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ABSTRACT: Dysfunction of Kir2.1, thought to be the major component of inward currents,
IK1, in the heart, has been linked to various channelopathies, such as short Q-T syndrome.
Unfortunately, currently no known blockers of Kir2.x channels exist. In contrast, Kir1.1b,
predominantly expressed in the kidney, is potently blocked by an oxidation-resistant mutant of
the honey bee toxin tertiapin (tertiapin-Q). Using various computational tools, we show that
both channels are closed by a hydrophobic gating mechanism and inward rectification occurs
in the absence of divalent cations and polyamines. We then demonstrate that tertiapin-Q binds
to the external vestibule of Kir1.1b and Kir2.1 with Kd values of 11.6 nM and 131 μM,
respectively. We find that a single mutation of tertiapin-Q increases the binding affinity for
Kir2.1 by 5 orders of magnitude (Kd = 0.7 nM). This potent blocker of Kir2.1 may serve as a
structural template from which potent compounds for the treatment of various diseases mediated by this channel subfamily, such
as cardiac arrhythmia, can be developed.

Inwardly rectifying potassium (Kir) channels selectively allow
potassium ions to move more freely into, rather than out of,

the cell.1 They maintain the membrane resting potential and
regulate the action potential in electrically excitable cells.1

There are seven subfamilies of the Kir family (from Kir1.x to
Kir7.x), each family composed of one to four members, and
these are classified into four functional groups, including (i)
classical Kir channels (Kir2.x), (ii) G protein-gated Kir
channels (Kir3.x), (iii) ATP-sensitive Kir channels (Kir6.x),
and (iv) K+ transport channels (Kir1.x, Kir4.x, Kir5.x, and
Kir7.x). An opportunity to clarify the physical basis of inward
rectification and gating of two Kir channels arises: the weakly
rectifying Kir1.1b isoform (ROMK2 or ROMK1B) and the
strongly rectifying Kir2.1 (IRK1). Kir1.1b is a constitutively
active, ATP-regulated Kir channel1 expressed in the kidney2,3

and various brain tissues.4 Kir2.1 is thought to be the major
component of IK1 current in heart,1 which is essential for the
stable resting potential and long plateau that is a feature of the
cardiac action potential.4 Both channels have been linked to
various channelopathies. For example, loss-of-function muta-
tions in Kir1.1 cause Bartter’s syndrome1,5 and in Kir2.1 cause
type 1 Andersen syndrome and catecholaminergic polymorphic
ventricular tachycardia.1,6 Gain-of-function mutations in Kir2.1
cause familial atrial fibrillation and short Q-T syndrome.1,6

Moreover, evidence that loss of function in glial Kir channels
plays an important role in epileptogenesis is accumulating, and
Kir2.1 channels have been identified in a type of glial cell in the
hippocampus.7 Therefore, Kir2.1 channels may provide a new
target for the treatment of various neurological and cardiac
diseases, such as epilepsy and ventricular fibrillation.
There are three outstanding issues to be resolved. First, the

precise physical basis for inward rectification of all Kir channels
remains to be elucidated. A generally held view is that outward
currents are totally or partially blocked by intracellular cations,
such as Mg2+ and polyamines.1,3,7−10 Inward rectification is

observed in the absence of these cations when charged residues
in the cytoplasmic domain of Kir1.1b and Kir2.1 are mutated to
alanine.6,11−13 The binding of one or more of these divalent
ions to the cytoplasmic domain of the channel is believed to
occlude the ion-conducting conduit, either physically or
electrostatically.8,9,11−13 Some Kir channels, however, exhibit
inward rectification in the absence of intracellular divalent ions
(such as in endothelial cells),14 although the degree of
rectification becomes more pronounced in their pres-
ence.4,14−17 Unlike in KcsA, neutral, hydrophobic residues
guard the intracellular gate of all Kir channels. When the
phenylalanine residue at position 192 is replaced with an acidic
residue in Kir3.2, the current−voltage relationship of the F192E
mutant channel, determined computationally, becomes linear,
thus suggesting that the lack of acidic residues at the
intracellular gate causes outward currents to be attenuated.18

Second, the structural changes involved in Kir channel gating
are largely unknown. The movement of TM2 pore helices away
from the permeation pathway is believed to underlie the
opening of inward rectifiers.1,5,19 It has also been noted that the
cytoplasmic segment of some inward rectifiers is normally
devoid of water molecules. Conduction events take place when
the entire conduit is filled with water molecules.18,20 These two
events, namely, the movement of TM2 pore helices and
hydration of the pore, may be related, one preceding the other.
Generally, the cytoplasmic gate of inward rectifiers is lined with
hydrophobic amino acid residues, such as leucine in Kir1.1,1

methionine in Kir2.1,21 and phenylalanine in Kir3.2.18 The
inner segment of the pore may become hydrated following a
translational or rotational motion of these hydrophobic
residues.
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Finally, a blocker of inward rectifiers, tertiapin-Q (TPNQ), is
potent for some Kir channels, while ineffective on other
channels. TPNQ is an oxidation-resistant mutant of the 21-
residue polypeptide toxin tertiapin isolated from the honey bee.
For example, the polypeptide toxin blocks Kir1.1 with a Kd
value of 1.3 nM22 but is relatively insensitive to Kir2.1 with a Kd
value of 20 μM.23 Despite being 45% identical in sequence,
these two channels have markedly different affinities for TPNQ.
There are currently no known specific blockers of Kir2.x
channels.1 It will be of interest to modify the toxin to become
an effective blocker of the Kir2.1 channel. A compound that can
reduce or block IK1 may act as a potent inhibitor of re-entry-
type arrhythmias and ventricular fibrillation24 and provide a
novel means of enhancing cardiac contractility.23,25 An effective
inhibitor of Kir2.1, if it can be designed, can be used as a
structural template for developing new therapeutic agents.
In the computational studies reported here, we address these

three issues. Using several state-of-the-art computational tools,
we examine the K+ conduction mechanism, the cause of inward
rectification, and the binding of TPNQ to two Kir channels,
Kir1.1b and Kir2.1. First, we generate homology models of the
Kir1.1b and Kir2.1 channels and compare their conductance
characteristics to experimentally determined values. We
demonstrate that inward rectification occurs in the absence of
intracellular blockers such as Mg2+, and that the channels are
controlled by a hydrophobic gating mechanism. We then
compare the binding of TPNQ to the Kir1.1b and Kir2.1
channels to aid in the development of a more potent blocker of
Kir2.1. Using these models, we determine the potential of mean
force encountered by TPNQ as it approaches the extracellular
entrance to both the Kir1.1b and Kir2.1 channels. Finally, we
determine the potential of mean force for our mutated toxin
and demonstrate its ability to potently block Kir2.1. Our
findings will lead to a better understanding of the mechanisms
underlying the permeation of K+ ions across the inward
rectifiers and to the development of a targeted pharmaceutical.

■ THEORETICAL CALCULATIONS
Homology Modeling. Amino acid sequences of the

Kir1.1b and Kir2.1 ion channels are obtained from the National
Center for Biotechnology Information (NCBI) protein data-
base (NCBI entries NP_722449.2 and NP_000882.1,
respectively). The sequences are analyzed using BLAST26

revealing (a) 71% sequence identity between Kir2.1 and Kir2.2
[3JYC_A whose crystal structure has been determined to 3.1 Å
resolution,27 Protein Data Bank (PDB) entry 3JYC] and (b)
49% sequence identity between Kir1.1b and the Kir2.2 R186A
mutant (3SPG_A whose crystal structure has been determined
to 2.6 Å resolution,28 PDB entry 3SPG). Kir1.1b and Kir2.1
sequences are separately submitted to the modeling server
SwissModel (http://swissmodel.expasy.org/) using Automated
Mode.29 Structural models of Kir1.1b and Kir2.1 are generated
using the crystal structure coordinates of Kir2.2 (3JYC) and
Kir2.2(R186A) (3SPG) as templates. Model quality is
evaluated using the standard tools available in SwissModel,
and no further changes are required. Tetramers with 4-fold
symmetry are created from each of the monomer models, using
the transformation matrices from the PDB coordinate files. The
new structural models are refined using MD simulations in a
vacuum.
Brownian Dynamics Simulations. Brownian dynamics

(BD) simulations are used to determine the conductance of
ions through Kir1.1b and Kir2.1 channels. This allows us to

evaluate our models against experiment by comparing our
calculated conductance to those determined experimentally.
We run five simulations, each lasting 10 million time steps (1
μs) with a symmetrical KCl concentration of 140 mM. The
current is calculated using the relationship I = qn/Δt, where n is
the average number of ions that cross the membrane, q is the
charge of the ion, and Δt is the simulation time of one run.
Because the current−voltage curve is pronouncedly nonlinear,
the conductance is measured at certain voltages. Both
homology models are found to be in the closed configuration
because no potassium current is observed in BD simulations
despite there being an unobstructed pathway through the pore.
For each Kir channel, the intracellular gate is progressively
expanded using highly constrained minimization in molecular
dynamics (MD) simulations until a potassium current is
observed in BD simulations. A similar method has been used to
open the Kir3.2 channel.18 We find that it is necessary to
increase the radius of the entrance to the intracellular gate from
1.0 to 2.4 Å for Kir1.1b and from 1.0 to 3.2 Å for Kir2.1.
Detailed descriptions of BD simulations are given by Hoyles et
al.30 and in our previous paper.18

Molecular Docking. We use the rigid docking program31

ZDOCK 3.0.1 to predict the state of TPNQ bound to both
Kir1.1b and Kir2.1. The coordinates of tertiapin are obtained
from the PDB (entry 1TER).32 We then mutate the methionine
residue at position 13 of TPN to glutamine, shown in Figure 1,

to create the TPNQ structure. This structure is used in
subsequent simulations. The 600 top-ranked structures are
considered as possible docking modes. We search the docked
structures for candidates in which one of the six charged
residues of TPNQ (four lysines, one arginine, and one histidine)
is docked into the selectivity filter. The histidine at position 12
is shown to occlude the entrance to the pore in six and two of
the top-ranked structures for Kir1.1b and Kir2.1, respectively.
No other charged residues are observed to dock into the
selectivity filter. Because the flexibility of the toxin and protein
is not taken into account in ZDOCK, we perform molecular
dynamics (MD) simulations to determine the predicted bound
state. The highest-ranked docked structure is used as the
starting configuration in MD simulations.

Molecular Dynamics Simulations. Molecular dynamics
(MD) simulations are used to determine the bound
configuration of TPNQ and the mutated TPNQ and to calculate
their respective profiles of potential of mean force (PMF). All
MD simulations are performed using NAMD 2.8 and visualized
using VMD 1.9.1.33,34 All simulations use the CHARMM36
force field35,36 and TIP3P water with a time step of 2 fs, at
constant pressure (1 atm) and temperature (310 K). The Kir−
toxin complexes are embedded in a 3-palmitoyl-2-oleoyl-D-
glycero-1-phosphatidylcholine (POPC) lipid bilayer, solvated in
a 100 Å × 100 Å × 104 Å box of water. Potassium and chloride
ions are added both to neutralize the system and to simulate an
ionic concentration of 200 mM. The protein is initially held
fixed, allowing the water and ions to equilibrate. For the
remaining simulations, the protein and lipid bilayer centers of

Figure 1. Sequence of TPNQ with residues 13 (red) and 1, 8, and 9
(green) highlighted.
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mass are held by a harmonic constraint of 0.2 kcal mol−1 Å−2.
The entire system is equilibrated for a period of 3−4 ns.
Umbrella sampling is used to determine the PMF for the

binding of TPNQ to Kir1.1b and Kir2.1 and that for the binding
of the mutated TPNQ to Kir2.1. The equilibrated structure is
used to generate sampling windows by performing steered
molecular dynamics (SMD). A force constant of 30 kcal mol−1

Å−2 is applied to pull the toxin out of the binding site. During
SMD, the protein backbone atoms are held fixed and the root-
mean-square-deviation of the backbone atoms of the toxin are
maintained by applying a harmonic constraint of 0.2 kcal mol−1

Å−2. The channel central axis is used as the reaction coordinate.
We construct umbrella sampling windows every 0.5 Å using the
continuous configurations generated by SMD. The centers of
mass of the backbone atoms of the toxin are constrained to be
within a cylinder of radius (R) 8 Å centered on the channel axis,
and beyond this, a harmonic potential of 20 kcal mol−1 Å−2 is
applied. This has been shown to provide adequate sampling. In
addition, a harmonic potential of 30 kcal mol−1 Å−2 is applied in
the z direction to constrain the center of mass to the sampling
window. Each window is run for 5 ns. The PMF is constructed
using the weighted histogram analysis method.37 A similar
methodology was used in our previous paper.18

Using the PMF, we can determine the binding affinity of the
toxin. Specifically, the dissociation constant (Kd) in units of
molar is estimated to be38−40

∫π= −−K N R W z k T z1000 exp[ ( )/ ] d
z

z

d
1

A
2

B
1

2

(1)

where W(z) is the one-dimensional PMF with the zero point
located at bulk, 1000NA is used to convert from cubic meters to
liters per mole, kB and T are Boltzmann’s constant and the
temperature, respectively, z1 is in the binding pocket, and z2 is
in the bulk.40 The windows at 44.0 and 47 Å are assumed to be

bulk for Kir2.1 and Kir1.1b, respectively, and therefore, the
PMF is set to zero at this point. Equation 1 was originally
derived for the binding of an ion to the channel38 but has since
been successfully applied to toxin binding. A hydrogen bond is
assumed to be formed if the donor−acceptor distance is <3.0 Å
and the donor−hydrogen−acceptor angle is ≥150°. Similarly, a
salt bridge is formed if the distance between a basic residue on
the toxin and an acidic residue on the channel is <4 Å.

■ RESULTS AND DISCUSSION
Hydrophobic Gating and Ion Conduction. Both Kir1.1b

and Kir2.1 consist of three distinct zones. The selectivity filter,
located close to the extracellular side of the membrane, is
connected to a water cavity that is 8−10 Å in diameter, which
then narrows toward the intracellular side of the membrane
forming an intracellular gate. The region from the intracellular
gate to the water cavity is surrounded by hydrophobic residues
in both Kir1.1b and Kir2.1. In MD simulations of the closed
Kir1.1b and Kir2.1 channels, water molecules are not present in
this region, but once the intracellular gate is expanded, water
floods into the pore. Our results suggest a hydrophobic gating
mechanism, also reported for the Kv1.2,41 acetylcholine
receptor,42 and various Kir18,20 channels.
Via expansion of the intracellular gate of both Kir1.1b and

Kir2.1, the channels are transformed into the open config-
uration and potassium current is observed. In both channels, a
K+ ion entering from the extracellular vestibule encounters a
large energy well. As a result, there are on average 2 and 2.3
ions in the selectivity filter of Kir1.1b and Kir2.1, respectively,
in the absence of an externally imposed electric field. There are
also, on average, 2.5 and 1.8 ions present in the extracellular
vestibule of Kir1.1b and Kir2.1, respectively. No ions reside in
the intracellular hydrophobic gate region. A significant
difference between the Kir1.1b and Kir2.1 channels is the

Figure 2. Dwell histogram and the pore outline of Kir1.1b and Kir2.1. To obtain the dwell histograms of Kir1.1b (A) and Kir2.1 (C), the channels
are divided into 100 thin sections and the number of ions present in each section over a simulation period of 1 μs is tabulated. Pore outlines in the
open state of Kir1.1b (B) and Kir2.1 (D). Filled circles indicate the positions of potassium ions in each channel; empty diamonds are used to indicate
the position of the hydrophobic gate residues, and empty circles are used to indicate the position of the aspartate residue at position 172 (D172) and
asparagine residue at position 152 (N152). The axial positions at −30 and 30 Å correspond to the intracellular and extracellular sides of the
membrane, respectively. The center of mass of the channel is located at 0 Å.
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additional presence of three ions in the water cavity of Kir2.1.
This is most likely due to the presence of an aspartate residue at
position 172 of Kir2.1 located at approximately −10 Å. In
earlier studies, this aspartate residue has been linked to both
intrinsic gating and blockage by Mg2+.16 Other studies have
shown that the water cavity attracts cations only in strong
rectifiers.11 For Kir1.1b, prominent peaks in the dwell
histogram (Figure 2A) are located at approximately 3.7 Å
(near the T122 carbonyl oxygen), 12.1 Å (near the Y125
carbonyl oxygen), and 20.5 Å (in the extracellular vestibule), as
illustrated in Figure 2B. For Kir2.1, ions preferentially dwell
(Figure 2C) at z = −6.5 Å (inside the water cavity), 1.5 Å
(between the T142 and I143 carbonyl oxygens), and 6.5 Å
(near the G144 carbonyl oxygen), as illustrated in Figure 2D.
By examining the two-ion PMFs of these two channels, we

are able to obtain a more detailed understanding of the
conduction mechanism. Two ions exist in a stable equilibrium
within the selectivity filter. When a third ion enters from the
extracellular vestibule under the influence of an applied
potential, the innermost ion is expelled because of Coulombic
repulsion.
Inwardly Rectifying Current−Voltage Relationships.

Using BD simulations, we examine the conductance properties
of both the Kir1.1b and Kir2.1 channels under various
conditions. The current−voltage profiles for Kir1.1b and
Kir2.1 wild-type open channels and mutant channels are
shown in Figure 3A constructed with a symmetrical
concentration of 140 mM KCl. Both wild-type open channels
exhibit inward rectification in the absence of divalent cations.
For Kir1.1b, we obtain currents of 0 ± 0 and −2.7 ± 0.2 pA at

100 and −100 mV, respectively. The conductance increases
from 27 pS at −100 mV to 56 pS at −125 mV. This compares
well with experimentally determined values. For instance, Ho et
al.43 obtained a unitary slope conductance of 39 pS in
symmetrical 145 mM KCl for Kir1.1, and Zhou et al.44

obtained a conductance of 30 pS for Kir1.1b in the presence of
110 mM K+. Although Kir1.1b has an NH2-terminal amino acid
sequence different from that of Kir1.1, it produces identical
macroscopic currents and biophysical properties.2,5

For Kir2.1, we obtain currents of 0.1 ± 0.1 and −1.8 ± 0.1
pA at 100 and −100 mV, respectively. The conductance
increases from 18 pS at −100 mV to 25 pS at −125 mV. Again,
this compares well with experimentally determined values. For
instance, in cell-attached patches, Kubo et al.45 obtained a
conductance of 21 pS with a 140 mM external solution and 90
mM intracellular solution, D’Avanzo et al.24 obtained a
conductance of approximately 19 pS at −100 mV with 140
mM K+, and Aleksandrov et al.15 obtained a conductance of 21
pS in 140 mM symmetrical K+.
We observe inward rectification in the absence of divalent

cations in both the Kir2.1 and Kir1.1b channels (see Figure
3A). Aleksandrov et al.15 found that Kir2.1 displays inward
rectification in the absence of divalent ions but inward
rectification is enhanced by their presence. One possible reason
for the attenuation of outward current may be the lack of acidic
residues guarding the intracellular gate. In our previous work,18

mutating the bulky phenylalanine residue in Kir3.2 removed
inward rectification. The leucine residue at position 160 is
thought to be the intracellular gate for the Kir1.1b channel.1,46

Therefore, we mutate this residue to glutamic acid (L160E).
The L160E mutant Kir1.1b channel continues to be inwardly
rectifying with a current−voltage curve identical to that of the
wild-type channel. Sackin et al.46 found that replacing L160
with smaller glycines abolished pH gating. The current through
the channel increases to −5.2 ± 0.6 pA at −100 mV because of
the presence of these acidic residues, but still no outward
current is observed at 100 mV. In contrast to Kir1.1b, via
mutation of the methionine residue at position 180, the Kir2.1
channel is no longer inwardly rectifying. The potassium current
becomes 15.5 ± 0.5 and −11.4 ± 0.3 pA at 100 and −100 mV,
respectively (Figure 3B). Thus, the effect of replacing a
hydrophobic residue near the intracellular gate with a polar
residue is different in these two channels. As mentioned, Kir2.1
has an aspartate residue located near the water cavity at
position 172. Via mutation of the equivalent residue, an
asparagine at position 152, in Kir1.1b to aspartate, the channel
is no longer inwardly rectifying (Figure 3B). The potassium
current becomes 5.3 ± 0.6 and −3.4 ± 0.6 pA at 100 and −100
mV, respectively.

Binding of Tertiapin-Q. Figure 4 illustrates the PMF for
the cleavage of TPNQ from the Kir2.1 and Kir1.1b channels.
The PMF reaches a minimum at 24.0 Å for Kir1.1b, with a well
depth of −20.5 kT. For Kir2.1, the PMF reaches a minimum at
20.0 Å with a well depth of −10.6 kT. We find that the binding
between TPNQ and the Kir channels is stable, and therefore, all
5 ns of umbrella sampling is used. It is assumed that the
properties for the window at 44.0 and 47.0 Å for Kir2.1 and
Kir1.1b, respectively, are similar to those of the bulk, and
therefore, the PMF is set to zero at this point.
Using eq 1, we obtain dissociation constants, Kd, of 131 μM

and 11.6 nM for Kir2.1 and Kir1.1b channels, respectively.
These values compare well with experimentally determined

Figure 3. Current−voltage profiles for the Kir1.1b and Kir2.1
channels. (A) Open wild-type Kir1.1b and Kir2.1 channels and (B)
L160E, N152D, and M180E mutants of Kir1.1b and Kir2.1 channels.
Each data point represents the average of five sets of simulations, each
simulation lasting 10 million time steps (1 μs). Error bars represent
one standard error of the mean, and error bars smaller than the data
points are not shown.
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values. TPNQ binds to Kir1.1 with a high affinity (Kd = 1.3
nM),22 whereas Kir2.1 is insensitive to TPNQ (Kd = 20 μM).23

To characterize the interactions between TPNQ and the Kir
channels, we analyze their hydrogen bonding and salt bridge
formation for the umbrella sampling window located at the
minimum of the PMF, 20.0 and 24.0 Å for Kir2.1 and Kir1.1b,
respectively. In both channels, the H12 residue occludes the
entrance to the pore.
Figure 5A demonstrates the stability over the 5 ns simulation

of the salt bridges formed between Kir1.1b and TPNQ. There
are three stable salt bridges that form between Kir1.1b and
TPNQ; these K20−E104, K16−E104, and K17−E104 salt

bridges are illustrated in Figure 6. Jin et al.47 studied TPNQ and
Kir1.1. They found that much higher concentrations of TPNQ

are required to inhibit half the Kir1.1 current when residues
H12, K17, and K20 are mutated to alanine. Their half-blocking
concentrations were 20-, 5-, and 15-fold higher for alanine
substitutions at residues H12, K17, and K20, respectively.
These same residues are the among the main residue pairs for
the binding of TPNQ to Kir1.1b from our MD simulations.
Moreover, Ramu et al.48 found that TPNQ inhibition of Kir1.1
is profoundly affected by extracellular pH because of the
titration of H12, implying that the positive charge on H12 is
critical for high-affinity binding of TPNQ to Kir1.1. Sensitivity
to pH is largely eliminated by mutating the H12 to lysine, and
its affinity for the channel increases from 1.3 to 0.18 nM.48 We
investigate the effect of an H12K mutation of the Kir2.1
channel and find that the depth of the PMF increases from
−10.6 to −19.1 kT. The affinity of the H12K mutant for the
Kir2.1 channel increases from 131 μM to 34.1 nM.
In contrast, the salt bridges between Kir2.1 and TPNQ are

relatively unstable compared to those of Kir1.1b (Figure 5B).
The salt bridges between K16 and E125 and between K21 and
E125 are shown to form and break numerous times throughout
the 5 ns simulation. Figure 7 illustrates the Kir2.1−TPNQ

complex. Although both Kir2.1 and Kir1.1b form, on average,
three salt bridges with TPNQ over the entire simulation, only
one of these is stable for Kir2.1, whereas all three are stable for
Kir1.1b (Figure 5). As a result, TPNQ binds more strongly to
Kir1.1b.

Tertiapin-Q Mutation. It would be beneficial to develop a
potent blocker of Kir2.1 as this may provide a new target for
the treatment of various cardiac diseases, such as ventricular

Figure 4. Potential of mean force (PMF) for the cleavage of TPNQ
from the Kir2.1 and Kir1.1b channels. The axial position represents the
distance in the z-direction from the center of mass of the channel.

Figure 5. Salt bridge distances for Kir1.1b (A) and Kir2.1 (B) and
TPNQ.

Figure 6. Binding of tertiapin-Q to the outer vestibule of Kir1.1b.
Residue H12 (yellow) points into the selectivity filter. Lysine residues
K16 (green), K17 (blue), and K20 (pink) are bound to E104 residues
of the channel (red). For the sake of clarity, only part of the channel is
shown.

Figure 7. Two views of the binding of tertiapin-Q to the outer
vestibule of Kir2.1: (A) front view and (B) back view. Residue H12
(yellow) points into the selectivity filter. Lysine residues K16 (green)
and K21 (blue) and arginine residue R7 (pink) are bound to E125
residues of the channel (red). For the sake of clarity, only part of the
channel is shown.
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fibrillation. In addition, it would allow detailed investigation of
the physiological role of Kir2.1. Initially, we investigate
mutations of TPNQ at three positions, the isoleucine residues
at positions 8 and 9 and the alanine residue at position 1,
highlighted in Figure 1. The isoleucine residues are mutated to
both lysine and arginine, and the alanine residue is mutated to
lysine. Umbrella sampling simulations are extremely computa-
tionally expensive; therefore, equilibrium MD simulations were
run for 2 ns on all five mutations to get a sense of their stability.
These simulations demonstrate that mutating the isoleucine
residue at position 8 to lysine (I8K) and arginine (I8R) was the
most stable change, and therefore, these were run for a further
2 ns. Mutation I8R demonstrated the most stable salt bridges
over the 4 ns simulation. In addition, generally more salt
bridges exist for the I8R mutation. We will refer to this I8R
mutant of TPNQ as TPNRQ.
To determine the predicted binding of TPNRQ, we determine

the PMF for the cleavage from Kir2.1. Figure 8 illustrates the

PMF for TPNRQ. As shown, the PMF now reaches a minimum
at 20.5 Å with the well deepening from −10.6 to −23 kT. Using
eq 1, the dissociation constant for TPNRQ is 0.7 nM, which is
approximately 105 times more potent than TPNQ.
The I8R mutation increases the stability of the salt bridges

formed with Kir2.1. Initially, the lysine residue at position 21
(K21) is bound to the glutamate residue at position 125 (E125)
on chain D of Kir2.1. At approximately 1.25 ns, this salt bridge
is broken and does not re-form. K21 then forms a salt bridge
with E125 on chain A. The main residue pairs are now K21 and
E125, R7 and E125, and R8 and E153, which are illustrated in
Figure 9.
There are two main reasons for improvement in the binding

affinity of TPNRQ for Kir2.1. First, the average number of salt
bridges increases so that Kir2.1 now forms, on average, 4.6 salt
bridges with TPNRQ. Second, there are now two stable salt
bridges, because of the addition of R8 and E153.

■ CONCLUSIONS
Using BD, we investigate the permeation of an ion through two
inward rectifier potassium channels, Kir1.1b and Kir2.1. Our
simulated conductances of 27 pS for Kir1.1b and 18 pS for
Kir2.1 at −100 mV compare well with experimentally
determined values.15,44 Both models exhibit inward rectification
in the absence of divalent cations, similar to that observed by

Aleksandrov et al.15 for Kir2.1. Moreover, our simulations
demonstrate that a hydrophobic gating mechanism exists in
both Kir2.1 and Kir1.1, similar to that observed by Haider et
al.20

Using MD simulations, we investigate the binding of TPNQ
to both Kir1.1b and Kir2.1. TPNQ binds with Kd values of 131
μM and 11.6 nM for Kir2.1 and Kir1.1b channels, respectively,
which compare well with experimentally determined values.22,23

In both channels, His12 occludes the selectivity filter.
Unfortunately, there are currently no known blockers of
Kir2.1. To compare the binding modes of these two channels,
we mutate the isoleucine residue at position 8 of TPNQ to an
arginine residue and predict that it binds to Kir2.1 with a
significantly improved Kd value of 0.7 nM. This potent blocker
of Kir2.1 may make accessible a new target for the treatment of
various cardiac diseases, such as ventricular fibrillation and short
Q-T syndrome. Moreover, it could lead to a more detailed
understanding of the physiological roles of Kir2.1.
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Figure 8. Binding of the I8R mutant of TPNQ to Kir2.1. PMF of
TPNRQ with the original PMF of TPNQ shown for comparison. The
axial position represents the distance in the z-direction from the center
of mass of the channel.

Figure 9. Two views of the binding of TPNRQ to the outer vestibule of
Kir2.1: (A) front view and (B) side view. Residue H12 (yellow) points
into the selectivity filter. Lysine residue K21 (green) and arginine
residues R7 (pink) and R8 (blue) are bound to residues E125 and
E153 (red). For the sake of clarity, only part of the channel is shown.
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