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Cells commonly use lipids tomodulate the function of ion channels. The lipid content influences the amplitude of
the ionic current and changes the probability of voltage-gated ion channels being in the active or in the resting
states. Experimentalfindings inferred from a variety of techniques andmolecular dynamics studies have revealed
a direct interaction between the lipid headgroups and the ion channel residues, suggesting an influence on the
ion channel function. On the other hand the alteration of the lipids may in principle modify the overall electro-
static environment of the channel, and hence the transmembrane potential, leading to an indirect modulation,
i.e. a global effect. Here we have investigated the structural and dynamical properties of the voltage-gated potas-
sium channel Kv1.2 embedded in bilayers with modified upper or lower leaflet compositions corresponding to
realistic biological scenarios: the first relates to the effects of sphingomyelinase, an enzyme that modifies the
composition of lipids of the outer membrane leaflets, and the second to the effect of the presence of a small frac-
tion of PIP2, a highly negatively charged lipid known tomodulate voltage-gated channel function. Ourmolecular
dynamics simulations do not enable to exclude the global effect mechanism in the former case. For the latter,
however, it is shown that local interactions between the ion channel and the lipid headgroups are key-
elements of the modulation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Voltage-gated potassium channels (VGKCs) are transmembrane
(TM) proteins that enable the rapid and coordinated conduction of
potassium ions across the cell membrane upon alteration of the TM
potential. These channels are homotetramers, each monomer spanning
the membrane six times (S1 to S6). The central pore, formed by the
assembly of S5 and S6, allows potassium ions to flow. The S1–S4 helix
bundles constitute the peripheral voltage-sensor domains (VSDs),
which sense the changes in the TM potential and trigger the conforma-
tional change responsible for the gating, i.e. opening and closing of the
pore. S4 of the VSD contains 4 to 7 positively charged amino acids that
sense the electric field and move in response to it. Under depolarizing
conditions, S4 transfers upwards (UP), resulting in the channel's activa-
tion.When themembrane is hyperpolarized, the electric field causes S4
to move outwards (DOWN), leading to the channel's deactivation and
pore closure [1–5].
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1.1. Interaction between VGKCs and lipid content

According to the crystal structures of Kv1.2 [6], a mammalian
Shaker-like channel, and the Kv1.2/2.1 paddle chimera [7], the VSDs
are embedded in the membrane with S4 being mostly shielded away
from the lipids. For these channels, S4 carries six positively charged
amino acids (R294, R297, R300, R303, R309 and K306 in Kv1.2, called
hereafter R1, R2, R3, R4, R6 and K5). Molecular dynamics (MD) simula-
tions of Kv1.2 andKv1.2/2.1 embedded in lipid bilayers have shown that
for the resolved structures, the top gating charges R1 and R2 come in
interaction with the lipid headgroups, making stable electrostatic inter-
actions with their negatively charged phosphates. Prior to the crystal
structure determination, using site-directed spin labeling and electron
paramagnetic resonance spectroscopy, Cuello et al. showed that the S4
segment of the bacterial VGKC KvAP is located at the protein/lipid inter-
face [8]. The same result was obtained by Lee andMacKinnon, studying
the action mechanism of a voltage-sensor toxin, VSTX1, from the
Chilean Rose Tarantula [9]. Further MD simulations have reported that
the positive residues of S4 interact with the headgroups of the lipids.
When the activated open state of Kv1.2 was relaxed in a zwitterionic
membrane environment, S4 in its ‘UP’ state position provided the
opportunity for the top positive residues (R1 and R2) to interact with
the negative charges of the lipid phosphate groups from the outermem-
brane leaflet [10–15].Models of the resting/closed state conformation of
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the channel embedded in a model membrane have also shown that the
‘DOWN’ state position of the S4 helix favors the interaction of the bot-
tom positive residues (R4, K5 and R6) with the headgroups of the lipids
from the inner membrane leaflet [16,17]. In the modeling studies that
uncovered the entire deactivation pathway, it was found that the top
and bottom charges of S4may interact respectively and simultaneously
with the headgroups of the inner and outer membrane leaflets in given
intermediate states [4,18–20]. Further experiments demonstrate the
important influence of lipid headgroups on VGKC function: reconstitu-
tion of a bacterial VGKC KvAP in a positively charged bilayer abolishes
the function of the channel [21]. An insight into the molecular level
process was provided using MD simulations [22].

1.2. Modulation of VGKCs by the outer membrane leaflet composition

Several experimental findings confirm the fact that the lipid
environment may modulate the function of VGKCs. The activation of
Shaker is suppressed if the channel is reconstituted in a positively
charged bilayer [21]. Also, the removal of the lipid headgroup by some
enzymes results in severe modification of the VGKC function through
the perturbation of the VSD activation/deactivation [13–15]. In cells,
VGKCs are embedded in a complex membrane that is composed of
different types of lipids and that is most of the time asymmetrical.
Sphingomyelin, a zwitterionic phospholipid, is mainly found in the
outer leaflet where it can represent up to 15% of the lipid content
in mammalian cells [23]. Enzymes called sphingomyelinases target
the headgroup of the sphingomyelin and cut it partly or entirely.
Sphingomyelinase D removes the choline group from the lipid, yield-
ing the negatively charged ceramide-1-phosphate and favoring
thereby the activated conformation of VGKCs. Another enzyme called
sphingomyelinase C removes the entire headgroup, yielding ceramide, a
polar lipid that bears no phosphate group to anchor R1 and R2. This
causes the closed state of the channel to be preponderant [23–25].

1.3. Modulation of VGKCs by the inner membrane leaflet

Other examples of lipid modulation are known. Phosphatidylinositol-
(4,5)-bisphosphate (PIP2) is a negatively charged phospholipid from the
inner leaflet of the plasma membrane that was shown to modulate the
function of several ion channels. Functional and structural studies have
revealed that PIP2 has a major impact on the stabilization of the open
state of several potassium channels including KCNQ, hERG, Kir, HCN
and TRP channels [26–36], despite its very low concentration in cells
(~1%) [37]. The same effect was later found for the channels from the
Shaker family [38,39], causing a gain-of-function effect, i.e. an increase
in the ionic current. In the same study, a contradictory loss-of-function
effect was also shown, manifested by the right shift of the G/V and Q/V
curves.

Despite the importance of the lipid modulation in a variety of
biological processes, the molecular mechanisms involved still re-
main elusive. The key stimulus of VGKC activation is changing the
TM potential. However several pieces of evidences suggest that me-
chanical stress, i.e. membrane stretching, also modulates VGKC func-
tions [40–42]. Changes in lipid composition might have a global effect
related to membrane lateral tension. This scenario has been discarded
in the systems studied here for two main reasons: (1) in the case of
sphingomyelin and its products, Lu and collaborators have demonstrated
that SMaseD effect vanishes after removing charges in S4, supporting
the notion that SMase D modification of sphingomyelin molecules
alters the electrostatic environment of the VSD [23]; and (2) in the
case of PIP2, the concentration of the charged lipids is too low
(~1%) [37] to consider an impact on elastic properties of membrane.
Accordingly we focus here on elucidating the electrostatic effect of
lipid alteration.

To explain the lipid electrostatic effects on VGKCs, two hypotheses
may be put forward: 1) altering the lipid headgroups could lead to a
modification of the TM potential or a reshaping of the electric field pro-
file through the VSD, an effect that we will call “global”; and 2) it may
also change the interactions between the lipid headgroups and the S4
basic residues of the channel locally, an effect that we will therefore
refer to as “local”. In order to discriminate between the two mecha-
nisms, we resort to atomistic MD simulations.

Specifically, we study the structural and dynamical properties of
various states (activated, resting and intermediate) of the voltage-
dependent potassium channel Kv1.2 in different lipid environments:
in a broadly used zwitterionic bilayer (palmitoyl-oleyl-phosphatidyl-
choline), in a bilayer with a modified outer leaflet (sphingomyelin
(SM) and its products, negatively charged ceramide-1-phosphate
(C1P) and polar ceramide (Cer)) and in a bilayer with a modified
inner leaflet (PIP2). SM can make up to 15% of the lipid content in
specific cells and be involved in a global effect aswell as in specific inter-
actions. To investigate thoroughly the effect of altering SM to its products
on the TM potential, we have started by studying bare asymmetric bilay-
er. We have found that going from zwitterionic SM to negatively charged
ceramide-1-phosphate (C1P) and to polar ceramide (Cer) does indeed
result in a rearrangement of the different components of the system.
For C1P, specifically, this results in a noticeable change of the overall
transmembrane potential, i.e. when the lipid headgroup nature changes
from zwitterionic to charged, hinting to a potential global electrostatic
effect. PIP2 lipids, on the other hand, represent only a small fraction of
bottommembrane leaflet (~1%) [37] enablingus to rule out a global effect
immediately. We have investigated therefore the existence of specific
binding pockets for the headgroups of these lipids and identify the
specific residues involved. Thus, in this case, we conclude that
the specific electrostatic regulationmechanismdictates channel function.

2. Methods

2.1. Preparation of the systems

2.1.1. Bare bilayers
Three bare lipid bilayer systems were built to probe the global

effect of lipid modification. All contained 100% palmitoyl-oleyl-
phosphatidylcholine (POPC) in the bottom leaflet and 100% of a
sphingomyelin-derivative with a palmitoyl-oleyl chain in the upper
one: 1— sphingomyelin (SM), 2— ceramide-1-phosphate (C1P) and
3— ceramide (Cer). These bilayers were solvated with a 150 mM
NaCl solution. The composition of the systems is presented in Table 1.

2.1.2. Kv1.2 embedded in different bilayers
Systems consisting of Kv1.2 in its open [6], intermediate and closed

states [18] were embedded in five different bilayers: 1 — a symmetric
POPC bilayer, the entire system was extracted from the previous simu-
lations (see [18], for details); 2, 3, 4 — three sphingomyelin-derivative
asymmetric bilayers (SM, C1P and Cer); and 5 — a POPC bilayer in
which the inner membrane ring of lipids surrounding the channel was
replaced by PIP2.

The channel's conformations were inserted in pre-equilibrated
asymmetrical bilayers (SM/POPC, C1P/POPC and Cer/POPC). In order
to avoid repulsive contacts, the lipid and water molecules less than
1 Å away from the Kv1.2 were deleted. The systems containing
PIP2 ring in the lower bilayer leaflet were constructed using packmol
[43]. We have considered a tolerance of 2.0 Å as the minimum
distance between packed molecules. All the systems were solvated
with water and ionized to 150 mM KCl concentration. For the details
of the systems' composition, see Table 2.

2.1.3. Force field parameters
The CHARMM22 force field with CMAP correction was used to build

protein topology [44], together with the TIP3P model for water [45].
CHARMM27 and its compatible force fields proposed by Hyvönen
and Kovanen [46] were considered for the systems containing



Table 1
Summary table of the three asymmetrical bare bilayer systems (SM/POPC, C1P/POPC and Cer/POPC). For the lipid composition, the first value indicates the number of SM or its derivative
molecules; the second value corresponds to the number of POPC molecules.

Lipid composition Water molecules Ions Total number of atoms Size (Å3)

SM/POPC 49/49 5168 56/56 28,895 53 × 56 × 94
C1P/POPC 49/49 5026 72/23 27,570 57 × 48 × 96
Cer/POPC 49/49 5182 49/49 27,845 55 × 52 × 96

1324 M.A. Kasimova et al. / Biochimica et Biophysica Acta 1838 (2014) 1322–1331
sphingomyelin-derivatives. To describe the systems with PIP2,
CHARMM36 [47] and its compatible force field developed by Lupyan
et al. [48] were applied. The C1P molecules were built by cutting
the choline group from SM. The Cer molecules were constructed by
cutting the phosphate group from C1P and replacing it by a primary
alcohol group.
2.2. MD simulation protocols

Both, NVT and NPT MD simulations (see below), were performed
using NAMD [49]. Langevin dynamics was applied to control the tem-
perature (300 K) and the pressure (1 atm). The time-step of the
simulations was 2.0 fs. Short- and long-range forces were calculated
every 1 and 2 time-steps respectively. Long-range electrostatics was
calculated using Particle Mesh Ewald (PME). The cutoff distance of
short-range electrostatic calculations was taken to be 11 Å. A switching
function was used between 8 and 11 Å to smoothly bring the VdW
forces and energies to 0 at 11 Å. The equations of motion were integrat-
ed using a multiple time-step algorithm. During the calculations chem-
ical bonds between hydrogen and heavy atoms were constrained to
their equilibrium values. Periodic boundary conditions were applied.
The simulations were performed on the SGI ALTIX ICE Machine JADE
at the CINES supercomputer center (Montpellier, France).

The bare bilayers were equilibrated during 10 ns in the NPT
ensemble at 300 K and 1 atm until reaching the stable lateral density.
The systems with the channel were relaxed following a standard
procedure: first the entire protein was fixed for 6 ns in order to
ensure the relaxation of the lipids and the solution. In a second
step, the backbone atoms were constrained during 10 ns, enabling
subsequent reorganization of the side-chain groups. Finally, all con-
strains were released and the systems were equilibrated for 20 ns
(bare POPC and sphingomyelin-derivative bilayers) and for 100 ns
(POPC bilayer with the ring of PIP2 lipids in the lower membrane
leaflet). All the relaxation steps were performed in the NPT ensemble
Table 2
Summary table of the eleven systems containing the three Kv1.2 states (open, intermediate and

Channel state Lipid composition Water molecules

1 Open SM (319)
POPC (331)

84,909

2 Open C1P (297)
POPC (318)

78,345

3 Open Cer (320)
POPC (323)

86,143

4 Open POPC (368)
PIP2 (65)

86,116

5 Intermediate SM (315)
POPC (323)

85,106

6 Intermediate C1P (313)
POPC (320)

75,374

7 Intermediate Cer (320)
POPC (326)

84,482

8 Closed SM (323)
POPC (333)

97,757

9 Closed C1P (306)
POPC (316)

88,136

10 Closed Cer (326)
POPC (323)

84,506

11 Closed POPC (376)
PIP2 (54)

87,465
at 300 K and 1 atm. The RMSD from the initial structure of the chan-
nel calculated for the backbone atoms reached equilibrium values
after ~25 ns.
2.3. Charge imbalance method

The TM voltage, ΔV, defined as the difference between the intracel-
lular, bottom, and the extracellular, top, potentials, was set by explicit
ion dynamics [50]. In this scheme, air/water interfaces are created on
both sides of the electrolytes, by extending the length of the original
box in the direction perpendicular to the membrane. The system is
then simulated in the NVT ensemble. Note that the density for bulk
water is preserved through intermolecular interactions and that as
long as the membrane (and protein) is far enough (approximately
25 Å) from the air/water interface, it is not affected by the latter. The
charge imbalance (Q) is generated by displacing an appropriate number
of K+ or Cl− ions from one of the electrolytes to the other, keeping
therefore constant the overall concentration of the bulk phases. As
the membrane/channel system behaves as a condenser, Q between
the electrolytes creates a TM potential ΔV. Using this scheme, the
Cer/POPC system containing Kv1.2 was submitted to a 600 mV
hyperpolarizing TM potential for N120 ns. The constant volume sim-
ulations involved an extended MD cell of 338 Å along the membrane
normal.
2.4. Electrostatic potential calculations

The electrostatic potential was calculated by solving the Poisson
equation in one dimension where ρ(Z) is the charge distribution along
the normal to the membrane Z. Practically, we approximate all point
charges by a spherical Gaussian of inverse width β 0.25 Å−1. We
calculate the average charge distribution on a 1 Å spaced grid over
100 configurations spread out over 2 ns simulation runs (this
closed) in the four asymmetrical bilayers (SM/POPC, C1P/POPC, Cer/POPC and POPC/PIP2).

Ions Total number of atoms Size (Å3)

141/97 368,254 153 × 159 × 146

392/51 338,665 165 × 141 × 142

143/99 364,923 157 × 148 × 153

613/224 343,436 145 × 145 × 159

142/98 367,227 150 × 152 × 156

534/177 332,192 157 × 142 × 155

141/97 359,400 152 × 146 × 158

159/115 407,650 153 × 151 × 171

424/74 368,896 162 × 132 × 167

141/97 359,760 155 × 143 × 158

562/248 346,869 144 × 158 × 156
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corresponds to a frame taken every 20 ps) and then calculate the av-
erage and the standard deviation from the mean for 15 separate 2 ns
runs.

2.5. Gating charge calculations

The calculation of the gating charge (Q) was carried out using the
direct method introduced by our group [20,51]. Using the charge
imbalance method, if ionic conduction through the channel's pore
is prevented, the movement of protein charges across the membrane
capacitor is reflected directly by a change in the measured TM
potential (ΔV). In practice, the gating charge associated with the
conformational change from state λ1 to λ2 is written as:

Q ¼ −1
2

qprotein0 λ2ð Þ−qprotein0 λ1ð Þ
h i

:

The TM voltage is related to the charge imbalance q0 between the
electrolytes through:

ΔV ¼ q0
AC

;

where A is the membrane area and C is the membrane capacitance. q0
arises from the contribution of both, ions (q0ion) and protein (q0protein):

q0 ¼ qprotein0 þ qion0 :

As C is constant for a channel/membrane system in the TM voltage
range considered [51,52], this allows one to combine the previous
equations to write q0

protein as

qprotein0 ¼ −qion0 þ ACΔV :

As q0ion is maintained fixed, variations in ΔV are then directly linked
to the protein gating charge.

For the calculation of the gating charge of three Kv1.2 transitions
(activated/intermediate, intermediate/resting and activated/resting),
two 2 ns simulations of the three systems are used: one under a
transmembrane potential of 0 mV and a second one under a positive
transmembrane potential (using the charge imbalance/constant
volume methodology, see Section 2.3). An extra simulation at a
different positive ΔV was performed to check the linear relationship
between q0

protein and ΔV. A harmonic potential was applied to all the
protein atoms to prevent side chain fluctuations. Thus, only the lipids
and solution are allowed to rearrange. The electrostatic potential
from the two runs was estimated using 100 frames spread over the
2 ns trajectory following the procedure described in Section 2.4.

3. Results

3.1. Kv1.2 in a POPC bilayer: state-dependent interaction

First we describe here the interactions of the Kv1.2 channel with the
surrounding lipids considering the channel conformations obtained in a
previous study [18]. In particular we focus on the interactions between
the positive charges carried by S4 and the lipid headgroups for several
conformations sampled by the VSD when going from open/activated
to closed/inactivated states. Bilayers formed of zwitterionic lipids
(POPC) that bear negatively charged phosphate groups linked to
positively charged choline groups were used to mimic eukaryotic
plasma membranes.

When embedded in these bilayers, several S4 positive residues of
the Kv1.2 channel are in close proximity to the lipid headgroups both
in the open/activated and in the closed/resting states of the channel.
In the activated state, when the S4 helix is in its ‘UP’ position, the outer-
most positive residues R1 and R2 directly interact with the POPC
phosphate groups of the outer membrane leaflet (Fig. 1A). The average
distances between the nitrogen atomsof the guanidine groups of R1 and
R2 and the phosphorus atoms of the POPC phosphate groups are ~5 and
7 Å respectively allowing the formation of salt bridges. In the resting
state, when S4 in its ‘DOWN’ position, the lower positive residues R4,
K5 and R6 are in interaction with the lipid headgroups of the inner
membrane leaflet (Fig. 1B). The mean distances between the nitrogen
atoms of the R4 and R6 guanidine groups and the phosphorus atoms
of the POPC phosphate groups are ~7 and 5 Å respectively.

While the interaction between the S4 residues and the membrane
lipids for both ‘UP’ and ‘DOWN’ states of the Kv1.2 VSD has been also
underlined by other groups [5–9], here we have investigated these
interactions in the intermediate states of the VSD. In the so-called inter-
mediate state (called as γ in the original paper), we found that the top
(R1) and the bottom (R6) positive residues of S4 are in interaction
with the phosphate groups of the outer and inner membrane leaflets
respectively [18] (Fig. 1C). Note that once the salt bridges between the
S4 positive residues and adjacent lipid headgroups are established,
they remain stable during the MD simulation time (15 ns) in all of the
investigated states [18].

Hence, in addition to the well-known negative residues of S1, S2
and S3 of the VSD that form salt bridges with S4 positive residues
and stabilize its conformation in a given state, other binding sites are
provided by the phosphate groups of the lipids surrounding the channel
in the outer and inner membrane leaflets. The specific salt bridges
formed between S4 and the lipids are shown to be state dependent.

3.2. Systems with sphingomyelin-derivative bilayers. Global effect

SM is mostly found in the outer leaflet of the plasma membrane
where it can make up to 15% of the lipid content in several cell
types [23]. This lipid is the target of specific enzymes called
sphingomyelinases that can cut its headgroup partially or entirely.
Sphingomyelinase (SMase) D chops off the SM choline group, yield-
ing a negatively charged C1P. SMase C, on the other hand, hydrolyzes
the SM headgroup into a Cer that bears no phosphate group. These
two enzymes have been shown to facilitate respectively either acti-
vation or deactivation of VGKCs [23–25].

To account for the effect of SMases and therefore the presence of SM
vs. its products on the function of VGKCs, one should consider two
scenarios. In the first one (global effect), modification of the lipid
headgroups results in the modulation of the overall electrostatic
environment surrounding the channel. In the second scenario (local
effect) this modification leads to the change of salt bridge network
between the S4 positive residues and the lipids.

In order to enhance the effect due to the lipid headgroup modifica-
tion, we have chosen asymmetrical bilayers with 100% SM, C1P or Cer
in the outer leaflet. This also ensures that specific lipids will interact
directly with the top S4 positive charges, which is in agreement with
experimental hypotheses. Indeed, in cells, such as Xenopus oocytes,
SM is suggested to interact preferably with the Kv channel VSDs in
comparison to other lipids such as POPC [25].

3.2.1. Estimation of the electrostatic potential profile
In order to probe the global effect, first we determined the overall

resting TM potential for the systems of bare bilayers. The electrostatic
potential (EP) profiles for SM/POPC, C1P/POPC and Cer/POPC systems
are shown in Fig. 2. As expected, all the profiles are virtually identical
for the lower leaflet region containing POPC. Similarly to what is
found in symmetrical POPC bilayers the overall contribution from the
lipid headgroup dipoles is partly canceled out by the reorientation of
water molecules and ion reorganization at the membrane/solution
interface [53–57]. The total so-called dipole potential of the inner leaflet,
i.e. the potential difference between the inner solution and the mem-
brane center, is ~1 V which is consistent with previous simulations
using similar force fields [58–61]. In the SM/POPC system zwitterionic
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Fig. 1. Kv1.2 embedded in a POPC bilayer (only one VSD is shown). A: Kv1.2 is in the active state. The upper residues of S4, R293 and R297 form salt bridges with the adjacent phosphate
groups of the lipid heads from the upper bilayer leaflet. R300, R303, K306 and R309 interact with the negatively charged residues of S1, S2 and S3 helices (E183, E226, E236 and D259).
B: Kv1.2 is in an intermediate state. The upper and bottom positive residues of S4, R293 and R309 interact with both bilayer leaflets. C: Kv1.2 is in the resting state. R303, K306 and R309
form salt bridgeswith the lipid phosphate groups from the bottombilayer leaflet. S1, S2 and S3 helices are shown in orange, S4 is shown in cyan. The lipid nitrogen and phosphorus atoms
are shown as purple and yellow spheres respectively.
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SMbehaves as POPC, but its headgroups are slightlymore polarized. The
net TM potential, resulting from the contributions of all the system
components, i.e. lipids, water and ions, amounts to ~60 mV. For the
C1P/POPC system, since each ceramide-1-phosphate headgroup
bears a negative charge, a huge positive contribution to the dipole
potential arises, which is partly counter-balanced by an excess of
positive sodium ions accumulating at the interface. The resulting
total net TM potential amounts to ~130 mV. The ceramide lipids
(Cer/POPC system) give rise to an EP contribution with an opposite
polarity to the one for SM. However, ion reorganization and water
polarization tend to reduce this potential displaying a positive con-
tribution. Quite interestingly, the net TM potentials evaluated from
the MD simulations amount to ~60 mV, equivalent to the SM/POPC
system. Note, however, that the error bars on these measurements
(arising mainly from the effect of the fluctuation of the lipid and
water dipole contributions in these small patches) are ~50 mV and
that while we can expect the tendency to be conserved, the absolute
magnitude of the TM potential is likely to be sensitive to the force
field employed.
3.2.2. Calculation of the gating charge
To further probe whether the global effect hypothesis could ex-

plain the change in the channel function, we have embedded the
Kv1.2 channel in the three asymmetrical bilayers, SM/POPC, C1P/
POPC and Cer/POPC (Fig. 3A and B). We have considered 3 conforma-
tions: activated/open, intermediate and resting/closed to character-
ize the electrostatic environment of the VSDs (the conformations were
taken from a previous investigation, see [18]). The latter is known to ac-
count for a specific electric field along the VSD, a crucial ingredient of
the electromechanical coupling that controls the VSD conformation-
al change through the specific motion of the S4 charges [18]. Hence,
to probe the alteration of the electric field along the VSD indirectly,
we have calculated the gating charge values (Q) associated with
the transition from the activated to the intermediate and resting
states. The latter were estimated using the direct measurement pro-
tocol [51] (Table 3). The value of the gating charge corresponding to
the activated/open to inactivated/close transition in all the probed
systems remains unmodified (3.1 ± 0.3 to 3.5 ± 0.3e) indicating
indirectly that the electrostatic environment around the VSDs is
not dramatically altered by the change in lipid content.

3.3. Systems with sphingomyelin-derivative bilayers. Local effect

In order to probe the local effect of lipid modification on the channel
activation, we have investigated the activated/open, intermediate and
resting/closed states embedded in the asymmetrical bilayer systems
(see Section 3.2.2). All three conformations were shown to be stable
on the tens of nanosecond time scale enabling the characterization of
the salt bridge network within the VSD and between the VSDs and the
lipids.

In the systems consisting of the different states of Kv1.2 embedded
in the SM/POPC bilayer, as expected from the zwitterionic nature of
SM, the salt bridge network between the lipids and the channel is
comparable to the one found in POPC and remains stable for over 20 ns.
In the activated state, R1 and R2 are found to be close to the SM
headgroups, while R3, R4, K5 and R6 are engaged in salt bridges with
the negatively charged residues from S1 (E183) S2 (E226 and E236)
and S3 (D259). In the intermediate state, R1 remains in contact with
the lipid headgroups of the top leaflet of the bilayer, R2 to K5 –with the
protein negatively charged residues and R6 – with the lipid headgroups
of the bottom leaflet. In the resting state, R1, R2 and R3 are located in
TM position and interact with the VSD negatively charged residues. R4,
K5 and R6, on the other hand, are all in interaction with the POPC
headgroups of the bilayer lower leaflet.

In the C1P/POPC systems, the VSDs are surrounded by the negatively
charged C1P headgroups in the outer membrane leaflet. As expected
from the stronger interaction between R1 and R2 and the negative
headgroups of C1P in the activated state (respectively R1 in the inter-
mediate one), the salt bridge network does not reorganize. In the resting
state, contrary towhatwe expected from the excess of negative charges
at the top membrane/solution interface, the salt bridge network does
not rearrange during the 20 ns of the simulations.

Finally, as Cer is neutral and does not bear any charged moiety in
the headgroup, the lipids of the Cer/POPC bilayer do not provide any
negatively charged binding site as a stabilizing counter charge for S4
upper residues. Interestingly, starting from the same configurations
as in the other systems the salt bridge network remains stable in



Fig. 2. Electrostatic potential (EP) profiles along themembrane bilayer normal of themod-
ified upper leaflet systems. The profiles are centered at the bilayer center. The mean and
standarddeviation from themeanwere calculated from15 separate 2 ns simulations. Con-
tributions from the upper leaflet lipids, lower leaflet lipids, water and ions are shown in
black, red, green and blue lines respectively. The sum of all contributions is figured as
thick dashed lines. A: SM/POPC system. B: C1P/POPC system. C1P lipids bear a net negative
charge (−1e),which iswhy the EP diverges towardpositive potentials. Similarly, counter-
ions (Na+) accumulating at the bilayer/solution interface and polarization of water give
rise to diverging negative contributions. C: Cer/POPC system.

SM C1P Cer

POPC

SM
A

B

Fig. 3. Kv1.2 is embedded in the bilayer with a modified upper leaflet. A: Kv1.2 in the
SM/POPC bilayer. The upper and bottom leaflets are formed of SM and POPC lipids re-
spectively. SM lipids are shown in gray, POPC lipids are shown in white. B: SM, C1P
and Cer lipids. The C1P molecule is constructed by cutting the choline group from
SM. In order to build the Cer molecule, the phosphate group from C1P is replaced
by a primary alcohol group.

Table 3
Gating charge (Q) associated to the conformational changes of the Kv1.2 channel in the
three asymmetric bilayers. The gating charge is calculated using the direct measurement
method. The values are estimated at ±0.3e due to an estimated 0.05 V error on the TM
voltage.

Q (activated/
intermediate) [e]

Q (intermediate/
resting) [e]

Q (activated/
resting) [e]

SM/POPC −1.0 −2.5 −3.5
C1P/POPC −0.9 −2.2 −3.1
Cer/POPC −1.0 −2.4 −3.4
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two states within 20 ns run. In the open state especially, we expected
the salt bridges to reorganize to let the top basic residues R1 and R2
come in contact with the first binding site within the VSD. However
no transfer of R1 and R2 occurs even over 120 ns, under a 600 mV
hyperpolarized TM potential.

Here, as in the system with the symmetrical POPC bilayer, the S4
positive residues were not found to switch between adjacent lipid
headgroups of the top or bottombilayer leaflets in any of the considered
systems.

Altogether, on the tens of nanosecond timescale, no dramatic
reorganization of the VSD salt bridge network occurs after alteration
of the top leaflet lipid headgroups. The current limits of the investigated
simulation times are far too short for an estimate of lifetimes of lipid–
protein interactions. Even if the VSD is not in its most stable
conformation, breaking the electrostatic interactions may also in-
volve overcoming high free energy barriers. The substantial reorga-
nization of the salt bridge network involving the VSD positive
residues may then occur on a time scale that is beyond our current
reach.

3.4. Kv1.2 embedded in inner membrane PIP2 lipids

PIP2 is a minor component of cell membranes, accounting for less
than 1% of the total lipids of the inner leaflet [37]. Recently it was

image of Fig.�3
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shown that this highly negatively charged lipid has a measurable dual
effect on Shaker family channels [38,39]. Addition of PIP2 to patch-
clamp cells results in an increase of ionic current (gain-of-function
effect), and vice versa, depletion of PIP2 leads to a decrease of ionic
current. Concomitantly, addition of PIP2 also triggers a right-shift
of G/V and I/V curves and slows down the kinetics of activation
(loss-of-function effect).

Due to the extremely low concentration of PIP2 in cell membranes,
we can rule out the hypothesis of a global change in the electrostatic
environment, i.e. a global effect of PIP2 on VGKC function. We sought
therefore to gain a molecular insight into the PIP2 dual effect on Shaker
function by investigating the interaction between the charged lipid and
the Kv1.2 channel, which serves as a prototype for other VGKCs such as
Shaker. We studied two systems involving the activated and resting
state structures of Kv1.2 embedded in a POPC bilayer that contains a
ring of PIP2 molecules surrounding the channel in the inner leaflet
(Fig. 4A).

3.4.1. Kv1.2 in the resting state
In the resting state, as expected from the fact that PIP2 lipids bear a

high negative charge, within 40 ns of unconstrainedMD simulationswe
observed the formation of salt bridges between the bottom positive
residues of S4 (R4, K5 and R6) and the PIP2 lipid headgroups. After
this initial formation, the salt bridges did not rearrange during a 61 ns
simulation, indicative of their stability. Specifically, in three out of four
A

PIP2

K322

K306

R303

VSD

S6

S4-S5

T1-S1

R309

B

Por

S4

Fig. 4.Kv1.2 in the systemcontaining a ring of PIP2 lipids in the bottom leaflet. A: Side viewof th
silver respectively. Oxygen and phosphorus atoms of PIP2 phosphate groups are shown in red a
PIP2 interactswith the three bottom residues of S4 (R303, K306 and R309) andwith K322 of the
open state, PIP2 remains in interactionwith K322 of the S4–S5 linkers and attracts the R419 resi
binding site.
subunits, bottom S4 charges interact with two inositol phosphate
groups of PIP2, while in the last subunit, they are in interaction with
the phosphate group linking the inositol and the glycerol groups. In all
four subunits, the PIP2 molecule that was found in interaction with S4
was also recognized to interact with the positive residue located in the
middle of the S4–S5 linker, namely K322 (Fig. 4B). An excess of positive
charges arises therefore from the proximity of the positive residues of
the S4–S5 linker and of the bottom of S4, forming a binding pocket for
highly negatively charged PIP2 molecules.

In addition to this binding site, three out of four PIP2moleculeswere
found to interact with K312 and R326 located each at one end of the
linker. One of these PIP2molecules interactswith K312 and R326 simul-
taneously, linking two adjacent subunits. In the two other subunits, two
different PIP2molecules interactwith the two external positive residues
of the linker preventing the formation of the salt bridge network
between the channel subunits.

3.4.2. Kv1.2 in the activated state
In the activated state, however, the S4 helix is in its ‘UP’ position and

no positive residues from S4 are engaged in electrostatic interactions
with PIP2 lipid headgroups of the inner leaflet. In this state, as is the
case in the resting one, PIP2 interacts with K322. In contrast with the
resting state, however, the same molecule interacts also with the posi-
tive residue of the S6 helix terminus (R419) (Fig. 4C). PIP2 comes indeed
as close as 8 Å to R419 in three of the channel subunits starting from
PIP2 R419

K322

R147

R309

K306

R303

VSD

S6

S4-S5

T1-S1

C

T1

VSD

e

POPC

PIP2

e entire system. The pore domain, the VSDs and T1 of Kv1.2 are shown in green, orange and
nd brown, respectively. B: The PIP2 binding site in the resting/closed state of the channel.
S4–S5 linkers. C: The PIP2 binding site in the active/open state of the channel. In the active/
due of the S6 terminal. Another residue of T1–S1 linkers participates in the formation of the
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40 ns and stays at this distance until the end of the MD simulations.
In addition, after ~80 ns, in one of the subunits a positive residue of
the T1–S1 linker (R147) comes in close contact with the PIP2 mole-
cule. Altogether in this subunit, the three residues K322, R419 and
R147 form a binding pocket for the PIP2 molecule. One may hypoth-
esize that longer simulation times would enable the three other
subunits to also reach this optimal configuration.

The interaction between PIP2 molecules and the outermost residues
of the S4–S5 linker, K312 and R326, remains in the activated state. How-
ever, here, a single PIP2 molecule interacts with both positive residues
linking adjacent subunits in three out of four cases (after 80 ns of calcu-
lations). This could be a key interaction in stabilizing the position of the
linkers and therefore the open conformation of the pore.

3.4.3. Rationalization of the dual effect of PIP2
Overall, our data provides a molecular model that rationalizes the

dual effect of PIP2 lipids on the channels of the Shaker family: from
theMD simulations carried out here, it appears that the PIP2 molecules
of the innermembrane leaflet interactwith theKv1.2 channel in a state-
dependentmanner. In the closed state, PIP2 anchors positive residues of
the S4–S5 linkers and interacts simultaneously with the bottom resi-
dues of S4 stabilizing its ‘DOWN’ position and thereby the resting state
of the channel. In the open state, the PIP2 molecules are still in contact
with the S4–S5 linkers but they exchange their neutralizing counter-
parts by engaging in an interaction with the positive residues of the S6
terminus. This stabilizes therefore the open state of the channel, possi-
bly through a mechanism similar to that described for Kir channels
[34]. In addition, PIP2 seems to act on the inter-subunit contact between
the S4–S5 linkers in the open state by interacting with their outermost
positive residues, possibly stabilizing further the open state of the pore.

4. Discussion

The modification of the lipid headgroups can modulate VGKC func-
tion as shown by several elegant electrophysiology measurements.
Two hypotheses that may explain this modulation are as follows: the
global effect mechanism hypothesizes that different lipids may give
rise to different electrostatic environments, which could result in the
modification of the resting TMpotential. Additionally, lipidmodification
can also reshape the electric field around the channel and as a result in-
duce measurable changes of the gating charge. The local effect mecha-
nism, on the other hand, stems from the rearrangement of the salt
bridges between the protein positive residues and the surrounding
lipids when the chemical nature of the latter is modified.

4.1. Lipid modulation by sphingomyelinase may involve a global effect

Changes in the lipid headgroups between SM, C1P and Cer modify
the individual contribution of the system components to the total TM
potential, and in the case of C1P, alter the resting transmembrane po-
tential (from 60 ± 50 mV to 130 ± 50 mV). The lipid composition,
and in particular the concentration of SM or its products considered
here (100% lipid content of the upper leaflet) are much higher than
under physiological conditions where SM can make up ~15% of the
lipid content in mammalian cells. However, SM may aggregate at the
vicinity of VGKCs leading to a higher local concentration. Accordingly,
while the gating charge values estimated for the activation of Kv1.2
are hardly modified by the changes in the lipid composition, a global
effect, at least in the case of C1P, cannot be ruled out to rationalize
alteration of VGKC function. The brute force MD simulations were not
successful in proving that the lack of phosphate groups leads to signifi-
cant destabilization of the state dependent interactions (or lack thereof)
between the negatively charged phosphate moiety of the lipid and
the positive charges of S4. The simulation time scale investigated in
the present study appears to be too short to probe the lifetime of
lipid–protein specific interactions. We will need to extend this work
and most likely resort to enhanced sampling methods to characterize
thoroughly the modification of the free energy landscape of VGKC
activation by the exchange of external leaflet lipids.

4.2. Stabilization of the channel pore by PIP2

In the second part, we have shown that PIP2 interacts directly with
the distal positive residues of S6 helix that is located at the level of the
membrane/solution interface if the channel is in its activated state.
This is consistentwith the experimental results showing that mutations
of S6 positive residues significantly reduce PIP2 affinity for Kv channels
[62]. One experimental finding that we cannot reconcile with our
model, though, is the increase of ionic current of the R419Q mutant in
the presence of PIP2 [39]. However, the entire mechanism of activation
(including all the intermediate steps) affected by these lipids remains
elusive. One can suggest two possible mechanisms by which the inter-
action between PIP2 and Kv channels results in the stabilization of the
open channel structure.

• The activation of the VSDs results in the increasing of the volume
enclosed between the S4–S5 linkers and allows thereby, in the case
of a weak coupling between the VSDs and the pore, fluctuations of
the gate between its closed and open conformations. In the absence
of PIP2, these fluctuations lead the open state to be short-lived and re-
sult in a small ionic current. Application of PIP2 on the other handwill
link the distal positive residues of S6with themembrane and stabilize
thereby the channel open state and enhance ionic current flow
through the pore.

• In the second hypothetical mechanism, PIP2 enhances rather the
coupling between the VSDs and the channel gate. Here, we posit
that PIP2 couples the movement of S4 tightly with the S6 gating
process. In the absence of PIP2, a depolarized voltage leads to the
activation of the VSDs only, whereas the gate of the channel remains
closed. In the presence of PIP2 on the other hand, upward movement
of S4, even if made more difficult by the presence of PIP2, drags S6
closer to the membrane and favors the channel opening.

The crucial difference between the two proposedmechanisms is the
following: while the second one requires PIP2 binding site partly
formed by the S4–S5 linkers, the first mechanism involves positive res-
idues of S6 only. Therefore channels lacking a voltage-sensor domain
can use this mechanism when PIP2 is present in the system, as seen
for Kir channel family. Functional and structural studies have revealed
that PIP2 binds with a specific site of Kir composed of a cluster of posi-
tive residues on the inner and outer TM helices [28,29,34], which corre-
spond to S6 and S5 of Kv1.2, respectively. According to two crystal
structures, binding of PIP2 leads to a chain of conformational changes
in the channel resulting in its opening [28,34]. Notably, the residues
involved in PIP2 binding that were predicted by MD simulations are in
a good agreement with the experimental data [63].

The PIP2 state-dependent binding site uncovered in this work seems
to have been designed for the coupling purpose (the second mecha-
nism), as it is composed of the positive residues from the bottom of
S4, the distal part of S6 and the S4–S5 linkers: in the open state, specif-
ically, a single PIP2 molecule interacts simultaneously with the gate of
the channel and its linker. This mechanism has recently been suggested
for Kv7.1 but the specific residues involved in the process remain to be
identified [36,64].

4.3. Modulation of the VSD by PIP2 lipids

As experimentally evidenced, PIP2 leads to a loss-of-function
effect in Shaker channels, manifested by a right shift of G/V and Q/V
curves. This effect was attributed to the VSD because of the voltage-
dependence change upon PIP2 application. In this work, we have
demonstrated that PIP2 directly interacts with the bottom positive
residues of S4 when the channel is in its closed state.
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Other voltage-dependent channels were shown to be sensitive to
the presence and concentration of PIP2. Among them, sea urchin
hyperpolarization-activated cyclic nucleotide-gated channel (HCN)
SpIH shares significant sequence homology with voltage-gated potassi-
um channels. SpIH gating, however, has an opposite dependence on the
membrane potential as hyperpolarization causes the opening of the
gate. Functional studies have revealed that the binding of PIP2 to SpIH
has a potentiation effect, manifested by a left shift in the voltage depen-
dence of activation [27]. This effect was linked to the transmembrane
region of the channel because PIP2 produced shifts in the voltage
dependence of full-length and truncated channels (without the N- and
C-terminal domains). SpIH S4 helix carries five positive residues that
can sense variations in the TM potential. As the channel activates
under hyperpolarized voltages, S4 is likely moving down during the
process of gating and the ‘DOWN’ position of the S4 helix, in which it
can in principle interact with lipid headgroups of the inner membrane
leaflet, corresponds to the VSD active state. The PIP2-dependent left
shift of the voltage-dependence of activation can be explained by the
stabilization of the VSD in its ‘DOWN’ position. Thus, depending on
the working mechanism of the channel, inner leaflet PIP2 can cause
either a right shift of the voltage-dependence of the activation as in
Kv1.2 or a left shift as in SpIH.
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