Molecular Dynamics Investigation of the ω-Current in the Kv1.2
Voltage Sensor Domains
Fatemeh Khalili-Araghi,† Emad Tajkhorshid,‡ Benoît Roux,§ and Klaus Schulten†
†

Department of Physics, ‡Department of Biochemistry, University of Illinois at Urbana-Champaign,
§
Urbana, Illinois; and Department of Biochemistry and Molecular Biology, University of Chicago, Chicago,
Illinois

Supplementary Material
Comparison of pore-facing residues identified in simulations and in experiments
In a recent study Tombola et al (1) have identified residues of the VSD, the mutation of which
affects the magnitude of the ω-current in the Shaker potassium channel. Experiments were performed by replacing each residue of the VSD with cystine, or by attaching positively or negatively
charged MTSET or MTSES agents to cystine mutants. The magnitude of the current after residue
modification was recorded, and the residues that affect the current significantly were reported by
the authors.
Our simulations characterized the permeation pathway of the ions through the ω-pore differently
than done in the experiment. Residues of the VSD that line the permeation pathway and interact
with K+ or Cl− ions are identified and the strength of their interaction is quantified by the average
time that permeating ions spend within 3 Å of the residue side chains. The residues identified
in the simulation face the permeation pathway directly within the ω-pore, and their mutation (in
particular to residues with bulky side chains with or without charged agents) is expected to affect
the magnitude of the current. However, the reverse is not necessarily true. The experiments identify
certain amino acid positions on the sequence of the VSD, where adding the bulky side chains affects
the magnitude of the current through altering channel properties, but the native side chains do not
need to face the conduction pathway for playing such a role.
Clear examples of this case are A359 and A355 in Shaker. These residues are identified in the
experiments to affect the magnitude of the ω-current when mutated to cystine, with or without
charged reagents. However, the simulations do not show direct interaction of these residues with
the passing ions. The simulations have identified L358 and Q354 as the residues that interact with
the passing ion that face the ω-pore (L290 and Q286 in Kv1.2). Side chain modification of L358
and Q354 are also known to affect the current in the experiments. So, while alanine side chains
(359 and 355) are not facing the permeation pathway, it is quite obvious that attachment of a bulky
molecule to their side chains will affect the magnitude of the currents measured in the experiments,
as their neighboring residues interact closely with the permeating ion.
A similar argument can be made in the case of S357 (in Shaker), which is located right above
L358 that is part of the constriction region in the pore.
The same is true for residues T284 and T329 (T184 and T272 in Kv1.2), which are located next
to the high impact residues E183 (on S1) and E273 (on S3). Threonine residues (284 and 329) face
away from the conduction pathway and have been identified to affect the current “indirectly” in the
experiments. So, they would not appear as “interacting” residues in the simulation trajectories.
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Cation Selectivity
The ω-pore in the Shaker K+ channel is selective for cations (1), although selectivity has not been
characterized quantitatively. The monovalent ions, Li+ , Na+ , K+ , and Cs+ pass through the pore
with a weak preference for the larger cations (2). Positively charged guanidinium ions also cross the
membrane through the ω-pore, with a conductivity ∼8 times higher than that of other cations (2).
The lack of strong ionic selectivity among cations (in contrast to the highly selective central conduction pore) suggests that there are no specific interactions between permeant ions and the protein
side chains. Electrostatic interactions between the ions and protein residues govern the permeation
pathway of the ions within the pore. The negatively charged residues located near the constriction
region (E1D and E0) provide an energetic barrier for Cl− ions. Electrostatic forces within the narrow constriction region, separating intra- and extracellular solutions, precludes permeation of Cl−
ions while attracting the positively charged K+ ions lingering around the extracellular mouth of
the VSD. The flexible nature of the VSD (reported in (3–5)) allows for expansion and contraction
of the pore to accommodate larger or smaller cations, while excluding (to some extent) anions.

Molecular Dynamics Simulations
MD simulations were carried out using the program NAMD (6) and the CHARMM27 force field
parameter set for proteins (7; 8), ions (9), and phospholipids (10; 11), with the TIP3P water
model (12). All simulations were performed at constant temperature and constant pressure, with
a fixed cross-sectional area for the membrane after the initial adjustment (NPn AT ensemble) (13).
Assuming periodic boundary conditions, the particle mesh Ewald (PME) method (14) with a grid
spacing of ∼1 Å in each dimension was employed for the computation of long-range electrostatic
forces. All simulations employed time steps of 1 fs, 2 fs, and 4 fs for bonded, non-bonded, and
electrostatic calculations, respectively. Langevin dynamics with a friction coefficient of γ = 5 ps−1
was used to keep the temperature constant. The Langevin piston Nosé-Hoover method (15) was
employed to maintain the pressure at 1 atm, with a decay period of 100 fs and a time constant of
200 fs.
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Table S1: Average backbone RMSD of the four VSD mutants during equilibration at −0.25 V
and the production runs at −0.75 V and −1 V relative to the initial protein conformation for each
simulation. The RMSDs are calculated for the transmembrane region of the VSD, excluding the
S1-S2 extracellular loop.
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Figure S1: Pore radius profiles of the ω-pore in the Kv1.2 channel. The radius profile of the pore
within the VSD is calculated using the program HOLE (16; 17) for the wildtype (WT) VSD and
four of its mutants for the last 3 ns of the equilibration simulations. The pore radius profile is
calculated along the membrane normal (z-axis) at every 10 ps of the trajectory and the averaged
results are presented here.
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Figure S2: Water density profiles in the ω-pore of the Kv1.2 channel. The plot is normalized over
the entire trajectory of the four mutants at −1 V .
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