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Abstract Some recent papers clearly indicate that the cyto-
plasmic domain of KcsA plays a role in pH sensing. We
have performed, for the first time, a targeted molecular
dynamics (TMD) simulation of the opening of full-length
KcsA at pH 4 and pH 7, with a special interest for the
cytoplasmic domain. Association energy calculations show
a stabilization at pH 7 confirming that the protonation of
some amino-acids at pH 4 in this domain plays a role in the
opening process. A careful analysis of the pH dependent
charges borne by residues in the cytoplasmic domain and
their interactions confirms some literature experimental data
and permits to give further insight into the role played by
some of them in the opening process.
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Introduction

Ion channels are transmembrane proteins which allow ions
to diffuse across biological membranes through an internal
pore located in the channel center [1].

Active channels have gates which can open and close to
control the ionic fluxes under some specific stimulus, such
as voltage, ligand binding, temperature, pH and mechanical
tension [2, 3]. Gating involves two processes: (i) a sensing
step and (ii) a structural rearrangement initiated by (i) (see
[4] and references therein).

Potassium channels are found in bacteria, yeast, Parame-
cia, plants and animal cells, including electrically excitable
tissues as well as unexcitable tissues, such as the liver and
cells of the immune system [5]. They are involved in nerve
and muscles excitation and in a number of pathological
processes [1, 6].

KcsA, a prokaryotic potassium (K") channel from Strep-
tomyces lividans is activated by intracellular protons [7, 8].
It has been extensively studied [2, 4, 6-29] because of its
similarity to eukaryotic channels. KcsA was first described
in 1995 [9], and its three-dimensional structure was first
characterized by X-ray crystallography at 3.2 A resolution
in 1998 (PDB code 1BLS8) [10]. Then a better resolution
(2.0 A) was achieved [11] for the open-inactivated confor-
mation using a monoclonal antigen-binding fragment (Fab)
fragment as crystallographic chaperone (PDB code 1K4C).

Uysal et al. [6] have used synthetic Fabs to determine the
structure of the full-length KcsA at 3.8 A resolution in its
closed conformation. They also determined the structure of
its isolated C-terminal domain at 2.6 A. Cuello et al. [27]
also reported the crystal structure of KcsA, from its closed-
conductive to its open-inactivated conformation and studied
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C-type inactivation. They identified five conformers with
openings from 12 A to 32 A.

This channel is a tetramer with a transmembrane (TM)
domain (120 residues) and a cytoplasmic domain (ca. 40
residues) [6]. The tetramer is formed by four identical sub-
units, each consisting of three parts [6, 30]:

— a transmembrane (TM) domain containing two
transmembrane segments, the outer-helix TM1 and
the inner-helix TM2. TM1 is close to the N termi-
nus and is exposed to the membrane bilayer. TM2
is close to the C terminus and contributes to the
lining of the pore.

— are-entrant P loop made by a P-helix (P) and a selec-
tivity filter (SF) containing the characteristic motif of all
potassium channels, a TVGYG sequence. Cuello et al.
[27] studied the conformation and ion occupancy of the
selectivity filter during channel opening.

— a cytoplasmic domain rich in charged or polar amino
acid residues. The cytoplasmic domain of most chan-
nels plays an important role in sensing, gating, perme-
ation, and structural stability ([21, 30] and references
therein). Uysal et al. [6] showed that the cytoplasmic
domain of KcsA “remains essentially intact” during
opening of the channel.

The gating mechanism of the KcsA channel has been
extensively studied using a number of methods: site-directed
spin-labelling and EPR [14, 15], X-ray crystallography [11],
comparison of open and closed structures (respectively MthK
from Methanobacterium thermoautotrophicum and KcsA)
[16].

It was then proposed [13, 31, 32] that the cytoplasmic
part and more precisely the C-terminal domain was the locus
of the pH sensor.

Takeuchi et al. [18] using NMR evidenced the proton-
ation of His25 and considered this residue to be the pH-
sensor. Thompson et al. [17] using mutations proposed a pH
sensing and opening mechanism in which the interactions
which keep the channel in closed form are suppressed by the
protonation of several residues (Argl122 and Glul20 on the
TM2 helices and to some extent His25) provoking TM2
conformational changes.

Cuello et al. [4] confirmed these findings using muta-
tions, spin-labeling and EPR and electrostatic calculations:
electrostatic attractive/repulsive balance between a cluster of
charged groups (especially Argl17, Glul18, Glul20 at the
bottom of TM2 and His25 at the end of TM1) contribute to
channel opening.

Hirano et al. [20] also reported that the four C-terminus
of TM2 form a network that stabilizes the closed state in
neutral condition while the network is disrupted when the
intracellular pH is acidic. Then the TM2 helices bend,
causing channel opening.
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Uysal et al. [21] confirmed that the movement of gating
parts of TM2 helices was transmitted to the C-terminus as a
straightforward expansion, which led to an upward move-
ment of the cytoplasmic domain and insertion of some parts
into the membrane.

Hirano et al. [33] have clearly shown that charged amino
acids in the cytoplasmic domain play an important role in
pH dependent gating by replacing residues that are nega-
tively charged at pH 7 with neutral ones: the opening was
then independent of pH. The Glul46 and Asp149 residues
were thus shown to play a role in the opening process. These
results demonstrated that the cytoplasmic domain acts as a
pH sensor, together with the transmembrane region [4, 34].

Of course, modeling and simulation techniques have
been used for more than 10 years to investigate the opening
dynamics and K* permeation in the KcsA and related K*
channels (see [26] and references therein). Holyoake et al.
[26] used homology modeling to propose models for the
TM domain in the open state of KcsA and performed MD
simulations with a membrane mimetic octane slab. They
confirmed that M2 bending leads to a stable open state and
observed K ions trajectories exiting toward the intracellular
medium.

Compoint et al. [23, 24] used targeted molecular dynam-
ics (TMD) with a membrane mimetic octane slab to simulate
the pore opening of the KcsA channel. They invoked a
“ziplike” opening mechanism and evidenced the role of
the terminal residues on the M2 helices. A possible diffusion
of K ions toward the extracellular side was also observed.
TMD and SMD (steered molecular dynamics) were used by
Zhong et al. [22, 25] who showed that during the opening
water molecules can penetrate the cavity and facilitate the
process. Cuello et al. [35] produced a detailed study of the
interactions between some residues during gating and in-
voked a network of interactions resulting in the propagation
of a mechanical deformation during the opening process.
Interaction energies obtained from MD showed the impor-
tant role played by Phe 103 and surrounding residues. An
approach aimed at determining the energetics of the gating
process was recently proposed by Kharkyanen et al. [36].

Numerous structural biology studies have been per-
formed and provide precious and meaningful information
on the KcsA structure, mainly for the truncated system.
However, the KcsA full-length structures have only been
studied by X-ray crystallography [6, 21] and thus the ioni-
zation state of the amino-acids is missing. Molecular mod-
eling simulations, based on the experimental structures like
the TMD method, can help to decipher the role of the
protonation on the cytoplasmic domain of KcsA to the
opening process.

In this paper we perform, for the first time to our knowl-
edge, targeted molecular dynamics (TMD) on the complete
system. The aim of this work is to study the influence of the
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cytoplasmic domain on the gating mechanism of KcsA at
two specific pH conditions, not the opening process nor the
ions diffusion which have been previously thoroughly ex-
amined. After establishing the conditions for TMD on such
a system, we especially compare our results with the above-
mentioned experimental ones obtained with mutant systems
about the role of some residues in the cytoplasmic domain in
the opening process. We also compare our results, obtained
with a full length KcsA, with some experimental ones
obtained with truncated systems.

Methods

KcsA is a membrane protein. Therefore, it may be envi-
sioned to simulate the whole system, with the channel
inserted in a membrane and water molecules around. In this
case periodic conditions must be used to ensure system
integrity. However it is necessary to hypothesize the fact
that a large motion of the cytoplasmic domain may occur.
For example, the cytoplasmic o-helices bundle might open
and extend. In such a case, a collision between the protein
and its own periodic image will happen [37] if the width of
the periodic box is not at least equal to the length of the
cytoplasmic domain (around 80 A). Considering this re-
quirement, called minimum image convention, such a sys-
tem would consist of ca. 500,000 atoms (among which ca.
380,000 would be atoms of water molecules).

We used targeted molecular dynamics simulations, using
the opened and close states of the channel, as a driving force
to study the conformational changes of the cytoplasmic
domain at two different pH values. Therefore, we made
these simulations with implicit solvent to save computation-
al time and then focused on the simulation of the cytoplas-
mic domain. This assumption limited our calculations to
only 8308 atoms and avoided long computation time devot-
ed to the equilibration of membrane and water. Moreover,
both for coherence of this approach and in order to focus
this work on the behavior of the cytoplasmic domain, con-
straints were applied to the transmembrane domain so that
our results in what follows concern mainly the cytoplasmic
domain.

Description of simulation systems

Our initial structure was from a crystallized experimental
full-length closed structure (PDB code 3EFF) of the KcsA
channel at 3.8 A resolution [6]. The targeted structure was
the fully open state (C-Cox distances at Thr 112 are 32 A)
of KcsA channel from a crystallized experimental structure
(PDB code 3F5W) at 3.2 A resolution [27].

The closed structure of the KesA channel at 2.0 A reso-
lution (PDB code 1K4C) was determined [11], together with

seven sites for the K* ions. Two of these are located at the
extracellular side of the pore (Sy and S.y;), four are located
inside the selectivity filter (S;, S,, S;, S4) and one is in the
central cavity (Scay). As in the work of Compoint et al. [28]
only six sites were considered in our simulations since the
Sext site only appears at high K" concentration. The precise
structural definition of these sites can be found in the paper
of Cuello et al. [27].

Zhou et al. [11] and Morais-Cabral et al. [29], based on
crystallographic distances between K" ions, argued that the
four selectivity filter sites are not all occupied simultaneous-
ly, rather, they are often separated by an intervening water
molecule. Thus, as other authors [23, 27, 28], we studied the
K ...K...K sequence (three K" ions located at the S;, S; and
Scav sites) and the KWKWK...K sequence (four K ions
located at the Sy, S,, S; and S.,, sites and two water
molecules at the S, and S; sites.

The full length structure contains numerous atoms.
Therefore, to save calculation time, we defined the best set
of parameters with systems including only the TM domains.

Thus, a total of six systems were prepared (Table 1):

— the first one (CHO) included only the channel domain
without any K" ions and water molecules

— two systems (CH1, CH2) included only the channel
domain: CH1 with the K...K...K sequence and CH2
with the KWKWK...K sequence.

— two other systems (F1, F2) included the full-length
structure with the KWKWK...K sequence with TM
and cytoplasmic domains, at different pH conditions
(4 and 7 respectively). For F1, protonation has been
taken into account in the cytoplasmic region only.

The location of potassium ions in the KcsA cavities has
been often debated [11, 23, 27-29]. Therefore, we tested the
K...K...K sequence for CHl and the KWKWK..K se-
quence for CH2. We did not intend to observe ionic behav-
ior such as permeation and/or selectivity since these events
occur only for the open conformation of the channel. We
employed the KWKWK..K sequence for systems F1 and F2
since it was reported that this one more strongly stabilizes
the KcsA channel [28]. Systems F3 and F4 were prepared
from Cuello et al. [4]:

— the F3 system was analogous to the F1 system, except
that at this pH value of 4 we wished to study the effect
of protonation of two more residues (Glull8 and
Glul120) located at the limit between the TM and cyto-
plasmic domains.

— the F4 system was analogous to F3 but we introduced
the His25 protonated residue since as mentioned above,
several authors identified His25 as being part of the pH-
sensor that controls the pH-dependent gating of KcsA.
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Table 1 Amino-acid sequences of the simulation systems studied in
this work. Systems CHO, CHI1 and CH2 are limited to the channel
region: TM domains (TM1 + TM2) are enclosed in red squares. The
protonation state is indicated by colors for the cytoplasmic domain

Channel CHO (noion)
30

A

B
c
D

TM1

Channel CH1 (K...K...K)
30

A

)
B)
C)
D)

TM1

Channel CH2 (KWKWK...K)
30

A

B
c
D

)
)
)
)

TM1

System F1 (KWKWK...K): pH =4

)|GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWNSVETATTVGYGDLYPVTLWGRLVAVVVMVAGITSFGLVTAALAT
)|GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPV[TLWGRLVAVVVMVAGITSFGLVTAALAT
)|GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPV[TLWGRLVAVVVMVAGITSFGLVTAALAT
)|GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPV[TLWGRLVAVVVMVAGITSFGLVTAALAT

GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT
GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT
GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT
GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT

GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT
GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT
GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT
GAATVLLVIVLLAGSYLAVLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVITLWGRLVAVVVMVAGITSFGLVTAALAT

only. Blue = positively charged amino-acids. Orange = negatively
charged residues. Green = residues which are usually ionic but are
neutral at the considered pH

112

TM2

112

TM2

112

TM2

30 113
(A) - channel
(B) - channel
(C) - channel
(D) - channel

-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLBDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR

System F2 (KWKWK...K): pH =7

-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR
—WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLIDNRR
—WFVGRIQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR

30 113
(A) - channel
(B) - channel
(C) - channel
(D) - channel

—WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLIDNRR

System F3 (KWKWK...K): pH =4

30
- channel
- channel
- channel
- channel

A
B
C
D

113

-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLBDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDBNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR

System F4 (KWKWK...K): pH =4

-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR
-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR

25 30 113
(A) SALHWRAA- channel
(B) SALHWRAA- channel
(C) SALHWRAA- channel
(D) SALHWRAA- channel

-WFVGREQERRGHFVRHSEKAAEEAYTRTTRALHERFDRLERMLDDNRR

Determination of pKa values
Since KcsA is a pH dependent channel we constructed two

kinds of simulation systems at low and neutral pH to inves-
tigate the location of the “pH sensor” and the role of the

@ Springer

cytoplasmic domains in channel gating. Of importance in
this study was the protonation state of ionizable residues in
the cytoplasmic domains of KcsA at low pH and neutral pH.
To determine the pKa values of these titratable residues in
the cytoplasmic domains of KcsA, the structure file of the
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cytoplasmic domains (residues 113-160) was submitted
to Virginia Tech’s H++ server (http://biophysics.cs.vt.
edu/H++), a Web-based system that computes pKa val-
ues of ionizable groups in proteins based on the
Poisson-Boltzmann (PB) or generalized Born (GB) mod-
els [38]. The pKa calculations were performed using
default values: internal dielectric constant of 4, external
dielectric constant of 80, ionic strength of 0.15 M, and
pH values of 4 and 7. These calculations yield at each
pH the protonation state of each amino acid (Table 1).

Targeted MD

Targeted molecular dynamics (TMD) [39] has been proven
of great interest in relating protein dynamics and function
[40]. It aims at obtaining a target structure from a starting
structure by avoiding accidental conformational changes
during molecular dynamics simulations through the appli-
cation of a time-dependent constraint:

V= % [RMSD(t) — RMSDy (1)]%, (1)

where k is the force constant, RMSD(t) is the RMSD of the
structure at time t, relative to the target structure, RMSD(t)
is the prescribed RMSD of the target at time t and N is the
number of concerned atoms.

In this work, we brought the closed state to open state by
TMD. The Cx atoms of the two transmembrane helices
(TM) of KcsA (residues 33-50 and 86-114)" were re-
strained to the corresponding positions of the target structure
(PDB code 3F5W).

All the MD simulations were performed with the AM-
BERI11 [41] software using the ffSB99 force field. The
generalized Born/surface area model (GB/SA) implicit mod-
el was used instead of explicit water during MD simulation.

Energy minimization of all the initial structures (closed
and open states) was carried out using the steepest descent
method in AMBERI11 for 500 steps and the nonbonded cut-
off was 99 A.

A series of preliminary simulations was carried out to
determine an appropriate value of the TMD force constant.
For non-bonding interactions no cut-off was applied. The
SHAKE algorithm [42] was used to fix the length of all
bonds involving hydrogen and the time step was 0.002 ps.
We used Langevin dynamics at 300 K with a collision
frequency of 2 ps . The temperature coupling method
was used to keep the temperature constant at 300 K and
Langevin dynamics was used. The total simulation time was
10 ns.

! Except for the full systems simulations where residues 113 and 114
were not restrained since they are located at the border between TM
and cytoplasmic domains.

Then the full system was investigated at pH 7 and pH 4
with different protonated residues.

Free energy calculations

MM-GBSA analyses were employed to evaluate the
association energy between the four units of the KcsA
channel. To distinguish the contributions of the cyto-
plasmic and those of the trans-membrane domains, we
modified the snapshots extracted for the whole systems:
for all units, the residues involved in the transmembrane
domain (residues 22 to 111) were removed and residue
112 was mutated as an acetyl group in order to avoid
the formation of a protonated N-terminal residue. Then
we calculated the binding free energies between these
four units only for the cytoplasmic coordinates extracted
from the TMD of the whole systems. The energetic
contribution of the membrane domain is the difference
between the total binding free energy and the contribu-
tion of the cytoplasmic part.

The free energy of binding, AG, for each species can be
calculated by using the following scheme:

AG = AEgas + AGgol — TASg4
AEgas = AEint + AEele + AEVdW
AEint = AEbond + AEanglc + AEtorsion
ASgas = AStranslation + ASrotation + ASvibration
AC’sol = A(}GB + AC’nonpolar
A(}nonpolar = 7SASA

where AE,, is the gas-phase energy; T and AS are the
temperature and the total solute entropy. For gas phase, the
entropic contributions were divided into translational, rota-
tional, and vibrational motions. The first two terms were
obtained from classical statistical mechanics, whereas the
contribution from vibrational motion was estimated from a
normal mode analysis according to the method developed
by Kottalam and Case [43].

AE;, is the internal energy; AEpong, AEangie, and AE grsion
are the bond, angle, and torsion energies, respectively; AE
and AEy4w are the Coulomb and van der Waals energies.
AGg, is the solvation free energy, decomposed into polar and
nonpolar contributions. AGgg is the polar solvation contribu-
tion calculated by solving GB equations. AGygnpolar 18 the
nonpolar solvation contribution. SASA is the solvent accessi-
ble surface area. vy is the surface tension.

AEg,s was calculated using the AMBER ff99SB force
field. Dielectric constants for solute and solvent were set to
1 and 80, respectively. AGyuonpolar Was estimated from
SASA determined by LCPO method using a water probe
radius of 1.4 A. The surface tension constant was set to
0.0072 kcal mol ™' A™* [44]. Snapshots, equally spaced at
100 ps intervals, were extracted from the MD production
runs, giving 100 snapshots for 10 ns.
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TMD simulations

Multiple targeted molecular dynamics (MTMD):
setting up simulation parameters

The KcsA channel has been extensively described in the
past, so that numerous structures are available. On a first
approach, we took advantage of the partially opened struc-
tures of KcsA and thus we performed multiple target mo-
lecular dynamics (MTMD) simulations. We used the closed
state of KcsA channel at 3.8 A resolution as initial structure
(PDB code 3EFF) [6] and the targeted structures were the
open state and four partially open states (TM domains only).
These partially open states and a fully open state (Co-Cx
distances at Thr112 ranging from 14.5 to 32 A) state were
experimental structures designated by open 32, open 23,
open 17, open 16 and open 14 (respective PDB codes
3F5W, 3F7V, 3F7Y, 3FB6, 3FBS) of KcsA channel at
3.2 A resolution [27]. However, in the six experimental
structures, the total number of residues was different. In
order to keep the same whole sequence in the simulations,
we retained a common structure with residues 30-114 and
removed the other residues. In these calculations, a restraint
was added to bring the closed state to open 14, then from
open 14 to open 16, open 16 to open 17, open 17 to open 23,
and open 23 to open 32. We choose the Co atoms of the two
transmembrane helices (TM) of KcsA (residues 33—-50 and
86-114) to be restrained to the corresponding positions of
the reference structure.

We determined the RMSD values between the different
structures and those relative to the closed one from literature
values. As Table 2 shows, there are little structural changes
from open 14 to open 17, but the structure undergoes sig-
nificant changes from open 17 to open 23 and a slight
change from open 23 to open 32. We performed productions
of 10 ns with three different force constant values: 50, 10
and 5 kcal mol™' A2 and we monitored the RMSD curves
of the transmembrane domain (TM) along the TMD trajec-
tories. Figure 1 indicates that no meaningful structural var-
iation is observed between these three values. We also
calculated the maximum amount of restraint energy provid-
ed during the simulations for the three force constants which

Table 2 RMSD values (Cax of TM) between different structures (from
literature results [6, 27])

System RMSD A System RMSD A
closed«>openl4 1.71604 closed—openl4 1.71604
openl4«—openl6 0.25303 closed«<>openl6 1.72935
openl6«—openl? 0.26589 closed«>openl7 1.74869
openl7«<open23 2.20162 closed«»open23 3.62312
open23«>open32 1.79433 closed«»open32 3.94623

@ Springer

—— 5kcal.mol-1A-2
—— 10kcal.mol-1A-2
—— 50kcal.mol-1A-2

RMSD of TM (A)

T T T T T T T T T T T
0 2000 4000 6000 8000 10000

Time (ps)

Fig. 1 RMSD of the TM domain (CH2 system) with different force
constants along the overall production of the dynamics (10 ns)

were 123, 87 and 74 kcal mol ' when the force constant was
50, 10 and 5 kcal mol™" A™? respectively. Whereas Com-
point et al. [23, 24] used values up to 12 kcal mol ' A?,
these preliminary results showed that a force constant of
5 keal mol ™' A? is appropriate. Lower values would proba-
bly be insufficient for the whole system to evolve from the
closed to the open state.

These results also confirm that the atom selection (Cx-
Cx) required to perform the transition between close to open
states of the channel was correct and the simulation time
(10 ns) was long enough to observe the transition. It may be
observed that the force constant we used is quite small and
the restraint energy is of the order of 1.5 % compared to the
global energy. It is also interesting to point out that we
reproduced the evolution from the closed form to the open
form without the simulation of the membrane.

TMD without intermediate structures

Classical TMD was then performed with the same parame-
ters except that we imposed no intermediate structures be-
tween the initial and final conformations. By monitoring the
RMSD of full length systems F1 and F2 relative to the
above mentioned intermediate structures we tried to check
that they were indeed encountered on the trajectory. The
RMSD differences between the closed conformation and the
first intermediate conformations (up to open 17) are rather
small and similar (Table 2) but it was possible, during the
TMD simulation, to observe a RMSD minimum at 6.25 ns
with the intermediate structure open 23 (as the reference
structure) showing that this conformation is indeed observed
during TMD (Fig. 2). A continuous RMSD decrease toward
the open 32 conformation was also obtained, as expected.
In the following work we did not use the intermediate
structures since this was revealed not necessary and this is
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Fig. 2 Co RMSD of TM2 for systems F1 (pH 4) and F2 (pH 7) along the overall production of the dynamics (10 ns). The reference structures are

open 14 (a), open 16 (b), open 17 (962), open 23 (d)

the first time, to our knowledge, that TMD was performed
on the full system from closed to open form.

TMD of the four full length simulation systems

TMD was performed on systems F1 to F2 with KWKWK...K
sequences. As they are key parts in the opening process the
behavior of TM1, TM2 and the cytoplasmic part were mon-
itored by the Cox RMSDs (relative to the starting structure).
No constraints were applied to the cytoplasmic domain.

For systems F1, F2 and F3 the Coc RMSD of TM1 showed
a significant increase between 1 and 3 ns with a maximum up
to 4 A, then it decreased to 2.5 A. The variations of TM2 C«x
RMSDs were similar for systems F1 to F3. After increasing
gradually till 7 ns, it kept stable around 4.5 A .

The Cox RMSD for F1 and F2 fluctuated around 5 A during
the first 6 ns then reached up to 5.5 A. For F3 RMDs increased
with some fluctuations after 4 ns and reached 8 A.

The structure of the cytoplasmic domain with protonation
of Glull8, Glul20 and His25 (F4 system) went through
more significant changes (see below).

Structural comparison with experimental results

Recently, a mutated KcsA system was designed in order to
favor the open conformation [34] and a full-length KcsA X-ray
structure has been determined [21]. To help crystals genera-
tion, Fab2 antibody fragments were employed and, even if X-
ray diffraction was obtained at a low resolution (3.9 A), this
permitted a direct and accurate comparison with the closed
conformation [21]. However, patch clamp experiments per-
formed for this modified KcsA indicate that this system shows
slower kinetics and represents a less open conformation than
the natural one [21]. Figure 3 (left) is a superimposition of our
final structure with this experimental structure. We performed a
structural alignment using the fit module of Multiseq [45]
instead of a direct alignment (residue by residue) in order to
take into account a possible translation effect of the cytoplas-
mic domain. As expected, a good fit of the two structures is
observed for the channel part of KcsA. The cytoplasmic do-
main of our model presents a small bending angle which is not
observed for the crystal structure. However, the presence of
Fab antibodies in the crystallization procedure prevents the
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observation of a possible bending angle of the cytoplasmic
domain. We also examined a structure from our TMD trajec-
tory that displays a better fit to the experimental full-length
KcsA in its open conformation. At 6.3 ns the structural orga-
nization of the cytoplasmic domain and the KcsA channel are
in very good agreement with the experimental structure (Fig. 3,
right). Our simulation procedure thus yields results that are in
accordance with experimental results and may show that the
experimental X-ray structure of the modified full-length KcsA
[21] is an intermediate open state.

The role of pH and the cytoplasmic domain
in the opening process

In a recent work, Cuello et al. [4] proposed a shrewd
mechanism for proton-dependent gating of the KcsA chan-
nel based on a cytoplasmic domain truncated KcsA structure
(PDB code 1K4C) together with biochemical experiments.
First, they predicted the protonation states of the amino-
acids located at the bottom part of the KcsA channel (i.e.,
the top at the cytoplasmic domain), with electrostatic poten-
tial Poisson-Boltzmann computations. Helped by biochem-

Fig. 3 Comparison of the open
full-length KcsA structures
obtained in this work (brown)
and a recent X-ray structure of a
constitutively partially open
full-length KcsA [21] (green).
Left: superimposition of the
final targeted structure generat-
ed by the TMD simulation of
the F1 system. Right: best
superimposition with a transient
structure of the TMD trajectory
around 6.5 ns

@ Springer

ical mutations, they identified four residues that might be
involved in the gating process of KcsA: Argll7, Glul20
and Glul18 at the upper part of the cytoplasmic domain and
His25 which is located at the start of TM1. According to the
low distances between each of these amino-acids, they pro-
posed a seducing mechanism involving electrostatic repul-
sion to explain the easiest opening of the channel at low pH.

However, the His25 residue is missing on several experi-
mental structures [15, 21, 27, 34] so that its role in the gating
process is questionable. Besides, on the experimental full-
length KcsA crystal structure the distance between this histi-
dine and the Glu118 residue is around 17 A. In the truncated
structure (PDB code 1K4C) studied by Cuello et al., this
distance is about 4.2 A so that a probable electrostatic inter-
action was invoked since histidine residues may be protonated
at low pH. This ambiguity of the His25 role led us to the
design of the two systems F3 and F4, without and with the
peptide TM1 tail comprising the His25 residue (see Table 1).

Moreover, several other distances recorded on the truncated
KcsA system studied by Cuello et al. are inconsistent with the
distances observed on the experimental full-length KcsA struc-
ture. For example, the distance between Glu120 and the Arg122
of the facing unit is about 5 A only in the truncated structure and
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around 11.2 A for the full-length structure. This larger distance
drastically abates the proposed strong electrostatic interaction.

However, we performed the conformational transition be-
tween closed and opened channel according to the protonation
hypothesized by Cuello et al. in order to check whether this
mechanism appeared during our TMD simulations.

For the F3 and F4 systems, we did not observe the gating
molecular mechanism proposed by Cuello et al. Indeed, the
short distances described by this team on a truncated struc-
ture were not observed during the TMD trajectory of the
full-system, even temporarily or for only one unit. Therefore
we feel such interactions cannot be further considered in the
gating mechanism. Moreover, the protonation of the eight
Glul18 and Glul20 residues, which are negatively charged
at neutral pH, unbalances the 16 arginine positive residues
(numbers 27, 117, 121 and 122) which are located at the
upper part of the cytoplasmic domain. This is shown in
Fig. 4 for the F3 system. This cluster of positive charges
led to electrostatic repulsions both for systems F3 and F4.

More specifically, for the F4 system, the protonated His25
residues trigger a strong electrostatic repulsion during the
first nanosecond that disturbs the TM1 segment helicoid
structure (Fig. 5). This movement was unexpected since in
all of the open experimental KcsA structures [4, 6, 15, 21,
46], the TM1 fragment retains an «-helix structure. At 3.6 ns

drp 113

117

® Glu120

the cluster of arginines residues induces a strong electrostatic
repulsion that cannot be balanced by the Glul18 and 120
residues which are all neutral. This electrostatic repulsion
drastically stretches the «-helix bundle of the cytoplasmic
domain. At the end of the TMD simulation (10 ns) the
structural organization of the cytoplasmic domain was
destroyed. This is inconsistent with the recently published
full-length KcsA open structure [21] even if the experimental
conditions may have favored a specific organization. Indeed,
the presence of Fab2 antibody which helps the crystallization
process induces a limited opening of the channel and thus
limits the movements of the cytoplasmic domain [21].

The cluster of arginines in the F4 system is present in the F3
system as well. Thus, for this last system, we also observed a
strong electrostatic repulsion that cannot be balanced by car-
boxylate moieties. However, the sequence of events (Fig. 5)
during the conformational transition is not completely similar
to what we observed for F4. First, from the start up to 7.1 ns,
the cluster of arginines residues induces a constant stretch of
the cytoplasmic domain alpha helix bundle. This is shown in
Fig. 5 at 1.5 ns and 7.1 ns. At this specific time, one strand of
the upper part cytoplasmic domain starts a dissymmetric drift
and interacts with the TM1 and TM2 fragments of another
unit. Two main interactions can explain this behavior: Trp113
of this cytoplasmic strand and Alal09 at the end of TM2 are

Ala lD'Z:.

Fig. 4 Structural pattern recorded at 7.1 ns for the F3 system. Molecular surface: transmembrane domain, cyan tubes: cytoplasmic strands
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Fig. 5 Snapshots of the TMD opening process for systems F3 and F4
(top). Yellow (F4) or cyan (F3) tubes: overall backbone structure of the
full length KcsA blue and red: positively and negatively charged
residues, respectively green: Protonated aspartic and glutamic acids

inserted in a hydrophobic cavity, composed by residues
Leu35 (TM1), Ala98, Thr101 and Leul05 (TM2),
whereas the Argl17 residue has a stabilizing electrostat-
ic interaction with the carbonyl moiety of the Ala32
(TM1). Figure 4 illustrates these interactions. After the
conformational transition induced by the TMD simula-
tions, the overall structure of the F3 system presents a
large bending angle of its cytoplasmic domain (65°—see
Fig. S1 in Supplementary data). This structural feature means
that a part of the cytoplasmic domain penetrates and remains
in the membrane during the gating process. This is inconsis-
tent with all experimental observations.

@ Springer

(neutral) location of His25 and the cluster of Arginines 27, 117, 121 are
shown. The two horizontal lines provide a schematic view of the
membrane

The C-terminal pH sensor domain

As stated above, to determine the protonation states of the
cytoplasmic domain at pH 4 and 7, we used the H++ calculation
[37]. It can be pointed out that, either at pH=7 or pH=4, the
eight Glul18 and Glul22 residues show a similar protonation
scheme, i.e., only one Glul18 residue out of four is protonated
(Table 1). This fact also emphasizes previous results demon-
strating that the pH probe sensor is not located on the upper part
of the cytoplasmic domain. At low pH (pH=4, system F1) the
12 histidine residues (His124, His128 and His145) are all
protonated and thus positively charged whereas these remain
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Table 3 Binding energy values (kcal mol™') determined with the
MMGBSA method for the full-length KcsA F1 and F2 systems (top)
and the cytoplasmic domain only (bottom)

Full-length KcsA F1 (pH=4) F2 (pH=7)
Gas phase
AEciec 4464.9£0.8 —706.8+1.6
AE, 4y —755.7+3.0 —786.84+2.3
AEgqs 3709.2+3.8 —1493.6+3.9
Solvent phase
AGion-polar —124.3+0.1 —-123.5+0.1
AGgg —4400.0+1.7  730.7+1.5
AGsolvant —4524.4+1.8  607.2+1.6
Total
AGeiee - AGga+AEeec 64.9+2.6 23.9+3.2
AG=AEg4+AGronpotart AGsoivent  —815.2£5.7 —886.3+5.5
Cytoplasmic domain F1 (pH=4) F2 (pH=7)
Gas phase
AEgiee 3988.8+1.5 —-825.3+3.4
AE 4w —406.2+1.6 —428.8+1.1
AE 3582.7+3.1 —1254.1+4.5
Solvent phase
AGhon-polar -70.8+0.1 —70.22+0.3
AGgp —4019.0£22  752.8+2.9
AGsotvant —4089.8+2.3  682.5+3.2
AGejec —-30.2+3.7 —72.6+7.3
AG=AE o5+ AGnonpolar t AGgotvent  —507.1£2.9 -571.6+7.7
Solute entropy TAS g, 186.2+2.4 174.0+2.2
AGiotal -693.3+5.3 —745.6£9.9

neutral at pH=7 (system F2). For the acidic residues (Asp and
Glu) the prediction of the protonation is more complex: even at
low pH, some residues still bear a negative charge and some are
neutral at pH 7. Table 1 shows the various protonations of the
cytoplasmic domain of F1 and F2.

We visualized the opening process induced by the TMD
simulation and focused our analyses on the cytoplasmic do-
main which was free to move during these simulations. For
both systems, F1 and F2, the bundle folding of the four
cytoplasmic alpha-helix remained organized during the open-
ing process. As a consequence, only small bending® angles
were recorded for the F1 (26°) and F2 systems (9°). This fact
is in accordance with several experimental observations [6,
13, 21] and thus partly validates our simulations. Since only
small structural modifications of cytoplasmic domain global
structure occurred during the opening process, we calculated
free energies of binding with the MMGBSA method.

Entropy calculations were performed for the cytoplasmic
domain only since the TM part was restrained. This

2 The global bending of the cytoplasmic domain was defined by the
angle between the mass-weighted backbone atoms of residues Val48,
Alalll and Asp120 of the four units.

calculation was not performed for systems F3 and F4 be-
cause of the large structural changes of this domain during
the corresponding simulations.

Table 3 allows a first comparison of the AG values
(FAEga5+ AGpon-potart AGsotvent> not including solute entro-
pies) for the full-length KcsA and the cytoplasmic domain.
This indicates that the F2 system is more stable by ca. =70 kcal
mol " and this value is similar for the full-length KcsA or the
cytoplasmic domain alone. Of course the energy difference that
we observed between F1 and F2 is due to the cytoplasmic
domain only since we studied the role of protonation in this
domain only.

Another major difference appeared for the gas phase elec-
trostatic components of the two systems. Indeed, positive val-
ues at low pH (+4464.9 and +3988.8 kcal mol " for the full-
length KcsA and the cytoplasmic domain alone, respectively)
were observed, whereas these are negative at neutral pH
(—706.8 and —825.3 kcal mol ' for the whole KcsA and the
cytoplasmic domain only). For F1, the positive values were
counterbalanced by a low value of the solvent electrostatic
contribution, but they have no real meaning for the full-length
KcsA because part of the real system is inserted in a membrane.

Therefore, in the conditions used for our simulations,
only an analysis of the cytoplasmic domain may have sig-
nificance and thus we added the solvent to the gas phase
electrostatic components to obtain electrostatic free energies
(AGgiee, Table 3). With values of —30.2 kcal/mol ' for the
Fl system and —72.6 kcal mol™' for the F2 system, it
appears again that the difference in global binding energy
of the KcsA channel is also depending on the electrostatic
contribution of the cytoplasmic domain. This suggests that
specific amino-acids protonation triggers, or at least helps,
the opening process of this channel.

Finally when solute entropy contributions are added, it is
clear that the change of pH from 4 to 7 induces a stabiliza-
tion of the cytoplasmic domain of ca. 52 kcal mol '

These results show that it is easier to open the channel at
low pH than at neutral pH and confirm that the cytoplasmic
domain indeed plays a role in the pH dependent behavior of
the system. They are in this respect globally in agreement
with the experimental results of Hirano et al. [33].

We further analyzed and compared the TMD trajectories of
both systems and focused our attention on the cytoplasmic
residues which have different protonation patterns at the two
pH values. We finally propose a sequence of events that could
account for part of the opening process of the KcsA channel.

Role of His124, 128 and 145
The Histidines 124 of the four units are orientated to-
ward the solvent and thus are all protonated at low pH

(Fig. 6). During the first 0.5 ns of the trajectory, these
positively charged histidines interact strongly and durably
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Fig. 6 The specific role of
His124 at low pH (lef?) or at
neutral pH (right). See text
for details. The charges of
residues are shown

with the negatively charged Glu120 of its own unit. At neutral
pH, the histidines 124 are not bearing a positive charge and do
not counterbalance Glu120. This last residue shows a strong
interaction, again around 0.5 ns and durably, with the arginine
122 of the vicinal unit (Fig. 6). These specific electrostatic
interactions steadily associate the cytoplasmic strands and
hamper the opening process at pH=7. At low pH the proton-
ation of His124 suppresses these interactions. This result may
explain Cuello’s hypothesis [4] (F3 and F4 systems) as well as
the results of Thompson [17] who emphasized the role of a
neutral Glu120 to help the gating of KcsA. Our results suggest
here that the Glu120 residues are not protonated but engaged,
at low pH, in an intra-strand salt-bridge which weakens the
cytoplasmic interaction and then favors channel opening.
Histidines 128 are, in sequence, located at a distance
of four residues to His124. Therefore, according to the
«-helix organisation, these are also highly exposed to
the solvent and this explains their protonation at low
pH. After careful observation, it appears that the His128
residues are not engaged in specific interactions either
at low or neutral pH. As a consequence, we expect only
small electrostatic repulsions at pH=4 where these res-
idues bear positive charges. To better observe this, and
since these amino-acids roughly define a square, we
recorded the perimeter of their side chains as a function
of time (Fig. 7). It may be pointed out that, at low pH,
the variation of these distances is more important than

Fig. 7 Side chains perimeters .
of the His128 and His145
residues at pH=4 and pH=7
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at neutral pH for which the distance is constant. More-
over, with a perimeter average value of 68.1 A at pH=4
instead of 62.3 A at pH=7, this evidences weak elec-
trostatic repulsions of the His128 residues that help the
opening of the channel at low pH.

We found a similar role for Histidines 145 with an average
perimeter values of 56.7 A at pH=4 and 52.1 A at pH=7.

Role of Glul30, Glul34 and Glul35

At acidic pH, two of the four Glul30 residues are
protonated and are thus neutral whereas at pH 7, all
the Glu 130 amino-acids bear a negative charge. We
examined the role of these residues during the gating
induced by the TMD. At pH 7 we observed, all along
the trajectory, intra-strand electrostatic interactions be-
tween the negative charges of Glul30 and the positive
charges of Argl27. When the pH is low, after 2 ns, the
two protonated Glul30 no longer interact with the pos-
itive charges of Argl27 so that these residues induce
inter-strand repulsion (Fig. 8). These electrostatic repul-
sions help the opening of the KcsA channel.

All Glul34 residues are neutral at low pH whereas
only two of them are protonated at neutral pH. For the
Glul35 residues, all bear one negative charge whereas
two of them, of units B and D, are protonated and thus
neutral. When they are negatively charged the Glul34
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Fig. 8 The role of Glul30
residues at pH 4 (left) and pH 7
(right). Picture taken at 2 ns of
the targeted molecular
dynamics trajectories. See text
for details. The charges of
amino-acids are shown

(n = neutral)

residues are shielding the Lys131 ammonium cations of
their own strand. At acidic pH, these interactions are
missing or weak and thus Lys131 induces electrostatic
repulsions that favor the opening process. We found a
similar behavior, at neutral pH, for the Glul35 amino-
acids which interact with the Argl39 positive charges of
their own strand. Again, this shielding decreases the
electrostatic repulsion of the cytoplasmic domain that
helps the gating of KcsA. Furthermore, a specific
inter-unit interaction occurs around 5 ns of the trajecto-
ry. One Glul35 makes a strong, but transient (for
around 1 ns), interaction with the Argl39 of the vicinal
strand. We also observed the symmetric behavior but
this interaction appears weaker and is not present during
all of the trajectory duration. When protonated, the
Glul35 residues are not able to produce these inter-
strand interactions that tend to maintain the KcsA chan-
nel in the closed state. Figure 9 summarizes these interactions.

Role of Asp156 and 157

Several ionizable residues are located at the end of the
cytoplasmic domain sequence of KcsA. The four
aspartic acids 156 are all neutral at low pH whereas
only two of them are neutral at pH 7 (Table 1). Besides,
all aspartic acids at position 157 are negatively charged
at pH=7 but one of them is protonated at pH=4.

Fig. 9 The role of Glul34 and
135 residues at pH 4 (left) and
pH 7 (right). Picture taken at

5 ns of the TMD trajectories.
See text for details. The charges
of amino-acids are shown

(n = neutral)

lys 131

During the opening of the channel induced by the
TMD, this part of the structure is the more twisted
probably because the end of the cytoplasmic domain is
more flexible. At neutral pH, these aspartate anions are
shielded by the vicinal arginines 153 and 159 which are
all cationic. Moreover, the C-terminal residues 159 are
negative. Therefore, at pH=7, all these ions interfere
together and produce stable interactions. Precisely, after
7 ns a durable interaction occurs which is illustrated in
Fig. 10: the Argl59 residue, of one unit, intervenes
through electrostatic interactions with the Aspl57 of
its own unit and the C-terminal part of a neighboring
unit. At acidic pH, through the neutralization of the
aspartic acids mentioned above, these stable interactions
disappear or are weaker and hence promote the confor-
mational transition observed during the KcsA gating.

Role of Glul46 and Asp149

As mentioned above, Hirano et al. [33] found that when
both residues Glul46 and Asp149 are mutated to Gln 146
and Asn 149 the KcsA channel is no longer pH dependent
and opens easily. We thus examined the role of these resi-
dues in our simulations.

Two of the four Glul46 residues, belonging to oppo-
site units, are predicted to be protonated at acidic pH
and thus, become neutral by losing their negative

Lys 131

GluH 134
n
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Fig. 10 The role of Asp156
and 157 residues at pH 4 (leff)
and pH 7 (right). This picture is
taken at 7 ns of the TMD
trajectories. See text for details.
The charges of amino-acids are
shown (n = neutral)

charge. At physiological pH, we observe that the gluta-
mates 146 are involved in strong electrostatic interac-
tions with Argl42 of the same strand. These
interactions, roughly observed all along the trajectory,
shield the positive charge of Argl42 residues. At low
pH, the protonation of the two Glul46 residues results
in the suppression of these interactions: the Argl42
amino-acids then act as repulsive inter-strand forces.
This favors the opening process of KesA. This confirms
and explains the role of Glul46. Figure 11 summarizes
these facts.

However, we did not predict a protonation change for
Asp149 which stays as aspartate, and thus bears negative
charges at both pH values (Table 1). The role of Aspl149
in our TMD trajectories was thus similar at acidic or
neutral pHs. We observed that, from ca. 2 ns to the end
of the opening process, the Aspl149 residue of one strand
was involved in a salt bridge with the Argl47 residue of
the neighboring strand (see Fig. S2 in Supplementary
data). These four strong electrostatic interactions stabilize
the bundle of o helices and help maintain the structural
integrity of the cytoplasmic domain. It thus seems that
when coupled with the mutation of Glu146 [33] the neutral-
ization of Aspl49 into asparagine destroys this anchoring
between the o helices and facilitates the opening process.

Fig. 11 The role of Glul46

residues at pH 4 (left) and pH 7
(right). Picture taken at 2 ns of
the TMD trajectory. See text for

. ’ Arg 142
details. The charges of amino- K.
acids are shown (n = neutral) :
n
Glu 146
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C-terminal

Conclusions

Recent literature clearly indicates that the cytoplasmic do-
main plays a role in pH sensing, for instance the above-
mentioned recent work by Hirano et al. [33]. The important
results of Cuello et al. working with a truncated system [4]
represented the first detailed analysis of a molecular gating
mechanism based on electrostatic interactions of some
residues.

Using TMD we have performed, for the first time, a
simulation of the opening of full-length KcsA, focusing
our interest on the cytoplasmic domain. We used several
systems devised from literature results at pH 4 and pH 7.
Satisfactory structural comparisons with recent experimen-
tal results validate our simulation procedure.

Free energy calculations and a comparison of our
full-length systems at pH 4 and pH 7 clearly show a
stabilization at pH 7, showing that specific amino-acids
protonation in the cytoplasmic domain play a role in the
opening process.

Finally, a careful analysis of the protonated residues and
their interactions has permitted to find the precise role of
some of them such as His124, 128 and 145, Glul30, 134
and 135, Aspl156 and 157 as well as Glul46 and Asp149
already experimentally shown to be important residues in

Arg 142

" Glu 146 Glu 146

Glu 146
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the process [33]. The role of His 25 invoked by several
authors remains unclear.

Another possibly interesting feature from our results is
that the ionizable residues located near the transmembrane
domain act quickly, within the first nanosecond, so that they
certainly help trigger the opening process. As the cytoplas-
mic sequence proceeds, the above-described events appear
later in the TMD trajectory so that these structural changes
are gradually transmitted to help the KcsA gating. This
confirms that pH sensing is due to both domains: the cluster
region on the boundary of internal membrane, together with
the cytoplasmic part.
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