that the small mole-
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cule GAT1508 has high specificity for brain GIRK1/2 channel
subunits, directly or allosterically activates GIRK1/2 chan-
nels in the BLA, and facilitates fear extinction in a rodent
model.

G-protein—gated inwardly-rectifying potassium (K¥)
(GIRK® or Kir3) channels are activated by G, -dependent
(pertussis toxin-sensitive) signaling pathways in the heart and
nervous system (1-6). Their activation inhibits excitability,
slowing the rate of pacemaker and atrial cell firing in the heart,
inhibiting transmitter release by pre-synaptic neurons, or
opposing excitation of post-synaptic neurons. Polymorphisms
and mutations in human GIRK channels have been linked to
arrhythmias, hyperaldosteronism (and associated hyperten-
sion), sensitivity to analgesics, addiction, alcohol dependence,
anxiety, and schizophrenia (7—10). GIRK channels are activated
by binding of the G-protein By (GB7y) subunits (1, 3-7, 11-13).
Gpy binding strengthens channel affinity for phosphatidyli-
nositol 4,5-bisphosphate (PIP,), a necessary cofactor for chan-
nel gating (14—17). Structural studies, using crystallography or
computational modeling, have produced three-dimensional
models of the interactions of GIRK channels with PIP, and the
GBysubunits (16, 18—20). GIRK channels are also activated in a
G-protein—independent manner by intracellular Na™ (21-24),
ethanol (25, 26), volatile anesthetics (27, 28), and naringin (29),
again in a PIP,-dependent manner (15). Many psychoactive and

® The abbreviations used are: GIRK, G-protein-gated inwardly-rectifying K*;
BLA, basolateral amygdala; SAR, structure-activity relationship; MD, molec-
ular dynamics; HBC, helix bundle crossing; PCA, principal component anal-
ysis; CNS, central nervous system; APD, action potential duration; PAM,
positive allosteric modulator; OF, open field; EPM, elevated plus maze;
NOR, novel object recognition; TEVC, two-electrode voltage clamp; diC8,
dioctanoyl; PIP,, phosphatidylinositol 4,5-bisphosphate; ANOVA, analysis
of variance; OCRL, oculocerebrorenal syndrome protein; 5-ptasegcg., 5’
phosphatase domain from OCLR; CRY2, photolyase domain of crypto-
chrome 2; CIBN, CRY2-binding domain; ACSF, artificial cerebrospinal fluid
solution; HR, heart rate; MAP, mean arterial blood pressure; S, social inter-
action; M), megohm; PDB, Protein Data Bank; POPC, 1-palmitoyl-2-oleoyl-
L-phosphatidylcholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycerol-3-phospho-
ethanolamine, POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; CS,
conditioned stimulus; hERG, human ether-a-go-go-related gene; RM,
repeated measures.
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A GIRK-specific activator in conditioned fear extinction

clinically relevant compounds with other primary molecular
targets inhibit GIRK channels, albeit at relatively high doses (7,
30). GIRK channels are homo- and heterotetramers formed
between the nonfunctional GIRK1 or GIRK3 with the func-
tional GIRK2 and GIRK4 subunits (4, 6, 31-33). GIRK subunits
exhibit overlapping but distinct cellular expression patterns,
potentially yielding multiple channel subtypes (7, 31). Although
it cannot form functional homotetramers (34 —36), GIRK1 is an
integral subunit of the cardiac GIRK channel and most neuro-
nal GIRK channels (30, 33, 37). GIRK1 confers robust basal and
receptor-dependent activity to GIRK heteromers, attributable
in part to unique residues in the pore and second transmem-
brane domain (38 -40). The intracellular C-terminal domain
also contributes to the potentiating influence of GIRK1 on
channel activity (41), likely due to the presence of unique struc-
tures that modify the interaction between the channel and GBvy,
Ga, and PIP, (1, 4, 6, 7, 42). The lack of selective GIRK channel
modulators, and in particular the ligands that discriminate
among GIRK channel subtypes, has hampered investigation
into their physiological relevance and therapeutic potential.

Recently, a class of small molecule GIRK channel activators
with ML297 as the prototype has been shown to be a potent
activator selective for GIRK1-containing channels (43-47).
ML297 activates GIRK1-containing channels requiring only
two amino acids specific to GIRK1, Phe-137 and Asp-173 (47).
Although ML297 was shown to be more biased toward GIRK1/
GIRK?2 (or GIRK1/2) than GIRK1/GIRK4 (or GIRK1/4) hetero-
mer activation, the significant activation of GIRK1/4 that is
highly expressed in supraventricular cardiac tissues limits its
utility as a potential drug-targeting GIRK1 heteromers ex-
pressed in the brain. Based on detailed in vivo studies of the
pharmacological properties of the nonselective GIRK activa-
tors (44), it is evident that compounds that are fully selective for
GIRK1/2 activation might represent a novel class of anxiolytic
compounds with limited sedative and addictive liabilities. Here,
we (a) report on a novel bromothiophene-substituted deriva-
tive, GAT1508, that achieves the desired full specificity for
GIRK1/2 over GIRK1/4 subunits; (b) we elucidate the molecu-
lar basis for the specific mechanism of action of GAT1508; (c)
we show its effectiveness as a direct or allosteric activator of
GIRK1/2 channels in the basolateral amygdala (BLA) and (d) its
efficacy in facilitating fear extinction in a rodent-conditioned
fear paradigm that is utilized as a preclinical model of post-
traumatic stress disorder.

Results

Chemical optimization and screening for specific GIRK1/2 over
GIRK1/4 activation

Our first aim was to develop novel molecules that would be
selective modulators of GIRK1/2 over GIRK1/4 channels. Ini-
tial chemical optimization focusing on Site I (R or difluorinated
phenyl ring in ML297) resulted in 38 new analogs that were
produced by a number of structure-activity relationship (SAR)
strategies, such as spacer addition, heteroatom introduction,
bioisosteric replacement, etc. (Fig. S1A and Fig. 14). To explore
the selectivity of these compounds, we evaluated their effects
using two-electrode voltage-clamp of Xenopus laevis oocytes
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expressing either brain or cardiac heteromeric GIRK channel
subunits (brain GIRK1/2 versus cardiac GIRK1/4). Current
responses to perfusion of 10 um of each compound were
assessed (Fig. S1B summarizes current increases normalized to
the basal current level in high potassium (HK) solution (brown
dashed line) versus current level in compound tested relative to
that of the ML297 compound (purple dashed line)). Similar to
ML297, most compounds elicited greater current increases in
GIRK1/2 compared with GIRK1/4 channels. Among them, two
thiophene ring derivatives, one with a bromine and the other
with a methyl at the 5’ position, named GAT1508 and
GAT1521, respectively, were the most selective GIRK1/2 acti-
vators relative to GIRK1/4 (Fig. S1B). Concentration-response
curves of these two compounds compared with ML297, using
whole-cell patch-clamp electrophysiology in HEK293 cells
expressing GIRK1/2 or GIRK1/4 channels (Fig. 1B), further
confirmed the selectivity for activation of the brain-expressing
subunits and determined that GAT1508 possessed the highest
potency and efficacy compared with ML297 or GAT1521.

Further structure—activity relationships were pursued in
Xenopus oocytes. The thiophene ring with no substituents
(GAT1506, Fig. S2B) lacked selectivity and was less potent than
GAT1508. We then tested different halogens in order of vary-
ing size instead of bromine at position 5" of the thiophene ring.
A fluorine-substituted thiophene, which occupies a smaller vol-
ume than bromine (GAT1575, Fig. S2C), was highly efficacious
but much less potent than GAT1508 and less selective between
GIRK1/2 and GIRK1/4 than GAT1508. Chlorine (GAT1501,
Fig. S2D), still smaller than bromine, retained some selectivity
(did not show activation of GIRK1/4 at concentrations less than
20 uM) but was also less potent than GAT1508 for GIRK1/2.
Substituting the larger than bromine atom iodine at the 5’ posi-
tion (GAT 1574, Fig. S2F) proved a poorer activator than the
bromine analog for both GIRK1 heteromeric channels. Finally,
a methyl group substitution rather than a halogen (GAT1521,
Fig. S2G) retained the specificity for brain over cardiac currents
(perhaps even inhibiting the high basal cardiac currents in
oocytes at higher concentrations) but with lower potency than
GAT1508 for both GIRK1/2 and GIRK1/4. Substitution of bro-
mine at positions other than the 5’ of the thiophene ring (i.e.
positions 3" GAT1570 or 4’ GAT1502, Fig. S2, H and I, respec-
tively) resulted also in much poorer activators of both GIRK1
heteromeric channels.

Wydeven et al. (47) demonstrated that the two critical
GIRK]1 residues Phe-137 and Asp-173 were necessary and suf-
ficient for channel activation by ML297. They introduced the
Phe and Asp residues in GIRK2 (GIRK2"”) and showed that the
GIRK2/GIRK2FP (or GIRK2/2FP) heteromer could now be acti-
vated by ML297 (47). We utilized this GIRK2 double mutant
S148F,N184D (GIRK2FP, also referred to as “GIRK1-like”) in
heteromers with WT GIRK2 (GIRK2/GIRK2P) subunits as
well as the corresponding GIRK4 double mutant S143F,N179D
(GIRK4P, also referred to as “GIRK1-like”) in heteromers with
WT GIRK4 (GIRK4/GIRK4*P or GIRK4/4"P) subunits to per-
form computational studies. To assess whether the binding of
GAT1508 at the predicted site has any effect on the conforma-
tion of the channel gates, we monitored distances of opposite
subunit residues for both the cytosolic G-loop gate (Ca atoms
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Figure 1. ML297 derivatives that specifically activate the brain GIRK1/2 over the cardiac GIRK1/4. A, shown are the rational design and the systematic
focused approach to a preliminary SAR study on ML297. Assessing Site |, which is an important pharmacophore for selectivity and efficacy on GIRK1-containing
channels, several analogs of ML297 were synthesized using rapid, tandem, and one-pot methodology for urea synthesis to probe their selectivity for GIRK1/2
over GIRK1/4 channels. The bioisosteric replacement strategy of the phenyl ring of Site | with a thiophene ring was adopted and found to be most tolerable and
GIRK1/2 channel-selective. A thiophene ring was used as a prototype for further optimization revealing 5-bromo and 5-methyl substituents as optimal
pharmacophores for GIRK1/2 selectivity, efficacy, and potency that proved better than ML297. B, concentration-response curves for ML297 and the selective
compounds GAT1508 and GAT1521 were assessed in HEK293 cells expressing GIRK1/2 WT (blue open circle) and GIRK1/4 WT (solid red diamond) using
whole-cell patch-clamp recordings. Data are mean = S.E. for 7-12 cells per condition. The ECs, of ML297 at GIRK1/2 was 110 = 13 nm, and the Ey, 5 was 5.1 =
0.1 (considered here to be 100%); at GIRK1/4 the EC5y was 1.2 = 0.5 um, and Eyax Was 2.3 =+ 0.2 (100%). At GIRK1/2 channels, GAT1508 had an EC5, of 75 = 10
nM, and an £y, 0f 8.4 + 0.2 (165% relative to the Ey a5 0f ML297), whereas GAT1521 had an EC,, of 350 = 58 nm, and an Eya of 4.1 == 0.13 (81% relative to the
Eniax Of ML297).

of GIRK2—Thr-317/GIRK4 ~Thr-312) and the transmembrane
inner helix gate (also referred to as the “helix bundle crossing-
HBC gate” Ca atoms of GIRK2-Phe-192/GIRK4 —Phe-187)
during a molecular dynamics (MD) simulation (Fig. S3, A-E).
In the absence of channel activators, the diameter of the G-loop
gate transitioned from a pre-open state of ~15 A to ~10 A for
both the GIRK2/2"” and GIRK4/4"" systems, although the
HBC gate of the GIRK2/2"" system also decreased between
~10 and 12 A rapidly but to a lesser extent and more slowly in
the GIRK4/4"" system. In contrast, upon ML297 binding an
increase of at least 2 A in the opening of the G-loop and HBC
gates was observed in both systems. Consistent with our exper-
imental results, GAT1508 could not keep the GIRK4/4"" sys-
tem open as the HBC gate diameter became limiting decreasing
within ~10 ns to ~12 A.

3616 J. Biol. Chem. (2020) 295(11) 3614-3634

Altered binding of GAT1508 to GIRK channels underlies its
specificity

We next asked the following: how is GAT1508 able to specif-
ically activate the GIRK2-containing rather than the GIRK4-
containing heteromeric channels? Analysis of the MD trajecto-
ries for the last 25 ns of the 100-ns MD simulation run showed
that in the GIRK2/2"" system ML297 and GAT 1508 interacted
predominantly with M1 helix residues (~65% of the interac-
tions) compared with M2 helix residues (~35% of the interac-
tions) (Fig. 2, A and B). Comparison of the ML297 and
GAT1508 interactions with GIRK4/4"" versus GIRK2/2® for
the last 25 ns of the 100-ns MD run revealed that GAT1508
flipped its position to predominantly interact with the M2 helix
(almost 65% of the interactions) compared with the M1 helix
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Figure 2. Basis for selective binding of GAT1508 between brain and cardiac heteromeric channels. A, percentage of ML297 or GAT1508 contacts with the
transmembrane M1 (light blue bars) and M2 (pink bars) helices of the GIRK2/2"° and GIRK4/4® channels during the MD trajectories. Contact was defined as drug-Ca
distance =7 A. Snapshots of GAT1508 binding in GIRK2/2™" (B) and GIRK4/4™° (C) are shown. The flipping of the GAT1508 position in the GIRK4/4™ system and the
proximity of the thiofuran group to the Thr-94 of the M1 helix of the WT GIRK4 subunit are shown. D, concentration-response curves of GAT1508 in GIRK1/2 (solid blue
circle) and GIRK1/4 (solid red square) WT or the double mutant channels GIRK1/2(IV-VT) (purple triangle) or GIRK1/4(VT-IV) (pink inverted triangle). Data are mean = S.E.
for 16 cells (four oocytes X four frogs) per concentration. GAT1508 stimulated brain (GIRK1/2) heteromeric channel currents with an EC5,0f 0.37 == 0.11 umand an Eyax
of 2.42 = 0.07 (considered here to be 100%). Double mutants in the GIRK2 WT subunits to corresponding GIRK4 residues showed reduced potency and efficacy for the
GAT1508-induced currents with an ECs, of 0.94 = 0.15 um and an £y, of 1.68 = 0.04 (72% of the control GIRK1/2). Double mutants in GIRK4 WT subunits to
corresponding GIRK2 residues conferred stimulation of the heteromeric channel by GAT1508 with an EC5, of 0.55 == 0.11 umand an Eyay of 1.76 =+ 0.03 (75% of the
control GIRK1/2). E, single mutants between brain and cardiac channels switch GAT1508 sensitivity. Concentration-response curves of GAT1508 in GIRK1/2 (solid blue
circle) and GIRK1/4 (solid red square) WT or single mutant channels between unique M1 residues in GIRK2 and GIRK4: GIRK1/2(I-V) (open blue circle), GIRK1/2(V-T) (cyan
star), GIRK1/4(V-1) (pink open diamond), and GIRK1/4(T-V) (blue plus). Data are mean = S.E. for eight cells (four oocytes X two frogs) per concentration. GAT1508
stimulated brain (GIRK1/2) heteromeric channel currents with an EC,, of 0.37 = 0.11 um and an £y, of 2.36 = 0.23 (considered here to be 100%). Single mutants in
the GIRK2 WT subunits to corresponding GIRK4 residues significantly reduced the potency and efficacy of the GAT1508-induced selective currents: GIRK1/2(V-T) with
an EC;,0f 0.53 £ 0.07 um and an Ey,ax of 1.92 = 0.03 (65% of the control GIRK1/2) and GIRK1/2(I-V) with an EC5, 0of 0.50 = 0.11 umand an Eyax of 1.61 % 0.03 (42% of
the control GIRK1/2). Single mutants in GIRK4 WT subunits to corresponding GIRK2 residues conferred stimulation of the heteromeric channel by GAT1508: GIRK1/
4(T-V) with an EC5,0f 0.50 = 0.47 umand an Eyax of 1.12 = 0.03 (7% of the control GIRK1/2); GIRK1/4(V-I) with an EC5,0f 0.53 = 0.15 umand an Ey;a 0f 1.29 = 0.03 (11%
of the control GIRK1/2). F, impact of mutating GIRK2 or GIRK4 side chains predicted to lead to selective binding of the GAT1508 molecule on basal current and 20 um
drug-induced current-enhancing effects are shown. ns signifies no significant changes in basal or drug-induced currents. Symbols denote statistical significance by
one-way ANOVA. *,p < 0.05 compares WT GIRK1/2 and GIRK1/4 with GIRK1/2(V-T) and GIRK1/4(V-1), respectively. ***,p < 0.0005 compares WT GIRK1/2 or GIRK1/4 with
their respective double mutants,n = 8.

(almost 35% of the interactions) (Fig. 2, A and C). This was in
contrast to ML297, which showed consistent binding modes
with greater contacts with the M1 helix than the M2 helix for
both channel heteromers. The GAT1508 flipping in the
GIRK4/4"P channel positioned the thiophene moiety pointing
toward the M2 helix of the GIRK4"" subunit suggesting form-
ing a hydrogen—halogen bond with Thr-94 (with the bromine
at position 5’ of the thiophene ring) as well as hydrophobic
interaction with Val-92 in the M1 helix of GIRK4 WT subunit.
The volumes of the binding pockets for GAT1508 and the inter-
acting residues are shown for GIRK2/2"" and GIRK4/4"" (Fig.
S4, A-D). GIRK2 residues Ile-97 and Val-99 differ from the
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corresponding GIRK4 residues Val-92 and Thr-94 in an other-
wise highly conserved region between these two channel sub-
units (Fig. S4E). GAT1508 Site I in GIRK4/GIRK4™ comes
within interaction distance of the GIRK4(T94) (Fig. S4E) and
GIRK4(V92) (not shown). The distances between the Br atom
of GAT1508 and the CG atom of Val-99 in the GIRK2 subunit
or the OG atom of Thr-94 in the GIRK4 subunit are shown
during an MD run (Fig. S4F). In the first 5 ns of this run, a
distance around 5A suggests a direct halogen-hydrogen bond
between GAT1508 and Thr-94. In the last 50 ns of the MD run,
the mean distance between the Br atom of GAT1508 and the
OG atom of Thr-94 around 6.39 A suggests that a hydrogen—

J. Biol. Chem. (2020) 295(11) 3614-3634 3617
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halogen bond may be stabilized by some other nearby donor
residue (73, 74). In the GIRK2/2FP case, this distance stabilized
around 12 A throughout the MD run. However, because of
limitations using a molecular mechanics force field, more accu-
rate estimates of hydrogen—halogen proximity will require
future quantum mechanical studies. Double (Fig. 2D) and sin-
gle (Fig. 2E) mutations demonstrated that these residue differ-
ences accounted in part for the selectivity of GAT1508 for
GIRK1/2 over GIRK1/4, decreasing or increasing the efficacy
and potency of the two WT heteromers, respectively. The raw
summary currents for single and double mutants are shown and
compared for statistical significance to the WT basal and
GAT1508-induced currents (Fig. 2F).

GAT1508-binding site

We next proceeded to validate the modeling results of the
GAT1508-binding site and the role of the critical Phe and Asp
residues. We first studied computationally in GIRK2/2"" the
GAT1508 detailed interactions of Sites I, II, and IV with M1 and
M2 residues. We then proceeded to validate experimentally the
computational predictions through mutagenesis in GIRK1/2
heteromers. The two critical Phe and Asp residues (Phe-137
and Asp-173 in GIRK1) are distant from each other, with the
GIRK2 Phe-148 in the inaccessible pore helix and unlikely to
directly interact with ML297. Thus, our docking box for GAT
compounds was first set around Asp-184 in the GIRK2'" sub-
unit, a good template requiring only a minor change from the
experimentally-determined structure (20) for docking studies
and MD simulations.

In this model, Site I engaged in a 7 network formed among
three Phe residues: Phe-108, Phe-109, and the critical Phe-148
in the GIRK2"” subunit (Fig. 3A, middle panel). We monitored
the frequency distributions of the distances and interface angles
between the aromatic rings of the Phe residues and the thio-
phene ring of the GAT1508 Site I. Distances less than 6 -7 A are
consistent with m-stacking interactions, and interphase angles
of 60-90° between two aromatic rings are considered to form
T-stacking interactions that are weaker than m-stacking inter-
actions (48 —50), whereas an interphase angle less than 30° indi-
cates parallel 7r-stacking (Fig. 3A, right panel). The thiophene
ring of Site I showed stronger interactions with Phe-108 than
Phe-109 (Fig. 3, B and E), whereas the angles between the thio-
phene ring of Site I and Phe-108 or Phe-109 showed mostly
distributions around 60-90°, indicating T-stacking interac-
tions (Fig. 3, Cand F). The binding of GAT1508 stabilized inter-
actions between Phe-108 and Phe-109 (shifted distributions to
shorter distances and larger angles forming T-stacking interac-
tions) (Fig. 3, D and G), while it maintained the m-stacking
interaction distances and shifted the distribution of interface
angles between Phe-109 and Phe-148 to be centered around 30°
forming parallel 7 interactions (Fig. 3, H and /). Mutation of the
conserved Phe GIRK1 residue corresponding to the GIRK2—Phe-
108 (corresponding residue number in GIRK1 is 11 amino acids
less than the GIRK2 residue number), GIRK1(F97A) resulted in a
significant decrease in the GAT1508-induced current over the
mutant basal current. Thus, these results provide evidence that
the GAT1508 Site I stabilizes the network of interactions of the
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M1 residue GIRK2"’(Phe-108) (or GIRK1(Phe-97)) with
GIRK2FP(Phe-148) (or GIRK1(Phe-137)).

The GAT1508 Site II was predicted to interact with M1
GIRK2*® subunit residues Val-104 and Val-101 and M2
GIRK2"” subunit residue Leu-179 (Fig. 44). Mutagenesis of the
corresponding M1 GIRK1 residues Thr-90 and Val-93 and the
M2 GIRK1 residue Leu-168 to either a similar residue or to Gly
yielded significant changes in GAT1508-induced currents over
basal currents (Fig. 4, B and C). In the case of GIRK1(Val-93)
changing the hydrophobic residue to a polar one (V93S) yielded
a significant decrease in GAT1508-induced activity over basal.
Removal of the GIRK1(Thr-90) or (Leu-168) side chains T90G
or L168G produced significant increases in the GAT1508-stim-
ulated current over basal, although the conserved mutations
(T90S or L168V) had no significant effect. Thus, these results
support the predicted residue interactions with the GAT1508
Site IL.

The GAT1508 Site IV revealed that a conserved Tyr residue
(GIRK2(Tyr-102) and GIRK1(Tyr-91)) toggles between the two
critical GIRK1 residues of interaction, Phe-137 and Asp-173.

The benzene ring of Site IV of GAT1508 engaged in T-stack-
ing interactions with the M2 residue Phe-186 of the GIRK2"" sub-
unit (Fig. 5, B and C). As a result, the conserved M1 residue
GIRK2"P(Tyr-102) moved closer to the M2 residue Asp-184-of the
GIRK2™ subunit to form a hydrogen bond (Fig. 5F) and farther
away from Phe-148 (from a distance of 6 A to one of 10 A, which
destabilized the 7 interaction, and we assumed an interface angle
distribution centered around 60°) (Fig. 5, D and E). Mutagenesis of
GIRK1(D173N) abolished GAT1508-induced GIRK1/2 currents,
whereas mutation of the GIRK1 residue corresponding to
GIRK2'P(Phe-186) to an Ile residue (i.e. GIRK1(F175I)), which is
highly conserved in Kir channels other than GIRKSs, also caused a
significant reduction in GAT1508-induced currents over basal
(Fig. 5, G and H). Thus, these results support the notion that
the GAT1508 Site IV benzene forms m-stacking interactions
with GIRK2FP(Phe-186) (or GIRK1(Phe-175)), which allows
GIRK2(Tyr-102) (or GIRKI1(Tyr-91))] to hydrogen-bond
with the GIRK2FP(Asp-184) (or GIRK1(Asp-173)) moving
it away from the = interactions it shared with the
GIRK2FP(Phe-148) (or GIRK1(Phe-137)).

Altogether, our experimental validation gives us confidence
in this model of the GAT1508-binding site. From the 7 network
ofinteractions of the bromothiophene on Site I through the hydro-
phobic urea interactions of Site II to the 7 interactions of the ben-
zene ring of Site IV with a highly-conserved M2 helix Phe residue,
the simulations predict a critical role for an M1 Tyr residue con-
served in GIRK channels (Tyr-91 in GIRK1) that connects the crit-
ically-required two residues of GIRK1 (Phe-137 and Asp-173) to
switch in the presence of GAT1508 to hydrogen bond more
strongly with the critical M2 Asp residue. These results provide an
insight of how these distant two critical residues are required for
activation by the urea-based compounds.

Activation effects of selective GAT compounds relate to
channel-PIP, interactions

GAT1508 binds 10-16 A away from the PIP, head group
interacting with the adjacent subunit (see Fig. 6B). To gain
structural insights whether the binding of GAT1508 and
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Figure 3. Site | of GAT1508 binding joins into the P, network system around pore helix of GIRK1-like subunit and single mutant functional effects. A,
right, binding site of GAT1508 in the GIRK2"® subunit (FD subunit is shown in green; adjacent WT subunit is shown in yellow, and nondrug-binding subunits are
shown in gray). Left, zooming in on Site | of the GAT1508-binding site (yellow outlines) reveals P; interactions of the compound with residues Phe-108 and
Phe-109in the M1 helix of the GIRK2P subunit. The P, network was monitored during the MD simulation and displayed by plotting the distance and interphase
angle frequency distributions between GAT1508 and Phe-108 (B and C) between GAT1508 and Phe-109 (E and F) between Phe-108 and Phe-109 (D and G), and
between Phe-109 and Phe-148 (H and /) in GIRK2/2® in the absence of the compound (black) or with GAT1508 (olive green). The plane interphase angle was
calculated as the cross-product of the normal vectors of each aromatic ring. The impact of mutations of GIRK1 side chains predicted to bind the GAT1508
molecule on basal currents and on the 10 um drug-induced current-enhancing effect (J) and normalized drug-induced current (K). Symbols denote statistical
significance by one-way ANOVA. **, p < 0.005 compares WT GIRK1/2 with GIRK1(F971)/2.n = 8.

ML297 compounds (Fig. 2) opened the channel gates (Fig. S3)
by strengthening channel-PIP, interactions, we conducted
MD simulations to further investigate possible differences
between brain and cardiac channels in the PIP,-binding area.
The movement of compounds and PIP, relative to the channel
was monitored to explore the binding stability in each hetero-
meric system during the simulation. Compared with the chan-
nels without ligand, binding of PIP, did not introduce major
structural changes. In contrast, binding of the activating com-
pounds showed significant changes in channel-PIP, interac-
tions. To quantify these interactions, the normalized salt-
bridge formation between the head group of PIP, and the
positively-charged channel residues was generated during the
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MD simulation without any ligand (Fig. 6, A and B) or in the
presence of ML297 or GAT1508 for each of the GIRK2/2F” and
GIRKA4/4FP systems (Fig. 6A). The interaction between channel
and PIP, increased by ~61-73% in the presence of each com-
pound in the GIRK2/2P heteromeric channel. In the case of
the GIRK4/4fP heteromeric channel simulation, however,
ML297 increased channel-PIP, interactions by ~38%, whereas
GAT1508 showed a much lower (~18%) increase in channel—
PIP, interactions. To test experimentally these model predic-
tions, we pursued experiments in inside-out macropatches that
enable dose-response experiments with the synthetic soluble
PIP, analog diC8-PIP,,. Fig. 6C shows results from inside-out
macropatches of GIRK1/2 expressed in Xenopus oocytes, where
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Figure 4. Predictions of GAT1508 Site Il interactions with residues in the middle of the M1 helix in the GIRK1-like subunit probed by point mutations.
A, right, binding site of GAT1508 in the GIRK2"® subunit (FD subunit is shown in green; adjacent WT subunit is shown in yellow, and nondrug-binding subunits
are shown in gray). Left, zooming in on the GAT1508-binding Site Il (red outlines) shows hydrophobic interactions of the compound with residues Val-104 and
Val-101 (on the M1 helix) and Leu-179 (on the M2 helix). B, impacts of these GIRK2"P side chains on basal current and 10 um drug-induced current were probed
with corresponding mutations on GIRK1 (numbers of residues 11 less that GIRK2: Val-93, Thr-90, and Leu-168) that either preserved the hydrophobic or
hydrophilic property of the residue or removed the side chain with a Gly residue (C), normalized drug-induced current over basal current. Results from
GIRK1(Val-93L)/2, GIRK1(Val-93S)/2, GIRK1(Val-93G), GIRK1(T90G)/2, GIRK1(T90S)/2, GIRK1(L168G)/2, and GIRK1(L168V) are shown. Symbols denote statistical
significance by one-way ANOVA. *, p < 0.05 compares WT GIRK1/2 and GIRK1(Val-93G)/2 for basal current and drug-induced current, and GIRK1(Val-93S)/2 for
drug-induced current, respectively. **, p < 0.005 compares WT GIRK1/2 with GIRK1(V93S)/2 and GIRK1(T90G)/2 for normalized drug-induced current, and
GIRK1(L168G)/2 for drug-induced current. ***, p < 0.0005 compares WT GIRK1/2 with GIRK1(L168V)/2 for basal current and drug-induced current, and with

GIRK1(L168G)/2 for normalized drug-induced current.n = 8.

diC8-PIP, dose-dependent activity (NPo) from control patches
in the absence of any compound was compared with those from
patches exposed to 10 um of ligand (ML297 or GAT1508).
GAT1508 was more potent and efficacious in sensitizing the
channel to PIP, activation than ML297. Fig. 6D shows results
from the analogous experiments with GIRK1/4. Only ML297
was able to left-shift the sensitivity of GIRK1/4 heteromers to
PIP,, whereas GAT1508 was ineffective in changing the sensi-
tivity of these heteromers to PIP,. We also pursued whole-cell
patch-clamp experiments to further validate the model predic-
tions from the excised-patch results. Expression of a light-acti-
vated phosphatase, which upon exposure to blue light dephos-
phorylates PIP, to phosphatidylinositol 4-phosphate (51) and

3620 J. Biol. Chem. (2020) 295(11) 3614-3634

inhibits GIRK currents, allowed recording of macroscopic cur-
rents in the absence and presence of ML297 and the brain-
specific GAT1508. Indeed, time courses of current inhibition
upon stimulation of light-activated phosphatase showed
increasing protection from current inhibition with GAT1508 >
ML297 > control for GIRK1/2-expressing HEK293 cells both
for current levels and kinetics of inhibition (Fig. 7). These
results were in marked contrast to GIRK1/4 currents, where
only ML297 but not GAT1508 was able to provide protection of
currents from inhibition by the light-activated phosphatase
(Fig. 7, E and F).

Because GAT1508 and ML297 only bind GIRK1 or GIRK1-
like (i.e. “FD-containing”) subunits resulting in corresponding
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Figure 5. Probing predicted GAT1508 Site IV interactions with the intracellular side of M2 helix in the GIRK2"® subunit with point mutants. A, right,
binding site of GAT1508 in the GIRK2"® subunit (FD subunitis shown in green; adjacent WT subunitis shown in yellow, and nondrug-binding subunits are shown
in gray). Left, zooming in on the GAT150-binding Site IV (blue outlines) reveals P; interactions of the compound with GIRK2° residue Phe-186. The interaction
network was monitored during the MD simulation (distance and interface angle) as frequency distributions between GAT1508 Site IV and Phe-186 (B and (),
between Tyr-102 and Phe-148 (D and E), and between Tyr-102 and Asp-184 in GIRK2/2" in the absence of the compound (black) or with GAT1508 (olive green).
The plane interphase angle is calculated as the cross-product of the normal vectors of each aromatic ring. When this interphase angle is between 600 and 900,
the two aromatic rings form a T stack. When the interphase angle is less than 30, they form traditional -stacking interactions. B and C, angles between the
GAT1508 benzene ring of Site IV and Phe-186 show a broad distribution with a peak at 900, suggesting T-stacking interactions. D-F, GAT1508 binding
destabilizes the Phe-148 interaction with Tyr-102, releasing it to form H-bond interactions with Asp-184. G and H, impact of probing these predictions with
corresponding mutations on GIRK1 (e.g. F1751 and D173N) is significant. Symbols denote statistical significance by one-way ANOVA. *, p < 0.05 compares WT
GIRK1/2 and GIRK1(F1751)/2 in drug-induced current. **, p < 0.005 compares WT GIRK1/2 and GIRK1(F175I)/2 in normalized drug-induced current. ***, p <
0.0005 compares WT GIRK1/2 with GIRK1(D173N)/2 drug-induced current and normalized drug-induced current and with GIRK1(F1751)/2 basal current.n = 8.

channel P-FD interactions in the FD-containing subunits for
both heteromeric channels and perhaps somewhat more for
GIRK4/4"" than GIRK2/2'" heteromers. Thus, the overall
changes (Pyyt—Pgp) in channel-PIP, interactions by GAT1508
showed increases only in GIRK2/2"° heteromers, consistent
with the changes in overall interactions discussed in Fig. 6A.

changes in channel-PIP, interactions and channel activity, we
next sought to compare channel subunit—specific interactions
with PIP, for subunits bound to the ligand (P-FD) versus those
not bound to the ligand (P-WT) (Fig. 8, A and B). We calculated
the normalized salt-bridge formation between P-FD and P-WT
subunits in the GIRK2/2"” and GIRK4/4"" systems and found
that the binding of ML297 or GAT1508 in the “FD-containing”

subunits shifted the neighboring subunit PIP, binding and Ligand-induced changes in specific channel-PIP, interactions

increased P-WT interactions with the GIRK2 or GIRK4 WT
subunits (see Fig. 8B). In fact, the probability of salt bridges
between channel and PIP, increased more in the GIRK2 than in
GIRK4 subunits. In contrast, the compounds decreased the

SASBMB

To identify changes in specific channel residue interactions
with PIP, upon ligand binding, we carried out principal com-
ponent analysis (PCA) in the presence and absence of ML297
and GAT1508. The PCA analysis implicated changes in the
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affinity to 17.4 = 2 pum and raised the Eyay to 5.4 = 0.2 (123% of the control). In contrast, treatment with GAT1508 did not change the apparent affinity for

diC8-PIP, from control (46 = 7.4 um) or the efficacy (98.6 and 103%, respectively.

Slide (or interfacial) helix interactions with PIP, upon ligand
(ML297 or GAT1508) binding in GIRK2/2° or ML297 in
GIRK4/4FP (Fig. S5). Interestingly, although GAT1508 induced
changes in the M1 helix of the GIRK4"” subunit, these changes
were not transduced to the M2 and Slide helices (Fig. S5D).
Polar interactions could be formed between GIRK2"°(Tyr-76)
and GIRK4*P(Tyr-71) with the P(4,5) of PIP, when ML297 was
bound to the same subunit as the Tyr residue (Fig. 8, C, top, and
D). In contrast, when GAT1508 was bound, this interaction was
retained by GIRK2"” but not GIRK4"" (Fig. 8, C, bottom, and
D). The corresponding GIRK1(Ser-65) residue (Fig. 8E) could
be serving the same role in stabilizing the phosphoinositol head
group for interactions with nonligand-binding subunits.

To test the prediction of the model that GIRK1(Ser-65) could
be a residue in the ligand-binding subunit that critically affects
channel-PIP, interactions, we produced two mutants at this
position, an Ala mutation that would be predicted to abolish the
ability to strengthen channel-PIP, interactions or a Tyr residue

3622 J Biol. Chem. (2020) 295(11) 3614 -3634

(like in the GIRK2FP and GIRK4FP simulations) that should
enable channel-PIP, interactions. We tested each of these
mutants and compared them with the WT GIRK1 as part of
heteromeric channels with GIRK4 in the presence and absence
of GAT1508 or ML297, using the light-activated phosphatase
assay introduced in Fig. 7. The GIRK1(S65A) decreased,
whereas the GIRK1(S65Y) increased channel-PIP, interac-
tions in the GIRK1/4 heteromer (Fig. 9A4). Interestingly, the
activators showed no effect in either the current remaining or
the kinetics of inhibition by the light-activated phosphatase in
the GIRK1(S65A)/4 mutant heteromers failing to strengthen
channel-PIP, interactions, whereas no significant effect by the
activators could be obtained in the already enhanced channel-
PIP, interactions of the GIRK1(S65Y)/4 mutant heteromers
(Fig. 9, B and C). These results support the model predictions
for the importance of GIRK1(Ser-65) in its ability to form polar
interactions with the PIP, phosphates and position the PIP,
head group for interactions with the GIRK2 or GIRK4 subunits.
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Figure 7. ML297 and GAT1508 protect the increasing channel activity from inhibition by PIP,-dephosphorylating light-sensitive phosphatase. Data
are currents recorded from HEK293 cells using patch-clamp in the whole-cell mode and are shown as means = S.E. for 6-8 cells per group. Statistical
significance was calculated using unpaired t tests. *, p < 0.01. A, representative plots of normalized current magnitude against time show that GIRK1/2 channel
current decreases in response to light-activated dephosphorylation of PIP, by the phosphatase 5-ptaseqcg, (control, black open circle). The decrease in current
is reduced when GIRK1/2 channels are studied in the presence of 10 um GAT1508 (olive green open circle). B, 5-ptase g, -mediated decrease in GIRK1/2 current
is characterized by mono-exponential fits in the presence and absence of 10 um ML297 (brown open circle) or GAT1508 (olive green open circle). ML297 and
GAT1508 increase to a different degree the percentage of GIRK1/2 channel current remaining following activation of 5-ptaseqcg, (C) and increase the 7 of
current inhibition to a different extent (D). ML297, but not GAT1508, increases the percentage of residual GIRK1/4 channel current (E), and the 7 of the current

decrease, following activation of 5-ptasegcg, (F).

Root mean square fluctuation—Ca root mean square fluctu-
ation analysis was also carried out as a measure of flexibility
induced by each of ML297 and GAT1508 during MD simula-
tions. Compared with ligand-free or the bound ML297, binding
of GAT1508 increased the flexibility of the N terminus of the
GIRK4*P-containing subunits (Fig. S6B) more than the corre-
sponding GIRK2 subunits (Fig. S6A). The crystal structure of
GIRK?2 in complex with PIP, has revealed that Lys-64 is part of
the PIP,-binding site for this channel (see Fig. 6B) (20). During
the MD simulation of both GIRK2 and GIRK4 heteromeric
channels in the absence of ligands (labeled FD), the side chain of
Lys-64/Lys-59 in the N terminus of GIRK2/GIRK4 adopted an
upward orientation and formed interactions with the phos-
phate group of PIP,, similar to those seen in the GIRK2-PIP,
co-crystal structure (Fig. S6, C and G). In the presence of
ML297, the N terminus of GIRK2 and the GIRK4"-containing
subunit appeared to be more stable. Thus, in addition to the
Lys-64/Lys-59, the Arg-60/Lys-56 residue also moved upward
forming a new salt bridge with PIP, in both heteromeric chan-
nels (Fig. S6, D and H). GAT1508 binding in GIRK2 hetero-
meric channels also increased channel-PIP, interactions, and
PIP, now interacted with Lys-64 and Arg-60 simultaneously in
both the FD and WT subunits (Fig. S6, E and F). In contrast, in
the GIRK4 heteromeric channel, the binding site of GAT1508
was shifted, partially losing its ability to regulate the M1 helix.
Coincident with this change, the N terminus showed an
increase in its flexibility moving downward, forcing PIP, to lose
its interaction with both Lys-56 and Lys-59 in the FD-contain-
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ing subunits (Fig. S6/) but not with the corresponding residues
in the WT subunits (Fig. S6/). These predictions of the model
could also be contributing to the decreased channel-PIP, inter-
actions (see Figs. 6 and 7) caused by GAT1508 in GIRK1/4
relative to GIRK1/2 channels.

GIRK1/2-selective GAT1508, unlike ML297, shows no cardiac
or cardiovascular effects ex vivo or in vivo

GIRK channels are widely expressed in the brain and in the
heart; however, the distribution of the GIRK1/4 is predomi-
nantly in the heart, whereas GIRK1/2 channels are more
restricted to the central nervous system (1, 31). As our SAR and
in vitro studies suggest that GAT1508 is more selective for
GIRK1/2 channels, we investigated the cardiovascular effects of
GAT1508 versus the less selective ML297 in freely-moving ani-
mals implanted with radio telemetry probes. Rats injected with
ML297 (30 mg/kg) demonstrated paradoxical long-lasting
increases in heart rate (HR, treatment effect F, ,, = 5.6, p =
0.014, time effect F5; g, = 2.66, p < 0.0001, repeated measures
(RM) ANOVA (Fig. S7A) and mean arterial pressure (AMAP,
treatment Xtime interaction F 4,4, = 1.4, p = 0.01, RM
ANOVA, Fig. S7B) without significantly affecting locomotor
activity (ALA, treatment effect p = 0.7, Fig. S7C) or body tem-
perature (ABT, treatment effect p = 0.2, Fig. S7D). In contrast,
animals treated with GAT1508 (30 mg/kg) showed no signifi-
cant changes in cardiovascular parameters or motor activity
(Fig. S7, A-D). The persistent paradoxical increases in the in
vivo heart rate by ML297 prompted us to compare the effects of
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Figure 8. GAT1508 binding to the FD-containing subunits induces a smaller increase in the adjacent (non-FD or WT) subunit in GIRK4 than in GIRK2
via a critical Slide helix-specific polar interaction. A, based on the PIP,-binding area, we classified PIP, into two types. P-WT (yellow) represents the two PIP,
molecules interacting with WT (nondrug binding on non-FD containing) subunits around the area that drugs bind when present. P-FD (green) represents the
two PIP,-interacting molecules with the FD-mutated drug-binding subunits (analogous to GIRK1) in the absence of drugs bound. B, percentage of salt-bridge
formation between each type of PIP, (P-WT and P-FD) and positively-charged channel residues in GIRK2/2° and GIRK4/4" systems. The binding of ML297 or
GAT1508 shifts the PIP,-binding site and increases P-WT interactions with the GIRK2 more so than GIRK4 WT subunits. The interaction between GAT1508 and
the FD-mutated subunits decreases the channel P-FD interaction in both GIRK2 and GIRK4 heteromeric channels. C, average snapshots of PIP, interacting with
GIRK2/GIRK4 Tyr-76/71 residues in the channel slide helix region with ML297 (top) and GAT1508 (bottom) binding in GIRK2/2P (left panels) and GIRK4/4 (right
panels). PCA suggests large conformational changes induced by GAT1508 binding in GIRK2™® or ML297 binding in GIRK2"® and GIRK4"®. A strong H-bond
interaction is formed between Tyr residue in the slide helix of FD-mutated subunit and P4/5 of PIP,, which can position the PIP, head group toward the junction
of the M2 and TM-CTD (where CTD is cytoplasmic domain) linker and induce the increase in channel P-WT interactions. However, GAT1508 binding around the
M2 helix of GIRK4/4™P results in loss of the H-bond interaction between GIRK4™®(Tyr-71) and PIP, and failure to position the head group for optimal interactions.
D, minimum distance between the O atom of Tyr-76/71 in the FD-mutated subunits and P4,5-PIP,. E, sequence alignment of the GIRK channel Slide helix region.
The key residue interactions proposed by the simulations for the GAT1508-induced changes in GIRK activation are highlighted. As polar residues, both Ser and
Tyr could form H-bond interactions with PIP,,.

GAT1508 and ML297 on the atrial optical action potential
duration (APD) in an isolated Langendorff mouse heart prepa-
ration (52, 53). Fig. 10, A and D, shows fluorescence pictures of
the right atria showing the superior vena cava, the right atrial
appendage, and the stimulation electrode. In Fig. 10B, under
control conditions, the APD at 70% repolarization (APD.,)
map of the stimulated right atrium had an average duration of
23.9 ms. Ten minutes after 2.4 uM ML297 was introduced
through the perfusate (Fig. 10C), the APD.,, shortened dramat-
ically, to an average of 16 ms, secondary to the activation of
GIRK1/4 by ML297. Fig. 10E shows under control conditions
that the average APD., was 21.8 ms, and 10 min after 2.4 um
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GAT1508 was introduced through the perfusate (Fig. 10F), the
average APD,, was 20.3 ms. Summary bar graphs show the
significant decrease in APD by ML297 (Fig. 10G, left panel),
unlike GAT1508 that did not shorten the APD (Fig. 10G, right
panel).

We next compared the effects of the two compounds on the
cardiac hERG channel expressed in Xenopus oocytes, a com-
mon target that many ligands are screened against to assess
cardiac toxicity. Concentrations of GAT1508 up to 50 um did
not affect hERG channel currents, whereas 5 um ML297 caused
a significant block and 10 um terfenadine produced a complete
block of these currents (Fig. S8, A-D).
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Figure 9. GIRK1 subunit Slide helix residue Ser-65 is required for the drug-induced enhancement of GIRK activity. Data are currents recorded from
HEK293 cells using patch-clamp in the whole-cell mode and are shown as means =+ S.E. for 5-6 cells per group. Statistical significance was calculated using
unpaired t tests. *, p < 0.01. ML297 and GAT1508 were used at 10 uMm. A, left, representative plots of normalized current magnitude against time show that
GIRK1/4 channel current decreases in response to light-activated metabolism of PIP, by the phosphatase 5-ptasecg, (control, black open circles). The decrease
in current is reduced when GIRK1/4 channels are studied in the presence of ML297 (brown open circle) but not with GAT1508 (olive green open circle). Middle,
channels containing GIRK1-S65A subunit currents are more sensitive to 5-ptasescg, and are not protected by either compound. Right, in contrast, channels
with GIRK1-S65Y subunits are more protected than WT. B, bar graph representing the mean increase in the percentage of GIRK1/4 channel current remaining
following activation of 5-ptasegcg, in the absence (control) or presence of ML297 or GAT1508. C, 5-ptasegcr —mediated decrease in GIRK1/4 current is
characterized by mono-exponential fits in the presence and absence of the compound indicated. The bar graph shows the mean 7 of current inhibition is
increased when WT channels are studied with ML297 but not GAT1508. This effect is decreased when GIRK1-S65A subunits are expressed. Channels with

GIRK1-S65Y subunits have an increased 7 of current inhibition that is not statistically increased with ML297 or GAT1508.

GAT1508 activates GIRK1/2 channels and at subactivating
concentrations potentiates baclofen-induced GIRK activation
in basolateral amygdala brain slices

Next, we employed a whole-cell patch-clamp recording in
acute brain slices to examine the effect of GAT1508. We uti-
lized brain slices that included the BLA, a limbic structure that
has been extensively described to coordinate the acquisition
and expression of fear memories (54, 55). In the rat amygdala,
GIRK mRNA expression reveals abundance of GIRK1, GIRK2,
and GIRKS3, but not GIRK4 transcripts (56). We observed that
perfusion of 10 um GAT1508 did not produce responses in
recordings of BLA neurons at —50 mV, but 30 um GAT1508
produced significant outward current (ligand effect F, ,; =
10.1, p = 0.0013, ANOVA, Fig. 11, A and B). These data further
support that GAT1508 functions as a GIRK1/2 activator. Next,
we examined the response of BLA neurons to baclofen, a
GABAj-receptor agonist that induces GIRK-mediated potas-
sium currents. Compared with baseline, a 100-ms puff of 100
M baclofen via a glass pipette tip induced a significant outward
current (Tukey’s post hoc test, p < 0.05, see Fig. 11, C and D,
black trace and bars). In the same cells, a 10-min perfusion of 10
M GAT1508 significantly potentiated baclofen-induced cur-
rent without affecting baseline currents recorded prior to
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baclofen application (treatment effect F; ,, = 25.8, p < 0.0001,
ANOVA, Fig. 11, C and D, green trace and bars). Finally, antag-
onism of GIRK currents by 3 mm Ba®* blocked significant cur-
rent responses (Fig. 11, Cand D, gray trace and bars) suggesting
that the baclofen response and the GAT1508 potentiation of
the baclofen response are mediated by Ba®"-sensitive GIRK
activity. GAT1508-mediated enhancement of GIRK currents at
10 uMm, a concentration that does not produce agonist activity,
suggests that the compound functions synergistically with
G-protein activation mechanisms (53), reminiscent of the
action of a positive allosteric modulator (PAM) of a G-protein—
coupled receptor.

Selective activation of GIRK1/2 channels facilitates fear
extinction

Our slice electrophysiology data suggest that as an agonist
and a “PAM,” GAT1508 increases the GIRK-mediated inhibi-
tory tone in the BLA. Because the BLA together with the central
nucleus of the amygdala are essential structures in the neuro-
circuitry underlying fear conditions (57-65), we tested whether
systemic treatment with different concentrations of GAT1508
and ML297 modulates fear memories in a Pavlovian condition-
ing fear paradigm. Rats treated with either GAT1508 (10 or 30
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Figure 10. Optical mapping of atrial electrical propagation in the iso-
lated Langendorff-perfused mouse heart. A, and D, fluorescence images of
the mapped field. SVC, superior vena cava; RAA, right atrial appendage; RV,
right ventricle; Stim, bipolar stimulation electrode. B, and E, APD,, maps at 10
Hz stimulation in control. C and F, APD,, maps at 10 Hz stimulation 10 min
after perfusion with 2.4 um ML297 and GAT1508, respectively. G, quantifica-
tion of APD,,, where ML297 at 2X ICs, significantly shortened the duration
from 23.93 = 2.28 ms to 16.53 = 2.36 ms, n = 3, p < 0.01 (paired t test).
GAT1508, at concentrations severalfold higher than its IC;, for activation of
GIRK1/2 did not affect the atrial APD, where the duration was 23.1 = 1.21 ms
in control and 23.57 = 1.96 ms in the presence of the drug, p is not significant
(N.S.) (paired t test).
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Figure 11. GAT1508 demonstrates GIRK agonist and GIRK allosteric
modulation in the BLA. A, representative current responses from BLA neu-
rons in response to 30 s of GAT1508 perfusion from a —50-mV holding poten-
tial. B, summary data depicting significant current response following 30 um
GAT1508. C, representative current responses from BLA neurons in response
to 100 ms, 100 uMm, baclofen administered via pressure micropipette.
Responses to each condition were recorded from the same cells. D, summary
data depicting significant current response to baclofen and significant poten-
tiation of baclofen response by GAT1508 that was blocked by Ba?*. Symbols
denote statistical significance by one-way ANOVA and Tukey’s post hoc. ¥,
p < 0.05 versus all other conditions; #, p < 0.05 compares baclofen responses
before and during GAT1508 treatment, n = 9 cells.
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mg/kg) or vehicle immediately after acquisition and 30 min
prior to consolidation of fear memories (Fig. 124) showed nor-
mal acquisition (tone effect, F, o = 576.4, p < 0.0001; see Fig.
12B) and consolidation of fear memories (tone effect, F, o5 =
8.1, p < 0.0001; see Fig. 12C). Additionally, all groups demon-
strated significant extinction of fear memories, but animals
treated with GAT1508 extinguished fear memories much faster
than animals from the vehicle group (tone effect F 4,55 = 41.9,
p <0.0001, treatment effect F, ,, = 9.4, p = 0.001, no interac-
tion; see Fig. 12D). Dunnett’s post hoc within each group test
showed significant reduction of freezing behavior in the
GAT1508 group by tone 4, whereas animals from the control
group did not show significant reduction of freezing until tone
7 (Fig. 12D). Moreover, Sidak’s between groups post hoc anal-
ysis confirmed significant differences between vehicle and
GAT1508-treated groups (p = 0.008 10 mg/kg GAT1508, p =
0.001 30 mg/kg GAT1508; see Fig. 12D). Therefore, we con-
clude that systemic treatment with GAT1508 enhances extinc-
tion of fear memories.

Next, we assessed the effect of treatment with the nonselec-
tive compound ML297 on fear memories. Again, all three
groups showed normal fear acquisition (treatment effect, p =
0.8, tone effect F,, ;,, = 650.5, p < 0.0001; see Fig. 12E). How-
ever, systemic pretreatment with ML297 at 30 mg/kg had no
effect on consolidation of fear memories compared with the
control group (treatment effect F; ;; = 0.09 p = 0.77; see Fig.
12F). Moreover, ML297-treated animals also showed no signif-
icant differences in extinction of fear memories compared with
controls (treatment effect F, ;5 = 0.56, p = 0.47, tone effect
Fio555 = 19.6, p < 0.0001). Dunnett’s within group post hoc
analysis revealed the reduction of freezing overtime by tone 6 in
both groups of animals (p < 0.05, Fig. 12G). Pretreatment of
ML297 at higher concentrations (60 mg/Kg) did show signifi-
cant reductions in consolidation and extinction of fear memo-
ries (Fig. 12, F-@G), consistent with the in vitro findings suggest-
ing it is less effective than GAT1508. Additionally, we also
tested the effect of 30 and 60 mg/kg ML297 on motor activity
using the open field (OF) test. The total distance traveled in the
open arena and mean speed 30 min after ML297 treatment
were comparable with the vehicle group (Fig. S9, A and B).
Thus, the nonselective ML297 did not have the same effects of
enhancing fear extinction like the GIRK1/2 GAT-selective
compounds at comparable concentrations. In summary, the
results of fear-conditioning experiments suggest that com-
pounds selective to GIRK1/2 enhance extinction of fear
memories.

Selective activation of GIRK1/2 channels does not broadly
affect behavioral, cognitive or motor functions

Next, we tested the effects of treatment with various doses of
GAT1508 (10 and 30 mg/kg) on cognition, anxiety, and motor
function using a battery of behavioral tests. First, in the elevated
plus maze (EPM), animals treated with GAT1508 demon-
strated a trend toward an increase of time spent on the open
arm (from 30.6 = 4.4 in vehicle group to 48.7 * 8.3 s in 30
mg/kg of GAT1508 group; see Fig. SI0A). In the light-dark box
test, no difference in time spent in the light compartment was
observed between vehicle and GAT1508-treated groups (Fig.
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Figure 12. Systemic pretreatment with GIRK1/2 allosteric modulators enhanced extinction of fear memories. A, schematic diagram of the cue-induced
fear-conditioning procedure (see under “Experimental procedures” for details). B, all groups of animals that had tone/shock pairings showed normal cue-
induced fear acquisition. Animals were injected with vehicle (black solid circle) or GAT1508 at 10 mg/kg (green square), or 30 mg/kg (olive green triangle). C,
pretreatment with GAT1508 had no effects on consolidation of fear memories. D, animals injected with either 10 or 30 mg/kg of GAT1508 showed significantly
faster fear extinction compared with vehicle control rats. E-G, pretreatment with ML297 (n; 30 mg/kg, light brown squares) did not affect acquisition (E) and
consolidation (F) or extinction (G) of fear memories, while higher concentrations did (60 mgKg, dark brown triangles). *, p < 0.05, ANOVA with Tukey's post hoc

within group analysis. #, p < 0.05, ANOVA with Sidak’s post hoc between groups analysis. n = 9 in all groups.

S10B). In the OF test, the total distance traveled and the mean
speed after GAT1508 treatment were comparable with the
vehicle group (Fig. S10, C and D). In the social interaction (SI)
test, all groups showed similar interaction time (Fig. S10E).
In the rotorod test, we also observed similar latency to fall
between the vehicle and GAT1508-treated groups (Fig. S10F).
Next, in the novel object recognition test, the discrimination index
was also similar between the three groups, which suggests that
GAT1508 treatment did not affect the ability to discriminate
between novel and familiar arms (Fig. S10, G and H). Collectively,
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our findings confirm that treatment with various doses of
GAT1508 had no acute side effects on cognitive and motor
functions.

Discussion

We have produced a fully brain-specific activator for
GIRK1/2 heteromers, GAT1508, that not only does not activate
cardiac channels (GIRK1/4) but shows greater potency and effi-
cacy than previous GIRK channel activators. Pharmacological
optimization yielded a bromothiophene substitution as the pri-
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mary determinant of the optimal interactions. The GAT1508-
binding subunit GIRK1 utilizes two key residues (Phe-137 and
Asp-173 or “FD”) to bind/transduce the effect of this class of
small molecule activators. These two residues are necessary and
sufficient to reproduce small molecule binding and activation
effects. Heteromeric models (brain, GIRK2/2FP; heart, GIRK4/
47P) revealed that the brain-binding site stabilizes the urea scaf-
fold (Site II) with hydrophobic residues to allow the aromatic
ends of the small molecule in key 7 interactions. On one end
(Site I) the bromothiophene engages in a network of 7 interac-
tions through Phe residues to connect to the essential Phe res-
idue in the pore helix (Phe-137 in GIRK1 and Phe-148 in
GIRK2). On the other end, a benzene ring (Site IV) forms
m-stacking interactions with another Phe residue (Phe-175 in
GIRK1 and Phe-186 in GIRK2) to allow a neighboring Tyr res-
idue (Tyr-91 in GIRK1 and Tyr-102 in GIRK2) to switch inter-
action partners from the first essential pore helix Phe to the
second essential M2 helix Asp (Asp-173 in GIRK1, Asp-184 in
GIRK2"P). These key interaction changes have allosteric con-
sequences through the Slide helix and possibly the N terminus
to enhance channel interactions with PIP, and cause opening of
the channel gates.

The discovery of GAT1508, the first GIRK channel single
subtype-specific activator for GIRK1/2 heteromers, overcomes
the cardiac side effects of nonselective GIRK activators, as evi-
denced by the lack of a decrease in the atrial action potential
duration in an isolated heart preparation, the lack of effect on
hERG currents, or the lack of effects in heart rate and blood
pressure in freely-moving animals. Because GIRK2 expression
is restricted to the nervous system and GAT1508 fails to
strengthen channel-PIP, interactions and activate peripheral
GIRK1/4 channels, its effects would be expected to also be
restricted to neuronal tissues. Detailed studies in adult rodent
brains have suggested co-expression of the GIRK1/2 subunits
in multiple brain regions, including the olfactory bulb, neocor-
tex, hippocampus, cerebellum, thalamus, hypothalamus, and
amygdala (34). Given this widespread pattern of expression, we
decided to explore the effects of GAT1508 in the amygdala and
in fear-conditioning paradigms, where the role of the physio-
logical relevance and therapeutic potential of GIRK1/2 have not
been studied in depth. Prior work from a decade ago suggested
that the anxiolytic actions of the neuropeptide Y could be due to
activation of GIRK currents that inhibited excitability in the
lateral amygdala (66). Prior literature suggested that baclofen
was efficacious in post-traumatic stress disorder by opening of
GIRK channels through GABA receptors (67). This prompted
us to examine the effectiveness of baclofen in activating GIRK
currents in brain slices of the basolateral amygdala. Indeed, not
only could baclofen induce Ba”*-sensitive currents but so
could sufficient concentrations of GAT1508. Interestingly, at
lower concentrations of GAT1508, insufficient to produce sig-
nificant GIRK activation, the baclofen responses were signifi-
cantly potentiated, suggesting synergism in the allosteric effects
of GAT1508 and Gy in strengthening channel-PIP, interac-
tions (53). These results further prompted us to examine the
effectiveness of GAT1508 in fear extinction paradigms that
serve as models of post-traumatic stress disorder.
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Our positive results offer validation for both the physiologi-
cal relevance and the therapeutic potential of GIRK1/2 as a drug
target for post-traumatic stress disorder. The wide expression
of GIRK1/2 in the brain begged the question of whether side
effects could become limiting if GAT1508 were to be pursued as
a candidate drug. The general positive results anticipated from
GIRK channel activation in the brain (7) without cardiac side
effects, as well as our negative results in rat behavioral tests
modeling anxiety, memory, and social interaction with no addi-
tional obvious sedative or other overt behaviors, suggest that
GAT1508 ought to be pursued further. Discovery of GAT1508
has opened a new therapeutic line of research for post-trau-
matic stress disorder and other fear-related neuropsychiatric
disorders, which currently afflict millions of patients and are
estimated to cost billions of dollars with very limited positive
outcomes through existing pharmacotherapies.

Experimental procedures

Animal experiments were approved by the Institutional Ani-
mal Care and Use Committees at Northeastern University, Bos-
ton, Indiana University at Indianapolis, and University of South
Florida, Tampa.

Chemistry

All commercial chemicals and solvents were purchased from
standard commercial sources as reagent grade and, unless oth-
erwise specified, were used without further purification. A
Biotage Initiator microwave system was used for the synthesis.
Reaction progress was monitored by thin-layer chromatogra-
phy (TLC), using commercially prepared Silica Gel 60 F254
glass plates. Compounds were visualized under ultraviolet (UV)
light or by staining with iodine. Flash column chromatography
was carried out on an autoflash purification unit, using pre-
packed columns from Reveleris, Biotage and Lunknova. Sol-
vents used include hexanes and ethyl acetate. Characterization
of compounds and their purity were established by a combina-
tion of HPLC, TLC, MS, and NMR analyses. NMR spectra were
recorded in DMSO-d,, on an NMR spectrometer (‘H NMR at
500 MHz). Chemical shifts were recorded in parts per million
(8) relative to tetramethylsilane (0.00 ppm) or solvent peaks as
the internal reference. Multiplicities were indicated as br
(broadened), s (singlet), d (doublet), t (triplet), q (quartet), quin
(quintet), and m (multiplet). Coupling constants (/) were
reported in hertz (Hz). All test compounds were greater than
95% pure, as determined by LC-MS analysis performed with a
dual-wavelength UV-visible detector and quadrupole mass
spectrometer. The details of the general procedures used to
synthesize the asymmetric urea ligands and their characteriza-
tions are shown in the supporting information.

Chemicals for electrophysiology

diC8-PIP, was purchased from Echelon, and terfenadine was
from Sigma. ML297 and all GAT compounds were synthesized
in-house as described above, maintained as 10 mm stock solu-
tions in DMSO, and were diluted to concentrations between 10
puM and 1 nMm using the high K™ buffer for electrophysiology
experiments.
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Molecular biology

For Xenopus oocyte expression, human GIRK1 and human
GIRK4 cDNAs were subcloned into pPGEMHE (68). For mam-
malian expression, human GIRK1 and human GIRK4 cDNAs
were subcloned into pcDNA3 and pcDNA3.1/V5-His B,
respectively (Invitrogen). Mouse GIRK2 cDNA was subcloned
in the dual-function vector, pXoom (69). Point mutations were
introduced using a standard Pfu-based mutagenesis technique
according to the QuikChange protocol (Agilent). Mutations
were verified by sequencing.

Functional assays

We used heterologous expression and electrophysiological
studies of ion channels in two cell systems: freshly-isolated
Xenopus oocytes and the HEK293 cell line. Some of the advan-
tages of each of these two cellular systems over the other are
mentioned below as justification for their use. Oocytes and the
ease of recording made them the preferred system for screening
compounds and characterizing mutants. Similarly, diC8-PIP,
dose-response curves were easiest to pursue in inside-out mac-
ropatches from Xenopus oocytes. In contrast, HEK293 cells
were the preferred cell system in assessing drug-induced
changes in channel-PIP, interactions using the light-activated
phosphatase system. Similarly, for accurate assessment of phar-
macological parameters (e.g. potency and efficacy), whole-cell
patch-clamp of HEK293 cells was the preferred method of
choice.

X. laevis oocyte expression—Plasmid DNAs of GIRK channel
subunits were linearized prior to in vitro transcription. Capped
RNAs were transcribed using mMESSAGE mMACHINE T7
transcription kit (Thermo Fisher Scientific). Xenopus oocytes
were surgically extracted, dissociated, and defolliculated by col-
lagenase treatment and microinjected with 50 nl of a water
solution containing 1 ng of each GIRK subunit RNA. For TEVC
experiments, oocytes were kept 2 days at 17 °C before record-
ing, whereas for the NPo experiments oocytes were incubated
for up to 4 days at 17 °C.

Two-electrode voltage-clamp and data analysis—Whole-
oocyte currents were measured by TEVC with GeneClamp 500
(Molecular Devices) or TEC-03X (NPI) amplifiers. Electrodes
were pulled using a Flaming-Brown micropipette puller (Sutter
Instruments) and were filled with 3 M KClin 1.5% (w/v) agarose
to give resistances between 0.5 and 1.0 M{). The oocytes were
bathed in ND96 recording solution comprising (in mm): KCI 2,
NaCl 96, MgCl, 1, and HEPES 5, buffered to pH 7.4 with KOH.
Where indicated, GIRK channel currents were assessed in a
high-K™ recording solution comprising (in mm): KCI 96, NaCl
2, MgCl, 1, and HEPES 5, buffered to pH 7.4 with KOH. Cur-
rents were digitized using a USB interface (National Instru-
ments) and recorded using WinWCP software (University of
Strathclyde). To study GIRK channels, oocytes were held at 0
mV, and currents were assessed by 100-ms ramps from —80 to
+80 mV that were repeated every second. The effect of the
reagents was determined at —80 mV and then the channels
were blocked by 5 mm BaCl,. Block was expressed as the per-
cent-current block normalized to the maximum current.
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Between 8 and 12 oocytes from different Xenopus frogs were
studied per experiment.

Oocyte macropatch studies—Macropatch GIRK channel
activity was recorded from devitellinized oocytes under the
inside-out mode of standard patch-clamp methods using an
AM?2400 patch-clamp amplifier (A-M Systems). Currents were
digitized using a USB-interface (National Instruments) and
WinEDR (University of Strathclyde) data acquisition software.
Electrodes were fabricated using Kimax glass (WPI) and had a
resistance of 0.5—-1 M{) when filled with an electrode solution
containing (in mm): 96 KCl, 1 MgCl,, and 5 HEPES, pH 7.4.
Oocytes were bathed with a solution comprising (in mm): 96
KCl,5EGTA, 1 MgATP, and 10 HEPES, pH 7.4. Current ampli-
tudes were measured at —80 mV with a sampling rate of 10 kHz.
Data were analyzed using WinEDR and Clampfit software
(Molecular Devices).

Culture of HEK293 cells—HEK293-T cells were obtained
from the ATCC and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin (HyClone). For patch-clamp stud-
ies, cells were seeded on glass coverslips and transfected 24 h
later using a polyethyleneimine solution (1 mg/ml) at a ratio of
8 ul per ug of DNA. To study GIRK currents, cells were trans-
fected with 0.75 ug each of plasmids encoding GIRK1, GIRK2, or
GIRK4 as indicated. In the optogenetic experiments, cells were
co-transfected with plasmids encoding CRY2-5-ptasecg; and
CIBN-CAAX (where A is any aliphatic amino acid and X is any
amino acid), as described previously (64). 5-ptaseq gy, and CIBN—
CAAX were the kind gifts from the De Camilli lab (Yale University,
New Haven, CT). All experiments were performed at room tem-
perature 24 —36 h post-transfection.

Patch-clamp recording—Whole-cell currents were recorded
with an Axopatch™ 200B amplifier (Molecular Devices) con-
trolled via a USB-interface (National Instruments) using Win-
WCP software (University of Strathclyde). Currents were
acquired through a low-pass Bessel filter at 2 kHz and were
digitized at 10 kHz. Patch pipettes were fabricated from boro-
silicate glass (Clark), using a vertical puller (Narishige) and had
a resistance of 2.5—-4 M) when filled with an intracellular
buffer comprising: 140 mm KCI, 2 mm MgCl,, 1 mm EGTA, 5
mM Na,ATP, 0.1 mm Na,GTP, and 5 mm HEPES, pH 7.2. Cells
forstudywereselected based on GFP expressionusinganepifluo-
rescence microscope (Nikon). To study the activity of GIRK
channels, cells were held at 0 mV, and currents were assessed by
ramps from —80 to +80 mV that were repeated at 1 Hz. Cells
were perfused via a multichannel gravity-driven perfusion
manifold with a physiological buffer comprising: 135 mm NaCl,
5 mMm KCl, 1.2 mm MgCl,, 1.5 mm CaCl,, 8 mMm glucose, and 10
mM HEPES, pH 7.4, and then quickly transitioning to a high-K™*
buffer comprising 5 mm NaCl, 135 mm KCl, 1.2 mm MgCl,, 1.5
mM CaCl,, 8 mM glucose, and 10 mm HEPES, pH 7.4. The bar-
ium-sensitive component of the current, observed when cells
were perfused with the high-K™ buffer, was analyzed and deter-
mined by perfusing 5 mm BaCl, in the high-K* buffer at the end
of each experiment. HEK293 cells had a mean whole-cell capac-
itance of 10 £ 1 picofarads; series resistance was typically <10
MJ(), and the voltage-error of <3 mV was not adjusted.
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Light-activated phosphatase system—We used a light-acti-
vated phosphatase system to dephosphorylate PIP, that is com-
posed of two fusion proteins: CRY2—5-ptasescg;, contains the
photolyase domain of cryptochrome 2 (CRY2) and the inositol
5-phosphatase domain of the Lowe oculocerebrorenal syn-
drome protein (OCRL), and the CIBN-CAAX contains the
CRY2-binding domain (CIBN) and a C-terminal CAAX box for
plasma membrane targeting. When CRY2-5-ptaseqcg; and
CIBN-CAAX fusion proteins are co-expressed and exposed to
blue light between 458 and 488 nm, the 5-ptase is localized to
the plasma membrane, where it dephosphorylates PIP,. The
utility of this system to study the PIP, dependence of ion chan-
nel activity was demonstrated by the Hille and De Camilli labs
(51). The 5-ptasegcgy. system was activated using a 460-nm
LED (Luminus) that was focused on the cells through the objec-
tive lens of an inverted microscope (Nikon).

Electrophysiological recordings from brain slices containing
BLA neurons—Electrophysiology was performed using 150 —
200-g male Sprague-Dawley rats (Harlan/Envigo, Indianapolis,
IN). Rats were group-housed in plastic cages in standard hous-
ing conditions with ad libitum access to food and water with
12:12 light/dark cycle (lights on at 07:00 h). All experiments
were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (Institute for Laboratory Animal
Research, National Academies Press) and the guidelines of the
IUPUI Institutional Animal Care and Use Committee. Rats
were anesthetized with isoflurane and immediately decapi-
tated. Brains were then rapidly removed, placed in ice-cold oxy-
genated artificial cerebrospinal fluid solution (ACSF), and cor-
onal slices (350 um) were prepared containing the amygdala.
Slices were incubated at 31 °C for 30 min and then returned to
room temperature until recording. ACSF solution contains the
following (in mm): 130 NaCl; 3.5 KC[; 1.1 KH,PO,; 1.3 MgCl,;
2.5 CaCl,; 30 NaHCOg; 10 glucose, 315 mosM, pH 7.4. Cells
were identified for recording at X40 magnification using Scien-
tifica Slicescope microscope under differential interference
contrast illumination (Scientifica, Uckfield, UK). ACSF was
warmed to 30 °C and perfused at a rate of 2—-3 ml/min during
recordings. Compounds were added to ACSF at desired con-
centrations. Whole-cell patch-clamp recordings were obtained
using standard techniques. Borosilicate glass electrodes (WPI,
Sarasota, FL) (resistance 3—6 M()) were prepared and used for
both recording and baclofen application. Recording internal
solution contains the following (in mm): 140 K-gluconate; 2
KCl; 3 MgCl,; 10 HEPES; 5 phosphocreatinine; 2 K-ATP; 0.2
Na-GTP, 290 mosmMm, pH 7.4. In voltage-clamp mode, the cell
was adjusted to —50 mV at the beginning of all experiments,
and 5-min stable baseline was established before treatment. A
Picospritzer II (Parker Hannifin, Hollis, NH) was utilized for
local application of 100 um of the GABAj agonist baclofen in
ACSEF to activate GIRKs. Baseline and baclofen-induced cur-
rents were averaged from three responses per cell and analyzed
using ClampFit software (Molecular Devices, San Jose, CA).
Ba®>* depolarized resting potential suggesting that BLA GIRK
channels contribute to resting membrane potential. Several
control cells were subjected to baclofen at 2-min intervals for 30
min, and consistent responses were observed, thus ruling out
time-dependent effects.

3630 J. Biol. Chem. (2020) 295(11) 36143634

Optical mapping studies in isolated hearts—Isolated hearts of
C57BL/6 mice, 4 — 6 months of age, were retrogradely perfused
with Tyrode’s solution in the Langendorff mode. The prepara-
tions were maintained at 37 °C, stained with a bolus of a
voltage-sensitive dye (0.25 ml, 10 um di-4-ANEPPS 3-(4-(2-(6-
(Dibutylamino)napthalen-2-yl)vinyl)pyridinium-1-yl)propane-
1-sulfonate, Molecular Probes), and imaged with a CCD camera
(RedShirt Imaging), 80 X 80 pixels, 85 wm per pixel, and 1000
frames/s (1). Excitation contraction uncoupling was achieved
with 7 um blebbistatin (Tocris Bioscience). A bipolar, silver tip
stimulation electrode was used to pace the right atrium (2.5
pulses, 2X diastolic threshold) at 10 Hz using an AD Instru-
ment stimulation platform. ML297 or GAT1508 at 2.4 uM were
introduced into the perfusate. The action potential duration at
70% repolarization (APD,,) was quantified, as we have previ-
ously reported 52, 53.

Computational modeling

Molecular docking—To accurately reproduce the geometry
of ML297 and the GAT molecules, we optimized their struc-
tures by Gaussian 03. Restrained electrostatic potential (RESP)
charges were derived by calculated quantum mechanics (QM)
charges and were used during docking and molecular dynamics
simulation procedures (75-76). We used AutoDock 4.2 to dock
ML297 and the GAT compounds to the GIRK2/GIRK2F” (from
the crystal structure, PDB code 3SYA) and GIRK4/GIRK4""
heteromers, a homology model of which was constructed based
on the GIRK2 crystal structure (PDB code 3SYA) by the MOD-
ELLER program. Although both the S148F and N184D muta-
tions are required for ML297 activation, the Phe residue at posi-
tion 148 is located in the pore helix and is unlikely to directly
interact with ML297. Thus, the docking box (size: 22.5 X 22.5 X
30A) was set around Asp-184 of each of the two FD subunits.
During docking, ML297 was treated as a flexible molecule,
whereas the channel subunits were treated as rigid bodies. We
obtained 270,000 docking conformations each for the GIRK2
and GIRK2/2"° models. By empirical free-energy scoring, we
selected the 100 top docking configurations. The most favor-
able binding configuration with the lowest binding energy was
selected for further analysis. A second set of docking calcula-
tions was also performed using the induced-fit docking proto-
col in the Schrodinger 2017 version 4 package. During docking,
ligands and subunits were parameterized with the OPLS3 force
field. Eighty initial poses were generated and carried into the
refinement stage. An implicit membrane was used in the pro-
tein refinement stage. The final redocking stage used the Glide
XP docking protocol and scoring (77-80).

MD simulation experiments GROMACS—The GIRK2/
GIRK2'P and GIRK4/GIRK4™ channel in the presence or
absence of ML297 and GAT1508 docked to the “FD”-contain-
ing subunits were subjected to MD simulations with four PIP,
molecules. GROMACS version 4.5 was used to conduct simu-
lations, applying the GROMOS96 53a6 force field. Topology
files and charges for the atoms of PIP, and the compounds were
calculated using the PRODRG web server, as described in pre-
vious work (70-72). The channel-drug—PIP, structures were
immersed in an explicit POPC, POPE, POPS, and cholesterol
bilayer (25:5:5:1), using the CHARMM GUI membrane package
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and solvated with simple point charge (SPC) water molecules in
150 mm KCL To mimic the activated state, we applied a con-
stant depolarizing electric field of —0.128 V'-nm ™ '. Energy min-
imization was performed, followed by a 800-ps position-re-
strained (1000 kJ/mol/nm? MD run. Subsequently, the six
systems (GIRK2/2"", GIRK4/4"", alone and each of ML297 and
GAT1508) we ran were subjected to 100-ns MD simulations.
The SIMULAID program was used to analyze/cluster struc-
tures and to calculate interaction networks, including hydrogen
bonds, salt bridges, and hydrophobic contacts.

Amber—MD simulation experiments were also carried out
using the Amber package. The GIRK2/2'° and GIRK4/4""
channels in the presence or absence of ML297 or GAT1508 in
the FD-containing subunits were subjected to MD simulations
with four PIP, molecules. Amber18 was used to conduct simu-
lations, applying the Amber ff14sb and Lipid14 force fields.
Ligand geometries and charges were generated at the b3lyp/cc-
pvtz level using Gaussian 16. Topology files were created using
the CHARMM GUI Membrane builder web server. The
channel-ligand—PIP, structures were immersed in an explicit
POPC, POPE, POPS, and cholesterol bilayer at a ratio of 25:5:
5:1, respectively. Systems were solvated in a TIP3 water model.
Resulting models were neutralized with KCI with an additional
150 mm KCl added to the system. 10,000 steps of energy mini-
mization were performed on each system. After the first 5000
steps of steepest decent, a conjugate gradient was used. Four
heating steps were used to bring the system to 300 K. In the
initial heating set, the system was heated to 100 K over the
course of 2 ns with a 1-fs time step. The protein was held under
a20.0 kJ/mol/nm? constraint. The membrane was held under a
10.0 kJ/mol/nm?® constraint. This step was followed by an addi-
tional 2 ns where the temperature was raised from 100 to 300 K
under the same conditions as the initial heating step. In the
third phase, the constraints were relaxed to 10.0 k]/mol/nm?. In
the final phase, the restraints were finally relaxed to 1.0 kJ/mol/
nm?. The production phases for these simulations consisted of
105 ns with a 3-fs time step. Simulations were run in triplicate
on the systems containing a compound. Subsequently, the six
systems (GIRK2/2"°, GIRK4/4"", alone and with ML297, and
GAT1508) were analyzed with the SIMULAID and CPPTRAJ
programs to calculate interatomic distances, hydrogen bonds, salt
bridges, and hydrophobic contacts.

All the computational results were generated based on a
100-ns MD run by GROMACS. To enhance the amount of
sampling of ligand binding and for further mechanistic stud-
ies, three MDD run replicas were generated using AMBER and
were included in assessing key-residue and channel-PIP,
interactions.

Behavioral studies

Cued fear conditioning test—On day 1, animals were habitu-
ated to the sound-attenuating fear-conditioning chamber
(Kinder Scientific, Poway, CA) for 10 min. Between each ani-
mal, the chamber was cleaned with 70% ethanol. On day 2,
acquisition of fear was achieved by placing rats back into the
chamber for a 120-s acclimation period and then five pairings
(120-s inter-trial interval) of the conditioned stimulus (CS; 20's,
80 db) followed immediately by the unconditioned shock stim-
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ulus (500 ms, 0.8-mA foot shock). On day 3, CS consolidation
was assessed by placing the rats back into the chamber with a
120-s acclimation period followed by five presentations of the
CS only (20 s, 80 db) with 120-s inter-trial intervals. On day 4,
extinction was assessed by presenting a 120-s acclimation
period followed by 20 trials of the CS (20 s, 80 db) with 120-s
inter-trial intervals. The same experimenter (S. D. F.) handled
the rats during all sessions and was blinded to the treatment. All
trials were digitally video-recorded. For this behavioral test and
all others, blind scoring was aided by modification of video file
names by A.LLM. Freezing behavior (no visible signs of move-
ment) was scored by S. D. F. during the sound presentation and
converted to percentage of total time.

Open test (OF) test—The OF apparatus is a Plexiglas open-
topped chamber (91.5 X 91.5 X 30.5 cm), filmed by a ceiling-
mounted CCD camera, and illuminated by a 25-watt red light
bulb placed 2 m above the center of the chamber. One hour
after vehicle or ligand treatment, rats were gently placed in the
center and allowed to freely move for 5 min. The automated
tracking system ANY-MAZE (ANY-MAZE, Stoelting Co.,
Wood Dale, IL) was utilized to measure total distance traveled
and mean speed.

Social interaction (SI) test—The SI test was performed 5 min
after the OF test in the same apparatus. The protocol used for
the SI test has been described previously (65). In brief, the
“experimental” rat and the “partner” rat were simultaneously
placed into the chamber for a 5-min test. The “partner” rat was
age-, sex-, and weight-matched to the experimental rat. All tests
were video recorded and then manually scored using ODlog for
Mac OS X version 2.6.1. Time spent by the experimental rat
engaging in nonaggressive physical investigation of the partner
rat is reported as social interaction time (in seconds). Investi-
gation of the partner includes sniffing, climbing over and crawl-
ing under, mutual grooming, genital investigation, or following
and walking around the partner.

Novel object recognition test (NORT)—The novel object rec-
ognition test was performed in an open-field box measuring
100 X 100 X 20 cm as described previously (66). Prior to testing,
the rats were allowed to explore the box for 5 min per day for 3
consecutive days with no objects present. Testing consisted of
two 2-min trials. During a familiarization trial, two identical
objects (plastic cylinders 6 cm in diameter and 12 cm tall in
white and red) were placed in two adjacent corners. The animal
was then released against the center of the opposite wall with its
back to the objects. This was done to prevent coercion to
explore the objects. The animals were regarded to be exploring
when they were facing, sniffing, or biting the object with nose
and/or forepaws. Immediately after familiarization, the rats
received intraperitoneal (i.p.) injections of vehicle or ligands
and were returned to their home cage. After a waiting period of
3 h (Inter-trial-interval or ITI = 3 h), the rat was placed in the
box again, and the test trial was performed. During this trial, a
new object (plastic building block in yellow or green, 7 X 3.5 X
9 cm) replaced one of the familiar objects used in the familiar-
ization trial. The times spent exploring each object during both
trials was recorded manually by using a stopwatch. The box and
the objects were cleaned with 70% ethanol between trials. Dis-
crimination index (DI) was used to measure object recognition
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and is calculated as the difference in time exploring the novel
(TN) versus the familiar object (TF), then dividing this value by
the total time spent exploring the two objects in the test trial.
DI = TN — TEF/TN + TF.

Light-dark box—The light-dark box test was preformed using
acage 52 X 100 X 39 cm divided into two equal sections by an
opening. One section is brightly illuminated, and the other sec-
tion is dark. Animals were injected 30 min prior to testing with
vehicle or ligand and then placed into the light side with imme-
diate access to explore the entire cage. Time spent in the illu-
minated section was analyzed. The chamber was cleaned
between each experiment.

Rotarod tests—Animals were habituated to the rotarod test for
5 consecutive days and tested on day 6. On the test day, animals
were injected with vehicle or GAT1508 30 min prior to testing.
Each day consisted of three trials separated by 1 min. A trial con-
stituted animals being placed on an immobile rotarod that was
then accelerated from 0 to 40 rotations/min. Trials lasted 120 s
during which the rotarod accelerated at a rate of 0.33 rotations/s.
Mechanical detection of the latency to fall was registered by Panlab
RotaRod RS (Harvard Apparatus, Holliston, MA).

Elevated plus maze (EPM)—The EPM, as described previ-
ously (67), was performed in a black Plexiglas apparatus (Ham-
ilton Kinder, San Diego, CA) that consists of two open arms and
two closed arms each 50.17 cm long and 10.8 cm wide. The
closed arms have walls that are 40.01 cm high. The entire appa-
ratus is elevated 100 cm above the ground on a square alumi-
num base. For a testing period of 5 min, anxiety is estimated by
the amount of time rats spend in the closed versus open arms.
Test sessions were video recorded by ceiling-mounted cameras.

Cardiovascular experiments—Radio telemetry probes (cata-
log no. HD-S11, Data Sciences International, St. Paul, MN)
were surgically implanted into the peritoneal cavity and sutured
to the muscle wall to assess general motor activity and temper-
ature. A pressure transducer was implanted into the femoral
artery to assess cardiovascular responses (i.e. MAP and HR).
Animals were injected with selected compounds following a
10-min baseline period, and data points were analyzed between
20 and 60 min after injection. This allowed us to investigate
ligand effects without confounding effects of animal handling
or the injection itself and to allow the ligand to cross the blood—
brain barrier.
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