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G protein-gated inwardly rectifying potassium channels (GIRK) are essential for the regulation of cellular
excitability, a physiological function that relies critically on the conduction of K* ions, which is dependent
on two molecular mechanisms, namely selectivity and gating. Molecular Dynamics (MD) studies have
shown that K™ conduction remains inefficient even with open channel gates, therefore further detailed
study on the permeation events is required. In this study, all-atom MD simulations were employed to
investigate the permeation mechanism through the GIRK2 selectivity filter (SF) and its open helix bundle
crossing (HBC) gate. Our results show that it is the SF rather than the HBC or the G-loop gate that deter-
mines the permeation efficiency upon activation of the channel. SF-permeation is accomplished by a
water-K* coupled mechanism and the entry to the S1 coordination site is likely affected by a SF tilt.
Moreover, we show that a 4-K* occupancy in the SF-HBC cavity is required for the permeation through
an open HBC, where three K" ions around E152 help to abolish the unfavorable cation-dipole interactions
that function as an energy barrier, while the fourth K* located near the HBC allows for the inward trans-
port. These findings facilitate further understanding of the dynamic permeation mechanisms through
GIRK2 and potentially provide an alternative regulatory approach for the Kir3 family given the overall

high evolutionary residue conservation.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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gate, and the cytosolic G-loop gate, all of which have been identi-
fied by X-ray crystallography [13,14]. The SF is formed at the inter-
face of four channel subunits, with each subunit contains a linearly

1. Introduction

G protein-gated inwardly rectifying potassium channels (GIRK

or Kir3) are essential for the regulation of cellular excitability
and have been reported to be involved in diverse neuronal physio-
logical and pathophysiological processes such as analgesia [1],
reward [2-7], anxiety [8], memory [9], respiration [10], seizures
[11] and heart rate control [12]. Considering that these functions
rely critically on the ability of the channels to conduct ions, it is
important to understand the detailed permeation mechanism that
contributes to ion conduction.

GIRK2 is a member of the Kir3 channel family that functions in
the form of a homo-tetramer. The translocation of extracellular
ions into the intracellular matrix encounters three constrictions,
namely the selectivity filter (SF), the helix bundle crossing (HBC)
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extended backbone of highly conserved residues (T-I-G-Y-G), the
carbonyl groups of which form a four-fold symmetric narrow filter.
This arrangement generates four equidistant K* binding sites
(Fig. S1a, b) [13,14]. The HBC gate that comprises a F192 side chain
is located approximately 20 A below the SF. These two constric-
tions are connected by a cavity. The third constriction located
about 15 A lower than the HBC gate is formed by a loop coined
as the G loop that contributes to the long-pore characteristic of
Kir channels (Fig. S1a) [13,14].

The SF is responsible for the accommodation of water perme-
ation and the selection of K* over Na* and other ions. To date,
two possible mechanisms of K* flux through SF have been pro-
posed. In the first model, water molecules and K* ions have been
shown to co-translocate through the SF in an alternating K*/wa-
ter/K*/ water arrangement through the four binding sites in the
SF (Fig. 1) [15,16]. In the second model, K" ions have been shown
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Fig. 1. Two possible permeation mechanisms through the selectivity filter of ion
channels. The related channels are indicated at the bottom of each mechanism. The
GIRK2 channel that is involved in both permeation mechanisms requires further
clarification.

to translocate through the SF using a direct Coulombic knock-on
mechanism without being accompanied by water molecules
(Fig. 1) [17,18]. These two possible mechanisms have respectively
been shown to be exerted by several types of K" channels. For
instance, in the KcsA channel, the water-K* coupled transition
states have been shown in SF permeation by Molecular Dynamics
(MD) free energy simulations [19]. The water-K* coupled trans-
portation in the SF of a semi-synthetic KcsA channel has been
revealed using a combination of 2D IR spectra measurement,
site-specific heavy isotope labeling and MD simulations [20]. In
the bacterial KcsA channel, the water-K* coupled transport through
SF has been demonstrated through its atomic-resolution crystal
structure, functional characteristics and ion-binding properties
[21]. However, MD simulations together with free-energy calcula-
tions have demonstrated that both rapid permeation of K* and ion
selectivity are due to the direct knock-on of completely desolvated
ions in the SF of KcsA [18]. In the SF of mammalian large conduc-
tance Ca®*-activated potassium (Slo1) channel, it has been sug-
gested that the co-transportation of water molecules with K*
ions is not required [22]. In the NaK2K channel, single wavelength
anomalous dispersion X-ray diffraction data have experimentally
shown that all ion binding sites within the SF are fully occupied
by K" ions, which in turn supports a direct Coulombic knock-on
mechanism [23]. Moreover, the SF has been shown to be free of
water molecules in the channel under physiological conditions,
which is consistent with a direct knock-on mechanism of ion con-
duction [24].

Despite extensive studies on numerous types of K" ion channels,
the SF-permeation mechanism of GIRK2 remains largely unex-
plored. Particularly, there is still insufficient dynamic evidence that
demonstrates whether an alternating water-K* coupled arrange-
ment or a direct Coulombic knock-on mechanism is the dominat-
ing SF-permeation mechanism of GIRK2. The release of GIRK2
crystal structure in 2011 [11], has facilitated a Brownian Dynamics
study in 2013 to explore the conductance properties of the channel
[25]. Although the mechanism of water-K* coupled permeation
through SF has been demonstrated (Fig. 1), the outcomes may be
biased as the channel is forced to open by restraints rather than
regulated by intracellular modulators [25]. A very recent MD study
reporting on the conduction of K* ions through the GIRK2 SF has
demonstrated a direct knock-on mechanism through the SF via
the activation of GIRK2 using the intracellular regulator phos-
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phatidylinositol bisphosphate (PIP,) alone (Fig. 1) [26]. However,
the validity of their conclusions is being questioned by the fact that
PIP, alone is insufficient to significantly activate GIRK2, which has
been substantially tested by both electrophysiological experiments
and our previous MD simulations [27,28]. Although it has been
argued that PIP, alone is sufficient for the activation by comparing
the F192 (HBC gate) Ca-Ca as well as the minimum distances in
the presence/absence of the regulator, we have found this
approach to be primarily structure-dependent and insufficient to
draw any conclusions from [28]. In essence, if the simulations start
with a HBC-closed conformation of GIRK2, PIP, alone is unable to
activate the channel even reaching a micro-second time scale [28].

The HBC and G loop gates control K* ion conduction through
GIRK2 channels. To our knowledge, if both the HBC and G-loop
gates were to stay opened, the channel would be considered con-
ductive for K" ions accordingly. Unexpectedly, our simulations
have shown that K* ions in the SF-HBC cavity are unable to perme-
ate the open HBC/G-loop gates of GIRK2 even with the aid of an
external electric field. In other words, the cations are not able to
permeate freely when both gates are open (Fig. 2), suggesting that
there may be an additional requirement for the permeation in
addition to the channel conductive state.

In order to clarify the mechanism of K* flux through the SF
(Fig. 1) and to identify the requirement that allows K* to permeate
the open HBC gate of GIRK2 (Fig. 2), all-atom MD simulations of
PIP,-, Na*- and GBy subunit-activated channel were applied in this
study. Our results facilitate further understanding of the dynamic
permeation mechanism. In view of the high evolutionary conserva-
tion of residues involved in the permeation pathway, our data may
potentially provide an alternative regulatory approach for the Kir3
family.

2. Materials and methods
2.1. Preparation of initial models for simulations

Our simulations include two major stages as shown in Fig. 3:
preparation of initial models (stage 1) and all-atom MD (stage 2).
In stage 1, all the preparations were done on three wild-type mod-
els. The GIRK2 crystal structure comprising the intracellular regu-
lators, such as PIP,, Na*, and GBy retrieved from the Protein Data
Bank (PDB ID: 4KFM) was taken as the initial model. The other
two models were built by removing Na* or GBy respectively from
the initial model. The three wild-type complexes obtained include
GIRK2-PIP,-Na* (GIRK2-Na*), GIRK2-PIP,-GBy (GIRK2-GBy) and
GIRK2-PIP,-Gpy-Na* (GIRK2-GBy-Na*).

L <

Extracellular

Intracellular

Closed Open

Fig. 2. K* ions permeating the GIRK2 channel from the extracellular to the
intracellular side. K* ions are unable to pass through the channel in a closed
conformation. Unexpectedly, K ions are unable to permeate an open HBC/G-loop
gates of GIRK2 even with the aid of an external electric field, suggesting there may
be an additional requirement for the permeation in addition to the channel
conductive state.
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Fig. 3. Computational protocols for simulations, including two major stages colored
in yellow and cyan individually. The details of each step are outlined in the
Materials and Methods section. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

All the missing heavy atoms were added based on the standard
L-residue template by PyRosetta built on Python-2.7 [29]. All the
hydrogen atoms were added using the H++ website server
[30,31]. The protonation states of the titratable residues were
determined by pKa calculations at neutral physiological conditions
(pH = 7.0). The PIP, molecule was built by adding the missing alkyl
tails in the X-ray structure (PDB ID: 4KFM). The geometry opti-
mization and the restrained electrostatic potential charge were
done by the ESP module of NWChem 6.8.1 [32]. To mimic the
behavior of GIRK2 on an experimentally feasible membrane, the
explicit lipid bilayer of POPC, POPE, POPS and cholesterol (CHL)
with the molecular ratio of 25:5:5:1 was employed by the
CHARMM-GUI Membrane Builder web server [33-36]. All the com-
ponents plus 150 mM KCl were immersed into a water box
(116 x 116 x 150 A® for GIRK2-Na* and 162 x 162 x 170 A® for
GIRK2-GBy and GIRK2-GBy-Na*, respectively) with at least 14 A
from the protein periphery in each dimension. The simulation sys-
tems as a consequence contain 160,000 to 400,000 atoms.

2.2. All-atom microsecond-scale MD simulations

All-atom microsecond-scale MD simulations in stage 2 (Fig. 3)
were done by the Amber16 software package [37]. A two-step
energy minimization protocol (steepest descent and conjugate gra-
dient algorithm) was performed by 10,000 steps each, with FF14SB
[38], LIPID17 [39,40], and GAFF2 [41-43] force fields for protein,
lipid membrane and PIP,, respectively. This set of force field
parameters has been shown to be capable of probing the activation
and the deactivation of the GIRK2 channel reasonably, particularly
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the gating mechanism by the same modulators in the present
study [28]. Next, heating from 0 to 300 K was achieved using the
Langevin thermostat algorithm [44], with a time step of 0.5-
femtosecond (fs) to avert internal disturbance. In the heating stage,
the protein and lipid bilayer were fixed to remove any potential
steric clashes from K* or CI" ions, and water molecules. At the tar-
get temperature, the position restraints were gradually lowered in
10 steps from 10 to 0.1 kcal/mol-A? in 20 ns (ns).

The equilibrium MD simulations were conducted at constant
temperature and pressure ensemble (NPT) for 0.5 microseconds
(pns), followed by production jobs at constant temperature and vol-
ume ensemble (NVT) for 1 ps. To accelerate the permeation events,
an external voltage at 0.06 V/nm from the extra- to intracellular
side was applied as outlined in previous studies [28,45,46], under
which the secondary structure of all subunits of GIRK2 was well
maintained. Accordingly, transmembrane voltage was estimated
to be around —200 mV based on the transmembrane thickness of
around 32 A. In the equilibrium/production stage, long-range elec-
trostatics were calculated using the particle mesh Ewald (PME)
method with a 10 A cutoff, considering that the computational
expense on more than 400,000 atoms was in a time scale of ps.
To further accelerate the MD simulations, a 4-fs time step by the
hydrogen mass repartition algorithm was employed for the solutes
[47]. As for the solvent molecules, the SHAKE algorithm was
applied [48,49]. The size and permeation events of each simulated
system were summarized in Table S1.

All the analyses were done on the GIRK2-GBy-Na* model with
an external electric field unless otherwise mentioned. Structural
geometry calculation and statistical analyses were done using
our private code executed in MD Analysis 0.18 [50,51]. Water
molecules within 3 A of the given average distance of a permeating
K" ion were identified for hydration. To explore the hydrated state
of K" in permeation, the number of water molecules in the hydra-
tion shell right before and after the permeant movement was
labeled. Permeant movement means complete permeation of a K*
ion in the current snapshot through a constriction (SF, HBC, or G
loop) in the next snapshot. To locate the factors that affect the
recognition of S1 by extracellular K*, a SF tilt angle is defined as
illustrated in Fig. S1, where vertical Z-axis is the unit representa-
tion of 'along the channel pathway’; angle is determined by the
Co atom geometry center of T100, G104 and the Z-axis. To identify
the energetic barrier contributors for the process of K* permeation
through the HBC gate, pairwise non-bonded interactions (Van der
Waals and electrostatic interactions) were calculated by the NAMD
energy plugin for VMD 1.9.3 with default parameters [52]. VMD
was also used for cartoon representation rendering [52]. Sequence
conservation analyses on GIRK2 were performed to evaluate the
evolution variability of functional residues using the ConSurf ser-
ver [53-55]. All calculations were conducted on servers equipped
with NVIDIA GeForce GTX-1080 graphical cards.

3. Results and discussion
3.1. SF determines the permeation efficiency of K* ions

3.1.1. Hydration state of K* through constrictions of the permeation
pathway

As discussed above, GIRK2 viewed from the extra- to the intra-
cellular side comprises three constrictions along the channel path-
way, namely SF, HBC gate and G-loop gate. As the SF plays a role in
the selection of K*/water over Na" and other ions, the channel is
generally considered to be K'-permeable when both gates (HBC
and G-loop gate) are opened. Taking the diameter of hydrated K*
ions into consideration, the constriction gates with a size wider
than a minimum distance of 8 A seem necessary for the conduc-
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tion. For example, among the available X-ray crystal structures of
GIRK2 at atomic resolution, the only “open” conformation (PDB
ID: 3SYQ) captures the HBC gate at around 10.02 A [13,14,28].
Based on our previously published data, a much narrower gate at
around 5.69 A, has been found to fulfill the requirement for K*
transport [28].

To illustrate the flux of K* through such narrow gates, we first
explored the hydration state of permeating K* ions. The GIRK2-
GPy-Na* system with the highest number of permeation events
was selected for hydration analysis. Moreover, the trajectory after
0.2 ps at the production stage was taken into consideration since
the equilibrium state was reached after 0.2 ps (Fig. S2). Fig. 4 shows
the number of water molecules in the hydration shell of K" ions
right before and after passing through each constriction point,
including SF, HBC and G-loop gate. The number of water molecules
was found to be less than 2 as K" ions passed through the SF
(Fig. 4), indicating a dehydrated inflow. In contrast, up to 7 water
molecules were revealed to be typical for permeation through both
the HBC and G-loop gates (Fig. 4). Taken together, our MD results
showed that, whilst K" ions are dehydrated when passing through
the SF; they are partially hydrated when passing through the HBC
and G-loop gates. These findings are consistent with a prior simu-
lation study of a GIRK1 chimera [46]. Hence, partial hydration dur-
ing gate penetration is likely to account for a smaller gate (5.69 A
instead of 8 A or greater was required).

3.1.2. SF determines the permeation efficiency

GIRK2-GBy-Na* complex has been reported to be more K-
conductive than GIRK2-GBy or GIRK2-Na* due to a synergism of
the intracellular regulators Gy and Na* working together to pro-
duce a greater level of activity [56]. In agreement with the exper-
imental results, data from our MD simulations showed a 5-fold
increase of permeation events for GIRK2-GBy-Na* when compared
to the activity of GIRK2-GBy (Table S1). Accordingly, it is intriguing
to note that similar channel open probabilities (the fraction of time
over the simulation when both gates were in a permissive state
with a minimal distance of 5.69 A for ion flow) of 61.3% vs 68.5%

# of water (after permeation)

SF

HBC

G-loop gate
I I T T I I T ]

2 3 4 5 6 7
# of water (before permeation)

Fig. 4. The number of water molecules for hydration right before and after the
permeant movement of K* ions through the constrictions (SF, HBC and G-loop gate)
of the GIRK2-GBy-Na® system. Different hydration states are distinguished by
yellow and blue colors. The incoming K" ions are dehydrated through SF but
partially hydrated through HBC and G-loop gate. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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in GBy-containing models lead to such a remarkable current differ-
ence with the addition of Na*.

To identify the determinants for K* ion flow, the duration of
time spent through each constriction (tsp, tugc, tG 100p) Was com-
pared in three wild-type systems (GIRK2-GBy, GIRK2-Na*, and
GIRK2-GBy-Na®). As shown in Fig. 5, the time required for perme-
ation through SF was at least 4-times longer compared to that
needed for passing through HBC or G-loop gates in each system,
suggesting that the permeation efficiency of K" ions is determined
by SF. GIRK2 in an activation state has a lower tsz and hence a
greater level of permeation. This observation is likely to account
for the dramatic difference in the K* currents of GIRK2-GBy and
GIRK2-GPBy-Na* despite the similar open probabilities of the con-
striction gates.

3.2. Water and K" ions co-translocate through the SF

3.2.1. Water and K ions co-translocate through the SF

As mentioned earlier, two distinct permeation mechanisms
have been proposed to explain the flux of K" ions through the SF.
In this study, water and K* ions were found to co-translocate
through the SF of GIRK2 in a water-K* coupled manner (Fig. 6a).
To better understand the permeation mechanism, the positions
of water and K" ions of each snapshot in the production stage were
firstly analyzed, and the time distributions of each major conduc-
tion step were determined. As shown in Fig. 6a, the S2/S4 K-
bound configuration separated by water molecules (at the S1/S3
sites) took the highest proportion of the simulation time (up to
63.5%), and is believed to dominate transport through the SF. The
stabilized S2/S4 occupancy configuration has also been identified
in other K* ion permeable channels. For instance, in the KirBac1.1
channel, the minimum free energy surface has been found to be
due to a configuration of K* ions in the S2/S4 arrangement [57].
Furthermore, the crystal structures of KcsA mutants (G77A and
G77C) atomic resolution have been found to be stabilized in the
S2/S4 K*-bound configuration [21]. Overall, results from our simu-
lations are consistent with the simulation and experimental data
obtained from other K* ion channels.

Besides the S2/S4 K'-bound configuration that indicated a
water-K* coupled permeation mechanism through the SF, three
additional paths were observed to mediate ions transport
(Fig. 6a). In path I, an incoming extracellular K* at the SF was found
to occupy the binding position S2 without stopping at S1. As the
ions at S2 and S4 moved inwardly by two positions, the flow of
the K* from S4 to cavity was accomplished. In path II, a K" was
observed to firstly enter S1 before moving towards S2 to form an
S2/S3/S4 occupancy. The K™ at S4 was then repelled to enter the
cavity followed by the flux of K" from S3 to S4. In path III, an S1/
S3 to S2/S4 water-K* coupled arrangement was observed. It should
be noted that there was an additional 7% of simulation time in the
S$1/S4 configuration in addition to the three paths. This configura-
tion was found to arise only from the dynamic translocation of S2
(S2/S4) to S1(S1/S4) and thus it was not listed as a fourth path. In
order to further explore the factors that influence the water-K*
coupled permeation mechanism, its entry into SF was investigated.

3.2.2. SF tilt affects the recognition of S1 by extracellular K*

The S2/S4 K*-bound configuration represents the state with the
highest level of occupancy in our MD trajectory. As the only way of
translocation to S2, the recognition of S1 is the first and key step to
start the passage through the SF. In fact, the loss of K" binding to
the S1 site has been implicated in the SF inactivation of K, channels
[58], hERG channels [59] and TREK-2 Kyp channels [60]. Thus, it is
necessary to investigate the recognition of S1 by extracellular K*
ions in order to thoroughly assess the permeation mechanism.
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With the aid of an extra- to intracellular directed external elec-
tric field (Fig. 6a), K" ions prefer moving into the cell directly. If a
tilt were to occur in the SF (Fig. S1a), the entrance to SF would
be decreased accordingly (Fig. S3), which may cause difficulties
for extracellular K* to recognize the S1 site. Amongst all the simu-
lation systems, GIRK2-GBy-Na* shows the lowest degree of average
tilt angle and fluctuation compared to those of GIRK2-Na*and
GIRK2-GBY, and exhibits the highest S1 occupancy percentage at
3- to 14-fold as a consequence (Fig. 6b). These data suggest that
a less degree of SF tilt results in a longer occupancy of S1. Thus,
the SF tilt of GIRK2 is likely to affect the entrance of extracellular
K" ions to the channel. Recently, a SSNMR study of KirBac1.1 has
indicated that, the S4 binding site is expected to be involved in
the conductive state of SF, and that deformation at S4 might refer
to a nonconductive state [61]. Due to the homology between Kir-
Bac1.1 and Kir3.2, how the S4 binding site relates to the perme-
ation efficiency through SF remains to be further clarified.

3.3. A4-K" occupancy in cavity is required for permeation through an
opened HBC gate

3.3.1. A 4-K* occupancy for permeation through an opened HBC

In general, the GIRK2 channel with both constriction gates
opened is thought to be conductive for K* ions based on electro-
physiological experiments. However, in this study, there is a signif-
icant period of simulation time with no K" ions flux detected even
though the HBC and G-loop gates are kept opened with a probabil-
ity of up to 81.4% and 79.6%, respectively in the GIRK2-GBy-Na*
model, additional factors are required for the permeation at a given
electrochemical driving force. Our simulation trajectories of all the
models clearly showed that permeation through an activated
GIRK2 only occurred when the number of accumulated K* ions in
cavity is up to 4 (Fig. 7). When the number is less than 4, almost
all attempts of K" passing through an opened HBC gate failed
regardless of the time taken.

In order to prepare for permeation, K* ions in the cavity are
firstly required to relocate to the region near HBC. Unfortunately,
such an inward movement is likely to be limited by the outward
electrostatic attractions induced by the negatively charged car-
boxyl group of E152 (Fig. 8a, S1a). Under a 3-K* pattern, K" ions
prefer E152 (69.8%) to the HBC gate (29.8%), which in turn hinders
the preparation for permeation; in contrast, HBC is favored (50.2%)
under a 4-K* occupancy (Fig. 8). Obviously, the 4-K* pattern is
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Fig. 7. Number of K* ions in the SF-HBC cavity vs simulation time of (a) GIRK2-Na*,
(b) GIRK2-GBy and (c) GIRK2-GBy-Na* systems. Each black dot represents a
permeation event through the HBC gate. The K* permeation through an open HBC
gate is only successful when the number of accumulated ions in cavity is 4 or more.
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Fig. 8. Time distribution (%) of K" ions in SF-HBC cavity for (a) 3-K* and (b) 4-K*
occupancy. A total of three distributed locations of K* are involved in the flux
through HBC in each occupancy, and the time percentage of each location is
indicated in purple, green, and yellow. With N184 as the middle boundary, the
cavity can be divided into two regions, where the upper region is near E152 and the
lower region is next to HBC. In order to prepare for the inward permeation, K* ions
in the cavity need to firstly move to the region near HBC (circled by blue dash lines).
Under a 3-K" pattern, K" ions prefer E152 (69.8%) to the HBC gate (29.8%), which in
turn hinders the preparation for permeation. In contrast, HBC is the favorite (50.2%)
under 4-K*, which facilitates the preparation for permeation. Water molecules of
hydration are removed for clarity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

easier than the 3-K' pattern to prepare for permeation through
the HBC gate in light of the location distributions. These findings
are further supported and complemented by a 10 us MD simulation
on the GIRK2 mutant R201A (unpublished data), where amongst
46 permeation events, 35 events were found to occur under the
4-K* pattern and 11 events were observed to occur under the 3-
K" pattern. This indicated that the 4-K* pattern dominates the K*
translocation through the HBC gate.

3.3.2. A 4-K* pattern decreases the permeation energy barrier by
competitive attractions to N184

To further identify the permeation mechanism through the
open HBC of GIRK2, K*'(HBC)-residue(cavity) pair-wise non-
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bonded interactions were estimated. Since non-polarizable force
field was employed, the non-bonded interactions were only used
to identify the residues in the SF-HBC cavity with a higher level
of contribution towards the permeation barrier. Fig. 9a shows that
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Fig. 9. (a) Pair-wise non-bonded interactions (kcal/mol) of K*(HBC)-residue(cavity)
while four subunits of N184 carbonyl groups have unfavorable conformations for
permeation through HBC. (b) Time distribution of five orientation combinations of
N184 carbonyl groups under 4-K* and 3-K* patterns, with the favorable conforma-
tion highlighted in yellow. (c) Permeation mechanism of K* through opened HBC
gate. Permeation is only allowed through the 4-K* pattern due to less unfavorable
cation-dipole interactions (a red line on the right). Three K in the upper cavity
(yellow region) are attracted by E152 to induce the formation of favorable upward
orientation of N184 carbonyl groups through direct interactions. As a result,
outward pulling force for permeation is decreased and the fourth K*(HBC) is
allowed for inward transport. Water molecules of hydration are omitted for clarity.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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N184 has the highest level of contribution towards the permeation
barrier of up to —18 kcal/mol when the carbonyl groups of four
constituent subunits adopt an inward conformation. Due to the
presence of a carbonyl group inside the side chain, the interactions
between K*(HBC) and N184 are inferred to arise in the form of
cation-dipole. Although the presence of negative energy indicates
that K*'(HBC) is attracted by N184, this outward pulling force is
considered unfavorable for inward permeation.

To test the role of N184 in preventing the ion flow through an
open HBC, the conservation analysis of functional residues was
firstly performed. Although residue184 exhibited variability in
position conversation across the Kir family (Fig. S4), N184 has been
proven experimentally to play a role as a structural element for K*
transport through GIRK2. Introduction of a negative charge at N184
has been shown to dramatically increase the selectivity for K" over
Na*, and improve the channel inward rectification [62].

Secondly, the time distribution was analyzed based on the ori-
entation of the carbonyl group in the four subunits. As shown in
Fig. 9b, under a 3-K* pattern, the N184 of one or two subunits holds
a carbonyl group in a favorable conformation for up to 67.9% of the
total simulation time. No permeation events were observed in this
conformation, suggesting that three or four subunits of N184 in a
favorable orientation may be required. Although a considerable
10.3% (8.4%+1.9%) of the favorable orientation of the carbonyl
groups was located under a 3-K* pattern (Fig. 9b), the level of K*
distribution around the HBC was 29.8% only (Fig. 8b). A total of
only 3.1% (10.3% x 29.8%) permeant probability that satisfied both
the energy and the location factors was obtained. In contrast, the
percentages of both factors in a 4-K* pattern were significantly
increased to 20.7% and 50.2%, respectively (Fig. 9b and 8a) with a
simultaneous fold gain of up to 3.5-fold. This is in agreement with
the permeant probability of our ongoing study on the GIRK2
mutant R201A, in which the permeation events of a 4-K* pattern
compared to those of a 3-K' pattern were found to differ by
approximately 3.2-fold.

The abolishment of the unfavorable cation-dipole interactions
between K*(HBC) and N184 has been demonstrated above to facil-
itate the ion passage. However, how the interactions were abol-
ished remains unclear. With N184 as a middle boundary, the
cavity can be divided into two regions where the upper region is
located near E152 and the lower region is located next to the
HBC. As shown in Fig. 9c, movement of K* ions at the upper part
is likely to cause abolishment of the unfavorable K'(HBC)-N184
interactions, since the K*(E152) is able to induce cation-dipole with
N184 in a similar way to that with K* (HBC). In other words, the
energy barrier for permeation through the HBC is determined by
the competitive cation-dipole attractions induced by K*(HBC) and
K*(E152) ions. If the number of K*(E152) ions is insufficient to
truncate 75% of the unfavorable K*(HBC)-N184 interactions, the
ion flow through an open HBC is difficult to occur. As shown in
Fig. 9c, 50% of the K'(HBC)-N184 interactions has been ruined
under the 3-K* pattern (two red lines on the left), resulting in no
permeation events; however, 75% of K'(HBC)-N184 interactions
abolished under the 4-K* pattern (one red line on the right)
resulted in permeation events.

Finally, we addressed why the 4-K* pattern in cavity benefits
both the distributions of K*(HBC) and the favorable conformation
of the N184 carbonyl group. On one hand, the negative charge of
E152 (four subunits) is prone to restraining a positive K around
individually when three cations co-exist in the cavity. As clearly
shown in Fig. 8, three K* ions prefer the upper region of cavity,
occupying it 69.8% of the simulation time. As a fourth K* comes
in, the enhanced positive repulsion makes it less stable to accom-
modate four cations around E152; consequently, one K" is pushed
into the region of HBC (Fig. 8). Based on the conservation analysis,
residue 152 (GIRK2-based number) shows a higher level of evolu-
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tionary conservation across ten Kir family members (Fig. S4). How-
ever, this value is expected to be higher in the Kir3 family since
residue 152 has always been a glutamic acid residue. These results
may imply a significant role of negative charge on residue 152.
On the other hand, the favorable conformation of the N184 car-
bonyl group is achieved through the induction from K" around
E152 (Fig. 9c), where the number of K*(E152) becomes a key factor.
Under a 4-K* pattern, one cation has to stay around HBC due to the
positive repulsion as mentioned above, which makes it difficult for
a second cation to get in close proximity. This results in the cre-
ation of ideal ion locations for permeation, where three K*(E152)
help to abolish the unfavorable cation-dipole interactions, while
K*(HBC) is allowed to go through the HBC gate inwardly (Fig. 9c).

4. Conclusions

All-atom MD was employed to investigate the K* ions perme-
ation mechanisms through the SF and the open HBC gate of GIRK2
channel. The SF, instead of the HBC or G-loop gate determines the
permeation efficiency when the channel is activated. SF-
permeation is accomplished by the water-K* coupled mechanism
and the SF tilt is likely to affect the recognition of S1 binding site
by extracellular K* ions. Moreover, the 4-K* occupancy in the SF-
HBC cavity is required for the permeation through an open HBC;
whilst three K*(E152) ions help to abolish the unfavorable
cation-dipole interactions that function as the energy barrier, the
fourth K*(HBC) is allowed for the inward transport. These findings
may facilitate in clarifying the controversy on the ion flux through
SF and in elucidating the requirement for the permeation through
an open HBC gate. Our data may also potentially provide an alter-
native approach in the regulation of Kir3 family due to the high
level of residue conservation in evolution. Given the present find-
ings, an outward permeation mechanism requires further studies.
Since the 4-K* occupancy functions as an additional requirement
for the inward permeation, whether it works well for the outward
transport of ions remains unclear. Taken together, the bidirectional
outcomes will provide an overall and coherent view on the perme-
ation mechanism of GIRK channels.
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