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The Molecular Mechanism of 
Opening the Helix Bundle Crossing 
(HBC) Gate of a Kir Channel
Xuan-Yu Meng1,2, Shengtang Liu1, Meng Cui2, Ruhong Zhou1,3,4 & Diomedes E. Logothetis2

Inwardly rectifying K+ (Kir) channels, serving as natural molecular nanomachines, transport potassium 
ions across the plasma membrane of the cell. Along the ion permeation pathway, three relatively 
narrow regions (the selectivity filter (SF), the inner helix bundle crossing (HBC), and the cytosolic G loop) 
may serve as gates to control ion permeation. Our previous molecular dynamics simulations based on 
the crystal structure of a Kir3.1 chimera revealed the possible gating mechanism of the G loop gate. 
Here, we introduced a proline mutation in the inner helix and obtained a channel model of the open 
HBC gate. The open HBC gate reaches 0.6 nm in diameter, which allows partial hydrated K+ ions to pass 
through. During the gating process, both the transmembrane helices TM1 and TM2 cooperatively rotate 
in a counterclockwise direction (viewed from the extracellular side) with the aid of the phospholipid 
PIP2. Only when all the transmembrane helices adopt a counterclockwise rotation, the HBC gate can be 
stabilized in the open state. We estimate that introduction of the proline mutation decreases the energy 
required to open the HBC gate by about 1.4 kcal/mol (ΔΔG).

Inwardly rectifying potassium (Kir) channels, as the structurally simplest branch of the superfamily of 
potassium-selective ion channels, are distinguished from other potassium channels by their biophysical property 
of inward rectification that allows more potassium ions to enter into the cell at membrane potentials below EK 
than to leave the cell at membrane potentials above EK. Kir channels consist of fifteen members classified into 
seven subfamilies Kir1–7. They are found in many cell types and serve various physiological functions such as 
the regulation of heart rate, insulin release and membrane excitability. One prominent feature of Kir channels is 
their regulation by the signaling phospholipid phosphatidylinositol 4,5 bisphosphate (PIP2)1,2. PIP2 molecules 
bind to Kir channels through strong electrostatic interactions formed between the PIP2 phosphate groups and 
basic residues in the C-linker/Slide helix of the channels3. All Kir channels require PIP2 to maintain the normal 
physiological function and aberrant PIP2-Kir interaction (e.g. caused by specific mutations) may lead to channel-
opathies, such as the Bartter and Andersen syndromes4.

In 2007, the MacKinnon lab designed and crystallized a chimeric mammalian Kir3.1 channel in which 
the transmembrane domain was replaced by the corresponding region of the prokaryotic KirBac1.3 channel5. 
Subsequent functional reconstitution of this chimera by our group into planar lipid bilayers showed that it 
behaves like a typical Kir channel that requires PIP2 for activation and displays Mg2+-dependent inward rectifica-
tion6. The structure of the Kir3.1chimera indicates two states of the cytosolic G-loop gate: the dilated (open) and 
constricted (closed) forms. The availability of these two structures enabled us using molecular dynamics (MD) 
simulations to demonstrate the molecular mechanism by which PIP2 mediates the opening of the G-loop gate; 
however, another gate in the transmembrane domain, known as the helix bundle crossing (HBC) gate, remained 
in the closed state throughout the simulations; prolongation of the simulation time also failed to capture this gate 
in the open state7. Three to four years following the elucidation of the Kir3.1 chimera structure, the MacKinnon 
lab further contributed a series of Kir2.2 and Kir3.2 channel structures8–11. Of special note is the complex struc-
ture of a mutant Kir3.2 channel bound to PIP2 which captured a half-open state of the HBC gate10. A fully open 
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model was constructed based on the half-open structure10. However, MD simulations we performed on this fully 
open model showed that the HBC gate turned to a half-open state within a very short simulation time.

Several lines of experimental evidence have indicated that a highly conserved glycine residue in the middle 
of TM2 plays an important role in channel gating by introducing flexibility to the TM212,13. Replacement of the 
residue right after this Gly by a proline in GIRKs stabilizes a kink and generates a constitutively active channel13,14.

We thus introduced this proline mutation at the same position in the Kir3.1 chimera, M170P, correspond-
ing to S170P in GIRK1, in order to investigate the HBC gating process by using MD simulation methods. As 
aforementioned, both structures of the Kir3.1 chimera, the constricted and dilated forms, were considered. Thus 
we worked with four mutant systems: the M170P constricted form in the absence and presence of PIP2 and 
the M170P dilated form in the absence and presence of PIP2; together with four WT systems (constricted and 
dilated forms in the absence and presence of PIP2), totally eight comparable simulation systems were used in this 
study. Interestingly, among the eight simulations only in the M170P dilated holo system the HBC gate opened. 
Transition from the closed to the open state of the HBC gate involved both bending and rotating motions of the 
inner TM2 helices. A series of hydrophobic interactions within the transmembrane helices and the Slide helix 
changed during the opening transition. In this system we observed potassium ions traveling along the central 
permeation pathway, crossing the gates and finally entering the cytosol.

Methods
Molecular Models.  The crystal structures of the Kir3.1 chimera (between the WT Kir3.1 and KirBac3.1) 
lacked the N-terminus (both dilated and constricted forms), the C-linker region (constricted form) as well as the 
side chains of some residues. Modeller v9.515 was used to build these missing channel regions and the complete 
models were subjected to energy minimization using the CHARMM program with an implicit membrane/solvent 
Generalized Born (GB) model for 1000 steps of a steepest descent minimization16. Details of the model refine-
ment process have been previously described17. The M170P mutation was introduced on the refined models by 
using Discovery Studio (Accelrys Inc., San Diego, CA, USA) software.

System Setup and Molecular Dynamics Simulations.  The M170P dilated/constricted structures were 
immersed in an explicit POPC bilayer of ~35 Å thickness and were solvated in 0.15 M KCl. The SPC water model 
was used. Each of the four mutant systems (M170P dilated holo, M170P dilated apo, M170P constricted holo 
and M170P constricted apo) was run for 100 ns MD simulations using the GROMACS v4.5.4 program17 with the 
GROMOS96 53a6 force field18. Long range electrostatics were calculated using the particle mesh Ewald (PME) 
method19 with 12 Å cut-off. Van der Waal interactions were modeled using Lennard-Jones 6–12 potentials with 
14 Å cut-off. All simulations were conducted at a constant temperature of 300 K using the Berendsen thermo-
stat. The system pressure was coupled at isotropic (X +​ Y, Z) directions referenced to 1 bar using the Berendsen 
method20. All bonds were constrained with the LINCS algorithm21. The time step was 2 fs and the neighboring list 
was updated every 10 time steps. The topology parameters for PIP2 were generated from the Prodrg server22 and 
atomic charges of PIP2 were used as in our previous work23. The lipid parameters were obtained from Tieleman’s 
website (http://moose.bio.ucalgary.ca).

Prior to production runs, energy minimization of 3000 steps of steepest descent was carried out on each 
system followed by a 0.5 ns two-step equilibration process. In the first 0.2 ns, channels, K+ ions and PIP2 were 
position-restrained using a constant force of 1000 kJ/mol/nm2, allowing lipids and water molecules to move freely. 
Then the constant force was reduced to 10 kJ/mol/nm2 in the following 0.3 ns equilibration. An electrical field of 
0.06 V/nm was applied in this step as well as the production run, along the z-axis of the box to maintain the lower 
potentials in the intracellular side. The treatment of the electrical field has been detailed in previous work24,25. A 
100 ns production run was conducted on each system and coordinates were saved every 10 ps for analysis. VMD26 
and Chimera27 were used for visualization.

Analysis of MD runs.  The mutant systems reached equilibration after 10 ns simulations according to root 
mean square deviations (RMSD) of the channel Cα​ atoms (Fig. S1). The 10–100 ns trajectories of each system 
were used for analysis.

The Simulaid program28 was used to calculate the rotating and bending motion of transmembrane helices. 
The interactions of hydrophobic contacts were also calculated using the Simulaid program. The Simulaid outputs 
for interactions were reorganized with in-house scripts for facility of comparison among the systems. Principal 
Components Analysis (PCA) was conducted to extract the collective motions of the channel from the MD sim-
ulation trajectory. It describes the motions with a set of eigenvector and eigenvalue pairs, which are obtained by 
diagonalizing the covariance matrix of the Cα​ atomic positional fluctuations29,30. The analysis program g_anaeig 
within GROMACS was employed to conduct PCA and the first eigenvector describes the motion of TM2 which 
is associated with dilation of the HBC gate.

Results
TM2 Bending at G169.  A proline kink at position 176 in GIRK4* enhances channel gating by increasing 
the open probability of the channel13. A similar behavior was also observed in the heteromeric GIRK1(S170P)/
GIRK4(S176P) channel14. We introduced the proline mutation at the same position in the Kir3.1 chimera, M170P, 
to test whether the channel could be opened with the aid of the mutation (Fig. 1A,B). The average bending degree 
was calculated based on 100 ns MD simulations. With a proline mutant introduced at position 170, the TM2 
helix bent significantly at position G169. The relevant bending degrees in all mutant systems were larger than in 
the WT systems. The M170P dilated holo system showed the largest average bending degree around 23° at G169 
and 18° at M170P (Fig. 1C,D). These effects were in contrast to the bending degree seen at G178, another glycine 
in the TM2 which is also capable of introducing flexibility to the helix. While all the systems displayed a slight 
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bending at G178, no significant differences were found between the WT and mutant systems (Fig. 1E). Therefore, 
the main bending of the TM2, as expected, arose from the proline kink at 170.

Potassium ions passing the channel.  At the beginning of the simulation, three potassium ions K1, K2 
and K3 were positioned in the central pathway where their coordinates were directly copied from the crystal 
structure of the Kir3.1 chimera (Fig. 1A). The water molecules co-crystalized with K ions were also reserved in 
the simulations models. The motion of each ion was monitored in each system as a function of the simulation 
time. It was only in the M170P dilated holo system that we observed the three K ions moving along the central 
pathway and crossing the HBC gate. The moving traces of the three ions were color-coded according to the 
simulation time (Fig. 2). K1 crossed the HBC gate at 10.8 ns and then lingered at the G loop gate until 26.6 ns. 
During its travel to the cytosolic side, K1 was sequentially trapped by cytoplasmic-pore-lining residues E300 and 
D260 and finally entered into the soluble cytosolic phase at around 50.3 ns. The K2 and K3 ions lingered for 60 ps 
(50.87 ns to ~50.93 ns) and 80 ps (82.24 ns to ~82.32 ns) at the HBC gate, respectively and then passed through the 
G loop gate at 53.91 ns and 84.54 ns, respectively. They were trapped by D260 residue of different subunits at the 
end of the 100 ns simulations.

A recent study from Köpfer et al. suggested that K ion permeation obeys a ‘knock-on’ mechanism that direct 
coulomb repulsion is the key to high-efficiency conductance of K channels31. In our simulations, we set water 
molecules occupying the S2 and S4 positions in the SF at the beginning of the simulation; water molecules 
co-crystalized in the cavity were also reserved. The three K ions were separated by water molecules in the initial 
setup, consistent with the mechanism of co-translocation of ions with water32–36. In this case, it took around 
40 ns for one K ion to pass through the HBC gate in the MD simulations, corresponding to a 4 pA current, which 
approaches the current magnitude of S176P Kir3.4* based on single channel recordings13.

The HBC gate is comprised of bulky hydrophobic residues (Phe, Met, Leu or Val) in Kir channels. Our sim-
ulations showed that the HBC gate in the closed state occludes water molecules, while the open state of the gate 
allows water to pass (Fig. 3A). Our simulations also indicated that, when a potassium ion passed through the 
gate, the ion formed cation-π​ interactions with one of the F181 residues in the gate on one side, while it was 

Figure 1.  (A) Mutation of M170P is introduced in the Kir3.1 chimera. Several structural elements involved in 
this study are denoted: Selectivity Filter (SF, in pink), Helix Bundle Crossing gate (HBC, in cyan), G loop gate 
(in blue); G169, M170P and G178 are shown with red, orange and yellow VDW spheres, respectively; three 
potassium ions K1, K2 and K3 which passed through all the gates in 100 ns simulations. (B) Sequence alignment 
between Kir3.1 Chimera and hKir3.1. We used the hKir3.1 residue number for discussion, and the original 
residue number of the chimera was also listed. (C–E) Average bending degree of the TM2 at kink points G169 
(C), 170 (D) and G178 (E) over 10–100 ns MD simulations. Systems 1–8 represent M170P dilated holo, M170P 
dilated apo, M170P constricted holo, M170P constricted apo, WT dilated holo, WT dilated apo, WT constricted 
holo and WT constricted apo, respectively.
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surrounded by several water molecules on the other side (Fig. 3B). This configuration delayed the ion at the HBC 
gate for about 80 ps.

Dilation of the HBC gate.  We monitored the minimal distance of two Phe residues (F181) between oppo-
site subunits and took the shortest distance from the pair as the minimal distance of the HBC gate. The average 
minimal distance of the HBC gate throughout the simulation time for each of the 8 systems is summarized in 
Fig. 4A. The M170P dilated holo showed the largest minimal distance at 0.48 nm (system 1). The rest of the 
systems were generally around 0.3 nm wide at the HBC gate. To further characterize the gate, we counted the 
occurring frequency of the minimal distance in increments of 0.02 nm using the data from the M170P dilated 
holo system and the WT dilated holo system as representatives (Fig. 4B). The frequency of the minimal distance 
in the M170P dilated holo system showed two clear peaks: the first peak was located between 0.24–0.30 nm and 
the second between 0.54–0.60 nm; while the WT dilated holo system displayed only one peak, which resembled 
the first peak in the former mutant system. The two peaks perfectly correspond to the closed and open states of 
the gate, respectively. This result can be used as direct evidence to quantitatively distinguish the open from the 
closed state of the gate.

We further used this frequency count to estimate the free energy changes (Δ​G) for opening the HBC gate 
(Fig. 4C). In this calculation, the most stable closed conformations in each system (HBC minimal distance 
~0.26 nm, Fig. 4B) were defined as the reference conformations and their free energies were set to 0 kcal/mol. 
Relative to this, we estimated the free energies of the rest of the conformations. Fig. 4C clearly shows that, the 
M170P dilated holo system has two minima at ~0.26 nm and 0.55–0.6 nm, corresponding to the closed and open 

Figure 2.  Distribution of passing K ions over simulation time in the M170P dilated holo system. 
Coordinates of each K ion were plotted and color-coded according to the simulation times. Grey dots 
represented the projection of the ion coordinates on the Y–Z plane. The positions of the SF, HBC and G loop 
gate along the channel axis were also denoted with pink, cyan and blue lines, respectively.

Figure 3.  (A) Water penetrated the HBC gate prior to the passing of K ions. This snapshot was captured right 
before the first K ion (K1) passed the HBC gate. The SF and HBC gate (F181) were highlighted in the red and 
cyan surface, respectively. The HBC gate stabilized at the open conformation and allowed water molecules to 
pass through. K1 was coordinated by water molecules in the inner cavity. (B) A snapshot of K3 passing the HBC 
gate. K3 was partially hydrated when it passed the HBC gate and simultaneously a cation-π​ interaction formed 
between K3 and F181 in the subunit A. The front subunit was removed on both panels to reveal the permeation 
pathway.



www.nature.com/scientificreports/

5Scientific Reports | 6:29399 | DOI: 10.1038/srep29399

conformations, respectively. The free energy of the open state is −​0.08 kcal/mol compared to the closed one; the 
energy barrier between the minima is about 0.6 kcal/mol. In contrast, the WT dilated holo system shows one 
minimum at 0.26 nm corresponding to the closed state. Its free energy increases through opening of the HBC 
gate. By comparing the two systems, the M170P mutation decreases about 1.4 kcal/mol (the free energy barriers 
are 0.6 and 2 kcal/mol for the M170P and WT channels, respectively) for opening the HBC gate (0.55–0.6 nm).

Rotation of Transmembrane Helices.  In addition to the bending motion of the TMs, the opening of the 
HBC gate is associated with a unique rotational motion of the helices. As shown on Table 1, all the TMs in the 
M170P dilated holo system showed a counterclockwise rotation. In contrast, in the rest of seven systems at least 
one helix underwent a clockwise rotation. Thus, the counterclockwise rotation of all TM2 helices might be a nec-
essary condition for the opening of the HBC gate.

Another regular pattern seen in this table is that, the dilated systems (both the mutant and WT) possess more 
counterclockwise-rotating helices compared to the constricted systems, implying a correlation between the G 
loop gate and the HBC gate. The G loop gate being in the dilated conformation benefited the counterclockwise 
rotation of the helices. The two gates should open in a sequential manner such that dilation of the G loop gate is a 
prerequisite to the opening of the HBC gate.

We also conducted a Principal Components analysis (PCA) on the M170P dilated holo system (Fig. 5). The 
PCA results visualized the counterclockwise rotation of the TM2 helix which agreed well with the rotational 
degree calculation. Such counterclockwise rotation of the TM2 caused an outward motion of F181 and contrib-
uted to the dilation of the HBC gate.

Residue Interactions Involving the HBC Gate Opening.  As mentioned earlier, opening of the HBC 
gate was attributed to the bending motion of TM2 at the hinge G169 and the rotating motion of both the TM1 
and TM2 helices in a counterclockwise direction (viewed from the outside). These conformational changes must 

Figure 4.  (A) Average minimal distance of HBC gate over simulation time in eight simulation systems.  
(B) Frequency count of the HBC minimal distance over 10–100 ns MD trajectories in the M170P dilated holo 
and WT dilated holo systems, respectively. Data of minimal distances were counted in increments of 0.02 nm. 
(C) Free energy changes of HBC gate opening was estimated using ∆ = − .G kT ln N

Nclosed

Table 1.  The clockwise (+)/counterclockwise (−) rotation of the transmembrane helices. The average 
rotational degrees of TM1 and TM2 in each subunit were calculated over 10−​100 ns MD simulations. Along the 
axis from extracellular to intracellular side (viewed from the outside to the inside membrane), the plus (+​, in 
light grey) indicated a clockwise rotation of TM, while a minus (−​, in dark grey) indicated a counterclockwise 
rotation. The magnitudes of the degrees of rotation are listed on Table S1.
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be accompanied by changes in residue interactions. We therefore monitored hydrophobic interactions within the 
WT and M170P dilated holo systems. Percentages of hydrophobic interactions (survival percentage values for a 
given interaction) were calculated and used to make comparisons between the two systems (see Table S2). The 
results and discussion are based on total percentages, which sum the interaction percentages from all four subu-
nits in order to simplify the comparison and make it clear.

In the WT dilated holo system, the TM1 stabilized the TM2 of an adjacent subunit by a group of hydrophobic 
contacts. As seen in Fig. 6A and Table S2, F84 in the TM1 formed contacts with V168 and L175 in 73% and 63% of 
simulation time, respectively; these contacts weakened and the percentages of interactions decreased to 30% and 
48%, respectively, in the M170P dilated holo system. A similar decreased pattern was found in the pairs L87-F167, 
F91-F167, L92-W160 and L92-F167. The overall hydrophobic interaction between TM1 and TM2 from adjacent 
subunits was weakened during the transition from the closed to the open HBC gate (percentage 7.21 in M170P 
dilated holo vs. 11.53 in WT dilated holo). In addition to hydrophobic residues, we also calculated the percentage 

Figure 5.  The first eigenvector from PCA analysis on trajectory of 10–100 ns of the M170P dilated holo 
system. The Cα​ atoms of HBC residues are shown as spheres. Transitions from white to blue indicated the 
counterclockwise rotation of TM2 residues associated with the opening of the HBC gate. Thirty frames were 
generated to describe the collective motion of the eigenvector using the Gromacs inset program g_anaeig and 
four of them were selected to show for visual clarity.

Figure 6.  Strong inter-subunit hydrophobic interactions formed between TM2/SLH and TM1 in the WT 
dilated holo (A) but disrupted in the M170P dilated holo (B). 
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of all TMs residue contacts. The results showed the same decreasing trend in the mutant dilated holo compared 
to the WT system (percentage 23.90 vs. 30.12). This result suggests that the transition from the closed to the open 
HBC gate is associated with the slight dissociation between the TM1 and TM2 helices of adjacent subunits. It is 
difficult to tell whether the dissociation arises from the counterclockwise rotation of the helices or the dissocia-
tion occurs firstly to benefit the rotation. However, it is clear that opening of the HBC gate requires disruption of 
specific contacts between the TM1 and TM2 helices that contribute to the gating energy barrier.

The HBC gate consists of four Phe residues (F181) in the Kir3.1 chimera. In most cases of the WT MD trajec-
tories in which the HBC gate remained closed, π​-π​ interactions were formed between one pair of diagonal F181 
residues (F181 in yellow and silver in Fig. 7A); the other two usually packed around the pair and strengthened 
the hydrophobicity of the gate. The ion pathway was completely blocked by the compact contacts. Neither ions 
nor water molecules could cross the gate in the simulations. Additionally, as seen in Fig. 7A, the F181 in blue 
formed hydrophobic interactions with the orange I182 from the adjacent yellow subunit; and the orange I182 
also contacted the M184 in the blue subunit. The I182 and M184 stabilized the closed state of the gate by forming 
hydrophobic interactions with the F181 residues.

When the HBC gate transitioned to the open state in the mutant dilated holo system, as can be seen in the 
top left panel of Fig. 7B, the four F181 residues were kept separated from each other to make room for the pass-
ing of the water and ions. In this circumstance, the F181 residues formed new hydrophobic interactions with 
surrounding residues to stabilize themselves. To illustrate the new hydrophobic network, we still used the inter-
actions formed within the yellow and blue subunits as representatives. As seen in Fig. 7B, the blue F181 residue 
formed hydrophobic interactions with the F72 and L175 residues in the yellow subunit. The blue M184, which 
stabilized the F181 in the closed state, formed contacts with L68 and L175 in the yellow subunit. The orange I182 
that was stabilizing the F181 in the closed state, turned to form hydrophobic interactions with the F72 and V76 
in the yellow subunit. The L68, F72 and V76 in the Slide Helix and the L175, F181 and M184 in the TM2 formed 
a hydrophobic core to stabilize the open state of the HBC gate. In other words, the Slide Helix plays a critical role 
in stabilizing the TM2 helix in the open state of the channel.

Roles of PIP2 for the HBC gate opening.  PIP2 as one of the most important co-factors for Kir channel 
activity, involved in the opening of both gates. Our previous simulations indicated that PIP2 drives the move-
ments of the N-terminus and C-linker, leading to a cascading effect involving stabilization of the CD-loop to an 
active conformation and weakening of the R313-E304 salt-bridge that restrains the G-loop gate7. In the process 
of HBC gate opening, PIP2 molecules are stabilized at their binding site in the interface of transmembrane and 
cytosolic during 100 ns long simulations. The binding mode of PIP2 with the channel does not change and the 
conserved PIP2-channel salt bridges remain unchanged between the M170P dilated and WT dilated systems  
(Fig. S3). However, PIP2 enhanced the bending of TM2 in the open HBC gate. The presence of PIP2 caused a  
7° greater bending of TM2 at G169 (Fig. 1C, M170P dilated holo vs. M170P dilated apo). Moreover, with PIP2, 
the M170P dilated channel displayed the counterclockwise rotation of all eight TM helices (Table 1). It is still not 
very clear how the PIP2 interactions lead to the opening of HBC gate. However, our present study suggests that 
not only the G-loop gate but also the opening of the HBC gate relies on the presence of PIP2.

Discussion and Conclusion
Our previous work illustrated the molecular mechanism of opening the intracellular G-loop gate of a Kir3.1 
chimera7. Yet opening of the HBC gate could not be captured by our simulations in that study. With the aid of a 
proline mutation at position 170, we successfully simulated the opening of the HBC gate and observed potassium 
ions passing through the channel. The proline mutation decreased the free energy of opening of the HBC gate by 

Figure 7.  (A) Hydrophobic interaction network in the WT dilated holo system to stabilize the closed state of 
the HBC, viewed from the extracellular side. (B) Hydrophobic interaction network in the M170P dilated holo 
system to stabilize the open state of the HBC, a side view; inserted panel is a top-down view to show the open 
HBC gate.
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about 1.4 kcal/mol. This result was consistent with the experimental observation that a relevant proline mutation 
dramatically increased the open probability of heteromeric GIRK1/GIRK414 and GIRK4*​13 channels.

Proline mutations increased the bending of the TM2 helices in all four systems (constricted/dilated apo/holo). 
However, only the dilated holo system with M170P achieved an open HBC gate, indicating that PIP2 and opening 
of the G-loop gate are two critical prerequisites for the opening of the HBC gate. Currently available crystal struc-
tures also suggest that the G-loop gate opens prior to the HBC gate10,37,38. In addition to the half opened Kir3.2 
structure, the other apparent open structure is based on KirBac3.1 with the S129R mutation (PDB 3ZRS). The 
open HBC gate was captured by utilizing the electrostatic repulsion of Arg residues to achieve the bending and 
rotation of the TM2 helix. The TM2 bends 20° at G120 (corresponding to G169 in Kir3.1 chimera) and rotates 
counterclockwise about 25° (viewed from the extracellular side)37. It is in agreement with our calculations that the 
M170P mutation causes a 23° bending and up to a 12°counterclockwise rotation. It is not surprising that S129R 
leads to a stronger rotation of TM2 under the electrostatic effects. Another MD simulation study published in 
2015 based on KirBac1.1 used a similar strategy. They introduced a Glu at the same position and observed the 
opening of the lower part of the TM2 helix. However, their simulation indicated that the HBC gate opened earlier 
than the twisting motion of the cytoplasmic domain (related to the G-loop gate), which might indicate subtle 
variations between different channels39.

Our detailed analysis of the minimal distance of HBC gate showed us that the gate stabilized at 0.24–0.30 nm 
or 0.54–0.60 nm in most cases, which corresponded to the closed and open states of the HBC gate, respectively. 
Here the minimum distance calculation is based on the center of mass of atoms. If we consider van der Waals 
(vdW) radii, the distance for the two states would be roughly estimated as 0.06–0.12 nm and 0.36–0.42 nm, 
respectively (deducting the radii of two carbon atoms that may constitute two ends of the minimal distance of 
HBC gate - in fact the hydrogen atoms of F181 also constituted the ends of the minimal distance in some confor-
mations. In that case the minimal distance would be even larger than our estimated values). On the other hand, 
hydrated K ions are 0.396 nm in radius. The HBC gate with 0.36–0.42 nm in width just allows ‘half ’ hydrated K 
ion to pass, which implies that half of the K ion is hydrated and the other half is exposed to the F181 residue. As 
we observed in the MD simulation, the exposed half facing the F181 residue forms cation-π​ interactions with the 
benzene ring of F181 (Fig. 3B).

References
1.	 Logothetis, D. E., Petrou, V. I., Adney, S. K. & Mahajan, R. Channelopathies linked to plasma membrane phosphoinositides. Pflugers 

Arch 460, 321–341 (2010).
2.	 Logothetis, D. E. et al. Phosphoinositide Control of Membrane Protein Function: A Frontier Led by Studies on Ion Channels. Annu 

Rev Physiol 77, 81–104 (2015).
3.	 Logothetis, D. E., Jin, T., Lupyan, D. & Rosenhouse-Dantsker, A. Phosphoinositide-mediated gating of inwardly rectifying K(+​) 

channels. Pflugers Arch 455, 83–95 (2007).
4.	 Lopes, C. M. et al. Alterations in conserved Kir channel-PIP2 interactions underlie channelopathies. Neuron 34, 933–944 (2002).
5.	 Nishida, M., Cadene, M., Chait, B. T. & MacKinnon, R. Crystal structure of a Kir3.1-prokaryotic Kir channel chimera. Embo J 26, 

4005–4015 (2007).
6.	 Leal-Pinto, E. et al. Gating of a G protein-sensitive mammalian Kir3.1 prokaryotic Kir channel chimera in planar lipid bilayers. J Biol 

Chem 285, 39790–39800 (2010).
7.	 Meng, X.-Y., Zhang, H.-X., Logothetis, Diomedes E. & Cui, M. The Molecular Mechanism by which PIP2 Opens the Intracellular 

G-Loop Gate of a Kir3.1 Channel. Biophys J 102, 2049–2059 (2012).
8.	 Tao, X., Avalos, J. L., Chen, J. & MacKinnon, R. Crystal structure of the eukaryotic strong inward-rectifier K+​ channel Kir2.2 at 3.1 

A resolution. Science 326, 1668–1674 (2009).
9.	 Hansen, S. B., Tao, X. & MacKinnon, R. Structural basis of PIP2 activation of the classical inward rectifier K+​ channel Kir2.2. Nature 

477, 495–498 (2011).
10.	 Whorton, M. R. & MacKinnon, R. Crystal Structure of the Mammalian GIRK2 K+​ Channel and Gating Regulation by G Proteins, 

PIP2, and Sodium. Cell 147, 199–208 (2011).
11.	 Whorton, M. R. & MacKinnon, R. X-ray structure of the mammalian GIRK2-[bgr][ggr] G-protein complex. Nature 498, l–197 

(2013).
12.	 Jiang, Y. et al. The open pore conformation of potassium channels. Nature 417, 523–526 (2002).
13.	 Jin, T. et al. The (beta)gamma subunits of G proteins gate a K(+​) channel by pivoted bending of a transmembrane segment. Mol Cell 

10, 469–481 (2002).
14.	 Sadja, R., Smadja, K., Alagem, N. & Reuveny, E. Coupling Gβ​γ​-Dependent Activation to Channel Opening via Pore Elements in 

Inwardly Rectifying Potassium Channels. Neuron 29, 669–680 (2001).
15.	 Sali, A., Potterton, L., Yuan, F., van Vlijmen, H. & Karplus, M. Evaluation of comparative protein modeling by MODELLER. Proteins 

23, 318–326 (1995).
16.	 Im, W., Lee, M. S. & Brooks, C. L., 3rd. Generalized born model with a simple smoothing function. J Comput Chem 24, 1691–1702 

(2003).
17.	 Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable 

molecular simulation. J Chem Theory Comput 4, 435–447 (2008).
18.	 Oostenbrink, C., Villa, A., Mark, A. E. & Van Gunsteren, W. F. A biomolecular force field based on the free enthalpy of hydration and 

solvation: The GROMOS force-field parameter sets 53A5 and 53A6. J Comput Chem 25, 1656–1676 (2004).
19.	 Darden, T., York, D. & Pedersen, L. Particle Mesh Ewald - an N.Log(N) Method for Ewald Sums in Large Systems. J Chem Phys 98, 

10089–10092 (1993).
20.	 Berendsen, H. J. C., Postma, J. P. M., Vangunsteren, W. F., Dinola, A. & Haak, J. R. Molecular-Dynamics with Coupling to an 

External Bath. J Chem Phys 81, 3684–3690 (1984).
21.	 Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E. M. LINCS: A linear constraint solver for molecular simulations. J Comput 

Chem 18, 1463–1472 (1997).
22.	 Schuttelkopf, A. W. & van Aalten, D. M. F. PRODRG: a tool for high-throughput crystallography of protein-ligand complexes. Acta 

Crystallogr D 60, 1355–1363 (2004).
23.	 Lupyan, D., Mezei, M., Logothetis, D. E. & Osman, R. A molecular dynamics investigation of lipid bilayer perturbation by PIP2. 

Biophys J 98, 240–247 (2010).
24.	 Roux, B. The Membrane Potential and its Representation by a Constant Electric Field in Computer Simulations. Biophys J 95, 

4205–4216 (2008).



www.nature.com/scientificreports/

9Scientific Reports | 6:29399 | DOI: 10.1038/srep29399

25.	 Bjelkmar, P., Niemela, P. S., Vattulainen, I. & Lindahl, E. Conformational Changes and Slow Dynamics through Microsecond 
Polarized Atomistic Molecular Simulation of an Integral Kv1.2 Ion Channel. Plos Comput Biol 5 (2009), doi: 10.1371/journal.
pcbi.1000289.

26.	 Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J Mol Graph 14, 33-& (1996).
27.	 Pettersen, E. F. et al. UCSF Chimera—A visualization system for exploratory research and analysis. J Comput Chem 25, 1605–1612 

(2004).
28.	 Mezei, M. Simulaid: A Simulation Facilitator and Analysis Program. J Comput Chem 31, 2658–2668 (2010).
29.	 Amadei, A., Linssen, A. B. M. & Berendsen, H. J. C. Essential Dynamics of Proteins. Proteins 17, 412–425 (1993).
30.	 Amadei, A., Ceruso, M. A. & Di Nola, A. On the convergence of the conformational coordinates basis set obtained by the essential 

dynamics analysis of proteins’ molecular dynamics simulations. Proteins 36, 419–424 (1999).
31.	 Köpfer, D. A. et al. Ion permeation in K+​ channels occurs by direct Coulomb knock-on. Science 346, 352–355 (2014).
32.	 Zhou, Y. & MacKinnon, R. The Occupancy of Ions in the K+​ Selectivity Filter: Charge Balance and Coupling of Ion Binding to a 

Protein Conformational Change Underlie High Conduction Rates. J Mol Biol 333, 965–975 (2003).
33.	 Domene, C. & Sansom, M. S. P. Potassium Channel, Ions, and Water: Simulation Studies Based on the High Resolution X-Ray 

Structure of KcsA. Biophys J 85, 2787–2800 (2003).
34.	 Hodgkin, A. L. & Keynes, R. D. The potassium permeability of a giant nerve fibre. J Physiol 128, 61–88 (1955).
35.	 Miller, C. See potassium run. Nature 414, 23–24 (2001).
36.	 Morais-Cabral, J. H., Zhou, Y. & MacKinnon, R. Energetic optimization of ion conduction rate by the K+​ selectivity filter. Nature 

414, 37–42 (2001).
37.	 Bavro, V. N. et al. Structure of a KirBac potassium channel with an open bundle crossing indicates a mechanism of channel gating. 

Nat Struct Mol Biol 19, 158–163 (2012).
38.	 Clarke, O. B. et al. Domain Reorientation and Rotation of an Intracellular Assembly Regulate Conduction in Kir Potassium 

Channels. Cell 141, 1018–1029 (2010).
39.	 Linder, T., Wang, S., Zangerl-Plessl, E.-M., Nichols, C. G. & Stary-Weinzinger, A. Molecular Dynamics Simulations of KirBac1.1 

Mutants Reveal Global Gating Changes of Kir Channels. J Chem Inf Model 55, 814–822 (2015).

Acknowledgements
This work was partially supported by grants from the National Institutes of Health (HL059949 and HL090882 
to D.E.L.). The computations were supported by the Center for High Performance Computing at Virginia 
Commonwealth University. This work was also partially supported by the National Natural Science Foundation 
of China under Grant Nos 11574224 and 21503140. RZ acknowledges the support from IBM Blue Gene Science 
Program. A Project Funded by the Priority Academic Program Development of Jiangsu Higher Education 
Institutions (PAPD), and Jiangsu Provincial Key Laboratory of Radiation Medicine and Protection.

Author Contributions
X.-Y.M. and D.E.L. designed the research. X.-Y.M. carried out the simulations. X.-Y.M. and S.L. analyzed the 
data.; X.-Y.M. and D.E.L. prepared the manuscript. M.C. and R.Z. discussed the results, gave suggestions and 
commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Meng, X.-Y. et al. The Molecular Mechanism of Opening the Helix Bundle Crossing 
(HBC) Gate of a Kir Channel. Sci. Rep. 6, 29399; doi: 10.1038/srep29399 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	The Molecular Mechanism of Opening the Helix Bundle Crossing (HBC) Gate of a Kir Channel

	Methods

	Molecular Models. 
	System Setup and Molecular Dynamics Simulations. 
	Analysis of MD runs. 

	Results

	TM2 Bending at G169. 
	Potassium ions passing the channel. 
	Dilation of the HBC gate. 
	Rotation of Transmembrane Helices. 
	Residue Interactions Involving the HBC Gate Opening. 
	Roles of PIP2 for the HBC gate opening. 

	Discussion and Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (A) Mutation of M170P is introduced in the Kir3.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Distribution of passing K ions over simulation time in the M170P dilated holo system.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (A) Water penetrated the HBC gate prior to the passing of K ions.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (A) Average minimal distance of HBC gate over simulation time in eight simulation systems.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The first eigenvector from PCA analysis on trajectory of 10–100 ns of the M170P dilated holo system.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Strong inter-subunit hydrophobic interactions formed between TM2/SLH and TM1 in the WT dilated holo (A) but disrupted in the M170P dilated holo (B).
	﻿Figure 7﻿﻿.﻿﻿ ﻿ (A) Hydrophobic interaction network in the WT dilated holo system to stabilize the closed state of the HBC, viewed from the extracellular side.
	﻿Table 1﻿﻿. ﻿ The clockwise (+)/counterclockwise (−) rotation of the transmembrane helices.



 
    
       
          application/pdf
          
             
                The Molecular Mechanism of Opening the Helix Bundle Crossing (HBC) Gate of a Kir Channel
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29399
            
         
          
             
                Xuan-Yu Meng
                Shengtang Liu
                Meng Cui
                Ruhong Zhou
                Diomedes E. Logothetis
            
         
          doi:10.1038/srep29399
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29399
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29399
            
         
      
       
          
          
          
             
                doi:10.1038/srep29399
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29399
            
         
          
          
      
       
       
          True
      
   




