
pubs.acs.org/Biochemistry Published on Web 08/04/2009 r 2009 American Chemical Society

8758 Biochemistry 2009, 48, 8758–8763

DOI: 10.1021/bi9007808

Ion-Blocking Sites of the Kir2.1 Channel Revealed by Multiscale Modeling†

Kaihsu Tai, Phillip J. Stansfeld, and Mark S. P. Sansom*

Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, United Kingdom

Received May 6, 2009; Revised Manuscript Received July 29, 2009

ABSTRACT: TheKir2.1 potassium channel owes its inward-rectifying behavior to blocking bymultivalent ions,
e.g., magnesium and spermine, which access the channel from the cytoplasm and are thought to bind within
the pore. To investigate the pathway followed by these ions from the cytoplasm through the pore, we have
used multiscale modeling (via continuum electrostatics calculations, docking, and molecular dynamics
simulations) to identify possible binding sites en route. On its way to eventually binding in the cavity,
magnesium interacts extensively with Glu299, which lines the pore in the center of the intracellular domain.
Interaction sites for spermine are formed by Asp255, Glu299, and Glu224. Entropic factors seem to favor
interactions of spermine within the center of the cytoplasmic domain.

Kir2.1 (also known as IRK1, geneKCNJ1) is a member of the
Kir2.x inward-rectifying potassium channel family and is mainly
responsible with other Kir2.x channels for the inward rectifier
current IK1 in the human heart ventricle (1, 2). This current
stabilizes the resting membrane potential and shapes the final
repolarization of the ventricular action potential. Abnormality of
this current has been implicated in long and short QT syndromes,
alterations of cardiac excitability, and ventricular and atrial
fibrillation (3). Kir2.1 itself has been associated with Andersen’s
syndrome, hypertension, and cardiomyopathies. Kir2.1 exhibits
voltage-dependent rectification which is thought to be due to
pore block by multivalent ions from the cytosol, e.g., magnesium
(Mg2+) or polyamines such as spermine and spermidine.

Like many other K+ channels, Kir2.1 is a homotetramer
(Figure 1). Like other inward-rectifying channels, it has two
domains in each monomer: transmembrane and cytoplasmic. In
the transmembrane domain, there is a filter region closest to the
extracellular mouth. Kir2.1 shares with other K+ channels the
signature sequence in the filter region, “T(I/V)GYG”. Along the
pore and next to the filter is a large cavity marked by Asp172,
which is likely to be filled with several water molecules and
possibly some ions. Next to the cavity toward the cytoplasmic
domain, there is the main gate formed by Met180. The blocking
ions (Mg2+ and polyamines), subjects of this investigation, are
thought to enter the cytoplasmic domain, pass the gates, and bind
within the cavity (4-6).

Crystallographic structures for the cytoplasmic domain of
Kir2.1 have appeared (7, 8), but not for the transmembrane
domain. A homology model for both domains of the related
Kir3.1 (9) has been published. Crystallographic structures for a
chimera of mouse Kir3.1 and KirBac1.3 (PDB1 entry 2QKS, 2.2
Å resolution) have recently appeared (10). Within the same
crystal, two conformations of the cytoplasmic domain were

observed, differing in the conformation of a possible second gate
at Met307 (not to be confused with the main M2 helix bundle
crossing gate atMet180). These have been identified as being in a
“dilated” conformation and a “closed” conformation with
respect to the possible second gate (10). We used these as
templates to prepare two models of human Kir2.1: one in a
Met307-dilated state and another in a Met307-closed state. So
far, a structure with the main M2 bundle crossing (i.e., Met180)
gate open has not been modeled as a suitable template is not
available.

MATERIALS AND METHODS

Homology Modeling. The crystallographic structure of the
Nishida Kir3.1/KirBac1.3 chimera (10) was used as a template
for modeling human Kir2.1. The sequence alignment was per-
formed using Jalview 2.2 (11) andMUSCLE (12) and is shown in
Figure S1 of the Supporting Information (48% sequence
identity). Modeller 9v2 (13) was used to make the initial model
for Kir2.1, with 4-fold symmetry restraints and restraints on the
salt bridge behind the filter between the side chains ofGlu138 and
Arg148. Procheck (14) was used to check the model; VMD (15)
was used to inspect it visually. VOIDOO and FLOOD (16)
identified cavities in the Kir2.1 models and filled these with water
molecules.
Electrostatic Calculations. At a coarse-grained level, one

may investigate channel-ion interactions via electrostatics cal-
culations involving solution of the Poisson-Boltzmann (PB)
equation (17). Thus, we used Adaptive Poisson-Boltzmann
Solver (APBS) (18) to calculate the electrostatic energy pro-
file (19) of a Mg2+, spermine, or spermidine ion as a function of
position along the central pore axis of each of the two models.
The pore axis and radius profile for each model were defined by
HOLE (20) with the XPLOR radius parameters (suitable for
united atoms) to identify sample points along the pore. The
sample points in the pore were placed at 1 Å z intervals.

For a calculation at a sample point, a magnesium ion (Mg2+)
with a radius of 1.455 Å (21) was placed along the pore axis,
which extends from beneath the cytoplasmic domain (z= 20 Å)
to beyond the extracellular mouth of the pore (z = 120 Å), thus
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covering a length of 100 Å. The likely spermine and spermidine
binding sites were explored with a similar method. Spermidine
has the structure H3N

+-(CH2)4-
+NH2-(CH2)3-

+NH3, and sper-
mine H3N

+-(CH2)3-
+NH2-(CH2)4-

+NH2-(CH2)3-
+NH3. In

our calculations of PB energy profiles, spermidine was modeled
as three amino groups (each with a +1e point charge, 2.13 Å
radius) in a line, spaced at 6.30 Å (“butane” end) and 5.00 Å
(“propane” end); the reference point was the middle amino
group. Spermine was modeled as four amino groups, spaced at
5.00, 6.30, and then 5.00 Å in a line; the reference point was the
center of the middle butane stretch.

PB calculations were performed on these models at all sample
points, using APBS in combination with PDB2PQR (22) and the
AMBER99 force field (23). A grid of 97 � 97 � 193 points was
placed on a cuboid with dimensions of 120 Å � 120 Å �
180 Å. The temperature in the APBS calculations was set to
300 K, and an ambient electrolyte concentration of 0.15 MNaCl
was selected, to be comparable to physiological conditions. The
electrostatic free energy of solvation was evaluated at each
sample point for either model.
Molecular Dynamics Simulations without Spermine. To

explore the effects of protein dynamics on the electrostatic energy
profile, we performed three molecular dynamics (MD) simula-
tions, each starting from a slightly different starting conforma-
tion of the Met307-closed Kir2.1 model with a duration of 20 ns.
Snapshots from these simulations thus served as additional
models from which to generate electrostatic energy profiles.

The homology models were subject to energy minimization
using the steepest-descent and conjugate-gradient algorithms,
implemented in Gromacs (24). The MD simulations were con-
ducted with only the homology model in the closed conforma-
tion. Thismodel has 323 residues in each of the four chains, with a
total charge of-24e (-6e per chain). In the filter, a potassium ion

was placed at each of sites 2 and 4; a water molecule is placed at
each of sites 0, 1, and 3. A POPC bilayer was solvated in a box of
water molecules large enough to contain the Kir2.1 model. This
was energy minimized (steepest descent and then conjugate
gradient) and then equilibrated using MD at 100 K for 100 ps,
200 K for 100 ps, and then 310 K for 1 ns, all with 2 fs time steps.

The closed-state model was then inserted into the bilayer using
Gromacs tools. The result of the insertion was visually inspected
using VMD to ensure the protein is placed at an appropriate
place along the bilayer normal. This is considered to be achieved
when the Arg and Lys residues are near the headgroups of the
lipids, and the Tyr and Trp residues are at interfacial locations.
To confirm, we performed coarse-grained MD simulations (25)
to allow lipid self-assembly into bilayers around a coarse-grained
version of our Kir2.1 model. The results from these corroborated
our identification of bilayer location.

The system,with theKir2.1model inserted, had 141 potassium
cations (including those in the pore) and 117 chloride anions. The
resulting box had approximate dimensions of 124 Å � 136 Å �
158 Å, with 208752 atoms in total. It was an electrically neutral
system with 88 mmol/dm3 K+ and 73 mmol/dm3 Cl-. This
compares with the physiological intracellular composition on the
order of 102 mmol/dm3 for each of these species.

The system with Kir2.1 inserted was energy minimized
(steepest descent and then conjugate gradient), holding the
protein’s position fixed, and then equilibrated using MD, still
holding the protein fixed, using 1 fs time steps, at 100 K for
100 ps, 200 K for 100 ps, and 310 K for 100 ps. The thermostat
(relaxation time of 0.1 ps) and semi-isotropic barostat (100 kPa,
relaxation time of 1.0 ps, compressibility of 4.5 Pa-1) were of the
Berendsen type (26). The electrostatics treatment at this stage was
Coulombic with a 14 Å cutoff.

The position restraints on the protein were then removed; the
whole system was further equilibrated with restraints on the
protein backbone atoms only (releasing restraints on the side
chain protein atoms) with 1 fs time steps for 100 ps, and then with
restraints on the R-carbon atoms only (releasing the restraints on
other backbone atoms). The electrostatics treatment from this
stage onward was particle-mesh Ewald (27).

Four production runs were conducted (see Table 1 of the
Supporting Information, after ref 28), each with a different
number of potassium ions in the cavity region: with no ions,
with one potassium ion, with three potassium ions, and with
seven potassium ions. The starting configurations for each of
these were obtained by swapping a water molecule in the cavity
with a potassion ion in bulk water. In addition, a fifth simulation
which started with the configuration (without ions in the cavity)
not subjected to the backbone- and R-carbon-restrained equili-
bration described above was conducted.

All five production runswere at 310K,without restraints, with
2 fs time steps, for 20 ns each. The resulting trajectories were
deposited into KDB (29) and BioSimGrid (30); the accession
codes are given in Table 2 of the Supporting Information.
Molecular Dynamics Simulations with Spermine. We

conducted three MD simulations [using Gromacs v3 (24)] with
spermine initially situated at the Glu299 site in Kir2.1 and
observed the interactions in the binding pocket. The first
simulation was in vacuo for 1 ns; in the latter two, the
spermine-Kir2.1 system was embedded in a POPC bilayer and
solvated in water.

The molecular mechanics parameters for spermine were
supplied with PRODRG (31) and the resulting interactions

FIGURE 1: Kir2.1 channelmodel.Key side chains are shown in space-
filling format. The pore-lining surface is shown.A sperminemolecule
is shown for scale.
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generated using LIGPLOT (32). To optimize the spermine
binding site, Gromacs was used to perform energy minimization
of the spermine-Kir2.1 complex, with spermine placed and
restrained in the most favorable position as presented by PB
calculations. Then 1 ns of MD in vacuo was conducted using the
Gromacs 43b1 (vacuum) force field and the Gromacs 3.2.1
software.

To observe the exploration of binding poses by spermine, two
more MD simulations with Kir2.1 embedded in a lipid bilayer
and water-solvated were conducted for 20 ns with Gromacs 3.3.
In one, the starting conformation was the same as the one
described above with one potassium ion in the cavity; in addition,
spermine was placed at the most favorable position as presented
by PB calculations. In the other, spermine was placed in the
cavity.
Mutation. For the preparation of the Glu224Gly, Glu299Ser,

Arg228Gln, and Arg260Gln mutants, WHAT IF (33) was used
to mutate the residues and remove possible steric collisions.
Docking. To complement this method of binding site ex-

ploration,AutoDock 4 (34) was used to perform 100Lamarckian
genetic algorithm local searches, each with 106 steps of energy
evaluations. A set of global searches with otherwise the same
parameters were also conducted.

RESULTS AND DISCUSSION

Figure 2A shows the PB energy barrier encountered by aMg2+

ion traversing the pore. The difference in barrier height due to the
dilation of the Met307 gate is 66 Å (z). A further constriction
appears at 60 Å due to the M2 bundle crossing gate at Met301.
Thus, a Mg2+ ion approaching from the cytoplasm can find an
energetically favorable position for binding to Kir2.1 and block-
ing the K+ current by interacting with Glu299 (z = 54 Å). The
Met307 barrier (z = 66 Å) makes the Mg2+ less likely to reach
the next energetically favorable position at 74 Å. The Mg2+ ion
encounters theMet180 barrier at 80 Å before reaching the cavity.
The residue of most interest here, Glu299, is well-conserved

among inward-rectifying potassium channels. It corresponds to
Asp297 of Kir1.1, Glu288 of Kir6.2, and a glutamic acid in the
Kir3.1/KirBac1.3 chimera, all residues prone to similar interac-
tions with Mg2+. This is close to the G-loop (residues 301-311),
thought to regulate rectification and gating from the cytoplasmic
domain (7, 8).

The dynamics of the channel seems to weaken binding from
-100 to -30 kJ/mol at Glu299 (Figure 2C). In a dynamic
situation, the four copies of the Glu299 residue are too far apart
to position themselves as well to form a definite Mg2+ binding
site as in the static homology model. (It must be borne in mind
that these MD simulations were conducted in the absence of the
Mg2+ ions in the binding site; it does not rule out the possibility
of binding site residues reconstituting themselves in the presence
of a Mg2+ ion along the lines of induced-fit models.)

Figure 2B shows the resulting PB energy profiles for spermine
in the closed and open models of Kir2.1. Results for spermidine
(not shown) are similar in the cytoplasmic domain. For both
ligands in the closedmodel, the favorable energy occurs when the
pioneering ammonium group reaches the Glu299 site; this is not
much different from Mg2+ binding, with a similar magnitude
of favorable energy, -100 kJ/mol. More interesting is the
binding in the Met307 dilated model, where a deeper energy well
of -150 kJ/mol appears to extend even to the Met307
gate. However, the barrier at the Met180 gate remains at
200-300 kJ/mol in the closed state and 100 kJ/mol in the dilated
state, suggesting that the latter is more susceptible to polyamine
overcoming the Met180 barrier to reach the cavity. In a dynamic
situation (Figure 2D), binding sites in the static models that
appear well-defined for spermine were all but abolished. How-
ever, we will show below that blocks of current by spermine do
not necessarily call for a well-defined binding site.

The electrostatics calculations showed favorable binding en-
ergies with Mg2+ (-300 kJ/mol) in the cavity near Asp172
suggested previously (4-6), and spermine (-1 MJ/mol) in the
filter. This indicates the most favorable location for binding if
only electrostatic enthalpy is considered. However, we also

FIGURE 2: Profiles of Poisson-Boltzmann electrostatic energies for ions in the Kir2.1 pore. In panels A and B, each pair of curves is for a
cytoplasmically closed (red) and an open (green) Kir2.1 homology model: (A) Mg2+ and (B) spermine. (C) Profiles from molecular dynamics
snapshots: Mg2+ (black, 15 snapshots) and K+ (blue, 10 snapshots). (D) Profiles for spermine from five molecular dynamics snapshots.
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explored the entropic implications to the binding process of
spermine (and similar polyamines) withMDanddocking studies.
First, AutoDock identified 38 clusters of docking conformations
near Glu299. Each of the clusters had a contact with Asp255,
indicating the significance of Asp255 in interacting with a
spermine molecule within the cytoplasmic section of the pore.

From the trajectory in vacuo (1 ns snapshot in Figure 3), we
can see that the following residues are prominent for the retention
of the spermine molecule in this binding pose. For the pioneering
ammonium group, the backbone oxygen atom of Ala306 is
prominent in hydrogen bonding, along with interactions by the
backbone atoms of neighboring residues such as Thr305 and
Met307. The side chain oxygen atom of Thr308 forms hydrogen
bonds with the second ammonium group. Glu224 and Glu299,
which form hydrogen bonds with the second and third ammo-
nium groups from time to time, have also been mentioned in the
literature recently (35) as having “significant long-range effects
on the electrostatic profile throughout the channel”. Finally,
His226 forms a hydrogen bond with the third and fourth
ammonium groups. The pore profile as determined by HOLE
(data not shown) indicates that spermine thus bound sterically

blocks potassium ion permeation by completely abolishing the
pore through the vestibule in the cytoplasmic domain.

This in vacuo map provides an initial approximation for
identifying the key residues underlying block by spermine. First,
the spermine molecule is attracted to the mouth of the pore,
where Asp255 plays a major role. Then, the ammonium groups
on the spermine make contact with the following residues each
located yet deeper in the pore than the previous one: His226,
Glu299, Glu224, and the backbone atoms near Ala306. Some of
these residues, Glu299, Glu224, and Asp255 (along with Asp259,
not seen here), had been implicated in mutation studies as
influencing spermine-induced rectification (36). The two sets of
glutamic acid residues contribute to the overall electrostatic
profile in addition to specific hydrogen bonding interactions (35).
The residues around Ala306 are within the regulatory G-loop
mentioned above. Together, these residues form a favorable
binding region between the cytoplasm and the cavity.

We note that this initial approximation does not preclude the
possibility of two spermine molecules binding to Kir2.1, despite
their anticipatedmutual repulsion due to the high positive charge
of+4e on eachmolecule. One possibility is for a first spermine to
progress along the pore to bind in the cavity, and a second
following, bound in the cytoplasmic domain: this being the “long-
pore plugging” hypothesis (35, 37). Another possibility, which we
have observed in an earlier modeling work on a different Kir2.1
model (based on aKir3.1 structure, PDB entry 1N9P), places two
spermine molecules perpendicular to the pore, each interacting
with two copies of Glu224 and Glu299 in the tetramer (38).

Earlier mutation studies found that neutralizing the negatively
charged Glu224 and Glu299 decreases the blockers’ affinity
(39-42). Further, in addition to His226 reported here, positively
charged residues Arg228 and Arg260 decrease the affinity for
cations (35, 43). To probe these effects in silico, we conducted PB
calculations for the following mutants: Glu224Gly, Glu299Ser,
Arg228Gln, and Arg260Gln. The PB profiles for Mg2+ in the
cytoplasmic pores of in silico mutants (Figure 4) confirm these
observations. Removing negatively charged glutamate residues
at Glu224 or Glu299 abolishes much of the cytoplasmic vestibule
site for a cation, whereas replacing positively charged arginine
residues such as Arg228 and Arg260 with glutamine enhances it.

In the trajectory with the Kir2.1 domain embedded in a lipid
bilayer, the spermine explored various poses in the cytoplasmic
domain during the 50 ns. Many, but not all, of the residues
forming hydrogen bonds with spermine (Figure 5A) corre-
sponded to those seen in the in vacuo simulation. Spermine never
ventured into the transmembrane domain, let alone the specific,
favorable cavity binding site near Asp172. Another 20 ns

FIGURE 3: Cytoplasmic binding site for spermine: interactions be-
tween Kir2.1 and spermine (Spm) after 1 ns of in vacuo molecular
dynamics. Produced with Ligplot (32).

FIGURE 4: Profiles of Poisson-Boltzmann electrostatic energies for
Mg2+ in the pores of the mutant Kir2.1 cytoplasmic domain. From
top to bottom: Glu224Gly, Glu229Ser, wild type, Arg260Gln, and
Arg228Gln.
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trajectory with spermine starting from the cavity immediately
ejected that polyamine into the cytoplasmic domain. These bring
us to the final conclusion of this study: Though the cavity
location is the most enthalpically favorable position for spermine
to bind, as postulated in the crystallographic structure for
KirBac3.1 (6), this binding mode allows only one degree of
freedom (i.e., rotational). In the cytoplasmic domain, there are
many possible, nonspecific binding poses for spermine to adopt
(sketched out in Figure 5B), some far from alignment along the
pore axis and some even with spermine adopting incompletely
extended conformations. These poses may be less favorable in
enthalpy, but the multiplicity more than compensates in entropy.

In analyzing these interactions, wemust remember that their will
be a degree of sensitivity of the channel-spermine interactions to
the initial side chain conformations assigned during the homology
modeling process. However, one should also recall that in MD
simulations, the side chains of these residues are able to reorient
according to the dynamic fluctuations in their environment
(including changes in the conformation of the spermine molecule),
thus “relaxing” initial side chain conformer assignments from the
homology modeling. That such relaxation occurs can be seen from
analysis of side chain torsion angles for residues interacting with
spermine over the course of a 50 ns MD simulation of the
Kir2.1-spermine complex (see the Supporting Information).

In thinking of a design for effective blockage by spermine, it is
tempting to opt for an enthalpically strong binding site for

spermine by lining a cavity of the right size with strong negative
charges. However, this could weaken the spermine molecule’s
effectiveness in repelling other cations, such as the current-
carrying potassium ions. It is therefore more effective to have a
wider region of diffused negative charges for spermine to move
around. The two principal gains are (i) spermine retains much of
its four cation-repelling positive charges and (ii) spermine pays a
smaller penalty in entropy reduction upon its binding to
Kir2.1. The balance between entropic and enthalpic effects,
and their ultimate implications in rectification by selective
blockage of current, are amenable to computational approaches
and await a further study with Brownian dynamics and free
energy calculations.
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