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Hydrogen-Bonding Dynamics between Adjacent Blades in G-Protein
B-Subunit Requlates GIRK Channel Activation

Tooraj Mirshahi, Diomedes E. Logothetis, and Avia Rosenhouse-Dantsker
Department of Physiology and Biophysics, Mount Sinai School of Medicine, New York, New York 10029

ABSTRACT Functionally critical domains in the 8-y-subunits of the G-protein (GB+y) do not undergo large structural rearrangements
upon binding to other proteins. Here we show that a region containing Ser®” and Asp®2® of GBy is a ctitical determinant of G-protein-
gated inwardly rectifying K™ (GIRK) channel activation and undergoes only small structural changes upon mutation of these
residues. Using an interactive experimental and computational approach, we show that mutants that form a hydrogen-bond
between positions 67 and 323 do not activate a GIRK channel. We also show that in the absence of hydrogen-bonding between
these positions, other factors, such as the displacement of the crucial Gy residues Pro®® and Phe®', can impair GBy-mediated GIRK
channel activation. Our results imply that the dynamic nature of the hydrogen-bonding pattern in the wild-type serves an important
functional role that regulates GIRK channel activation by GBy and that subtle changes in the flexibility of critical domains could have
substantial functional consequences. Our results further strengthen the notion that the dynamic regulation of multiple interactions

between Gy and effectors provides for a complex regulatory process in cellular functions.

INTRODUCTION

G-protein-coupled receptor activation leads to dissociation
of Ga from the GBvy-subunits, which in turn interact with
specific effectors. G-protein interaction with effectors leads to
downstream signal transduction pathways that are essential
to cellular function. Therefore, understanding the detailed
mechanism of such interactions is critical. Many signaling
molecules undergo significant structural rearrangements
during their activation process. These include those that
shed their regulatory subunits to expose catalytic subunits.
Many proteins are phosphorylated on specific residues to
assume the correct information to interact with downstream
effectors. Recent data have shown that contrary to the
conventional view Ga and GBy may not completely
dissociate upon activation and remain in contact during
signaling (1). Although this partial dissociation exposes
surfaces on both Ga and GBv that have been implicated in
interaction with effectors (2,3), there are several examples of
functionally critical domains on Gfv as well as Ga that are
exposed in the heterotrimer (4—6). Interestingly, GB7y does
not undergo major structural rearrangements upon activation
(7-10). It is therefore likely that subtle changes in these
domains are responsible for differences in protein function.

The G-protein-gated inwardly rectifying K™ (GIRK or
Kir3) channels were the first of several effectors that were
found to be regulated directly by the GBy-subunits (11-13).
GIRK channels are homomers or heteromers of four different
subunits (GIRK 1-4) that have been identified so far (14—18).
Heteromers of GIRK1 and GIRK4 channels constitute Ky,
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(19) that controls atrial cell excitability and heart rate through
activation of muscarinic receptors by the vagus nerve.
Similar to other effectors of GBvy, several interaction sites
between GIRK channels and GB7y have been identified. Some
of these sites are exposed on the surface of the heterotrimeric
G-protein, whereas others are exposed on the G surface
only upon dissociation from the Ga-subunits (2,4,20,21).
However, it is not known how any of these interactions
control channel function.

The presence of a high-resolution crystal structure of Gy
(7) aids in interpretation of structure-function data. Cocrys-
tals between GBvy and Gail (8), the retinal GBvy effector,
phosducin (9), and the PH domain of the 3-Adrenergic Re-
ceptor Kinase 1 (BARK1-PH) (10) have also been resolved.
Detailed study of the cocrystals shows that there are multiple
interaction sites between Gy and Gail, phosducin, and
BARKI-PH. The crystal structures of GBvy in either free
form or those bound to Gail, phosducin, or BARK1-PH are
very similar. These structures support the notion that the
Gy dimer has a rather rigid structure and does not undergo
major structural rearrangements upon interaction with ef-
fectors. Rather, GBv is likely to undergo only subtle struc-
tural changes, and clues to these changes could be found in
its dynamic characteristics. However, static representations
of structures, such as in the x-ray crystal, lack dynamic in-
formation. GB is solvated and like other solvated molecules
it fluctuates among different conformations. Upon crystal-
lization, however, the protein adopts a single specific struc-
ture. To provide further refinement and information on the
dynamic nature of protein structures, computer simulations
can be utilized. Here we use molecular dynamics (MD) sim-
ulations and site-directed mutagenesis and examine detailed
structural elements in G+ that are critical in activation of
GIRK channels.
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MATERIALS AND METHODS
Simulations

The primary hydration shell (PHS) method (22) provides both an efficient
representation of solvation effects and a flexible nonspherical restraining
potential. To replace the bulk representation of the solvent, a restraining
force that balances the instantaneous pressure inside the primary solvent
shell is applied. The MD simulations were performed using CHARMM,
version 26 (23). The initial structure of the G-protein was based on the
crystallographic structure, PDB code 1GP2 (8). The region we examined
was composed of the two loops that include position 67 (residues 63—70) and
323 (residues 320-327) and residues in an adjacent loop (residues 82—88)
and residues in their vicinity that belong to the y-subunit of the G-proteins
(residues 47-50; 59-61). This region was surrounded by a 30-A sphere of
water molecules whose origin was located at its center of mass. Water
molecules located within 2.6 A or further than 15 A from these residues were
deleted, and the combined system was subjected to energy minimization.
After removing all waters located 5.5 A from the examined region and the y-
subunit residues in their vicinity, the system was further minimized. The
remaining G-protein was surrounded by a 5 A shell, which was minimized
and then fixed during the simulation along with all other residues of the G-
protein that were not included in the examined region. This prevented the
water shell from escaping from the region examined to the highly
hydrophilic residues of the G-protein. After heating the system to 300 K,
the structure was equilibrated and an MD simulation was carried out for 1.2
ns, with a restraining force of 0.95 Kcal/mol A.

Hydrogen-bonding

The cutoffs for hydrogen-bonding used are as follows: the hydrogen-
acceptor distance is =2.5 A, and the donor-hydrogen-acceptor angle is
above 90° (24). The total percentage of hydrogen-bonding in Tables 1, 3,
and 4 is the percentage of structures that form any hydrogen-bond (one or
more) between positions 67 and 323 (or 325 in the S67Y mutant).

cDNAs and mutants

All of the cDNAs used were subcloned into pPGEMHE to accommodate
sufficient expression in oocytes. Mutations were made using the
QuikChange method (Stratagene, La Jolla, CA) using high fidelity Pfu
polymerase for 12—16 cycles only. All mutations were confirmed by DNA
sequencing (Cornell University Sequencing Facilities, Ithaca, NY).

TABLE 1 Hydrogen-bonding data between position 67 and
position 323 based on the different GBy crystal structures

HN(Asp®**) OD1(Asp*?®) OD2(Asp>>?)
PDB  -OG(Ser’’) —HG1(Ser®”) —HG1(Ser®’) Minimal Total % of
code distance (A) distance (A) distance (A) distance (A) H-bonding

1AOR 2.1 23 2.9 2.1
1B9X 22 2.4 2.1 2.1
1B9Y 2.3 2.0 2.6 2.0
1GG2 22 22 2.9 22
1GOT 2.2 2.5 2.8 2.2
1GP2 2.2 2.1 2.7 2.1
1OMW 2.1 1.9 3.0 1.9
ITBG_A 2.2 2.6 2.8 22
1TBG_B 2.0 2.6 2.7 2.0
ITBG_C 2.0 23 2.9 2.0
ITBG_D 2.1 2.3 3.1 2.1
2TRC 2.1 2.0 2.6 2.0
Average 2.1 0.1 23*x02 28=*03 21=x01 100.0%
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Expression in oocytes

cDNA constructs were linearized and subjected to in vitro transcription
using the mMessage mMachine kit (Ambion, Austin, TX). The resulting
cRNAs were quantified by comparison of two dilutions to a standard on a
formaldehyde gel. Oocytes were isolated from Xenopus laevis frogs, en-
zymatically digested with collagenase, and incubated in ND-96 solution
containing calcium and nutrients (25). Oocytes were injected with cRNAs,
2 ng each of GIRK1/GIRK4, and 2 ng of each G-protein subunit or mutant.
After injection, oocytes were kept for 48—96 h in an 18°C incubator before
recordings.

Electrophysiology

Two-electrode voltage clamp recordings were carried out as previously
described (26). Briefly, the oocytes were placed in a chamber and perfused
with a solution containing high potassium (96 mM). Currents were recorded
using a voltage step protocol alternating between —80 and +80 mV (control
current). Barium (3 mM) was used to measure the leftover current that was
not inwardly rectifying (barium-insensitive current). We determined the
inwardly rectifying current by subtracting barium-insensitive current from
the control current at —80 mV.

Immunoblot analysis

The N-termini of wild-type (WT) and mutant GB-subunits were tagged with
a Flag epitope (fGB1). After two-electrode voltage clamp recordings, oocyte
membranes were isolated as previously described (27). Expression levels
for each Flag-tagged Gf3 protein were detected by immunoblotting using a
mouse anti-Flag antibody. Three different batches of oocytes were tested for
expression levels.

Immunoprecipitation and trypsin protection assay

For trypsin assays, oocytes were injected with Flag-tagged GB1, fGB1, with
or without Gy2 as well as Flag-tagged mutant GB1. Membranes were
collected as described (27). f{GB1 was immunoprecipitated overnight at 4°C
in lysis buffer containing 1% NP40 using the Flag (M2) Agarose Affinity
Gel (Sigma, St. Louis, MO). The immune complex was washed 3X using
lysis buffer. A fraction of the beads was subjected to partial digestion by
30 pg/ml trypsin for 30 min at 37°C. The reaction was terminated by addition
of loading buffer. Samples were boiled, centrifuged, and subjected to SDS-
PAGE. Gg signals were detected using the T-20 antibody to the C-terminus
of GB (Santa Cruz Biotechnology, Santa Cruz, CA). The bound antibody
was detected by horseradish-peroxidase-conjugated goat anti-rabbit IgG,
and enhanced chemiluminescence was used to visualize the bands (Pierce,
Rockfrod, IL).

RESULTS

The effect of mutagenesis of Ser®” and Asp®Z® of
GpB1 on GIRK channel activation

We have previously identified Ser®” on GB to be critical in
the activation of GIRK channels (4). This residue is surface
exposed and does not interact with either Ga or Gy (7,8).
Ser®” resides in a loop between strands A and B in the second
blade of the seven-propeller structure (see Fig. 1, A and B). It
is conserved among all mammalian GB-subunits except for
G5, where a lysine resides in the homologous position (28).
The mutation of GB1(S67K) abolished GIRK channel ac-
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FIGURE 1 (A) The atomic coordinates of

Gp1+v2 as determined by x-ray crystallography

* (8). The seven blades of the GB1 propeller are
* labeled 1-7, and the strands of each blade are
labeled A-D. A is the innermost one, whereas
D is the outermost strand. Ser®” and Gly®* on
blade 2 of GB1 are colored yellow and green,
respectively. Asp>> on blade 1 is colored red.
Pro‘w, Pr060, and Phe®' of G2 are colored blue,
magenta, and purple, respectively. (B) A close-
up of Ser®” and its neighboring residues. The
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segments shown include blades 1 and 2 of GS1
(in gray) as well as parts of blade 7 and parts
of Gy2 (in yellow). The color scheme is as
described in A. (C) Summary data from oocytes
expressing GIRK1/GIRK4 in the presence of
G2 and WT GB1 or mutants of Ser®”. Data are
expressed as percentage of the control currents
at —80 mV in the GIRK1/GIRK4 groups. Ex-
pression of WT GB1 and mutants S67A and
S67C enhanced currents significantly in com-
¥ parison to GIRK1/GIRK4 alone (* p < 0.05,
T unpaired #-test, n = 9-17). None of the other
mutants significantly enhanced GIRK1/GIRK4
basal current. Western blot detection of an as-
sociated Flag-tag confirmed similar expression
levels for the WT GPB1 and its mutants. (D)
Summary data from oocytes expressing GIRK 1/
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GIRK4 in the presence of Gy2 and WT GfB1 or
mutants of Asp>>>. Data are expressed as per-
centage of the control currents at —80 mV in the
GIRK1/GIRK4 groups. Expression of WT GS1
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tivation by G but did not impair binding (21). A closer
analysis of Ser®’ in the GBy structure shows that it interacts
with at least two neighboring residues, Gly®* and Asp**
(Fig. 1, A and B). We have shown that mutation of Gly®* did
not affect GBvy activation of GIRK channels (4). All
crystallographic structures of GB1 show the presence of
hydrogen-bonds between Ser®” and Asp***. Asp>?? is located
on blade 1 in the loop between strands A and B and contacts
Pro* in G2 (see Fig. 1, A and B). Pro* in G2 is critical in
activation of GIRK channel by GB1vy2 (27). We mutated
each of the interacting pair of amino acids, Ser®” and Asp>>*,
to several different residues to assess the role of this region in
GIRK channel activation. Some G mutants, such as S67A,
S67C, and D323N, could enhance GB7y-mediated GIRK
channel activity, whereas others (S67T, S67Y, D323A,
D323E, D323L, and D323R) were ineffective (Fig. 1, C and
D). Immunoblots showed that all these GB mutants are
expressed properly, and lack of expression cannot account
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and the mutant D323N enhanced currents
significantly in comparison to GIRK1/GIRK4
alone (* p < 0.05, Unpaired r-test, n = 18).
None of the other mutants significantly en-
hanced GIRK1/GIRK4 basal current. Western
blot detection of an associated Flag-tag con-
firmed similar expression levels for the WT GS1
and its mutants.
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for the inability of the mutants that failed to stimulate GIRK
activity. Furthermore G2 protected each mutant in a partial
trypsin protection assay (27,29), indicating proper GBy
dimer formation (data not shown). These findings suggest
that the region encompassing Ser®’ and Asp>*’ is critical in
Gy function.

Computational analysis of the hydrogen-bonding
pattern between Ser®” and Asp®*® of Gp1

Based on the crystal structures that include GB1 (PDB codes
1AOR, 1B9X, 1B9Y, 1GG2, 1GOT, 1GP2, 1I0OMW, 1TBG,
and 2TRC), three possible hydrogen-bonds could be formed
between Ser®” and Asp323 (see Table 1). In accordance with
the GB1 crystal structures, OG(Ser67) and HN(Asp323) (see
Fig. 2 B) were within range for hydrogen-bond formation
(2.1 = 0.1 A). In addition, hydrogen-bonds could be formed
between HG1(Ser®”) and either OD1(Asp>>®) (2.3 = 0.2 A)
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or OD2(Asp®>) (2.8 = 0.3 A) (Fig. 2 B). To evaluate the
importance of the distance between positions 67 and 323 and
to examine the factors that could explain the functional
characteristics of the mutants, we simulated the structure of
the WT and mutant proteins using MD. Positions 323 and 67
are located in loops of blades 1 and 2 of GS31, respectively,
and therefore a reliable representation of their environment
was required since the solvent plays an integral part in the
structure and dynamics of loops. To this end we used the
primary hydration shell (PHS) model to provide a minimal
but adequate representation of the protein in its natural
environment (22). Using this method, we sampled the
dynamic characteristics of the WT GBvy as well as the
mutants in 1.2 ns simulations at room temperature. This
enabled us to monitor and analyze changes in the hydrogen-
bonding pattern between the two loops in blades 1 and 2
upon mutation of either Asp*** or Ser® and compare them to
the WT GSv.

Simulation of the WT protein showed that the distance
between OG(Ser67) and HN(Asp323) ranged between 1.9 A
and 3.7 A with an average of 2.6 A (Fig. 2, A and B, Table 3).
The root mean square (RMS) of the fluctuations was 0.3 A.
The range of distances (2.0-2.3 A) displayed in the crys-
tallographic structures (Table 1) was contained within a
small subpopulation of structures (~15%) that exhibited the
shortest distance obtained in the simulation. The large fluc-
tuations in the hydrogen-bond between OG(Ser®”) and HN
(Asp®®) implied that this hydrogen-bond was constantly
disrupted: only in 36.4% of the structures obtained in the
simulation were these atoms hydrogen-bonded. The two
hydrogen-bonds between HGI(Ser67) and ODl(Asp323) and
OD2(Asp®?) that exist in the crystallographic structures
were also observed in the simulation (Fig. 2, A and B). In the
crystallographic structures, the distance between HG1(Ser®’)
and OD1(Asp>*®) was 2.3 = 0.2 A and varied between 2.0 A
and 2.6 A, and the distance between HGI1(Ser®’) and
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OD2(Asp323) was 2.8 = 0.3 A and varied between 2.1 A
and 3.1 A. Overall, the distance between HG1(Ser67) and
OD1(Asp®*’) was within hydrogen-bonding range in 67% of
the crystal structures, and the distance between HGl(Ser67)
and OD2(Asp>??) was within hydrogen-bonding range in 8%
of the crystal structures. The variation in these distances was
larger in the simulated structures than in the crystallographic
ones. The average distance HG1(Ser67)-OD1(Asp323) ob-
tained in the simulation was 3.2 A with RMS of fluctuations
of 1.2 A, and the average distance HG1(Ser®”)-OD2(Asp>??)
was 3.4 A with RMS of fluctuations of 1.0 A. Both these
distances fluctuated in the simulation from 1.5 A to above
5.5 A and exhibited continuous periods in which these atoms
were within hydrogen-bonding distances. OD1(Asp>>?)
was H-bonded to HG1(Ser®”) in 38.3% of the structures,
and OD2(Asp323) was hydrogen-bonded to HGl(Ser67) in
21.8%. Taking these three different interactions into account,
Fig. 2 C depicts the minimal distance between Ser®’ and
Asp’? for each structure obtained in the simulation. Fig. 2 C
shows that there were uninterrupted periods in which there
was hydrogen-bonding between these residues; but there
were also continuous periods in which the minimal distance
between Ser®” and Asp™> exceeded 2.5 A. The average min-
imal distance in the simulation was 2.1 A, which is in agree-
ment with the average minimal distance of the crystal structures.
However, the simulation suggests that the hydrogen-bonding
pattern is dynamic and displays larger fluctuations than in the
crystallographic structures. The RMS of fluctuations in the
simulation was 0.4 A, whereas the RMS of deviations among
the crystal structures was 0.1 A. Thus, as can be seen in
Table 1, in the crystal structures positions 67 and 323 were
always hydrogen-bonded, whereas in the simulation in
~20% of the structures all atoms of Ser®” and Asp*** were
located in a distance that exceeded 2.5 A.

Computational analysis of the hydrogen-bonding
pattern between position 67 and position 323 for
GpB1 mutants

Simulations of mutant GBs such as S67K, which did not
activate GIRK channels, indicated that the residues at
positions 67 and 323 were always in a hydrogen-bonding
distance (24). When Ser®” was mutated to lysine, a hydrogen-
bond was formed between the side chain HZ1 or HZ2 or
HZ3 of Lys®” and ODI or OD2 of Asp>**. This hydrogen-
bonding persisted 100% of the time with an average minimal
distance of 1.7 A after the system equilibrated (Fig. 2 D). A
hydrogen-bonding distance was also seen in other mutants
that did not activate GIRK channels. For example, when
Asp>?® was mutated to alanine, a hydrogen-bond between
OG of Ser®” and HN of Ala*** was formed. This hydrogen-
bonding persisted 95% of the time with an average length of
22A (Fig. 2 E). On the other hand, in the D323N mutant that
activated GIRK channels, a hydrogen-bonding distance of
=2.5 A persisted only ~70% of the time. In this mutant,
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OG(Ser67) interacted with either HN(Asn323) or HN(Asp3 22).
Fig. 2 F shows the minimal distance for the D323N mutant
compared to the WT minimal distance. The minimal distance
for the D323N mutant was comparable to the largest values
of the minimal distances for the WT.

The functional mutants S67A and S67C did not form
hydrogen-bonds with Asp®*’. The minimal distances be-
tween positions 67 and 323 for these mutants are included
in Table 2. The details of hydrogen-bonding for all other
mutants that formed hydrogen-bonds are shown in Tables 3
and 4. Overall, a strong correlation exists between the for-
mation of hydrogen-bonding between positions 67 and 323
and lack of function. Although, in the absence of hydrogen-
bonding other factors may play a role in determining whether
the By-subunits of the G-protein will activate GIRK cur-
rents, G-protein mutants that formed a hydrogen-bond be-
tween position 67 and 323 (or its neighboring residues) did
not activate GIRK channels (Table 4). These data suggest
that the existence of hydrogen-bonding between residues 67
and 323 was detrimental to the ability of GB to activate
GIRK channels.

Rescue of a nonfunctional mutant GB1(D323A) by
removal of a hydrogen-bond: the double mutant
GpB1(D323A_S67A) is functional

To further test the role of hydrogen-bonding between these
positions, we attempted to repair a nonactive mutant, D323A,
by constructing a double mutant that would not have hydrogen-
bonding between positions 67 and 323, S67A_D323A. As
shown above, D323A was a nonactive mutant (Fig. 1 D) in
which a strong H-bond existed between HN of Ala’* and
OG of Ser®’ (Fig. 2 E and Table 4). On the other hand, when
Ser®” was mutated to alanine and the resulting mutated
G-protein was functional (Fig. 1 C), no hydrogen-bond was
formed between positions 67 and 323 of the [3-subunit.
Simulation of the double alanine mutant, in which both Ser®’
and Asp323 were mutated to alanine, showed that this mutant
lacked hydrogen-bonding between positions 67 and 323 of
the B-subunit (Table 2). Following this observation, we
predicted that this mutant would restore GS activation of
GIRK channels. This prediction was confirmed experimen-
tally by comparing the ability of this mutant to activate
GIRK channels to that of the parent mutants D323A and

TABLE 2 Minimal distance simulation data between position 67
and position 323 for GB1y2 mutants that lack H-bonding

H-bonding Average Average minimal
Mutant description distance (A) distance (A)
S67A 0D2(323)-HB2(67) 28 £0.3 2.6 £0.2
OD1(323)-HB3(67) 27 0.2 -
HN(323)-HB1(67) 28 £0.2 -
S67C HN(323)-SG(67) 26 £02 2.6 £0.2
S67A_D323A  HN(323)-HB1(67) 24 02 24 0.2
S67A_D323N  HD21(323)-HB2(67) 2.7 £0.3 2.6 0.3
OD1(323)-HB3(67) 3.0x03 -
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TABLE 3 Hydrogen-bonding simulation data between position 67 and position 323 (and neighboring residues)
for GB1vy2 functional mutants
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H-bonding Average Average Average minimal Total % of
Mutant description distance (A) angle (°) % of H-bonding distance (A) H-bonding
WT HN(323)-0G(67) 26 =03 152 £ 13 36.4% 2.1 04 78.9%
OD1(323)-HG1(67) 32+ 1.2 95 * 60 38.3% - -
0D2(323)-HG1(67) 34 1.0 98 * 45 21.8% - -
D323N HN(323)-0G(67) 24 0.2 157 = 12 68.7% 24 02 69.2%
HN(322)-0G(67) 30*03 115 £9 1.9% - -

S67A. Summary data are shown in Fig. 3, where S67A and
the double mutant showed similar effectiveness in stimulat-
ing GIRK currents whereas D323A did not activate the
channel. An immunoblot (Fig. 3 lower panel) shows that
expression levels for the different mutants were similar.
Furthermore, a trypsin protection assay indicated proper
Gpy dimer formation (data not shown). This result implies
that the presence of alanine at position 323 per se was not
detrimental to activity; rather its hydrogen-bonding with
Ser®” was the critical determinant. When the hydrogen-
bonding between Ser®” and D323A was removed by mutating
Ser®” to alanine, the alanine in position 323 did not have any
effect on channel activation, such that both the S67A mutant
and the S67A_D323A double mutant were as effective in
stimulating GIRK currents. These results provide further
evidence that the existence of a hydrogen-bond between
positions 67 and 323 impaired GB activation of GIRK
channels.

Other considerations in the absence of
hydrogen-bonding between positions 67
and 323 of GB1

As shown above (see Figs. 1, C and D, and 3), we have tested
the mutants for potential gross structural rearrangements due

to the mutations. Specifically, we have shown proper expres-
sion of the mutants using immunoblot analysis and tested the
proper interaction with Gvy, using the trypsin protection
assay. Moreover, we have previously shown proper binding
of several mutants of GB1, including S67K, to the channel.
These results indicated that the mutants are expressed and
properly bound to the channel and therefore do not undergo
major structural rearrangements. We therefore focused on
factors that most likely affect the function of the GBvy
mutants as suggested by the MD simulations. Our results are
consistent with a role for hydrogen-bonding between posi-
tions 67 and 323 as a critical factor in determining GBvy
function. However, in the absence of hydrogen-bonding,
other factors may also affect or even impair the ability of GS
to enhance GIRK currents upon mutation at positions 67 and
323. Thus, while considering local structural changes, we
have looked for likely candidate regions based on our
findings from the MD simulations. For example, the effec-
tiveness of the S67A mutant in enhancing GIRK channel
activity is significantly reduced compared with the WT Gf1
(e.g., Fig. 3). Examination of the effect of this mutation on
nearby residues showed that compared to WT average po-
sitions, the average position of the C, atoms of Pro® and
Phe®' in Gy2 were displaced by 0.8 and 1.0 A, respectively

TABLE 4 Hydrogen-bonding simulation data between position 67 and position 323 (and neighboring residues)

for GB1y2 nonfunctional mutants

H-bonding Average Average Average minimal Total % of
Mutant description distance(A) angle(®) % of H-bonding distance(A) H-bonding
D323A HN(323)-0G(67) 2202 157 = 12 95.1% 22 +0.2 95.1%
D323E OE1(323)-HG1(67) 1.8 £03 160 = 14 97.2% 1.8 £0.2 99.3%
OE2(323)-HG1(67) 2.6 £0.3 127 = 10 27.9% - -
HN(323)-0G(67) 26 04 158 = 11 27.6% - -
D323R HH22(323)-0(67) 2.1 +03 136 = 19 93.6% 20*0.2 96.3%
HH21(323)-0(67) 3.0=x03 69 = 15 3.7% - -
HN(323)-0G(67) 29 £0.2 160 = 11 4.1% - -
D323L HN(323)-0G(67) 2303 157 = 11 84.1% 22 *0.2 95.9%
HN(322)-0G(67) 2.6 £0.3 120 = 14 32.5% - -
S67K 0D2(323)-HZ1(67) 2.0 £ 0.6 143 = 45 80.7% 1.7 £ 0.1 100.0%
0D2(323)-HZ2(67) 29 £ 0.6 73 = 43 19.1% - -
OD1(323)-HZ2(67) 42 * 0.8 64 = 34 8.7% - -
0OD1(323)-HZ1(67) 3204 121 =25 2.0% - -
0D2(323)-HZ3(67) 3202 53+9 0.3% - -
S67T OD1(323)-HG1(67) 2204 145 = 14 75.4% 1.9 £ 0.2 99.8%
0D2(323)-HG1(67) 22 *04 150 = 15 75.1% - -
S67Y 0(325)-HH(67) 1.8 £ 0.1 158 =9 100.0% 1.8 £ 0.1 100.0%
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FIGURE 3 Summary data from oocytes expressing GIRK1/GIRK4 in the

presence of Gy2 and WT GB1 or mutants GB1(S67A), GB1(D323A), and
GB1(S67A_D323A). Data are expressed as percentage of the control
currents at —80 mV in GIRK1/GIRK4 groups. Expression of WT GB1 and
mutants GB1(S67A) and GB1(S67A_D323A) enhanced currents signifi-
cantly in comparison to GIRK1/GIRK4 alone (* p < 0.05, unpaired r-test, n
=26-33). GB1(D323A) did not significantly enhance GIRK1/GIRK4 basal
current. Western blot detection of an associated Flag-tag confirmed similar
expression levels for the WT GB1 and its mutants.

(Table 5). These two residues have been found to be critical
in activation of GIRK channel by GB1y2 (27). Similar
displacements were obtained for the double mutant,
S67A_D323A, in which the C, atoms of Pro® and Phe®!
were displaced by 0.8 and 0.9 A (Table 5), respectively. As a
comparison, the average position of the C, of Pro® of the
D323N mutant, which showed higher effectiveness in
activating GIRK channel, was displaced to a lesser extent
by 0.5 A (Table 5), which is close to the fluctuation range of
C, of 0.3 A. Thus, in the absence of hydrogen-bonding
between positions 67 and 323, the data suggest that displace-
ments of the positions of Pro® and Phe®" affect the ability of
the mutated G to activate the GIRK channel. Larger dis-
placements of Pro®® and Phe®! were observed for the double
mutant S67A_D323N, which lacked hydrogen-bonding
between positions 67 and 323 (Table 2). Although both the

TABLE 5 Simulated distance between the average position of
the Ca atoms of Pro®® and Phe®! of Gy2 in the WT GB1y2 and
their average position for GB1 mutants that lack H-bonding or
form partial H-bonding between positions 67 and 323 (f\)

S67A  S67C  D323N  S67A_D323A  S67A_D323N
Pro® 0.82 0.54 0.49 0.78 1.14
Phe®! 1.00 0.91 0.92 0.86 1.81
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S67A and the D323N mutants were able to stimulate GIRK
current, the double mutant was unable to do so (Fig. 4 A).
An immunoblot (Fig. 4 A lower panel) shows that this
mutant was expressed in levels similar to WT Gfy.
Furthermore, a trypsin protection assay indicated proper
Gpy dimer formation (Fig. 4 B). The C, atoms of Pro®° and
Phe®' in the double mutant S67A_D323N were displaced by
1.1 A and by 1.8 A, respectively, compared to WT (Table 5).
These values were significantly larger than those obtained
for any other mutation. In view of the importance of Pro®

% GIRK1/GIRK4
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FIGURE 4 (A) Summary data from oocytes expressing GIRK1/GIRK4 in
the presence of Gy2 and WT GB1 or mutants GB1(S67A), GB1(D323N),
and GB1(S67A_D323N). Data are expressed as percentage of the control
currents at —80 mV in GIRK1/GIRK4 groups. Western blot detection of an
associated Flag-tag confirmed similar expression levels for the WT GpB1
and its mutants. (B) GB1(S67A_D323N) interacts properly with Gy2. Partial
trypsin protection assays of uninjected oocytes or oocytes injected with
cRNA for FlagB1 alone, FlagB1vy2, and FlagB1(S67A_D323N)y2. Unin-
jected oocytes showed no major proteins bands. Untreated samples show a
~37-KDa band that corresponds to full length GB1. The 37 KDa band
from fGB1 alone was almost completely digested by trypsin. The 26-kDa
C-terminal GB1 fragment that is protected by G2 is seen in lanes with
fGB17y2 and fGB1(S67A_D323N)y2, indicating proper interaction between
the two proteins. The weak protected band in the lane with fGS1 alone could
result from protection by endogenous Gy.
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and Phe®" in G2 in activation of GIRK channel by G812
(27), the large displacements of these two residues in the
double mutant S67A_D323N may account for its inability to
stimulate GIRK currents.

DISCUSSION

The crystal structures available for GB+y show that in general
they maintain a rigid structure in different states as well as in
complex with different proteins. MD simulations suggest
that fluctuations in interatomic distances within important
domains in GB1 are critical in its ability to activate GIRK
channels. Specifically, Ser®” and Asp*** of GB1 are part of a
functionally important region that includes, for example,
Pro® and Phe®' of Gy2. Our findings suggest that interac-
tions between positions 67 and 323 are critical in GIRK
channel activation by Gg1. Distinct sites on G+ regulate
specific functions on the channels (21). The region studied in
this work is clearly a critical functional determinant of chan-
nel activation even though the relationship with other regions
and the specific roles each region plays remain to be further
defined.

We previously emphasized the importance of Ser®’ in
basal GIRK currents. Since Ser®” is independent of interac-
tions with the Ga-subunit, we tested the ability of the
mutant GB1(S67K) to inhibit basal currents (presumably by
competing away native G3y—a dominant negative effect)
(4,30) using a GIRK4*(LL339E) mutant that showed GBvy-
dependent basal currents but failed to show agonist-induced
currents. GIRK4* is the homotetrameric active GIRK4(S143T)
channel (31). Indeed, GB1(S67K) inhibited GIRK4*(L.339E)
currents whereas another mutant, GB1(S98T), that did in-
teract with Ga did not reduce GIRK currents (4). Further-
more, although mutations such as GB1(S67K) did not activate
GIRK channels in whole-cell or in inside-out patches, they
did bind the N- and C-termini of the channel (21). These
results suggested that the lack of activation by GB1(S67K) is
not due to binding defects. In addition, although GB1(S67K)
in itself could not activate K™ currents in inside-out patches,
it could fully support the increased sodium activation of the
channel similar to the WT GB1 (21). This implied that the
GB1(S67K) mutant induces a specific functional defect that
is related to channel activation rather than a defect in binding
to the channel.

In this study we have studied further the importance of this
critical GB1 residue Ser®” in channel activation as well as
of Asp®®®, which is located in its vicinity. We focused on
testing for effects of a number of mutants at these positions
on basal currents. Some mutants had either an inhibitory or
no effect (S67T, S67Y, D323A, D323E, D323L, and D323R).
Other mutations of S67 showed a significant stimulation of
basal currents (S67A, S67C, and D323N). All Ser®” and
Asp323 mutants showed high expression levels and were
processed properly as assayed by interactions with Gy. Thus,
these observations lend further support to the notion that

2783

Ser® is a critical functional determinant of GBy activation of
GIRK currents, and as shown in this work its interaction with
Asp>? is critical to its effects.

Simulation of the WT Gf1 suggests a dynamic protein
that fluctuates between different hydrogen-bonded confor-
mations. Hydrogen-bonds are formed between HN(Asp™>?)
and OG(Ser67) as well as between OD1,2(Asp323) and HG1
(Ser67) (See Fig. 2 B). There are, however, continuous pe-
riods in which neither of these hydrogen-bonds are present
(Fig. 2 C). Our results identified a set of mutants that
abolished GBvy activity. The simulations show that these
mutants that include, for example, S67K and D323A (see
Fig. 6 E), form stable hydrogen-bonds between positions
67 and 323 with an average minimal distance ranging from
1.7 A (S67K) to 2.2 A (e.g., D323A). This suggests that the
WT Gfy can activate GIRK channels only during periods in
which there is no hydrogen-bonding between positions 67
and 323 (Figs. 2 C and 6 A). The role of hydrogen-bonding
between positions 67 and 323 was further supported by the
rescue of D323 A function by the double mutant S67A_D323A.
Mutation of Ser®’ to alanine in addition to the D323A mu-
tation removed the hydrogen-bonding detected between
positions 67 and 323 in simulations from the inactive D323 A
mutant (Figs. 3 and 6, B and E). Mutants that displayed par-
tial hydrogen-bonding (e.g., D323N) or no hydrogen-
bonding (e.g., S67A) between positions 67 and 323 enabled
activation of GIRK channel by GBvy (Fig. 6, A and B).

Another interesting finding of these studies was that the
double mutant S67A_D323N that is based on two functional
single mutants was not functional (Fig. 4). Hydrogen-bonds
were not detected between Ala®” and Asn’*® in simulations
of this mutant. However, closer examination showed large
displacements in Gy2 residues Pro®® and Phe®' that are
critical in activating GIRK channels (Table 5 and Fig. 6 D).
While we have shown that presence of a hydrogen-bond
between residues 67 and 323 is detrimental to the ability of
Gy to activate GIRK channels, other factors could also
affect this activity. These can be changes on critical neigh-
boring residues as observed for the S67A_D323N double
mutant. Other structural changes caused by mutations could
affect the activity in unpredictable ways, which may explain
the reduced activity of mutants S67A and S67C compared to
the WT G although both mutants lack hydrogen-bonds at
this site.

Furthermore, in the presence of hydrogen-bonding, mu-
tations at positions 67 and 323 in GB1 may also lead to
additional harmful consequences. In particular these muta-
tions may also affect positions 60 and 61 in Gy2. Most of the
mutants that we have tested, however, do not show large
displacements of these positions, as seen in Table 6. For
example, the D323L mutant shows displacements for both
Pro® and Phe®! that are comparable to the displacements
observed for the functional D323N mutant (see Tables 5 and
6) and therefore cannot account for the lack of activity of this
mutant (Fig. 6 C). Examination of the effect of the mutations
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TABLE 6 Simulated distance between the average position
of the Ca atoms of Pro®® and Phe®! of Gy2 in the WT GB1y2
and their average position for GB1 mutants that form strong
H-bonding between positions 67 and 323 (A)

S67K  S67T S67Y D323A D323E D323L D323R

Pro® 109 093 0.86 0.98 0.75 0.46 0.68
Phe® 092 221 056 1.40 0.78 0.49 0.87

on other residues, which have been found to be important in
activation of GIRK channel by G812, such as Thr®, Thr®’,
and Asn®® in GB1 (2) and Pro* in Gy2 (27) did not show
significant displacements of these residues for the D323L
mutant. The most significant difference between the WT and
the D323L mutant is the formation of a stable hydrogen-
bond between positions 67 and 323, which as our data sug-
gest, impairs the ability of GB7 to activate GIRK channels.

Fig. 5 displays the maximal of the displacements of the
average positions of the a-carbons of Pro® and Phe®' of G2
relative to the WT GB1vy2 as a function of the minimum
average distance between positions 67 and 323 for each of
the mutants that we tested. As can be seen in the figure, all
mutants that enhance GIRK currents are clustered in the
quarter in which the minimum distance between positions 67
and 323 is 2.4 A or larger, and the larger of the displacements
of the a-carbons of Pro® and Phe®! of G2 does not exceed
1 A. Thus, the clustering suggests approximate limiting
values of the two factors discussed above that constitute a
prerequisite for the ability of GB1vy2 to activate GIRK
channels.

Fig. 6 summarizes schematically the different possibilities
suggested regarding the structural implications of mutations
at positions 67 and 323 of GS1 and their effect on the ability
of GBy to activate GIRK channels. Fig. 6, A and B, rep-
resents GB1 and its mutants that activate GIRK channels.
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FIGURE 5 The maximal of the displacements of the average positions of
the a-carbons of Pro® and Phe®' of Gy2 relative to the WT G2 (Tables 5
and 6) as a function of the minimum average distance between positions 67
and 323 of their mutants (Tables 2—4). The corresponding summary data
from oocytes expressing GIRK1/GIRK4 in the presence of Gy2 and WT
GpB1 or mutants are included in Figs. 1, 3, and 4. The gray-filled triangles
indicate mutants that enhanced GIRK currents, and the black inverted
triangles indicate mutants that did not enhance GIRK currents.

These mutants have an insignificant effect on the interactions
between positions 67 and 323 of GS1 (position I) and a
limited effect on other critical residues, such as Pro® and
Phe®' of G2 (position II). Fig. 6, C—E, represents mutations
that impair the ability of GBvy to activate GIRK channels.
Our results suggest that either hydrogen-bonding between
positions 67 and 323 (Fig. 6 C) or the effect on other critical
residues (Fig. 6 D) or both could impair the ability of GBvy to
activate GIRK channels (Fig. 6 E). This is depicted as an
impaired fit at positions I and/or II.

FIGURE 6 Schematic model of the different possibilities regarding the structural changes in GB+y after mutations at positions 67 and 323 of GS1. The pink-
colored shape represents GIRK, and the cyan-colored shape represents GB7y. Position I represents the interaction between positions 67 and 323. Position 1T
represents the effect of mutations at these two positions on other critical residues. The green background indicates active mutants, and the red indicates inactive
ones. (A) This figure represents the functional WT G@1 as well as mutants such as D323N that enhance GIRK channel activity. In these cases, the functional
Gpy fits precisely to GIRK channels. (B) Mutations that have insignificant effect on the interactions between positions 67 and 323 of GB1 and a limited effect
on other crucial residues enhance GIRK currents to a reduced extent compared to WT. This is represented in the figure as an imprecise fit between GBvy and
GIRK at position II. Mutations in this group include, for example, S67A, and S67A_D323A. (C) Mutations that lead to stable hydrogen-bonding impair the
ability of GB to activate GIRK channels, as depicted in the figure as an impaired fit at position I; examples include D323E, D323L, and D323R. (D) Mutations
such as S67A_D323N that result in an increase in the minimal average distance between positions 67 and 323 of GB1 and affect other crucial positions such as
positions 60 and 61 of G2, also abolish GBv activity. (£) Mutations that lead to stable hydrogen-bonding between positions 67 and 323 of GB1 but also affect
other crucial positions are depicted in this figure by the impaired fit at both positions I and II. These mutated B1-subunits do not enhance GIRK currents. In this
group included are, for example, D323A and S67T.
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Thus, the relationship between GIRK channel activation
by GB1 and hydrogen-bonding between positions 67 and
323 suggests that the dynamic nature of the hydrogen-
bonding pattern in the WT serves an important functional
role that regulates GIRK channel activation by GBvy. It is
likely that the local flexibility portrayed by the WT GB1
enables it to acquire the appropriate conformation for ac-
tivating the channel. This conformation could become the
dominant conformation of GB1 upon its binding to GIRK.
Our results suggest that the dynamic regulation of the in-
teractions between GB+y and effectors provides for a complex
regulatory process in cellular functions.
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