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ABSTRACT: Inward rectifier potassium (Kir) channels regulate cell excitability and transport K+ ions across
membranes. Homotetrameric models of three mammalian Kir channels (Kir1.1, Kir3.1, and Kir6.2) have
been generated, using the KirBac3.1 transmembrane and rat Kir3.1 intracellular domain structures as
templates. All three models have been explored by 10 ns molecular dynamics simulations in phospholipid
bilayers. Analysis of the initial structures revealed conservation of potential lipid interaction residues
(Trp/Tyr and Arg/Lys side chains near the lipid headgroup-water interfaces). Examination of the
intracellular domains revealed key structural differences between Kir1.1 and Kir6.2 which may explain
the difference in channel inhibition by ATP. The behavior of all three models in the MD simulations
revealed that they have conformational stability similar to that seen for comparable simulations of, for
example, structures derived from cryoelectron microscopy data. Local distortions of the selectivity filter
were seen during the simulations, as observed in previous simulations of KirBac and in simulations and
structures of KcsA. These may be related to filter gating of the channel. The intracellular hydrophobic
gate does not undergo any substantial changes during the simulations and thus remains functionally closed.
Analysis of lipid-protein interactions of the Kir models emphasizes the key role of the M0 (or “slide”)
helix which lies approximately parallel to the bilayer-water interface and forms a link between the
transmembrane and intracellular domains of the channel.

Potassium channels (1) are dynamic membrane proteins
of considerable physiological and biomedical interest. They
enable and control the flux of K+ ion 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.

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 (3-12). These
include the following: KcsA, gated by low pH; MthK, gated
by Ca2+ ions; KvAP and Kv1.2, gated by transmembrane
voltage; and KirBac, for which the gating mechanism
remains uncertain (but see refs13 and 14). All of these
structures share a tetrameric pore-forming domain, in which
the monomers surround a central pore. Each subunit contains
an M1-P-F-M2 motif (S5-P-F-S6 in Kv channels), where M1
and M2 are transmembrane helices and the short pore helix
(P) and extended filter (F) region form a re-entrant loop
between the two TM helices.

Inward rectifier (Kir)1 channels have a relatively simple
TM architecture, containing only the M1-P-F-M2 motif. In
humans, Kir channels have two main physiological roles:
They regulate cell excitability by stabilizing the membrane
potential close to the K+ equilibrium potential, and they are
involved in the transport of K+ across membranes (15, 16).
Structures for the intracellular domain of mammalian Kir
[Kir3.1 (17) and Kir2.1 (18)] and for 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 (19)] have been determined.

In the structures of both KirBac1.1 and KirBac3.1, the
overall TM topology is similar to that of the simple bacterial
channel KcsA, with the addition of a M0 [or “slide” (9)]
helix N-terminal to the M1 TM helix. Indeed, KcsA does
contain an M0 helix (20), but this is not resolved in the X-ray
structure of the channel (3, 21). The KirBac channels also
have an intracellular (IC) domain consisting mostly of
â-sheet, with a fold related to that of the Kir3.1 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
is thought to be in an intermediate state in its crystal structure
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(19), with a pore radius at the intracellular mouth of 0.12
nm. The selectivity filters of both KirBac 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.
In Kir channels, it is thought that the IC domain acts as a
“gatekeeper”, interacting with various possible ligands (17,
22-24) to regulate the conformational state of the TM
domain gate.

Potassium channels function in a lipid bilayer environment.
There is growing evidence of the importance of protein-
lipid interactions in channel structure and function. Thus,
bound anionic lipid molecules are present in the crystal
structure of KcsA and play a key role in its function (25-
28). A number of studies have implicated lipids, especially
inositol phospholipids (14, 18, 22, 29-31) but also other
lipid signals (32), in the regulation of Kir channels. Indeed,
inositol phospholipids may regulate a range of channels,
including Kir, Kv7 (33), and others (34). It is therefore worth
exploring in more general terms how Kir channels interact
with their lipid environment.

Computer simulations provide a useful approach to
exploring the conformational dynamics of membrane proteins
in a lipid bilayer environment (35). There have been many
computational studies of ion channels (see ref36 for a recent
review), which have provided valuable insights into, for
example, mechanisms of ion permeation. Homology model-
ing may be used to extrapolate from structures of bacterial
potassium channels (37) to explanations of the function of
their mammalian homologues. For example, homology
models have been used to aid the interpretation of the
functional effects of mutations in Kir channels (24, 38-41).
Molecular simulations have also been used to explore the
nature of both nonspecific and specific interactions of lipids
with KcsA (42-45).

In this study, we present simulations of homology models
of three homotetrameric mammalian Kir channels and focus
on the use of such simulations in exploring model stability
and integrity and lipid-protein interactions.

METHODS

Model Building of Kir Channels.Sequences were aligned
using ClustalX (46). Homology models were generated using
Modeler version 6.2 (http://salilab.org/modeller/modeller.
html) (47-49). The model of Kir3.1 (residues 43-270) was
based on the crystal structures of a bacterial inwardly
rectifying K+ channel (KirBac3.1) (PDB entry 1XL6) and
of the intracellular domain (IC) of the rat Kir3.1 channel
(PDB entry 1N9P). The transmembrane (TM) region is
highly conserved among Kir channels. Thus, as the level of
conservation of residues within the TM regions of KirBac3.1
and rat Kir3.1 is 36%, it was decided that the TM region of
the KirBac3.1 would be an appropriate model for the TM
segment of Kir3.1. The TM region was modeled as a tetramer
with 4-fold symmetry imposed. The crystal structure of the
IC domain contains both the N- and C-termini of the Kir3.1
sequence. The spatial orientation of the IC domain with
respect to the TM region was obtained by superimposing
the conserved residues found in the IC domains of Kir3.1
on the KirBac3.1 structure. Once the orientation had been
obtained, the IC domains from Kir3.1 were joined to the
modeled TM region by residues that were predicted to be in

loops. The secondary structure predictions for the modeled
regions were obtained from PHD (www.cubic.bioc.
columbia.edu) and JPRED (www.compbio.dundee.ac.uk).
The loops were then subjected to steepest descent energy
minimization, while the core model was kept fixed.

Homology models for Kir1.1 (residues 39-369) and
Kir6.2 (residues 32-358) were derived from the molecular
model generated for Kir3.1. This was possible because of
the high degree of sequence similarity exhibited by members
of the mammalian inwardly rectifying K+ channel family
(∼44% for both sequences). Several minimization steps were
required in the model building process to obtain a low-energy
conformation of the models without steric clashes between
the side chains. The quality and the stereochemical properties
of the models were assessed after each step using PROCHECK
version 3.4.4 (50).

Molecular Dynamics Simulations.X-ray crystallographic
and computational studies of a number of bacterial K+

channels have indicated that the selectivity filter is stably
occupied by a single file of alternating K+ ions and water
molecules (for a recent study see, for example, ref51). Thus,
in preparation for the simulations, two K+ ions were placed
at positions S1 and S3 and water molecules were placed at
positions S0, S2, and S4. The central cavity in the models
was solvated using Voidoo and Flood (52). The resulting
models were then embedded in a POPC bilayer with a
thickness of∼35 Å. The protocol for membrane insertion is
described in ref53. The system was then solvated with SPC
(54) water molecules. Counterions were added at random
positions within the bulk solvent to neutralize the system.
This generated systems of∼97000 atoms. Before the
simulations were conducted, each system was energy mini-
mized using 1000 iterations of steepest descent. The systems
were then equilibrated for 0.25 ns by a molecular dynamics
run during which the non-H protein atoms were harmonically
restrained using a force constant of 1000 kJ mol-1 nm-2.
During this equilibration process, the solvent molecules and
the ions were free to move. After the initial equilibration,
all restraints were removed from the protein and each system
was subjected to a 10 ns production run.

Molecular dynamics simulations were carried out using
GROMACS version 3.1.4 (www.gromacs.org) (55) with a
modified version of the GROMOS87 (56) force field. The
simulations employed Berendsen coupling (57) to maintain
a constant temperature of 300 K and a constant isotropic
pressure of 1 bar. The van der Waals interactions were
modeled using 6-12 Lennard-Jones potentials with a 13 Å
cutoff. Long-range electrostatic interactions were calculated
using the particle mesh Ewald method (58, 59), with a cutoff
for the real space term of 12 Å. Covalent bonds were
constrained using the LINCS algorithm (60). The time step
employed was 2 fs, and the coordinates were saved every
10 ps for analysis. Analysis of the simulations was carried
out using the programs in the GROMACS suite of packages
and local scripts. Pore dimensions were evaluated using
HOLE (61). Molecular graphics images were generated using
VMD (62) and RasMol (63).

RESULTS

Structural Features.Before reporting the results of the
simulations, we compare the structural features of the models.
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It is also valuable to bear in mind the following. (i) Only
Kir1.1 and Kir6.2 form homotetramers in vivo, whereas
Kir3.1 forms heterotetramers in vivo with Kir3.2 or Kir3.4
(64) (although a point mutation of Kir3.1 may form ho-
motetramers in vitro) (65). (ii) Kir6.2 in vivo exists in
complex with another subunit [the sulfonylurea receptor,
SUR (66)] and, when expressed as the Kir6.2 heterotetramer
(67), exhibits gating properties different from those of the
native KATP (i.e., Kir6.2-SUR complex) channel. Thus, the
three models span a native homotetramer (Kir1.1), an
“artificial” homotetramer (Kir3.1), and a homotetramer
(Kir6.2) without its native partner subunit. Visualization of
the surface-exposed residues of the three Kir models is
informative (see Figure 1). Two features which one would
expect in a membrane protein are bands of amphipathic
aromatic (i.e., Trp and Tyr) side chains associated with the
bilayer-water interface, and the presence of basic side chains
just outside of the transmembrane region of the protein
surface where they can interact with lipid phosphate groups
(see, for example, ref68 for a discussion of how membrane
proteins interact with a bilayer-water interface). All three
models show clear bands of Trp and Tyr residues. However,
only in Kir3.1 are bands of basic side chains present at both
the intracellular and extracellular interfacial regions; in Kir1.1
and Kir6.2, only the intracellular interfacial region contains
basic residues. This is perhaps not surprising given the
asymmetry of distribution of basic residues seen in membrane
proteins in general (69).

Since the crystal structure on which the TM domain of
the models was based was of a closed state of KirBac3.1,
the models are also in a closed conformation, at least as far
as the pore is concerned. The intracellular domain conforma-
tion is based on that of the Kir3.1 IC domain (17) and may
also correspond to a closed conformation, although this is
less certain than for the TM domain.

There are some differences between the models in the
residues that line the central ion conduction pathway. These
have been explored by calculating the pore radius profile of
the models (Figure 2). The length of the pores of the models
(z) spans from approximately 20 Å on the intracellular side
to approximately-60 Å on the extracellular end of the
channel. The pore radius profile and the pore surface reveal
a number of constrictions along the ion conduction pathway.
All of these constrictions lie within the TM region of the

models. The signature filter sequence is the first most
prominent region encountered by the ion when it enters from
the extracellular mouth of the channel. The radius at this
point is ∼2 Å in all the models. There are two more
constriction rings within the TM region where the radius is
reduced to less than∼1 Å. Both of these constrictions are
near the intracellular lipid-water interface. These are formed
by residues L179 (and to a lesser extent C175) in Kir1.1, by
I177 and F181 in Kir3.1, and by L164 and F168 in Kir6.2
(Figure 3). In the context of this model, it is of interest to

FIGURE 1: Surface representations of the three models, highlighting amphipathic aromatic (Trp and Tyr; green) and basic (Arg and Lys;
blue) residues.

FIGURE 2: (A) Kir model (shown as a gray CR trace for Kir3.1) in
the POPC bilayer. The P atoms of the lipid headgroups are shown
as yellow spheres. The pore lining generated using HOLE (61) is
shown as a red (radius< size of water), green (radius≈ size of
water), and blue (radius> size of water) surface. (B) Comparison
of pore radius profiles (black for Kir1.1, blue for Kir3.1, and red
for Kir6.2) with the bilayer normal (i.e.,z) axis aligned to match
the structural diagram in panel A.
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note that mutations at L164 (70) and F168 (71) in Kir6.2
have dramatic effects on gating of the channel.

In each of the simulations, these constrictions do not relax
significantly during the simulations. For example, the largest
change is for the L164 ring of Kir6.2, where the radius
increases from∼0.4 Å at the start of the simulation to∼0.8
Å at the end. Thus, in each case, the closed gate is formed
by a hydrophobic constriction. Simulations on simple model
systems suggest such a hydrophobic constriction can form a
closed gate (72). These hydrophobic residues lie on the M2
outer helix within each subunit, between the proposed glycine
hinge and the helix bundle, and are conserved within the
Kir channel family. It is interesting to note that the radius
of a solvated K+ ion is ∼4.3 Å while the radius of these
rings is ∼1 Å. Thus, these rings are expected to act as
effective barriers to ion permeation (73, 74). The channel
has a broad ion conduction pathway in the intracellular
region, and the traversing ion would not have to overcome
any other barriers once beyond the TM region.

An approximation to the energetics of K+ ion permeation
through the channel along the central pore axis has been
obtained by calculating the Born energy profile of a
monovalent cation as a function of position along the axis
of the central channel pore (75). The maximum electrostatic
barrier height, associated with the hydrophobic gate, is
between∼50 (Kir6.2) and∼150 kJ/mol (Kir1.1) (K. Tai et
al., manuscript in preparation). In each case, this is more
than sufficient to prevent any ions from crossing and thus
confirms the closed conformation of the channel models.

Comparison of ATP-Binding Sites.It is worth comparing
the potential ATP-binding sites in the initial models prior to
simulation, at least in the two (Kir1.1 and Kir6.2) that form
homotetramers in vivo. In particular, it is interesting that
Kir6.2 exhibits strong inhibition of channel opening by ATP
(reviewed in, for example, ref24), whereas inhibition of
Kir1.1 by ATP is less clear-cut (see, for example, ref24). If
one compares the potential ATP-binding sites in the Kir1.1.
and Kir6.2 models, some important differences emerge. The
ATP-binding site on Kir6.2 (24, 40) lies in the IC domain

∼17 Å “below” the intracellular leaflet of the membrane.
The binding site is sufficient to accommodate the ATP
molecule and is arranged in such a manner that the adenine
ring and the ribose sugar of the nucleotide are positioned on
one side of aâ-sheet and the phosphate tail on the other.
This effectively results in the separation of charged groups
of ATP. The adenine ring is accommodated tightly in a
pocket formed by the side chains of E179, T180, L181, and
I182 and by the backbone atoms of K38, K39, G40, and
R301. The side chain of E179 and the backbone carbonyl
atom of R301 form H-bonds to the N6 atom of the adenine
ring. If one examines the equivalent residues in Kir1.1, a
major difference is that E179 in Kir6.2 is replaced with K190
in Kir1.1 (Figure 4). The presence of a cationic side chain
(i.e., K190) close to N6 in the adenine ring may weaken the
interaction, as it will be less likely to form a H-bond to the
N6 amino group of the ATP than is the anionic side chain
of E179. Also, the larger lysine side chain may sterically
displace ATP to some extent. Indeed, the E179N and E179M
mutations result in a marked decrease in the ATP sensitivity
of Kir6.2 (40). Furthermore, R50 of Kir6.2 [which is thought
to interact with theγ-phosphate of ATP (40)] is absent from
Kir1.1. Again, this would be expected to weaken the binding
of ATP to Kir1.1 relative to the binding to Kir6.2. Indeed,
mutation of R50 causes a dramatic decrease in the level of
inhibition of Kir6.2 channels by ATP (76, 77).

FIGURE 3: Hydrophobic gates shown at the start and end of each
simulation. The left column shows the three gates (in the initial,
time zero, structures) viewed perpendicular to the pore axis. The
center and right columns show the same gates viewed down the
pore axis att ) 0 andt ) 10 ns, respectively. Helices are shown
as tubes and hydrophobic gate side chains as van der Waals spheres.

FIGURE 4: Comparison of (A) the ATP-binding site of the Kir6.2
model with (B) the equivalent region in the Kir1.1 model. In panel
A, an ATP molecule is shown and the E179 side chain is highlighted
in red. In panel B, the K190 residue equivalent to E179 of Kir6.2
is shown highlighted in yellow.
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Conformational Drift and Flexibility.The conformational
stability of the models was assessed by carrying out a 10 ns
molecular dynamics simulation of each model in a lipid
(POPC) bilayer. Previous experience (38, 78) suggests that
a 10 ns simulation is sufficient to reveal any major confor-
mational instability within the models. Thus, a simple
measure of the “quality” of a model can be obtained via the
time-dependent root-mean-square deviation (rmsd) of CR
atoms from their position in the initial model after equilibra-
tion (Figure 5A). All three models exhibited conformational
drifts to similar plateau values of∼3.5 Å (for CR atoms of
all residues; see Table 1). This degree of drift is comparable
to that seen in simulations of cryoelectron microscopy
structures (resolution of 3.5 Å) or homology models of
aquaporins but slightly higher than that seen in simulations
of high-resolution (2.2 Å or better) X-ray structures of
membrane proteins (78). If one restricts the CR rmsd
calculation to the core regions (i.e., excluding surface loops)
of the two domains (TM and IC), the values are much lower
(∼1.5 Å), indicating little drift in the core fold of the models,
at least on an∼10 ns time scale.

In addition to the rmsd values, one can also estimate
conformational flexibility by calculating the magnitude of
the fluctuations as a function of residue number. Such an
analysis gives a complete breakdown of the mobility of
individual residues (see Figure S1 of the Supporting Infor-
mation). The greatest fluctuations are all seen in regions
which correspond to loops lining the central pore through
the IC domain (41).

It is important to examine the behavior of key functionally
important regions within the channel models during the

simulations. For each of the three models, the selectivity filter
remains relatively undistorted, although some “flipping” of
peptide bonds in the filter has been observed, in part as a
result of movement of the two K+ ions along the selectivity
filter during the equilibration phase of the simulation. Thus,
in both Kir1.1 and Kir3.1 the Ile carbonyl of the TIGYG
filter motif is flipped in two of the four chains after 10 ns,
whereas in Kir6.2, the carbonyl of Gly132 (in TIG132FG) is
flipped in two chains. Such local distortions of the filter have
also been seen in a number of other simulations of K
channels (39, 79-82) and may be related to the change in
conformation of, for example, the KcsA selectivity filter
observed in crystal structures determined at low K+ ion
concentrations (21). As suggested by a recent comparative
simulation of KcsA and KirBac (51), and by a number of
earlier simulations on K channel structures and models (see,
for example, refs79, 83, and 84), the filter is relatively
invariant in conformation, at least on a 10 ns time scale, if
occupied by K+ ions and water molecules in an energetically
favorable configuration of alternating cations and water
molecules. However, both simulations (81, 82, 85) and
structural studies [of native KcsA at low K+ concentrations
(21) and of a filter mutant of KcsA (12, 86)] suggest that
distortion of the filter may be associated with filter gating

FIGURE 5: (A) CR rmsds (for all residues) relative to the initial
model as a function of time for the three simulations. (B) Number
of protein-POPC headgroup interactions (calculated using a 3.5
Å cutoff) as a function of time. For both graphs, the black trace is
for Kir1.1, the dark gray trace for Kir3.1, and light gray trace for
Kir6.2.

Table 1: Summary of Simulations

simulation environment

CR rmsd
(all residues)

(Å)

CR rmsd
(core TM

domain) (Å)

CR rmsd
(core IC

domain) (Å)

Kir1.1 214 POPCs,
24 556 waters

3.6 1.3 1.8

Kir3.1 213 POPCs,
23 895 waters

3.3 1.3 1.7

Kir6.2 239 POPCs,
23 845 waters

3.6 1.4 1.9

FIGURE 6: Lipid headgroup-protein contacts as a function of
location along the bilayer normal (z) and time for all three
simulations. The color code ranges from deep blue to violet,
corresponding to 1-30 contacts at an interatomic distance of<3.5
Å. The lower band of interactions (centered at approximately-20
Å) corresponds to the headgroups of the inner leaflet, and the upper
band of interactions (centered at approximately 20 Å) corresponds
to the headgroups of the outer leaflet.
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of K channels, although the time scale of the changes in the
simulation is faster than that observed experimentally.

The hydrophobic gate region of all three models remains
closed over the duration of the simulations, as might be
anticipated. Although some local distortion of the hydro-
phobic gating rings occurs (Figure 3), the pore radii at the
gates before (∼0.4 Å for Kir1.1, ∼0.8 Å for Kir3.1, and
∼0.4 Å for Kir6.2) and after (∼0.4 Å for Kir1.1, ∼0.5 Å
for Kir3.1, and∼0.8 Å for Kir6.2) simulations are such that
a significant hydrophobic barrier will be present.

Lipid-Protein Interactions.As mentioned above, a num-
ber of studies have indicated the importance of channel-
lipid interactions in the regulation of Kir (14, 18, 22, 29-
32, 34) and other [e.g., KcsA (25-28) and KvAP (87)]
potassium channels. It is therefore of some interest to explore
the interactions of the Kir channel models with their lipid
bilayer environments, and especially with the lipid head-
groups.

The total numbers of lipid headgroup-protein interactions
(defined as an interatomic distance ofe3.5 Å) were
measured as a function of time (Figure 5B). It can be seen
that the total number of contacts increases during the first
∼2.5 ns of each simulation and then plateaus. The total
number of contacts was a little lower for Kir1.1 than for the
other two models, but otherwise, the overall behavior of the
three systems was very similar. For the intracellular interface,
this reflects fewer surface-exposed aromatic (Trp and Tyr)
residues and for the extracellular interface fewer exposed
basic residues for Kir1.1 than for Kir3.1 and Kir6.2 (see
Figure 1). A more detailed analysis of the buildup with
respect to time of the lipid protein interactions is provided
in Figure 6, where contour plots of the number of contacts
between lipid headgroup and proteins atoms is shown. The
results reveal the presence of two broad bands of interactions
(>10 Å wide) corresponding to the two membrane-water
interfaces. The widths of the interaction bands correspond

FIGURE 7: Surface (left) and cartoon (right) representations of the three Kir models colored on lipid headgroup-protein contacts using a
blue-to-green-to-red scale (i.e., red corresponds to the largest number of contacts). The dashed horizontal lines indicate the approximate
locations of the membrane-water interface.
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to the thicknesses of the interfacial (i.e., lipids headgroups
and water molecules) seen in other simulations and also as
measured by combined X-ray and neutron experiments (88).

One may analyze the number of contacts further by
considering the contributions made by individual protein
residues (Figure 7). Such analysis reveals that the major
contact residues lie in (i) the extracellular loops, (ii) the
extracellular ends of the TM helices [a region implicated in
specific anionic lipids binding sites in KcsA (44)], (iii) the
M0 helix, i.e., the short slide (9) helix which is just before
the first TM helix and lies close to the intracellular
membrane-water interface, and (iv) the surface of the
intracellular domain facing the lipid headgroups. Note that
the latter region has been implicated in ATP and PIP2 binding
in Kir6.2 (89-91).

It should be noted that the M0 helix may move during
gating (9, 92). Thus, the nature of lipid-protein contacts
involving M0 may play a role in the control of gating. The
contacts of the side chains of the M0 helix of, for example,
Kir6.2 with the lipid headgroups were therefore examined
in more detail (Figure 8). This reveals that a pattern of
conserved basic (Arg/Lys) and acidic (Asp) side chains forms
frequent contacts with the headgroups. This is of some
interest given the proposed role of the M0 helix in the gating
mechanism of Kir channels (9), and the modulation of Kir
channel gating by lipids (see above). For example, one of
the residues in M0 of Kir6.2 that interacts with lipid
headgroups is R54. This residue has been implicated in
interactions of the channel with PIP2 (30). Thus, the M0 helix
is perhaps uniquely poised to integrate interactions with lipid
headgroups and with the residues of the regulatory IC
domain.

CONCLUSIONS

From these simulations, it would seem that homology
modeling combined with MD simulations can yield candidate
structures which promise some insight into mammalian Kir
channels. In particular, the relative stability of the three
different models in the simulations is comparable to, for
example, that of low-resolution EM structures (78), reinforc-
ing the suggestion that they are reasonable representations
of the true structures of the channels. Indeed, recent studies
of homology modeling of membrane proteins (93) suggest
that acceptable models (i.e., with CR rmsd values with
respect to the native ofe2 Å in the transmembrane regions)
may be obtained for levels of template sequence identity of
g30%.

One of the features clearly conserved between the models
is the hydrophobic gate (94) region of the pores. Examination
of these gates at the start and end of the simulations suggests
that they remain closed, as might be expected given the time
scale of the simulations and the fact that the initial models
were derived by using a closed channel structure as the
template for the TM domain.

The simulations based on the models have been of
particular use in yielding insights into the nature of Kir
channel-lipid interactions. In particular, the results empha-
size the importance of the M0 helix and of the loops lining
the TM and IC domains in forming interactions with the
headgroups of the lipids of the intracellular leaflet of the
lipid bilayer. This is of particular interest given the ac-
cumulating evidence of the role of specific intracellular leaflet
lipids in modulating Kir channel activity (14, 90, 91).

It is important to consider the limitations of this study.
The simulations are relatively short and will only incom-
pletely sample protein motions (95). However, the compari-
son between simulations of three related proteins can help
to overcome this limitation to some extent. It is also known
that the use of PME for long-range electrostatics interactions
is at best an approximation and can lead to possible artifacts
(96). In terms of electrostatic interactions, it would also be
of interest to explore the effect of changing the ionization
states of key residues (97) and of changing the concentration
of K+ to a higher value (e.g., 0.5 M). Perhaps a more serious
approximation in the context of this study is the use of a
simple lipid species (POPC). A pressing future extension to
this study is to use simulations to explore the interactions of
Kir channels with more complex lipids, including phospho-
inositides.
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Figure S1
Cα atom root mean square fluctuation (RMSF) as a function of residue number 
for the three simulations. In each case, the four differently coloured lines 
correspond to the four subunits of the channel protein.


