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ABSTRACT: KirBac1.1 and 3.1 are bacterial homologues of mammalian inward rectifier K channels. We
have performed extended molecular dynamics simulations (five simulations, each of>20 ns duration) of
the transmembrane domain of KirBac in two membrane environments, a palmitoyl oleoyl phosphatidyl-
choline bilayer and an octane slab. Analysis of these simulations has focused on the conformational
dynamics of the pore-lining M2 helices, which form the cytoplasmic hydrophobic gate of the channel.
Principal components analysis reveals bending of M2, with a molecular hinge at the conserved glycine
(Gly134 in KirBac1.1, Gly120 in KirBac3.1). More detailed analysis reveals a dimer-of-dimers type motion.
The first two eigenvectors describing the motions of M2 correspond to helix kink and swivel motions.
The conformational flexibility of M2 seen in these simulations correlates with differences in M2
conformation between that seen in the X-ray structures of closed channels (KcsA and KirBac) in which
the helix is undistorted, and in open channels (e.g. MthK) in which the M2 helix is kinked. Thus, the
simulations, albeit on a time scale substantially shorter than that required for channel gating, suggest a
gating model in which the intrinsic flexibility of M2 about a molecular hinge is coupled to conformational
transitions of an intracellular ‘gatekeeper’ domain, the latter changing conformation in response to ligand
binding.

Potassium (K) channels (1) provide an opportunity to
explore the relationship between membrane protein structure,
dynamics, and function. K channels are of physiological and
biomedical interest. They regulate K+ ion flux across cell
membranes. K channel regulation is accomplished by a
conformational change that allows the protein to switch
between two alternative (closed vs open) conformations, a
process known as gating. Gating is thus an inherently
dynamic process that cannot be fully characterized by static
structures alone.

The elucidation of the structures of several K channels
(2) has shed considerable light on the structural basis of the
mechanisms of ion selectivity and permeation (3-10). All
of these structures (for KcsA, gated by low pH; for MthK,
gated by Ca2+ ions; for KvAP and Kv1.2, gated by
transmembrane voltage; for KirBac, gating mechanism
unknown) share a tetrameric pore-forming domain, in which
the monomers surround a central pore. Each subunit contains
an M1-P-F-M2 motif (or S5-P-F-S6 in Kv channels), where
M1 and M2 are transmembrane helices, and the short P-helix
and extended filter (F) region form a re-entrant loop between
the two TM helices.

Inward rectifier (Kir) channels have a relatively simple
TM architecture, containing only the M1-P-F-M2 motif (in

contrast with e.g. the voltage gated Kv channels which
contain four additional helices associated with voltage-
sensing). In humans, Kir chanels have two main physiologi-
cal roles: they regulate cell excitability by stabilizing the
membrane potential close to the K-equilibrium potential, and
they are involved in K-transport across membranes (11, 12).
Recent structures, of the intracellular domain of mammalian
Kir (GIRK1; (13)) and of the complete channel (i.e. TM and
intracellular domains) of two bacterial Kir homologues
(KirBac1.1 at 3.7 Å resolution (9) and KirBac3.1 at 2.6 Å
resolution (14)), provide an opportunity to obtain a detailed
understanding of structure/function relationships in this
important family of K channels.

KirBac1.1 is the first bacterial Kir whose structure has
been solved (9). The overall TM topology is similar to that
of the simple bacterial channel KcsA, with the addition of a
‘slide’ helix N-terminal to the M1 TM helix. KirBac1.1 also
has an intracellular (IC) domain consisting mostly ofâ-sheet,
with a fold related to that of the GIRK1 IC domain. The
KirBac1.1 channel is in a closed (i.e. nonconducting)
conformation, as the intracellular pore mouth, formed by the
crossing point of the C-termini of the M2 helices, is
hydrophobic and very narrow (only∼0.05 nm in radius,
compared with the 0.133 nm radius of a K+ ion). KirBac3.1
has the same overall architecture as KirBac1.1 (and indeed
the two channels share 40% sequence identity). However,
KirBac3.1 seems to have been captured in what is suggested
to be an intermediate (although still largely closed) state in
its crystal structure (14), with a pore radius at the intracellular
mouth of 0.12 nm. The selectivity filters of both KirBac
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channels are very similar to that of KcsA, with a succession
of five potential K+ ion binding sites formed by cages of
eight oxygen atoms.

Channel activation is achieved by a conformational change
from a closed to an open state. This process is known as
gating (15). We may consider this process in terms of two
regions of the channel. The gate per se is the structural
element that prevents ion flow when the channel is in a
closed state, whereas a sensor or ‘gatekeeper’ domain couples
the conformational state of the gate to changes in the cellular
environment of the channel. Thus, in voltage-gated K
channels the S1-S4 helix domain acts as a voltage sensor,
coupled to conformational changes in the pore-lining S6 helix
(1, 2, 8, 16). In Kir channels it is thought that the IC domain
acts as a ‘gatekeeper’, interacting with various possible
ligands (13, 17-19) to regulate the conformational state of
the TM domain gate.

There is considerable structural (6, 7), functional (16, 20,
21), and computational (22, 23) evidence suggesting that
gating per se of K channels is associated with a change in
conformation of the pore-lining M2 (or in Kv channels S6)
helices. Thus, comparison of the structure of the closed state
of KcsA and of the open state of MthK reveals that in the
latter the pore-lining M2 helices are bent in the vicinity of
a conserved glycine residue to open up the hydrophobic gate
at the intracellular mouth of the pore (7, 24). It has been
suggested that this model is applicable to all K channels. If
so, then the M2 helices should exhibit an intrinsic flexibility
in other K channels, such as KirBac.

Computational approaches, based on molecular dynamics
(MD) simulations of K channels, provide an approach to
exploring conformational flexibility of such proteins in
relation to their biological function (25-48). For example,
a number of studies have discussed the role played by
flexibility of the selectivity filter and how this might affect
ion permeation (e.g.47, 49-51). These indicate that the static
picture of a K+ ion that fits exactly within the cage of
oxygens in the filter does not properly describe permeation
of ions through the filter. A number of studies, using e.g.
normal modes analysis (22), molecular modeling (24, 52,
53), and nonequilibrium MD simulations (23), have described
how K channel gating may be achieved by outward motion
of the pore-lining M2 helices. Here we describe the use of
molecular dynamics (MD) simulations of the TM domain
to explore the short (∼10 ns) time scale conformational
dynamics of the M2 helices in KirBac1.1 and KirBac3.1.
Our purpose is to investigate the role played by flexibility
in the local conformational dynamics of the gate region. Such

simulations provide clues as to the nature of longer time scale
(∼0.1 ms) gating conformational changes in Kir channels.

METHODS

We have simulated the transmembrane domain of
KirBac1.1 in two different membrane-mimicking environ-
ments (an octane slab and a POPC bilayer; Table 1) and
that of KirBac3.1 in a bilayer environment. The KirBac1.1
simulations were extensions (from 10 ns to>20 ns) of those
described previously (51). The initial protein coordinates
were taken from PDB (www.rcsb.org) entries 1P7B (for
KirBac1.1) and 1XL4 (for KirBac3.1). The transmembrane
domain was defined as extending from residue 40 to 153 in
KirBac1.1 and from residue 30 to 138 in KirBac3.1. There
was a shared proton between Glu106 and Asp115 of
KirBac1.1, homologous to that shared between Asp80 and
Glu71 in KcsA (54). The rest of the residues remained in
their default ionization state. The system (i.e. protein plus
membrane) were solvated with SPC water molecules (55)
retaining all the crystallographic waters. A water molecule
was placed at the “back” of the selectivity filter of KirBac1.1,
between the pair Glu106-Asp115 to mimic the equivalent
water in KcsA. Indeed, the buried location and relative
orientation position of the side chains of Glu106 and Asp115
is very was similar to that in KcsA, suggesting a degree of
conservation across the potassium channel family. In
KirBac3.1 the corresponding waters behind the selectivity
filter were taken from the crystal structure. An ionic strength
of 150 mM was used, with counterions added where needed
to keep all systems electrically neutral.

Simulations were performed using minor modifications of
methods described previously (43, 56). For the simulations
in a lipid bilayer, the protein was positioned in a preequili-
brated 1-palmitoyl-2-oleoyl-phosphatidyl choline (POPC)
bilayer so as to maximize possible interaction of the POPC
headgroups and the ‘belts’ (see below) of amphipathic
aromatic side chains on the protein surface. For the membrane-
mimetic octane slab simulations, a slab of thickness 3.2 nm
was used. Once the protein was inserted in the bilayer or
surrounded by octane, an equilibration was performed during
which the protein atoms were restrained for 0.2 ns. The
restraints were then removed and production simulations of
10 ns of duration followed.

MD simulations were performed with GROMACS 3.1.4
(57) (www.gromacs.org) with a modified version of the
GROMOS-87 force field (58). Lipid parameters were based
on those described in refs 59 and 60. The lipid-protein

Table 1: Summary of Simulationsa

CR RMSDb (nm)

simulation membrane
number of octanes

or POPCs total number of atoms K+ ions all residues TM helix residues M2 helix residues

KirBac1.1
OCT1 octane 662 51324 S1 and S3 0.55 0.17 0.13
OCT2 octane 662 51321 SEXT and S2 0.56 0.17 0.12
PC1 POPC 208 54969 S1 and S3 0.33 0.15 0.15
PC2 POPC 208 54979 S2 0.22 0.13 0.14
KirBac3.1
PC3 POPC 196 68964 SEXT, S0, S1, and S4 0.23 0.15 0.09

a All simulations were ofg20 ns duration.b The CR RMSD from the initial conformation was averaged over the finalg18 ns of each simulation,
i.e., discarding the first 2 ns of the simulation. The TM helix residues of KirBac1.1 are defined as M1 (60-82), P (97-109), and M2 (120-150).
The corresponding residues for KirBac3.1 are M1 (46-71), P (82-95), and M2 (106-136).
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interactions used GROMOS parameters. Parameters derived
from those described in 61 were used for the K+ ions.
Simulations were carried out in the NPT ensemble, with
periodic boundary conditions. The initial velocities were
taken randomly from a Maxwellian distribution at 300 K.
The temperature was held constant by coupling to an external
bath (62). Long-range electrostatic interactions were calcu-
lated using the Particle Mesh Ewald summation methods
(63). Lennard-Jones interactions were calculated using a
cutoff of 0.9 nm. The pair lists were updated every 10 steps.
The LINCS algorithm (64) was used to constrain bond
lengths. The time step was 2 fs, and coordinates were saved
every 0.1 ps.

Simulations were analyzed by means of principal com-
ponent analysis (65): trajectories were projected along
selected eigenvectors to filter the relevant motions (66). The
program SWINK has been used to measure the swivel and
kink angles of the helices (67). Molecular visualization and
structural diagrams used VMD (68) and Rasmol (69).
Convergence analysis of the principal components was
performed according to refs 70 and 71. Briefly, to measure
the convergence of the essential degrees of freedom, the
normalized overlap between the first 10 eigenvectors of the
positional fluctuation covariance matrix was calculated using
trajectories sampled on five different time windows (the
largest being 10 ns).

Anisotropic network models were generated using a
modified version of the ANM code from the Jernigan
laboratory (http://ribosome.bb.iastate.edu/) (72, 73). A cutoff
of 7 Å was used, above which distance no springs were
defined, and below which all springs were defined as having
equal forces. An (arbitrary) spring constant of 1 was used.

RESULTS

Simulation Systems.Before discussing the results it is
helpful to discuss the design of the simulations (Table 1).
For all simulations just the TM domain of KirBac was
employed. This was because we wished to look at the
intrinsic flexibility of the M2 helices, which are located in
the TM domain, in the hope that this might provide some
clues as to the nature of the motions underlying the early
stages of gating in the intact channel. Of course, we cannot
hope to address directly the process of gating (whose
estimated time scale is∼0.1 ms) by atomistic MD simula-
tions. However, by releasing the TM domain from the control
of the ‘gatekeeper’ IC domain, we hoped we might unmask
at least some of the intrinsic gating-related motions of the
TM domain. To further enhance such motions, we performed
simulations in two environments: a lipid bilayer and an
octane slab. Previous studies (43, 74) have suggested that
the latter, which has a lower viscosity than a lipid bilayer,
might result in some degree of enhancement of the TM
domain mobility, although comparison with the bilayer
simulations is necessary to guard against artifacts. For each
environment we performed two simulations for KirBac1.1,
starting with different configurations of K+ ions and water
molecules within the selectivity filters of the channel (see
ref 51 for details). In addition to the KirBac1.1 simulations,
which are based on a relatively low resolution (3.7 Å) starting
structure, we have also performed a simulation (PC3; see
Table 1) of KirBac3.1 (resolution 2.6 Å) in a lipid bilayer.

This enables us to examine whether the conformational
dynamics of KirBac1.1 are conserved for other proteins of
the same channel family. This approach, using comparative
MD simulations to test the generality of observed motions,
has already proved valuable for other (nonmembrane)
proteins (see e.g. refs 75 and 76).

Protein Stability and Simulation ConVergence.The first
thing we addressed in this study is the degree of conforma-
tional drift from the initial structure of the TM domain and
also the degree of subsequent convergence of the systems
simulated. To measure conformational drift, we have ana-
lyzed the root-mean-square deviation (RMSD) of the CR
atoms from starting structure for the various TMR-helices.
The results of this analysis (see Table 1) confirm that the
overall degree of conformational drift is greater for the OCT
than for the PC simulations. However, closer inspection
reveals that the difference is somewhat less if one considers
just the TM helices. Thus, the OCT environment may enable
somewhat greater conformational flexibility in the TM
domain than does the PC domain (on a∼20 ns time scale)
but does not result in an unacceptable degree of distortion
of the TM domain, as reflected by the relatively low (0.15
nm) CR RMSDs. Comparison of simulations PC1, PC2, and
PC3 suggest that the conformational drift magnitudes are
similar for KirBac1.1 and KirBac3.1, at least within a PC
bilayer on a∼20 ns time scale. Thus, the lower resolution
of the KirBac1.1 structure does not seem to have resulted in
a significantly greater extent of conformational drift.

A more quantitative comparison of protein mobility in the
different simulations was carried out by means of block
analysis of the mean square fluctuations (MSFs) of CR atoms
(77, 78). For the last 20 ns of each simulation, MSF averages
were calculated for time windows ranging from∼0.1 to∼10
ns and plotted as log-log graphs (see Supporting Informa-
tion). From the nonzero slopes of the lines we concluded
that the time-averaged MSF had not converged in any of
the simulations. This is a general property of the current time
scales (tens of nanoseconds) accessible by MD simulations
of protein systems (78). However, we can still analyze trends
in relative magnitudes of MSFs. This analysis suggests that
for smaller time windows (<5 ns) the fluctuations of the
M2 helix bundle in the OCT simulations are∼1.4× greater
than those in the corresponding PC simulations, with slower
convergence of the latter such that the OCT and PC MSFs
only become approximately equal for the∼10 ns windows.

Principal Components Analysis.Principal components
analysis (PCA) allows the motions of a protein to be
decomposed down into their principal components (65, 66).
By performing such analysis on the backbone atoms of the
pore-lining M2 helices in each simulation, it is possible to
focus on the conformational fluctuations in these helices that
might be expected to be related to gating of the pore, as in
the crystal structure it is the extended M2 helices that bring
together the Phe-146 side chains to form the hydrophobic
gate (see Figure 1B). The results of this analysis yield
eigenvectors describing the principal motions of the M2
helices, and the corresponding eigenvalues which provide
the relative weights of each component to the total helix
fluctuation. Note that we do not expect∼20 ns simulations
of the TM domain to reveal gating per se but rather to reveal
the intrinsic flexibility of the pore-lining elements that may
be exploited in the overall channel gating mechanism.
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We also performed a convergence analysis (as described
in refs 70 and 71; see Methods) of the motions of the CR
atoms of the M2 helices. This was intended to measure the
extent to which the conformational space of the M2 (i.e.
inner) helix bundle of our system was sampled during the
simulations. The results indicate that, on a few tens of
nanoseconds time scale, the normalized overlap of the
essential motions converges to a value of∼0.6. For protein
simulations, this represents a typical degree of overlap for
the essential spaces as indicated by simulations studies of
various proteins (79, 80).

On average for the four subunits, the cumulative fluctua-
tion in helix M2 given by the first two eigenvector
components ranged from∼30% (for simulation OCT1) to
∼73% (simulation PC2). The corresponding figure for
simulation PC3 is∼40%. Therefore, in our subsequent
analysis we will focus on the first two eigenvectors for each
simulation.

The structural implications of this analysis may be
visualized by calculating a set of snapshots in Cartesian space
from the projection of frames of the simulation trajectories
onto the corresponding eigenvectors. A schematic represen-
tation of the motion from the displacements along eigen-
vector 2 (for simulation OCT2, subunit 1) is shown in Figure
2. We have represented the motion in two fashions: first by
fitting (i.e. superimposing) all CR atoms of the M2 helix,
and second by fitting just the CR atoms of those residues
N-terminal to the proposed Gly-134 hinge (i.e. residues 121-
134). The first representation (Figure 2A) shows the overall
flexibility of M2, both at the termini and in the vicinity of
Gly-134; the second representation (Figure 2B) emphasizes
the behavior of Gly-134 as a molecular hinge. Also shown
(Figure 2C) is a schematic representation of how motions
about a molecular hinge in a TM helix may be analyzed in

terms of a kink and swivel angle. This has proved useful in
previous analyses of molecular hinges due to proline residues
(67, 81). It is evident that the eigenvector 2 motion shown
in Figure 2A,B corresponds largely to a kink motion. We
will return to this classification of molecular hinge motions
in more detail below.

The same motions may be analyzed more quantitatively
by plotting the mean square displacement (MSD) along the
second eigenvector of all four M2 helices for simulations
OCT2, PC1, and PC3 (Figure 3). Once again, the results
may be shown either for fitting on all CR atoms of M2
(Figure 3A,C,E) or just the CR atoms of the N-terminal half
(Figure 3B,D,F). Both analyses clearly confirm that there is
a molecular hinge in the vicinity of residue 134 (in
KirBac1.1) or its equivalent (residue 120) in KirBac3.1. For

FIGURE 1: A. Schematic representation of the transmembrane
domain of KirBac1.1, showing two of the four subunits. The
locations of the filter (F) and of TM helices M1 and M2 are shown.
Residues Ala-127, Gly-134, and Gly-143 are shown is space fill
format. The horizontal broken lines indicate the approximate extent
of the membrane (octane or POPC) used in the simulations. B. Pore
lining surface (calculated using HOLE (98)) for the crystal structure
of KirBac1.1 showing the region of the hydrophobic gate formed
by the ring of Phe-146 side chains (radius∼0.05 nm). C. Pore lining
surface for the crystal structure of KirBac3.1 (PDB code 1XL4)
showing the region of the hydrophobic gate formed by the ring of
Tyr-132 side chains (radius∼0.12 nm).

FIGURE 2: M2 helix motions from PCA. Snapshots of an M2 helix
from simulation OCT2 are shown for eigenvector 2 (for which the
dominant motion was helix kinking). In A, the snapshots are fitted
on all residues; in B, the fitting is just on the residues of the
N-terminal half of the helix (residues 121-134). The colors show
25 snapshots taken at equally spaced projections along the 2nd
eigenvector. To the right of each CR trace superimposition is a
schematic representation of the equivalent superimposition of the
(kinked) helix axes. C illustrates the definition of kink and swivel
angle used elsewhere in this paper.

FIGURE 3: PCA analysis of M2 helix motions. Mean square
displacements of the CR atoms according to eigenvector 2 for: A,B,
KirBac1.1, simulation OCT2; C,D, KirBac1.1, simulation PC1; and
E,F, KirBac3.1, simulation PC3. For A,C,E, all M2 CR atoms are
used for the fitting prior to RMSD calculation; for B,D,F, the fitting
of the helices uses only the CR atoms of the N-terminal half
(residues 121-134 for KirBac1.1, residues 106-120 for KirBac3.1)
of M2
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each simulation, the same pattern is seen for all four helices
of the KirBac channel. The overall pattern is clearer for the
OCT2 than for the PC1 and PC3 simulations: this is
presumed to reflect more complete conformational sampling
in the lower viscosity octane slab than in the POPC
membrane. However, it is evident that the overall pattern is
the same in both simulation environments. (The origin of
the two patterns depending on which residues are used for
fitting may be seen from the schematic helix axis diagrams
in Figure 2).

One may explore the consequences of the hinge bending
motion of the M2 helices for the channel as a whole by
visualizing the displacement of all four helices along their
corresponding second principal component (Figure 4). Clearly,
all four KirBac1.1 monomers show the same distinct pattern
of bending around Gly-134. This results in maximum
perturbation of the bundle in the region of the hydrophobic
gate formed by Phe-146.

Significantly, the hinge residue Gly-134 (Gly-120 in
KirBac3.1) corresponds to a conserved residue within the K
channel family. Comparison of crystal structures of a closed
K channel (KcsA) and an open K channel (MthK) has been
used to suggest that this conserved glycine may serve as a
molecular hinge (6, 7). Our analysis of the dynamics of M2
helix flexibility in KirBac confirms this suggestion.

SwiVel and Kink Analysis.We may extend the PCA
analysis to ask whether the motion about a glycine hinge
may be decomposed into a helix kink and helix swivel term.
Such analysis has already proved valuable for characterizing
proline-induced distortions of TM helices (67). Given that

proline may play a role in the gating of Kv channels (where
the S6 helix, homologous to M2 of Kir channels, contains a
conserved PVP motif) (16, 20, 82, 83), it is of some interest
to discover whether a glycine-hinge can enable similar kink
and swivel motions.

First, let us note the kink and swivel angles in the crystal
structure of KirBac (Table 2). The values for monomers 1
and 3 are the same and slightly different from those of
monomers 2 and 4. This is a consequence of the degree of
2-fold symmetry (i.e. dimer of dimers) present in the KirBac
crystal structure (9). However, the deviation from exact
4-fold symmetry in the TM domain is only very small in
the X-ray structure.

Next, we can measure the mean kink and swivel angles
in all six simulations (Table 2). Two interesting trends
emerge. First, e.g. the mean M2 helix kink angles are a little
higher in the octane than in the POPC simulations, reflecting
the more complete sampling of M2 motions in the less
viscous octane environment. Second, if for any one simula-
tion one compares the four mean swivel angles for the four
M2 helices, the dimer-of-dimers pattern is preserved (i.e.
high-low-high-low for swivel angles). Thus it appears that
the M2 bundle may behave dynamically as a dimer-of-
dimers.

The nature of the M2 molecular hinge motion is revealed
particularly clearly if one analyses the principal motions in
terms of kink and swivel angle. Thus, if we analyze the
motions corresponding to the first two eigenvectors for a
given M2 helix, there is a strong tendency for one component
to correspond to a kink motion and one to a swivel. This is
most evident for the octane simulations, again reflecting more
extensive sampling. It should be noted that for some helices
and simulations, the first eigenvector corresponds to kink
and the second to swivel, whereas for other helices/
simulations the order is reversed. However, the overall
pattern is conserved. This is illustrated in Figure 5 for
simulations OCT2 and PC3. From this analysis another
pattern emerges: it can be seen that subunits 1 and 3 exhibit
a different swivel angle from subunits 2 and 4. Thus, again
a dimer-of-dimers type motion seems to emerge. However,
this pattern is less evident in the POPC simulations, again
possibly due to less extensive sampling.

Dimer-of-Dimers Motions of the M2 Helices.We have
examined whether the dimer-of-dimers motions of the M2
helices seen in the KirBac1.1 and 3.1 simulations are
associated with changes in the hydrophobic gate region that
may be linked to (early events of) channel opening. Indeed,
inspection of the time-dependent distances (Figure 6AC)

Table 2: M2 Helix Kink and Swivel Angles

simulation mean kink angle( SD (deg)a mean swivel angle( SD (deg)a

KirBac1.1
X-ray 12.5, 12.0, 12.5, 12.0 138, 140, 138, 140
OCT1 13.7(6.7, 19.9( 7.9, 12.7( 7.5, 13.0( 6.6 189( 50, 172( 26, 150( 102, 147( 65
OCT2 15.7( 7.3, 15.0( 7.1, 17.0( 7.9, 11.9( 5.8 149( 49, 216( 50, 159( 39, 184( 73
PC1 12.1( 6.4, 15.4( 6.8, 18.0( 7.6, 10.2( 5.6 207( 74, 137( 49, 188( 37, 154( 97
PC2 9.0( 4.6, 8.6( 4.4, 8.5( 4.4, 23.0( 6.9 183( 59, 187( 61, 140( 70, 188( 13

KirBac3.1
X-ray 9.8, 5.2, 10.7, 5.4 228, 244, 236, 242
PC3 22.0( 8.9, 20.3( 7.9, 15.4( 7.0, 10.9( 5.9 261( 53, 222( 28, 221( 48, 192( 80

a The M2 helix kink and swivel angles (see Figure 3C for definition) are shown for the four KirBac helices. Values were averaged after discarding
the first 2 ns of each simulation, and were calculated using Gly-134 (or Gly-120 for KirBac3.1) as a hinge point.

FIGURE 4: Snapshots of the M2 helix bundle corresponding to
projections along the second eigenvector for the KirBac1.1 OCT2
simulation. The colors correspond to 25 CR trace structures fitted
on residues 121-134.
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between the Phe-146 (KirBac1.1) or Tyr-132 (KirBac3.1)
residues supports the suggestion that dimer-of-dimers mo-
tions of the M2 helices are linked to changes in the
conformation of the hydrophobic gate formed by this residue.
In particular, in both simulations KirBac1.1 OCT1 and
KirBac3.1 PC3 we observe a motion whereby two opposing
M2 helices move apart while the other two opposing M2
helices move together. This perturbs the packing of the
hydrophobic side chains in the intracellular gate region
(Figure 6B).

DISCUSSION

In this study we have characterized the conformational
dynamics of the inner (M2) helix bundle of KirBac1.1 and
determined the dominant motions on a 20 ns time scale in
terms of their kink and swivel angle components. The results
of this analysis provide evidence in favor of a molecular
hinge in the vicinity of Gly-134 (KirBac1.1) or Gly-120
(KirBac3.1). More detailed analysis of the motion in terms
of kink and swivel angles suggest that the tetramer may
behave as a dimer-of-dimers, with subunits 1 and 3, and
subunits 2 and 4, moving together. This is consistent with
the local 2-fold symmetry seen in the KirBac1.1 X-ray
structure (9) and also with recent simulation studies on the
isolated IC domains of mammalian Kir channels (84). More
generally, simulation studies of the ligand-binding extracel-
lular domain of the nicotinic acetylcholine receptor (85) have
also revealed deviations from exact rotational symmetry.

The current results are consistent and reinforce previous
computational studies aimed at exploring models of the open
pore conformation of K channels. In particular, normal modes
analysis (22), Monte Carlo methods (52), and nonequilibrium
MD simulations (86) have all shown that an open pore
conformation of KcsA can be achieved by the M2 helices
kinking at a structural hinge located approximately at position
Gly-99. This is consistent with crystallographic (7) and
spectroscopic (87) data. For KirBac, our MD results indicate
that the equivalent Gly provides a hinge point in both
KirBac1.1 and 3.1. This is supported by modeling based on
low resolution electron microscopy images (53). Thus, there
appears to be a convergence of a number of approaches on
a common model.

It is important to relate these simulation studies to
experimental studies of K channel gating. There is a marked
difference in conformation of M2 (or S6, its equivalent in
Kv channels) between the X-ray structures of closed state
K channels (namely KcsA, KirBac1.1, and KirBac3.1) and
open state K channels (namely MthK, KvAP, and Kv1.2).
This difference in conformation of M2 is very similar to that
sampled in the simulations described in this paper (Figure
7). The molecular hinge corresponds to a conserved glycine
residue (7) in the sequence of many K channels. In Kv
channels the situation may be somewhat more complex, with
a second hinge lower down the S6 helix associated with a
conserved PVP sequence motif (10, 16, 82, 83, 88-90). In
the case of Kv channels, mutations in the vicinity of both

FIGURE 5: Analysis of kink and swivel angles of the M2 helices for simulations KirBac1.1 OCT2 and KirBac3.1 PC3 calculated after
filtering the trajectories along selected principal components along eigenvectors 1 and 2. The eigenvectors have been sorted to show
the predominant A, C kink and B, D swivel motions. The different colors correspond to different subunits, according to the following:
black ) monomer 1; red) monomer 2; green) monomer 3; blue) monomer 4.
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the conserved glycine hinge (91) and the second (PVP) hinge
result in perturbations of channel gating (92-94). For Kir
channels, proline scanning mutations combined with molec-
ular modeling (95) support the suggested glycine molecular
hinge. Comparable studies of the bacterial sodium channel
NaChBac suggest a glycine hinge may also be present in
the pore-lining helices of sodium channels (96). Unfortu-
nately, such mutational data are as yet unavailable for
KirBac1.1.

It is important to be aware of the limitations of the
simulation approach used in the current study. In particular,
we should stress again that a time scale of∼20 ns is
insufficient to sample gating per se, which occurs on a 1µs
to 1 ms time scale. In an attempt to look beyond the time
scale of the current (atomistic) simulations we have used a

more coarse-grained approach, namely anisotropic network
modeling (ANM). This approach has achieved some success
in predicting larger scale conformational transitions of
proteins (72, 73). We have examined the predicted motions
for the M2 helix bundle generated by an ANM calculation
on the complete KirBac1.1 TM domain tetramer (Hall et al.,
manuscript in preparation). Significantly, a degree of helix
bending about the center of the M2 helices is observed, in
agreement with the atomistic simulations. There are, of
course, some differences from the atomistic simulations. A
limitation of current implementations of ANM is that
sequence-specific aspects of protein mobility (e.g. glycine
hinges in helices) are not (directly) incorporated.

A second limitation of the duration of current membrane
protein simulations (∼20 ns) is that it does not permit
complete sampling of the motions that may be revealed by
simulations (78). One way in which to improve the statistical
significance of the motions observed in current simulations
is to repeat the simulations for a related protein, which shares
the same fold and function, which differs in sequence. In
the current study we have used the recent KirBac3.1 structure
for this purpose. It is encouraging that the M2 helix hinge
motion and the resultant dimer-of-dimers motions of the M2
helices at the intracellular mouth seem to be conserved
between the two KirBac channels.

While remaining aware of these limitations, we suggest
that our results may enable us to capture some of the early
stages of the gating process. The design of our simulations
has been to maximize our sampling of M2 flexibility by (i)
uncoupling the gate from the “gatekeeper” (i.e. simulating
just the TM domain, without the regulatory IC domain) and
(ii) comparing octane (lower viscosity) and POPC membrane
simulations. Having revealed a possible dimer-of-dimers
motion of the M2 helix hinges in the isolated TM domain
of KirBac1.1, it will be important to analyze for similar
motions in extended simulations of the intact KirBac channel
(Domene et al., unpublished results) and of models (97) of
mammalian Kir channels.
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FIGURE 6: Dimer-of-dimers motions of the M2 helices as shown
by monitoring the distance (A) between the Phe146 residues
(backbone to backbone, where the distance is defined as from the
center of mass of one group of N, CR, and C atoms to the center
of mass of the equivalent group in the opposite residue) as a function
of time for opposite pairs of monomers (one pair, black line; the
other pair, gray line) for KirBac1.1 simulation OCT1, or (C)
between the Tyr-132 residues for KirBac3.1 simulation PC3. This
analsysis suggests dimer-of-dimers motions of the M2 helices. (B)
Snapshots from KirBac1.1 simulation OCT1 of the P-helix, filter,
and M2 helices of two opposite monomers, att ) 0 (pale gray)
andt ) 20 ns (dark gray). The arrow indicates the Phe-146 distance,
and the insets show the corresponding Phe-146 side chains.

FIGURE 7: Comparison of MD and X-ray crystallographic results
for kinking of M2. In A, selected structures of KirBac1.1 M2 helices
from the start (0 ns) and toward the end (17 ns) of simulation OCT2
are shown. In B, the M2 helices from the crystal structures of
KirBac (closed pore) and of MthK and KvAP (open pore) are
shown. In C, selected structures of KirBac3.1 M2 helices from
midway (∼10 ns) and toward the end (15 ns) of simulation PC3
are shown. In all three diagrams, the N-terminal halves of the helices
are used for fitting.
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SUPPORTING INFORMATION AVAILABLE

Figure 8, showing the MSFs convergence analysis per-
formed on the inner M2 helices bundle in all simulated
systems. This material is available on the Internet free of
charge at http://pubs.acs.org.
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