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Structural elements in the Girk1 subunit that
potentiate G protein—gated potassium channel activity

Nicole Wydeven, Daniele Young, Kelsey Mirkovic, and Kevin Wickman'

Department of Pharmacology, University of Minnesota, Minneapolis, MN 55455

Edited* by David E. Clapham, Howard Hughes Medical Institute, Children’s Hospital Boston, Boston, MA, and approved November 15, 2012 (received for

review July 13, 2012)

G protein—gated inwardly rectifying K* (Girk/Kg3) channels medi-
ate the inhibitory effect of many neurotransmitters on excitable
cells. Girk channels are tetramers consisting of various combina-
tions of four mammalian Girk subunits (Girk1 to -4). Although
Girk1 is unable to form functional homomeric channels, its pres-
ence in cardiac and neuronal channel complexes correlates with
robust channel activity. This study sought to better understand the
potentiating influence of Girk1, using the GABAg receptor and
Girk1/Girk2 heteromer as a model system. Girk1 did not increase
the protein levels or alter the trafficking of Girk2-containing chan-
nels to the cell surface in transfected cells or hippocampal neurons,
indicating that its potentiating influence involves enhancement of
channel activity. Structural elements in both the distal carboxyl-ter-
minal domain and channel core were identified as key determinants
of robust channel activity. In the distal carboxyl-terminal domain,
residue Q404 was identified as a key determinant of receptor-in-
duced channel activity. In the Girk1 core, three unique residues in
the pore (P) loop (F137, A142, Y150) were identified as a collective
potentiating influence on both receptor-dependent and receptor-
independent channel activity, exerting their influence, at least in
part, by enhancing mean open time and single-channel conductance.
Interestingly, the potentiating influence of the Girk1 P-loop is tem-
pered by residue F162 in the second membrane-spanning domain.
Thus, discontinuous and sometime opposing elements in Girk1 un-
derlie the Girk1-dependent potentiation of receptor-dependent and
receptor-independent heteromeric channel activity.

jon channel | electrophysiology | mutagenesis | baclofen

any neurotransmitters inhibit neurons by activating recep-
tors linked to heterotrimeric GTP-binding proteins (G pro-
teins). A prototypical effector in such si%naling pathways is the
G protein—gated inwardly rectifying K* (Girk/Kjg3) channel
(reviewed in ref. 1). Girk channels are tetramers, with each subunit
possessing intracellular N and C termini and a core domain contain-
ing two transmembrane segments, two short extracellular loops,
and a hydrophobic domain (pore loop, referred to hereafter as
P-loop) that contributes to the pore and K* selectivity filter. Four
mammalian Girk genes have been identified (Girkl to Girk4). The
classic mode of Girk channel activation involves the direct binding
of GPy subunits, which stabilizes a low-affinity interaction between
the channel and phosphatidylinositol 4,5-bisphosphate (PIP,).
Girk2 plays a key role in neuronal Girk channel formation
(e.g., ref. 2). Overlapping expression patterns and the impact of
Girk2 ablation on Girkl expression, however, argue that most
neuronal Girk channels contain both Girkl and Girk2 (3, 4). In
support of this contention, GirkI ablation yields a near-complete
loss of Girk-dependent signaling in neurons that express Girkl
(e.g., ref. 5). These findings are surprising because Girk2 forms
functional homomers in expression systems that exhibit G pro-
tein—dependent gating, K* selectivity, and inward rectification
(6). Moreover, Girk2 homomers have been identified in mid-
brain dopamine neurons (7). Nevertheless, work in expression
systems has shown clearly that Girkl potentiates receptor-de-
pendent and receptor-independent currents when coexpressed
with Girk2 or Girk4 (6, 8-10).
Many studies have provided insight into the structural basis
of channel regulation by G proteins, PIP,, and Na™, as well as
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channel-gating mechanisms (1). Most of the relevant structural
elements, however, are well conserved across Girk subunits
and, thus, cannot explain how Girkl potentiates Girk signaling.
Here, we sought insights into the structural elements unique to
Girkl that potentiate Girk channel activity, using mutagenesis
approaches exploiting insights from previous biochemical and crys-
tallography studies.

Results

Girk1-Dependent Potentiation of GABAg; Receptor-Girk Signaling.
HEK cells expressing the GABAg receptor (GABAgR) subunits
GABAgR1 and GABAgR2, along with epitope-tagged Girkl and
Girk2, exhibited large currents in response to a saturating con-
centration of the GABAgR agonist baclofen, as well as receptor-
independent or basal (Ba“*-sensitive) whole-cell currents (Fig. 1 4
and B). In contrast, currents in cells expressing GABAgR and
Girk2 were small. Consistent with previous observations (11, 12),
pretreatment of cells expressing the Girkl/Girk2 heteromer with
pertussis toxin, which uncouples Gi/o G proteins from activated
receptors, eliminated the baclofen-induced but not basal current
(Fig. 1B). Thus, Girkl potentiates Girk currents in both receptor-
dependent and receptor-independent manners. Girk2 levels at the
cell surface measured using a biotinylation approach were not
significantly different with or without Girk1 present (Fig. 1 C and
D). Moreover, the ratio of surface-to-total Girk2 protein was un-
altered, indicating that Girkl does not impact the surface traf-
ficking of Girk2-containing channels.

We also examined the impact of Girkl ablation on GABAgR-
Girk signaling in mouse hippocampal cultures. Girkl ablation
yielded a dramatic reduction (~80%) in baclofen-induced currents
in large pyramidal-shaped neurons (Fig. S14). Interestingly, the
small residual currents in neurons from Girkl ™~ mice correlated
with a significant increase in GABAgRI and Girk2 expression (Fig.
S1B). There was no difference, however, in total or surface Girk2
protein levels in cultures from wild-type and GirkI ™~ mice (Fig.
S1C). Collectively, these data indicate that the potentiating effect of
Girkl on Girk currents in heterologous and native systems is not
attributable to increased protein levels or surface targeting of Girk2.

Influence of the Distal C Terminus. Multiple intracellular domains
have been implicated in the binding of Gfy to Girk subunits (1).
These elements are highly conserved across Girk subunits, how-
ever, and, thus, cannot explain the potentiating influence of Girk1.
Although the unique distal C-terminal Girkl domain between
residues 390-462 does not bind Gy directly, it has been shown to
enhance the binding of the Girk1 C terminus to Gy (13). As such,
we used a targeted deletion strategy to probe the functional rele-
vance of this and surrounding domains (Fig. 2). The deletion
mutants were expressed at levels comparable to Girkl (Fig. S2 4
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Girk2

(24 h) with pertussis toxin (PTX) (0.1 ng/mL). A sig-
nificant impact of group was observed for basal
(F2,04 =9.5; P < 0.001) and baclofen-induced (F;,05 =

A gazr C input eluate
- Girk1/2  Girk2 (1x) Girk2 (2x) Girk1/2 Girk2 (1x) Girk2 (2x
baclofen Girl/2_ Gik? (1) Girk2 (2] Girt/2_ Girk2 (1) Girk2 (2x)
H ! _' Fig. 1. Potentiating influence of Girk1. (A) Baclofen-
Girk1+Girk2 S — - - o o ——— induced and basal (Ba®*-sensitive) currents, mea-
2 5m . sured in a high-K* bath solution (25 mM) at a holding
D ’ D Girk1/2 potential of =70 mV, in cells expressing GABAgR and
10s 220- |:|Girk2 (1x) either. Girk1/Girk2 or Girk2 alone. Barszdenote the
3 —_ . duration of baclofen (100 pM) and Ba** (0.3 mM)
—I 8 @ HGirk2 (2x) ton ’
5 c applications. (B) Summary of currents measured in
> 3 159 cells expressing Girk2 and GABAgR, along with the
£ subunit depicted on the left (n = 15-61 per group).
g 109 Girk2 homomeric currents were measured in cells
or = transfected with double (2x) the amount of Girk2
Mﬂ Bi O 0.5 used in cells transfected with Girk1 and Girk2. A
W 0 subset of cells expressing Girk1/Girk2 was pretreated
B

61.1; P < 0.001) currents. ***P < 0.001 vs. Girk1/
Girk2. (C) Blot from a biotinylation experiment

probing total and surface Girk2 protein levels in cells

total protein surface surface:total
basal (pApF) baclofen (pA/pF)
0 100 200 300 400 500 O 10 20 0 10 20 30 40 50
Residuet ¢ t 4 3 | L L I I 1 ] 1
Girk1 AU5

H transfected with Girk1 and Girk2 (Girk1/2), Girk2

Girk1
Girk2 |

¥
aus [+PTx_H
p***

and B), and the protein levels and surface trafficking of Girk2 were
comparable in cells expressing Girk1 or deletions (Fig. S2 C-E).
Basal and baclofen-induced currents were measured in cells
transfected with Girkl deletion constructs, Girk2, and GABAgR
(Fig. 24). The first construct tested (Girk1A462) revealed that
the last 39 aa of Girkl are not required for normal basal or
GABAgR-dependent Girk currents. Basal current for Girk1A409/
Girk2 and Girk1A406/Girk2 heteromers was, however, signifi-
cantly lower than those measured for Girkl/Girk2, whereas
GABAgR-dependent Girk currents were preserved. Further de-
letion (Girk1A399) correlated with a significant decrease in
baclofen-induced Girk currents. Thus, structures between resi-
dues 409 and 462 uniquely support robust basal activity, whereas

- +PTX *%%

j *kk

I—myc

alone (1x), and Girk2 alone at twice the concentra-
tion (2x). (D) Quantification of biotinylation data
(n = 3 separate experiments). No significant differ-
ences were detected between groups.

residues 399-406 are important for robust GABAgR-dependent
Girk currents.

A sharp distinction in baclofen-induced currents was observed
for Girk1A406/Girk2 and Girk1A403/Girk2 heteromers. Muta-
tion of the pertinent residues individually to alanine (Q404A,
K405A, 1406A), in the context of the Girk1A406 backbone,
identified Q404 as a possible determinant of robust receptor-
induced current (Fig. 2 B and C). Basal current observed with the
Girk1(Q404A) mutation was smaller than Girk1A406, although
this difference was not statistically significant.

We next engineered the Q404A mutation into full-length
Girkl. Whereas basal activity was not different in cells expressing
GABAgR, Girk2, and either Girkl or Girk1(Q404A), baclofen-

Fig. 2. Impactofthe Girk1 distal Cterminus. (A) Basal
## and baclofen-induced currents in cells expressing
GABAGgR, Girk2, and the subunit depicted on the left
(n = 12-61 per group). A significant impact of group
was observed for basal (Fs13; = 8.4; P < 0.001) and
baclofen-induced (F5 141 =6.7; P < 0.001) currents. *P <
0.05 and ***P < 0.001 vs. Girk1/Girk2; *P < 0.01 vs.
Girk1A406/Girk2. Girk2 homomeric basal and baclo-

fen-induced currents are shown for comparison but

were not included in the analysis. (B) Immunoblot of

1406A, K405A, and Q404A point mutants, generated
on the Girk1A406 backbone. (C) Basal and baclofen-

induced currents in cells expressing GABAgR, Girk2,

and the construct depicted on the left (n = 8-18 per
* group). A significant impact of group was observed
for baclofen-induced (F3 4, = 3.0; P < 0.05) but not
basal (F341 = 2.6; P = 0.06) current. *P < 0.05 vs.

A basal (pApF) baclofen (pA/fpF)
0 100 200 300 400 500 0 10 20 0 10 20 30 40 50
Residuet + * + * | I L L ] L ] I
Girk1 AUS5 |.| H
A462 AU5
soc [ [+ -
A403 [ H #x #
A399 ]*** |-|***
Girk2 | Fmye I D
B __Girk1A406 C  pasal (pAPF) baclofen (pApF)
& 60?“ @}?‘ 0 10 20 O 10 20 30 40 50
mock Girkt W & i : : . . . . .
kDA A406 H
52 = - 1406A |
38 = .| ca05n —
AUS Q404A |—|
s s Gt ) |
- waos [ —
beta-actin
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Girk1A406/Girk2.
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induced currents were ~30% lower in cells expressing Girkl
(Q404A) (Fig. 34). This difference was not related to reduced
expression of Girk1(Q404A) (Fig. S3 A and B) or to a negative
influence of Girk1(Q404A) on the protein level or surface traf-
ficking of Girk2 (Fig. S3 C and D). The ECs, for baclofen activation
of Girk1(Q404A)/Girk2 heteromers [0.76 pM; 95% confidence
interval (CI): 0.52-1.11 pM], measured by sequential application of
increasing baclofen concentrations (0.01-300 pM), was slightly but
significantly greater (Fy 4, = 4.3; P < 0.05) than that measured for
Girk1/Girk2 (0.47 pM; 95% CI: 0.36-0.61). When coexpressed with
Girk2 and Gfy (Gp; and Gyy), Glrkl and Girk1(Q404A) sup-
ported robust and indistinguishable Ba*"-sensitive currents (Fig. 3
B and C). Collectively, these data are consistent with a role for
Q404 in enhancing the channel-Gpy interaction.

Impact of the Girk1 Core. Baclofen-induced currents observed for
Girk1A399/Girk2 were significantly larger than those carried by
Girk2 homomers (f34 = 5.6; P < 0.001), arguing that structures
between residues 1 and 399 also contribute to the Girk1-dependent
potentiation of Girk channel activity. To identify key structural
elements within this larger region of Girkl, which contains do-
mains critical for Girk channel function, we next generated three
chimeras incorporating N-terminal (Girkl residues 1-85), core
(Girkl residues 86-180), or C-terminal (Girk1 residues 181-501)
domains from Girk1 within a Girk2 backbone and expressed them
with Girk2 and GABAgR (Fig. 4). All three chimeras (NT, TM,
CT) were expressed at higher levels than Girk1 (Fig. S44), but none
significantly altered the surface trafficking of Girk2 (Fig. S4B). Only
the Girkl core domain (TM) conferred a partial but significant
potentiation of basal and baclofen-induced currents (Fig. 44).
Single-channel conductance and mean open-time values are
larger for Girkl-containing channels than Girkl-lacking coun-
terparts (8, 14). Enhancement of these unitary properties should
increase basal and receptor-induced whole-cell Girk currents.
Thus, we next measured single-channel conductance and mean
open times of baclofen-activated Girk channels in cells expressing
Girk1/Girk2, Girk2 alone, or TM/Girk2. In cells expressing Girk1
and Girk2, most channel openings were reasonably well resolved
(Fig. 4B), exhibiting a prominent single-channel conductance of
35 pS (Table 1 and Fig. S4C). The open-state dwell-time data for
Girk1/Girk2 heteromers was modeled best with two terms (0.4 and
2.2 ms; Table 1 and Fig. S4D). In cells expressing Girk2 homomers,
events were less well resolved; analysis revealed a single-channel
conductance of 11 pS and a mean open time of 0.3 ms. Channels
observed in cells expressing TM and Girk?2 exhibited an intermediate

A basal (pApF) baclofen (p. A/pF)
0 100 200 300 400 500 O 20 400 20 40 80
Residue L L L L L
circt [ - | | :l"
A
High K*
B o = Cw 150 +Girk2/Gy
Girk1 \ 2
ss | | S =100 T T
+Girk2/GBy cg
Nr High K* @g_ 50
Ba?* &~
Q404A| ‘ 3 .
\ \_ 0
T +Girk2/GBy GByonly Girk1 Q404A
Fig. 3. Impact of Q404. (A) Basal and baclofen-induced currents in cells

expressing GABAgR, Girk2, and the depicted construct (n = 19-20 per group).
A significant difference between groups was observed for baclofen-induced
(t37 = 2.8; P < 0.01) but not basal (t35 = 0.2; P = 0.9) current. **P < 0.01 vs.
Girk1. (B) Ba**-sensitive currents measured in high-K* bath solution in cells
expressing Gp1y2 and either Girk1/Girk2 or Girk1(Q404A)/Girk2 (Vhoia = —70
mV). Bars denote the duration of Ba?* (0.3 mM) application. (C) Summary of
Ba**-sensitive currents in cells transfected with GB1y2 and empty vector (Gpy
only), Girk1/Girk2, or Girk1(Q404A)/Girk2. A significant impact of group was
observed (F9 = 4.6; P < 0.05). *P < 0.05 vs. Girk1.
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Fig. 4. Impact of the Girk1 core. (A) Basal and baclofen-induced currents in
cells expressing GABAgR, Girk2, and the depicted construct (n = 10-34 per
group). A significant impact of group was observed for basal (Fs 105 = 10.3;
P < 0.001) and baclofen-induced (Fs 110 = 10.9; P < 0.001) currents. *P < 0.05
and ***P < 0.001 vs. Girk2 homomer; *#P < 0.001 vs. Girk1/Girk2. (B) Rep-
resentative segments (300 ms) of cell-attached recordings (Vhoig = =75 mV),
measured with 100 pM baclofen in the high-K* (150 mM) pipette solution,
from cells expressing GABAgR, Girk2, and either Girk1 (Top), TM chimera
(Middle), or Girk2 (Bottom). A patch with higher activity (and at least 2
channels) is shown for TM to emphasize the profile overlap with Girk1/Girk2
heteromers and Girk2 homomers.

conductance (21 pS) and mean open times (0.4 and 1.7 ms), values
significantly different from those of both Girkl/Girk2 heteromers
and Girk2 homomers (Table 1). These data suggest that larger
whole-cell currents seen in cells expressing TM/Girk2 compared with
Girk2 homomers can be attributed, at least in part, to an enhance-
ment of single-channel conductance and mean open time.

A second set of chimeras with overlapping Girkl content was
generated to better resolve potentiating elements within the 95-
residue domain (Fig. 5). The three chimeras (M1-P, P, P-M2) were
expressed at levels comparable to the TM chimera (Fig. S5 4 and
B). Single-channel conductance and open times were significantly
lower for all three chimeras relative to TM but significantly greater
than those for Girk2 homomers (Table 1). All three chimeras
supported basal currents comparable to those measured for the TM
chimera (Fig. 5B), implicating the Girkl P-loop as a key potenti-
ating influence on basal channel activity. Interestingly, baclofen-
induced currents supported by the M1-P and P (but not P-M2)
chimeras were significantly larger than those measured for the TM
chimera, indicating that the Girk1 P-loop also enhances GABAgR-
Girk current and that this influence is tempered by structural
content between Girkl residues 150 and 180.

Six residues differ between Girkl and Girk2 within this region,
and all are found within the M2 domain (Fig. 54). To identify the
structural basis for the inhibitory influence of the M2 domain,
we introduced Girkl-specific residues into the M2 domain of the
P chimera, focusing on three substitutions predicted to exert the
most significant structural impact (L173F, I175F, N184D). Whereas
cells expressing GABAgR, Girk2, and either P(1175F) or P(N184D)
exhibited basal and baclofen-induced currents comparable to or
greater than cells expressing the TM chimera, currents supported by
the P(L173F) mutant were indistinguishable from those seen in cells
expressing TM. Moreover, baclofen-induced currents in cells
expressing P(L173F) were significantly lower than currents mea-
sured in cells expressing the P chimera (Fig. 5C). The single-channel
conductance (but not mean open time) measured in cells coex-
pressing Girk2 and P(L173F) was also significantly lower than that
measured for the P chimera (Table 1). Collectively, these data
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Table 1. Summary of single-channel data

Subunit Conductance, pS Open time, ms

Girk1 35+ 1 0.4 + 0.5 (54%)

22+2 2.2 + 0.4 (46%)

™ 21 + 1% 7 0.4 + 0.5 (49%)*"
1.7 + 0.3 (51%)

M1-P 18 + 1% 1* 0.2 + 0.5 (56%)**
1.2 + 0.3 (44%)

P 17 + 1% ** 0.5 + 0.3 (64%)*™*
2.4 + 0.5 (36%)

P-M2 17 + 1%=** 1.1 + 0.1%%%S

P(L173F) 13 4+ 1%*5 0.9 + 0.1*™#

FAY 16 + 1% "* 0.2 + 0.4 (60%)**
1.5 + 0.3 (40%)

FA 13 4+ 1**5 0.7 + 0.2*%™*5

S148F 14 4+ 1%*5 0.8 + 0.1* %8

T153A 14 4+ 1**5 0.8 + 0.2*%*5

V161Y 18 + 1% 0.6 + 0.1* %5

Girk2 11+ 1% 0.3 + 0.2**

Single-channel conductance and open times derived from channel events
(n = 250-892) measured in three to five cells expressing Girk2 and the sub-
unit listed on the left. Amplitude data were binned in a conventional histo-
gram (0.2-pA bin width; 0.4- to 4.4-pA constraints), normalized, and fit using
a Gaussian function. Models with different term number were compared
automatically, and results from the optimal fit are listed here. Open-state
dwell-time data were binned in a logarithmic histogram (15 bins per decade;
0.3- to 10-ms constraints). Square roots of bin counts were determined, and
resultant histograms were fit using an exponential (log-probability) func-
tion. Optimal fits were determined for each channel. For two-term fits,
the influence of each term is listed as a percentage. The Girk2(V142P) mu-
tant was not evaluated because of low-level whole-cell activity. *P < 0.001
vs. Girk1/Girk2; TP < 0.05 vs. Girk2; *P < 0.05 vs. TM; 5P < 0.05 vs. P.

suggest that residue F162 in the Girkl M2 domain is a selective
inhibitory influence on the receptor-dependent gating of hetero-
meric Girk channels.

Only four residues differ between Girkl and Girk2 within the
P-loop (Fig. 64). To determine which residue(s) confers poten-
tiation of basal and baclofen-induced currents, we generated
Girk2 point mutants containing one or more Girkl residues at
the analogous positions. No enhancement of basal activity was
observed when the single mutants were coexpressed with Girk2
(Fig. 6C). Girk2(S148F) did tend to support larger baclofen-in-
duced currents, despite the fact that total protein levels for this
mutant were significantly lower than Girk2 (Fig. S6). Mean open
time for channels in cells expressing Girk2(S148F) and Girk2,
however, was significantly longer than that of a Girk2 homomer,
suggesting that the mutant was expressed and available to in-
fluence the unitary properties of the expressed channel.

We next evaluated the Girk2(S148F/T153A) double mutant, or
FA mutant, reasoning that this dual substitution would promote
a redistribution of intrasubunit interactions. T153 in Girk2 is lo-
cated at the junction between the K*-selectivity filter and pore
helix (Fig. 6B), and it participates in an intrasubunit interaction
with W106. Introduction of the Girk1-specific alanine at this po-
sition should preclude this interaction and foster an intrasubunit
interaction between W106 and the Girkl-specific phenylalanine
incorporated at position 148. Total expression levels of the FA
mutant were, like Girk2(S148F), significantly lower than Girk2
(Fig. S6). Basal activity and unitary channel properties measured in
cells expressing FA and Girk2 was comparable to those seen in
cells expressing Girk2(S148F), and although baclofen-induced
currents were larger than those measured in cells expressing Girk2
(S148F), the difference was not significant (Fig. 6C).

V142P and V161Y substitutions were next introduced in-
dependently to the FA mutant to generate PFA and FAY triple
mutants. Introduction of the proline at position 142 should cause
a premature termination of the pore helix, whereas the V161Y
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A outer helix (M1)

GIRK1l: WRWNLFIFIL TYTVAWLFMA SMWWVIAYTR GDLNKAHVGN YTPCVANVYN [129]
GIRK2: WRENLLIFVM VYTVTWLFFG MIWWLIAYIR GDMDHIEDPS WTPCVTNLNG [140]
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GIRKl: FPSAFLFFIE TEATIGYGYR YITDKCPEGI ILFLFQSILG SIVDAFLIGC [179]

GIRK2: FVSAFLFSIE TETTIGYGYR VITDKCPEGI ILLLIQSVLG SIVNAFMVGC [190]
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Fig. 5. Impact of the Girk1 P-loop and M2 domain. (A) Sequence alignment
of Girk1 and Girk2 core domains, with key structural elements highlighted.
The arrowheads denote three residues tested for their influence on the M2-
dependent inhibition of baclofen-induced currents. (B) Basal and baclofen-
induced currents in cells expressing GABAgR, Girk2, and the depicted chi-
mera (n = 12-22 per group). A significant impact of group was observed for
baclofen-induced (F5 54 = 7.6; P < 0.001) but not basal (F3 55 = 1.0; P = 0.4)
current. **P < 0.01 and ***P < 0.001 vs. TM. Basal and baclofen-induced
currents for Girk1/Girk2 are presented for comparison but were not included
in the statistical analysis. (C) Basal and baclofen-induced currents in cells
expressing GABAgR, Girk2, and the depicted construct (n = 7-22 per group).
A significant impact of group was observed for baclofen-induced (Fs 55 =
15.6; P < 0.001) and basal (F4,54 = 9.8; P < 0.001) currents. *P < 0.05 and **P <
0.01 vs. TM; #P < 0.05 vs. P.
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substitution should strengthen intersubunit interactions by pro-
moting aromatic stacking with Y159 (conserved in all Girk sub-
units) in the adjacent Girk subunit (Fig. 6B). PFA protein levels
were low in whole-cell extracts from transfected cells (Fig. S6),
and PFA/Girk2 coexpression yielded basal and baclofen-induced
responses comparable to those of Girk2 homomers. In contrast,
total protein levels for FAY were notably higher than those of the
PFA, FA, and S148F mutants (Fig. S6), and FAY/Girk2 coex-
pression recapitulated the enhanced basal and baclofen-induced
currents seen with the P chimera (referred to as PFAY in Fig. 6C).

Importantly, reversal potentials for the baclofen-induced cur-
rents measured in the high-K* recording solution were similar
(F2,16=2.6; P =0.1) for cells expressing Girk1/Girk2 (—42 + 1 mV;
n=>5),P/Girk2 (=33 + 5mV;n =5),and FAY/Girk2 (-36 + 1 mV;
n = 7) and were close to the K* equilibrium potential (—43 mV).
Thus, the potentiation of basal and baclofen-induced currents
observed with P chimera and FAY mutant was not attributable to
marked alterations in channel selectivity. Moreover, channels
measured in cells expressing Girk2 and FAY or P chimera
exhibited significantly longer mean open times and slightly larger
single-channel conductances than Girk2 homomers, arguing that
the potentiating influence of these P-loop residues on basal and
baclofen-induced currents is mediated, at least in part, by an en-
hancement of unitary channel properties.

Discussion

Previous chimeric studies explored the influence of intracellular
and core domains of Girkl on channel function (14, 15, 16, 17),
leading to the identification of N- and multiple C-terminal domains
critical for promoting direct interactions with Gy, including the
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pore helix | K*filter
GIRK1l: FPSAFLFFIE TEATIGYGYR YITDKCPEGI [159]
GIRK2: FVSAFLFSIE TETTIGYGYR VITDKCPEGI [170]
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Fig. 6. Impact of Girk1 P-loop residues. (A) Alignment of Girk1 and Girk2 P-
loop domains. The arrowheads denote the four amino acid differences be-
tween Girk1 and Girk2 in this domain. (B) Modeling of the Girk2 homomer
[Protein Data Bank (PDB) ID code 3SYQ)] in the open conformation, with one
subunit (facing the viewer) removed for clarity. The three remaining subunits
are displayed in different colors. (Right) Detailed structures within the pore,
with the M2 domain (inner helix) of the fuchsia subunit removed for clarity.
(C) Basal and baclofen-induced currents in cells expressing GABAgR, Girk2, and
the depicted construct (n =617 per group). A significant impact of group was
observed for basal (Fg g3 = 9.8; P < 0.001) and baclofen-induced (Fg g1 = 14.1;
P < 0.001) currents. ***P < 0.001 vs. Girk2 homomer; **P < 0.01 and ##p <
0.001 vs. Girk1/Girk2 heteromer (only select comparisons are shown).

“BL-BM sheet” (residues 331-340) and L333 (1). These structures
form a binding pocket that maps onto the external face of an ex-
tended cytosolic ion permeation pathway (18). Given the conser-
vation of these and other critical domains across Girk subunits, they
cannot explain the potentiating influence of Girkl on Girk cur-
rents. Moreover, whereas the distal C-terminal domain of Girkl
(residues 325-501) can confer enhanced Gfy-dependent activation
to a heteromeric channel consisting of Girk4 and an IRK1/Girk1
chimera, robust receptor-induced currents required the Girkl core
domain (15). Thus, structural features of Girkl might enhance
receptor-dependent Girk signaling via mechanisms that do not
involve Gfy binding.

Structural insights into the unique distal C-terminal domain of
Girkl are limited because published crystal structures were derived
from recombinant proteins lacking the distal regions of the N- and C-
terminal domains. Although this domain, alone, does not bind Gfy,
its presence significantly strengthened binding of Gfy to the Girkl C
terminus (13). Thus, the potentiating effect of Girkl on Girk-de-
pendent signaling might reflect, in part, the presence of distal
C-terminal domain that confers a stronger association between
the channel and Gfy. Here, we identified a single residue within
this domain (Q404) that selectively influences receptor-induced
Girk channel activity. Available evidence is consistent with the

21496 | www.pnas.org/cgi/doi/10.1073/pnas. 1212019110

possibility that this residue strengthens the channel-Gfy in-
teraction. It is also possible, however, that Q404 strengthens the
allosteric coupling that translates Gfy binding to an increase in
channel gating.

Three amino acids (F137, A142, Y150) in the P-loop were found
to collaborate to enhance heteromeric channel activity, probably
via the redistribution of intrasubunit interactions and strengthen-
ing of intersubunit interactions that leads to enhanced single-
channel conductance and mean open time and, perhaps, enhanced
gating. F137 was identified previously as an enhancer of basal and
receptor-dependent currents carried by the Girkl/Girk4 hetero-
mer (19). Although the precise structural impact of the phenylal-
anine substitution is unknown, manipulations at this site influence
diverse channel properties. Indeed, an S148T substitution in Girk2
yields highly active homomeric channels (20). Perhaps more sur-
prisingly, Girk1(F137S) homomers reach the cell surface and are
functional, despite the lack of an endoplasmic reticulum export
signal that precludes surface trafficking of Girkl (21).

Our data show that the positive collective influence of F137,
A142, Y150 on basal and receptor-induced Girk currents is tem-
pered by F162 in the Girkl M2 domain. Using the structure of the
Girk2 homomer as a template, one would predict that replacing
L173 (the analogous position in Girk2) with the relatively bulky
phenylalanine would result in a Van der Waals interaction with
1155 of the adjacent Girk subunit, pushing 1155 toward the K*-
permeation pathway (Fig. S5C). In support of this contention, the
unitary conductance of channels formed with P(L173F) was lower
than that of the P chimera, and the longer mean open times (2.4
ms) observed with the P chimera were not seen for P(L173F). The
relatively selective influence of this residue on receptor-dependent
current argues that it is involved in conformational changes in the
channel triggered by Gy binding.

Although pore-related structures that enhance unitary proper-
ties should increase basal (and receptor-dependent) whole-cell
current, we found that the domain between 409 and 462 in the
distal C terminus is a significant and selective determinant of re-
ceptor-independent channel activity. The impact of the distal
C terminus of Girk1 on basal activity might relate to channel inter-
actions with Ga subunits. Go;; was found to interact with the distal
Girkl C terminus, leading to a reduction in basal activity and in-
creased Gpy-dependent activation of Girk1(F137S) homomers
(22). In contrast, basal activity of Girk2 homomers was insensitive
to Gajs-dependent modulation. In light of the substantial basal
activity of Girk channels seen in neurons (e.g., ref. 23), refinement
of the impact of the distal Girkl C-terminal domain on basal ac-
tivity is warranted.

The single-channel conductance and mean open time of Girk1-
containing channels are both larger than those of Girkl-lacking
channels. Our data reveal that Girkl core domain accounts for
much of the influence of Girkl on mean open time and some of its
influence on unitary conductance. Presumably, structures in the
proximal N- and/or C-terminal domains of Girk1 that contribute
to the cytoplasmic pore participate in modulating these unitary
channel properties. Given the robust influence of Girkl on Girk
channel activity, it seems likely that Girkl also enhances other
aspects of channel function, including gating. In addition to an
inner-helix gate formed by the second-transmembrane segments,
Girk channels possess a G-loop gate found near the interface of
the cytoplasmic domain and membrane (24). Binding of Gfy to
Girk2 homomers opens the G-loop gate in the absence of PIP,
and both G-loop and inner-helix gates in the presence of PIP,
(24). Although these gates are conserved across Girk subunits,
Girkl and Girk2 do differ with regard to PIP, affinity (25). Sub-
unit-dependent differences in channel modulation by Na™ also
support the contention that subtle differences associated with
Girk channel gates may translate into significant differences in
channel activity (26).

The existence of four Girk subunit genes, and their overlapping
but distinct expression patterns, suggests that subunit composition
influences Girk channel function in tangible ways. Given the crit-
ical contributions made by Girk channels to complex behavior and
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organ physiology (1), a detailed understanding of intrinsic and
extrinsic factors that influence channel function is warranted.
Here, we explored the structural underpinnings of the clearest
Girk subunit-dependent functional difference described to date.
These efforts have refined the map of features influencing re-
ceptor-dependent and independent activity of Girkl-containing
channels, the dominant Girk channel type in the brain and heart.

Materials and Methods

Animals. Studies involving animals were approved by the University of
Minnesota Institutional Animal Care and Use Committee. The generation of
Girk1™~ mice was described previously (27).

Molecular Biology. pcDNA3-based expression constructs containing epitope-
tagged rat Girk1 (Girk1-AU5) and mouse Girk2a (Girk2-myc) coding
sequences served as parent constructs. Girk1 C-terminal deletion constructs
were generated by PCR. Girk1/Girk2 chimeras were generated by overlap-
extension PCR. Point mutations were introduced using the Quickchange Il XL
kit (Agilent Technologies). All constructs were validated by DNA sequencing.
Expression constructs for human GB1 (FLAG-GB1) and Gy2 (HA-Gy2) were
purchased from the Missouri S&T ¢cDNA Resource Center.

Cell Culture and Biochemistry. For biochemical assays, HEK293FT cells (Invi-
trogen/Life Technologies) were transfected using the calcium phosphate
technique and collected for analysis 36-54 h later. For electrophysiological
studies, HEK293 cells (ATCC) were transfected with Lipofectamine LTX re-
agent (Invitrogen/Life Technologies); experiments were conducted 18-36 h
later. Some cells were treated with pertussis toxin (Tocris Bioscience) for 12—
18 h before electrophysiological characterization. Primary cultures of hip-
pocampal neurons were prepared as described (28). For quantitative (q)RT-
PCR and biotinylation studies, neurons were plated onto 3-cm Petri dishes
and kept in culture for 10-12 d before experimentation. qRT-PCR conditions
for GABAgR1T and Girk2 were described previously (29).

Immunoblotting and HEK cell biotinylation experiments were performed as
described (30). Blots were probed with primary antibodies targeting c-myc
(11667149001; 1:500; Hoffmann-La Roche), p-actin (ab6276; 1:10,000; Abcam),
AU5 (A190-227A; 1:1,000; Bethyl Laboratories), or Girk2 (APC-006; 1:200;
Alomone Labs) and either donkey anti-mouse (926-32212; 1:7,000; LI-COR

. Luscher C, Slesinger PA (2010) Emerging roles for G protein-gated inwardly rectifying
potassium (GIRK) channels in health and disease. Nat Rev Neurosci 11(5):301-315.

2. Luscher C, Jan LY, Stoffel M, Malenka RC, Nicoll RA (1997) G protein-coupled inwardly
rectifying K* channels (GIRKs) mediate postsynaptic but not presynaptic transmitter
actions in hippocampal neurons. Neuron 19(3):687-695.

3. Karschin C, Dissmann E, Stuhmer W, Karschin A (1996) IRK(1-3) and GIRK(1-4) inwardly
rectifying K* channel mRNAs are differentially expressed in the adult rat brain. J
Neurosci 16(11):3559-3570.

4. Signorini S, Liao YJ, Duncan SA, Jan LY, Stoffel M (1997) Normal cerebellar de-
velopment but susceptibility to seizures in mice lacking G protein-coupled, inwardly
rectifying K* channel GIRK2. Proc Nat! Acad Sci USA 94(3):923-927.

. Koyrakh L, et al. (2005) Molecular and cellular diversity of neuronal G-protein-gated
potassium channels. J Neurosci 25(49):11468-11478.

6. Lesage F, et al. (1995) Molecular properties of neuronal G-protein-activated inwardly
rectifying K* channels. J Biol Chem 270(48):28660-28667.

7. Inanobe A, et al. (1999) Molecular cloning and characterization of a novel splicing variant
of the Kir3.2 subunit predominantly expressed in mouse testis. J Physiol 521(Pt 1):19-30.

8. Krapivinsky G, et al. (1995) The G-protein-gated atrial K* channel Ixach is @ hetero-
multimer of two inwardly rectifying K(+)-channel proteins. Nature 374(6518):135-141.

9. Kofuji P, Davidson N, Lester HA (1995) Evidence that neuronal G-protein-gated in-
wardly rectifying K* channels are activated by G beta gamma subunits and function
as heteromultimers. Proc Nat/ Acad Sci USA 92(14):6542-6546.

10. Duprat F, et al. (1995) Heterologous multimeric assembly is essential for K* channel
activity of neuronal and cardiac G-protein-activated inward rectifiers. Biochem Bio-
phys Res Commun 212(2):657-663.

11. Fowler CE, Aryal P, Suen KF, Slesinger PA (2007) Evidence for association of GABA(B)
receptors with Kir3 channels and regulators of G protein signalling (RGS4) proteins. J
Physiol 580(Pt 1):51-65.

12. Wiser O, et al. (2006) Modulation of basal and receptor-induced GIRK potassium
channel activity and neuronal excitability by the mammalian PINS homolog LGN.
Neuron 50(4):561-573.

13. Huang CL, Jan YN, Jan LY (1997) Binding of the G protein betagamma subunit to
multiple regions of G protein-gated inward-rectifying K* channels. FEBS Lett 405(3):
291-298.

14. Stevens EB, Woodward R, Ho IH, Murrell-Lagnado R (1997) Identification of regions

that regulate the expression and activity of G protein-gated inward rectifier K*

channels in Xenopus oocytes. J Physiol 503(Pt 3):547-562.

w

Wydeven et al.

Biosciences) or anti-rabbit (926-68072; 1:7,000; LI-COR) secondary antibodies.
Blots were developed and band intensities were quantified using the
Odyssey Infrared imaging system (LI-COR).

Electrophysiology. Conditions for measuring baclofen-induced whole-cell Girk
currents were described previously (28). Receptor-independent (basal) Girk
current was determined by measuring the decrease in holding current in the
high-K* bath solution evoked by 0.3 mM Ba®*. Measured and command
potentials were not corrected for liquid-junction potential. An Axopatch
200B patch-clamp amplifier (Molecular Devices) was used for measurement
of cell-attached, single-channel activity. Borosilicate patch pipettes (4-6 MQ)
were filled with (in mM): 150 KCI, 1 MgCly, 5 EGTA/KOH, 5 Hepes/KOH, and
0.1 baclofen (pH 7.4). To zero the cell membrane potential, baclofen-in-
duced single-channel activity was measured in a high-K* (150 mM) bath
solution (in mM): 150 KCl, 1.8 CaCl,, 0.5 MgCl,, 5.5 p-glucose, 5 Hepes/KOH
(pH 7.4). Effective zeroing of the membrane potential using this approach
was validated by measuring the reversal potential of the high-conductance,
weakly rectifying Trek1 (TWIK-related K™ channel 1) K* channel. Immedi-
ately after gigaseal formation, membrane potential was clamped at =75 mV,
recordings were low-pass—filtered at 2 kHz, sampled at 10 kHz, and stored
on hard disk for analysis using pCLAMP Version 9.0 software. Analysis of
single-channel conductance and mean open time was performed on 5- to
15-s recordings taken within the 30-s timeframe immediately following seal
formation.

Data Analysis. Data are presented throughout as the means + SEM. Statistical
analyses were performed with Prism 5 (GraphPad Software). Group compar-
isons were typically made using Student’s t test or one-way ANOVA followed
by Tukey's honestly significant difference (HSD) post hoc test when appro-
priate. Open-state dwell-time data were analyzed using the Kolmogorov-
Smirnoff test, while single-channel amplitude data were analyzed with the
Kruskal Wallis test, with pairwise comparisons made using Dunn'’s multiple
comparison test. In all analyses, the level of significance was set at P < 0.05.
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