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Abstract Classical molecular dynamics (MD) and
non-equilibrium steered molecular dynamics (SMD)
simulations were performed on the molecular structure
of the potassium channel KcsA using the GROMOS 87
force fields. Our simulations focused on mechanistic and
dynamic properties of the permeation of potassium ions
through the selectivity filter of the channel. According
to the SMD simulations a concerted movement of ions
inside the selectivity filter from the cavity to extracel-
lular side depends on the conformation of the peptide
linkage between Val76 and Gly77 residues in one sub-
unit of the channel. In SMD simulations, if the carbonyl
oxygen of Val76 is positioned toward the ion bound at
the S3 site (gate-opened conformation) the net flux of
ions through the filter is observed. When the carbonyl
oxygen leaped out from the filter (gate-closed confor-
mation), ions were blocked at the S3 site and no flux
occurred. A reorientation of the Thr75-Val76 linkage
indicated by the CHARMM-based MD simulations per-
formed Berneche and Roux [(2005) Structure 13:591–
600; (2000) Biophys J 78:2900–2917] as a concomitant
process of the Val76-Gly77 conformational interconver-
sion was not observed in our GROMOS-based MD sim-
ulations.
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1 Introduction

Potassium channels are passive transport devices
enabling ions to flow rapidly through membranes in a
thermodynamically downhill direction, which in living
cells is from intracellular to extracellular environments.
Potassium channels underlie major cellular processes
such as electrical excitability, cell volume regulation and
hormone secretion [1–3]. High selectivity and rapid
transmission of K+ ions at rates approaching the diffu-
sion limit (ca. 107 ions channel−1 s−1) are unique prop-
erties of potassium channels [4–7].

There are two major classes of K+ channels: the six-
transmembrane-helix voltage gated K+ channels (Kv)
and the two-transmembrane-helix inward-rectifier chan-
nels (Kir) [2,3]. The determination of the structure of
the bacterial potassium KcsA channel – a member of
the Kir class – from Streptomyces lividans by
MacKinnon and coworkers offered the first molecular
view of the general architecture of these membrane
proteins [8,9]. The molecular structure of the KcsA
channel is composed of three functional parts that in-
clude a “gate” on the inner surface of the cell, a “cav-
ity” of diameter of approximately 10 Å in the middle
of the channel, and a narrow 12 Å “selectivity filter”
leading outside the cell (Fig. 1). The selectivity filter
with two conserved glycine residues in TVGYG se-
quence motif catalyses the dehydration, transfer and
rehydration of a K+ ion. It prevents the passage of Na+
ions but allows K+ ions to conduct across the mem-
branes in some ten nanoseconds [5,6,10]. The molecu-
lar structure of the pore of the KcsA channel is very
similar to that of mammalian voltage gated K+ chan-
nels as demonstrated by the recently determined crystal
structure [11]. Therefore the analysis of ionic conduction
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Fig. 1 Schematic drawing of the crystal structure of the close
state of the integral domain of the bacterial potassium KcsA chan-
nel from Streptomyces lividans. For clarity, only two subunits of
the tetramer (cartoon) are visualized with backbone atoms of the
TVGYG sequence motif of the selectivity filter (ball and stick).
The potassium ions (VDW ball) in the 1,3 configuration are bound
at the Sext, S1, S3 and Scav sites. The ions in the cavity and extra-
cellular vestibule are solvated by water molecules (tube)

in the KcsA channel is likely to be relevant to under-
stand the ion permeation along potassium channels in
general.

In the X-ray structure of KcsA [9] solved at 2.0 Å res-
olution at the temperature of 100 K at high K+ ion con-
centration (200 mM K+), four ion binding sites within
the filter were identified (sites S1 to S4, see also Fig. 1).
Thus, when a K+ ion is located in the filter, its coordi-
nation shell consists of eight backbone carbonyl groups
(at the S1, S2 and S3 sites) or four carbonyls and four
threonine hydroxyl groups (at the S4 site). The oxy-
gen-K+ coordination distances range from 2.7 to 3.08 Å,
with a mean value of 2.85 Å [9]. Two additional binding
sites for permeating ions (S0 and Sext) were revealed at
the boundaries of the filter. The K+ ion binds at S0 to
four backbone carbonyl oxygens and four water oxy-
gens, while at Sext K+ ion is fully hydrated, i.e., coor-
dinates with eight water oxygens. The higher resolution
structure also resolves a single K+ ion within the cen-
tral cavity, solvated by eight water molecules in a square
anti-prism arrangement.

Current measurements with K+ ions led to conclu-
sion that the selectivity filter usually contains two K+
ions separated by one water molecule [10]. The two ions
move in a concerted fashion between two configurations,
1,3 configuration (SK+

ext SH2O
0 SK+

1 SH2O
2 SK+

3 SH2O
4 SK+

cav ) and

2,4 configuration (SH2O
ext SK+

0 SH2O
1 SK+

2 SH2O
3 SK+

4 SK+
cav ), un-

til a third ion enters, displacing the ion on the opposite
side of the queue. The free energy difference between
the 1,3 and 2,4 configurations is close to zero [10] with
an overall free energy barrier of 2–3 kcal/mol [12].

Molecular dynamics (MD) simulations have provided
very important insights on this process [12–38]. In partic-
ular, umbrella sampling MD simulations [12,13] based
on the CHARMM-PARAM22 force field [39,40] have
suggested that: (1) the permeation of potassium ions
through the selectivity filter depends on two
conformational states of the selectivity filter; (2) the
conformational interconversion from conducting to
non-conducting state consists of two steps involving
the reorientation of the Va76-Gly77 and Thr75-Va76
peptide linkages in one subunit of the tetramer of the
selectivity filter; (3) free energy barriers are higher
ca. 2–3 kcal/mol for the ion permeation through a
non-conducting state than for conducting one.

In a conducting state analogous to the crystal struc-
ture at the high K+ ion concentration [9], the ion bound
at the S3 site is coordinated with carbonyl oxygens of
four Val76 and four Thr75 residues. After transition to a
non-conducting state, the ion coordinates with carbonyl
oxygens of three Val76, four Thr75 and one hydroxyl
oxygen of Thr75 [14]. The new state is non-conducting
as it is associated to an increase of 2–3 kcal/mol [12,13],
which represents a reduction of the permeation by at
least two orders of magnitude. Thus, reorientation of
the Val76-Gly77 peptide bond has the ability to act as a
gate that can effectively block the pore [13]. Although
the reorientation of the Val76-Gly77 peptide linkage has
also been observed in several independent MD studies
of potassium channels based on different force fields
and simulation methodologies [14,25–27,29,30], the sta-
bilization of the non-conducting state by the conforma-
tional interconversion of the Thr75-Val76 linkage was
only indicated in the MD simulations with CHARMM–
PARAM22 force field [39,40].

Here we investigated the transition from the 1K_3K
to the 2K_4K state using non-equilibrium steered molec-
ular dynamics (SMD) simulations [41–44], using a com-
putational protocol different from that of Berneche and
Roux [12–14,24], to provide further insights into mech-
anistic and dynamic properties of the ion permeation
through the selectivity filter of potassium channels.

We monitored trajectories of ion transports from the
cavity of KcsA to the extracellular environment in the
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conducting and non-conducting state by means of SMD
simulations, the approach successfully applied [45–47]
for channel systems as the bovine aquaporin-1 [48],
aquaglyceroporin GlpF [49] or voltage-gated potassium
channel KvAP [50]. By pulling the ion from the S1 site
into extracellular environment we observed the con-
formational interconversion of the Val76-Gly77 peptide
bond with the absence of a change of the Thr75-Val76
linkage, and subsequent blocking of the selectivity fil-
ter. On the other hand, in conducting state a concerted
movement of the ions took place.

2 Computational details

2.1 Structural model

All MD simulations were based on a crystal structure
(PDB ID: 1K4C) of the close state of the integral domain
of the bacterial potassium KcsA channel from Strepto-
myces lividans at high K+ ion concentration [9]. The
OCT membrane model was used in simulations, where
the channel was embedded in a water/ n-octane bilayer
enclosed in a box of 70 × 70 × 97 A3. The cytoplasm/
membrane environment of the channel simulated by the
water/ n-octane bilayer supplies a stable hydrofilic/
hydrofobic liquid interface quickly adaptable to the pro-
tein structure and has been already successfully reported
in the literature [28].

The water–hydrocarbon interfaces were located
between Trp87 and Thr85 (extracellular side) and
between Trp113 and Arg117 (intracellular side). This
choice suggested by Doyle et al. [8] turns out to be in
excellent agreement with recent EPR data [51].

In the simulations the ionization state for most
residues of the channel was considered to be natural
at physiological pH. The His25 and all Asp, Glu, Lys
and Arg residues in each subunit of the tetramer of
KcsA were simulated in ionic forms except for Glu71.
The side chain of Glu71 was constructed in protonated
state to form a diacid hydrogen bond with the carboxyl-
ate group of Asp80 [31,52,53].

Two stable configurations based on experimental
[9,10] and theoretical works [31,32] were simulated:
1K_3K(SK+

1 SK+
3 SK+

cav ) and 2K_4K(SK+
2 SK+

4 SK+
cav ). In addi-

tion, 4 K+ and 24 Cl− counterions were added to make
the system charge neutral and simulate 150 mM ion con-
centration used in the experimental work [9].

2.2 MD simulations

Simulations with the OCT model were performed with
the standard GROMOS 87 force field [54,55] by means
of the GROMACS-LBM 3.2.1 [56,57] program package.

The Berendsen algorithm [58] for temperature and
Parrinello-Rahman algorithm for pressure coupling with
coupling constants of τt = 1.0 ps and τp = 1.0 ps were
used at a constant temperature (300 K) and pressure
(101.325 kPa). The force field parameters derived by
Aqvist [59], OPLS [60] and SCP [61] force fields were
used for the K+ ions, n-octane and water, respectively.
Periodic boundary conditions were used together with
PME method [62] for treating long range electrostat-
ics. A time step of 1.0 fs and the LINCS algorithm [63]
to constrain bonds involving hydrogens were used along
simulations with a 10 Å nonbonded cutoff and the nonb-
onded pairlist updated every 10 time steps. The simula-
tions were carried out to 2 ns and coordinates were saved
for analysis every 1 ps.

The Coulomb interactions are calculated using the
GROMACS analysis program (g_energy), which allows
to determine long and short range electrostatic
interactions as well as the so-called exclusions and 1–4
interactions (first neighbours, second neighbours and
third neighbours interactions) as implemented in the
GROMOS 87 force field. We calculated long and short
range electrostatic interactions between the leaping
Val76-Gly77 peptide linkage and residues within ca 5 Å
from the linkage (Glu71, Thr72, Thr74, Thr75, Tyr78,
Met96 from the subunit A with the leaping Val76-Gly77
peptide linkage; Thr75, Val76 and Gly77 from the neigh-
bouring subunit B; H2O at the S2 site and two K+ ions
at S1 and S3 sites, see also Fig. 3C), and the rest of the
channel and its environment. The 1–4 interactions are
neglected.

2.3 Non-equilibrium SMD simulations

Non-equilibrium SMD simulations [41–44] were per-
formed with the same setup as for the GROMOS-based
calculations. The SMD simulations were carried out as
follows: in the 1K_3K configuration one potassium ion
was pulled by artificial harmonic spring along the selec-
tivity filter (Z axis) from the S1 site to extracellular solu-
tion (S1 → S0 → Sext → extracellular solution) with a
steering velocity, v = 0.03 Å ps−1.

This value of the velocity was chosen to move the
ion 15 Å from the S1 site into the extracellular solution
during 500 ps, and it is ca. 100 fold higher compared to
that of the corresponding process in vivo (ca. 107 ions
channel−1 s−1) [22].

The following force constants of harmonic potential
were tested: f1 = 2.4, f2 = 3.1 and f3 = 4.3 kcal/mol Å2

(in preliminary SMD simulations with values smaller
than f1 the pulled ion was not able to follow the arti-
ficial spring and kept at the starting S1 site during the
simulated time). For every set of the simulations five
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Fig. 2 Snapshots of
equilibrated structures from
1 ns MD simulations started
from the crystal structure
1K4C, (A) the 1K_3K
(SK+

1 SK+
3 SK+

cav ) and (C) the
2K_4K configuration
(SK+

2 SK+
4 SK+

cav ). After the 1 ns
simulations the GROMOS 87
force field reproduces 1K_3K
in accordance with the crystal
structure (B), whereas 2K_4K
is predicted as SK+

2 TSK+
34 SK+

cav
(D). For clarity, hydrogens,
water molecules and
potassium ions at the Scav, S0
and Sext sites are not
visualized

SMD trajectories were performed, in which the start-
ing structures were taken from snapshots of equilibrium
MD simulations.

3 Results and discussion

3.1 MD simulations

We equilibrated two configurations, 1K_3K and 2K_4K
started from the geometries of the crystal structure 1K4C
(snapshots A and D in Fig. 2). The GROMOS-based
simulations were in good agreement with initial config-
urations (snapshots B and D of Fig. 2), however, the
K+ ion at S4 in the 2K_4K state turned out to be sta-
bilized with stronger ion–dipole interactions with car-
bonyl oxygens of Thr75 rather than with both carbonyl
and hydroxyl oxygens of Thr75.

Within the timescale investigated (2 ns), an intercon-
version of the Val76-Gly77 peptide bond of one subunit
of the channel occurred several times in the 1K_3K con-
figuration with a concomitant fluctuation of the Tyr78-
Gly79 linkage at the same subunit of the channel (Charts
A and B in Fig. 3). The conducting conformation, at
which the amide nitrogen of Gly77 is positioned away
and carbonyl oxygen of Val76 toward a potassium ion
bound at the S3 site, was proposed as a gate-opened
conformation, which allows the net flux of ions through
the selectivity filter [13]. In the non-conducting state,
there is an opposite conformation with the amide nitro-
gen positioned inside and carbonyl oxygen leaped out
from the selectivity filter (gate-closed conformation).
The fast fluctuation of the Val76-Gly77 linkage is con-
sistent with a calculation of the free energy barrier asso-
ciated to such interconversion of only 0.5 kcal/mol at
315 K [13].
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Fig. 3 (A) Distances between the carbonyl oxygen of Val76 (of
subunit with the leaping Val76-Gly77 peptide linkage) and potas-
sium ion bound at the S3 site, and (B) between the carbonyl oxy-
gen of Tyr78 and potassium ion bound at the S1 site in the same
subunit during the 2 ns classical MD simulation of the 1K_3K con-
figuration. During the simulation the Val76-Gly77 peptide linkage
switched between the gate-opened and gate-closed conformations
several times. (C) Schematic drawing of the leaping Val76-Gly77

peptide linkage (ball and stick) and its local environments (tube)
within ca 5 Å involved in calculations of the electrostatic energy.
(D) The electrostatic energy between the leaping Val76-Gly77
peptide linkage and local environment (red line), and entire chan-
nel without the local environment (black line), and entire channel
(green line). The energies are relative to an average Val76-Gly77-
local environment electrostatic energy (−36.5 kJ/mol)

To investigate the reason of the stability of the flipped
conformation, we plotted the potential electrostatic en-
ergy versus simulated time in 1K_3K (see Computa-
tional Details for more details). We find that this quantity
does not change significantly upon flipping (Chart D
in Fig. 3). However, plot of the electrostatic potential
decomposed on local interactions shows that contribu-
tions of the residues within ca 5 Å from the carbonyl
oxygen of Val76 play an important role for the stabiliza-
tion of the gate-opened conformation of the selectivity
filter of KcsA (Chart D in Fig. 3). In particular, crucial
is the contribution of the K+ ion bound at the S3 site.
On the other hand in the gate-closed conformation, a
significant stabilization of the dipole is provided by the

channel environment. Inspection of the single contribu-
tions shows that Thr75, Tyr78 and H2O at the S2 site
play the most significant role in the stabilization of this
conformation.

3.2 SMD simulations

To provide further insight on the gate-opened/gate-
closed mechanism, we performed several sets of the
SMD simulations with the steering velocity, v = 0.03 Å
ps−1 (Table 1). By varying the force constant of the
pulling spring (f1 = 2.4, f2 = 3.1 and f3 = 4.3 kcal/mol
Å2) we evaluate here the effect on the permeation of
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Table 1 Summary of the SMD simulations with the GROMOS 87 force field, steering velocity, v = 0.03 Å ps−1 varying force constant,
f1 = 2.4, f2 = 3.1 and f3 = 4.3 kcal/mol Å2, respectively

Force const. Number of trajectories Starting state Final state Pulled group Flux VG flip

2.4 5 SK+
1 SK+

3 SK+
cav SK+

ext SK+
3 TSK+

4cav K+(S1) No Yes

3.1 5 SK+
1 SK+

3 SK+
cav SK+

ext SK+
2 SK+

4 K+(S1) Yes No

4.3 5 SK+
1 SK+

3 SK+
cav SK+

ext SK+
2 SK+

4 K+(S1) Yes No

For every set five SMD simulations were performed with starting structures chosen from trajectory files of the equilibrium MD sim-
ulations. As indicated for the set with f1 = 2.4 kcal/mol Å2, the interconversion of the Val76-Gly77 peptide linkage occurred and no
concerted movement of ions during pulling process was observed. In sets with larger force constants no change of the Val76-Gly77
linkage occurred and subsequent flux of ions toward extracellular side was observed

Fig. 4 Snapshots from steered MD simulations. The MD simula-
tions with the pulling force costant, f3 = 4.3 kcal/mol Å2, indicate
concerted movement of potassium ions from the cavity to extra-
cellular solution when carbonyl oxygens of Val76 residues are
positioned inside the selectivity filter (the gate-open conforma-

tion, snapshots A1–A4). In the case with a lower force constant,
f1 = 2.4 kcal/mol Å2, the carbonyl oxygen of the Val76 residue
in one subunit resides in a position leaped out from the selectiv-
ity filter (the gate-closed conformation, snapshots B1–B4) and no
flux of ions was observed

the initial condition (Table 1) [47]. We pulled the potas-
sium ion from the S1 site into the extracellular solu-
tion, where a concerted movement of neighboring ions
(SK+

1 SK+
3 SK+

cav → SK+
0 SK+

2 SK+
4 → SK+

ext SK+
2 SK+

4 ) was
observed (snapshots A1 − A4 in Fig. 4) in all five SMD
trajectories with the f2 and f3 force constants. Thus,
after the SK+

1 → SK+
0 transition, the ion in the cavity

moved to the S4 site, including in turn a movement of
the neighboring ion from the S3 to S2 in the final step

of the transition (a chart B in Fig. 5). We speculate that
changes in the extracellular vestibule of the selectivity
filter could induce a movement of ions at the opposite
site of the filter, i.e., at the intracellular end of the filter.

For a smaller value of the force constant (f1), the inter-
conversion of the Val76-Gly77 peptide linkage bringing
the channel into the non-conducting state was observed
in all five SMD trajectories (Fig. 6): as a result, a K+ ion
remained in the S3 site despite the vacancy of the S2, S1
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Fig. 5 Z coordinates of ions from trajectories of SMD simulations
of both configurations: (a) the 1K_3K (SK+

1 SK+
3 SK+

cav ) configuration
with f1 = 2.4 kcal/mol Å2 and (b) with f3 = 4.3 kcal/mol Å2 . No

flux of ions is indicated in the SMD simulations with the gate-
closed conformation of the filter (a)

Fig. 6 Distances between the carbonyl oxygen of Val76 (of sub-
unit with the leaping Val76-Gly77 peptide linkage) and potassium
ion bound at the S3 site during the 500 ps SMD simulation of the
1K_K3 configuration with the f1 = 2.4 kcal/mol Å2 . At the begin-
ning of the simulation the Val76-Gly77 peptide linkage switched
from the gate-opened to gate-closed conformation, at which the
filter stayed until the end of the simulation

and S0 sites (snapshots B2−B4 in Fig. 4 and a chart A in
Fig. 5). We did not observed in the non-conducting state
any conformational change of the Thr75-Va76 peptide
linkage as found by Berneche and Roux [13,14].

The reason for the dramatic differences between the
SMD simulations with smaller and larger force constant
could be in different kinetic properties of the pulled
ion based on the initial pulling parameters. If the ion at

the S3 site starts to move toward S2, ion–dipole interac-
tions among potassium ion and four carbonyl oxygens
of Val76 are strengthened, and subsequently the Val76-
Gly77 linkage is stabilized at the gate-opened confor-
mation (the SMD simulations with f2 and f3). If the ion
transport is slower, the fast Val76-Gly77 conversion to
the gate-closed conformation can take place in advance
and the ion is temporarily blocked at the S3 site until
the filter switches to the gate-opened conformation (the
SMD simulations with f1). Thus, the Val76-Gly77 flip
could be the origin of the so-called open channel noise,
i.e., can be a source of fluctuations – possible present in
most other ionic channels – not associated to fluctuations
of the gating machinery at the inner side of the channel.

4 Conclusion

We have investigated mechanistic properties of ion per-
meation through the selectivity filter of the potassium
KcsA channel using MD and SMD simulations. The MD
simulations along with steered MD simulations carried
out with GROMOS 87 force field pointed to two dis-
tinct state of the filter, the gate-opened and gate-closed
conformations, were observed in the trajectories calcu-
lated. The conformations differ in positions of the car-
bonyl oxygen and amide nitrogen of the peptide bond
between Val76 and Gly77 residues in one subunit of the
channel. In the gate-opened conformation, the carbonyl
oxygen is positioned toward the bound ion at the S3 site
and concerted movement of ions through the filter is ob-
served. In the gate-closed conformation with the amide
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nitrogen inside the selectivity filter, no ion flux was ob-
served and one ion was subsequently blocked at the S3
site during the simulations. These results have been al-
ready reported in a CHARMM-based MD simulations
[13], although in previous work a concomitant conver-
sion of the Thr75-Val76 linkage was also observed [14].

Novel information is here given on why such a transi-
tion can occur. The electrostatic potential energy of the
Val76-Gly77 peptide linkage in the field of the channel is
similar in both gate-opened and gate-closed conforma-
tions. In gate-closed conformation of the Val76-Gly77
peptide linkage the loss of the electrostatic interaction
between the carbonyl oxygen of Val76 and K+ ion is fully
counterbalanced by the effect of the field of the chan-
nel and its environment. In particular, the Thr75, Tyr78
residues and H2O at the S2 position provide significant
stabilization of the gate-closed conformation.
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