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Electromechanics of lipid-modulated gating of potassium
channels

Nidhin Thomas
Department of Mechanical Engineering, University of Houston, Houston, TX, USA

Kranthi K Mandadapu
Department of Chemical & Biomolecular Engineering, University of California, Berkeley, CA, USA; Chemical
Sciences Division, Lawrence Berkeley National Laboratory, CA, USA

Ashutosh Agrawal
Department of Mechanical Engineering, University of Houston, Houston, TX, USA

Abstract

Experimental studies reveal that the anionic lipid phosphatidic acid (POPA), non-phospholipid cholesterol, and cationic
lipid DOTARP inhibit the gating of voltage-sensitive potassium (Kv) channels. Here, we develop a continuum electrome-
chanical model to investigate the interaction of these lipids with the ion channel. Our model suggests that: (i) POPA lipids
may restrict the vertical motion of the voltage-sensor domain through direct electrostatic interactions; (ii) cholesterol
may oppose the radial motion of the pore domain of the channel by increasing the mechanical rigidity of the membrane;
and (iii) DOTAP can reduce the effect of electrostatic forces by regulating the dielectric constant at the channel-
lipid interface. The electromechanical model predictions for the three lipid types match well with the experimental
observations and provide mechanistic insights into lipid-dependent gating of Kv channels.

I. Introduction

Voltage-gated Kv channels play a critical role in the propagation of electrical signals, commonly referred to as
action potentials, in neurons [1]. The gating of this channel is regulated by what are called the S4 segments,
which carry a number of positive charges. The S4 segments are linked to another critical set of proteins, called
the S6 segments, which form the central pore of the channel [2]. A change in the electrochemical potential
across the axonal membrane triggers a transmembrane motion of the S4 proteins. This in turn moves the S6
segments, opening the channel and allowing the ions to pass through [3, 4]. While this has been the traditional
working model of voltage-sensitive ion channels, experimental studies are now revealing that the channel gating
also depends on the lipid composition of the membranes that contain the ion channels [5—9]. For example, in the
presence of a negatively charged lipid, called phosphatidic acid (POPA), the electrochemical potential across
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the membrane required to open the channel increases by ~30 mV [7]. Another lipid, cholesterol, has a much
more profound effect. The opening electrochemical potential has been shown to shift by ~160 mV with a small
addition of cholesterol in the membrane [6, 9]. Lastly, a positively charged lipid called DOTAP has also been
shown to have a similar inhibitory effect on the gating of Kv channels [4, 5, 8].

These different experimental findings lead to a common question. How is this diverse array of lipids able to
modulate the gating of Kv channels? While several studies have been conducted to model and comprehend the
energetics of protein—protein interactions during the gating of an idealized channel [10—12], specific analysis
that would explain the effect of the aforementioned lipids has not been conducted. It is not clear if and to what
extent these different lipids could interact and influence the motion of protein segments in the ion channel. It
is conceivable that different lipids could potentially interact with distinct domains of the channel and influence
the protein kinematics via distinct mechanisms.

In this work, we develop a continuum-scale electromechanical model that accounts for the electrostatic
interactions and the elasticity of the membrane to quantify the impact of lipids on channel gating. We use the
findings of all-atom molecular dynamics simulations, which reveal that POPA and cholesterol solvate the ion
channel by locally aggregating around it [13] and that DOTAP de-solvates the channel, allowing higher water
penetration at the channel-lipid interface [14]. While atomistic studies reveal the distribution of lipids around
the channel, the mechanisms by which and the extent to which they can regulate the channel gating remains
unclear. It is important to test whether the aggregated lipids can alter the energy landscape of the channel—
membrane system so as to generate the experimentally observed changes in the gating response of the channels.
We note that the shift of ~#160 mV induced by cholesterol is significantly larger than the shift of 30 mV
induced by POPA, suggesting that these lipids might be exploiting different mechanisms to regulate the gating.
To gain such mechanistic insights, it is necessary to employ a continuum model, owing to the time and length
scale limitations of the atomistic studies. However, quantifying the effect of lipids on the gating of a voltage-
gated ion channel at the continuum scale is a complex problem, as it requires a coupled electromechanical
response of the channel-membrane system. On the one hand, we have the evolving interactions of charges, and
on the other hand, we have the mechanical motion of the pore-forming proteins, leading to an elastic deformation
of the neighboring membrane. While there are reports of purely mechanical models of gating for a diverse set
of channels in the literature [15-20], a combined electromechanical model of channel gating, to our knowledge,
does not exist to date.

2. The electromechanical continuum model

2.1. Core features

To predict the consequences of lipid solvation on channel gating, we developed a continuum-scale electrome-
chanical model that captures the essential channel-membrane interactions. We use the experimentally identified
channel kinematics to construct a model KvAP channel. Based on atomistic studies, we modify the membrane
properties, and predict the consequences on channel configurations and the opening probability of the channel.
The main features and assumptions of the continuum model are as follows:

1.  The model channel is embedded in the membrane and accounts for the kinematics of the S4 and S6 seg-
ments (Figure 1). Studies reveal that the key mechanical motion in a Kv channel is primarily associated
with the S4 and S6 segments [3, 21-25]. The gating is initiated by the transmembrane S4 motion regu-
lated by the electrostatic forces, followed by the radial motion of the S6 segments that increases the pore
size, allowing the ions to flow across the channel. Figure 1(a) shows the configurations of the S4 and
S6 segments in the closed and open states of the channel. Using this discrete picture, we constructed an
equivalent model channel, shown in Figure 1(b). Here, S4 is represented as a cylindrical protein (green)
and the S6 segments are represented as a hollow cone (teal).

2. A number of competing mechanisms for the motion of the S4 domain are outlined in the literature [3, 4, 4,
26-29]. Inspired by these mechanisms, we assumed that the representative S4 segment undergoes a rigid
body translation in the vertical direction and a rotation about the vertical axis passing through the center
of the cylinder (Figure 1(b)). The S4 segment configuration, in turn, regulates the positions of the positive
charges present on it (red dots in Figure 1(b)). As a consequence, movement of S4 regulates the salt bridge
connections that positive charge residues make with the countercharges (negative charges, shown as red
dots in Figure 1(b)) present on the nearby protein segments. We assumed that the countercharges remain



stationary during the gating movement, based on the proposed configurations of the protein segments in
the open and closed states [3, 21, 22, 24, 31].

3. The pore domain model is based on the known structure and kinematics of the pore-forming S6 segments
[21-23, 25, 32]. In the pore domain model, there are assumed to be two domains: one in the outer leaflet
of the membrane and the other in the inner leaflet of the membrane (Figure 1(b)). Based on experimental
findings [3, 23], we assumed that the outer leaflet domain is a hollow cone that remains stationary during
the gating of the channel. The bottom leaflet domain is also a hollow cone but it undergoes configurational
changes as the channel transitions between the open and closed states. While the closed structure of the Kv
channels is not yet established, the current hypothesized model in the literature assumes that the bottom
cone becomes more conical, and that this increases the vertical height and reduces the pore size of the pore
domain in the closed configuration [21, 22, 25, 33-35]. We modeled this effective change in the geometry
of the bottom domain, as shown in Figure 1(b). Lastly, we assumed that the motion of this bottom domain
is rigidly coupled to the motion of the S4 segment via a deformation mapping.

4.  As the pore domain transitions between the open and closed states, the surrounding lipids reconfigure
to maintain proximity to the pore domain and avoid exposure to the surrounding water. Thus, the gating
movement of the pore domain is associated with an energetic cost to remodel the neighboring mem-
brane. To quantify this contribution, we model lipid membrane as a 2D elastic sheet. The midplane of
the membrane is assumed to remain flat and the two leaflets are assumed to be kinematically decoupled.
The geometry of the membrane at the protein interface is assumed to be regulated by the pore domain
geometry. Since the top domain of the pore domain has a fixed conical geometry, the outer leaflet of
the membrane does not undergo any remodeling during channel gating (see Figure 1(b)). In contrast, the
bottom domain of the pore domain perturbs the orientation and the thickness of the inner leaflet as it
transitions between the closed and open states (see Figure 1(b)).

5. The free energy of the system, based on this discussion, comprises the electrostatic energy and the
mechanical energy. The electrostatic contributions arise from the transmembrane potential energy, direct
electrostatic interactions of the positive charges with the countercharges and the anionic lipids, and self-
energy of the charges. The mechanical energy contribution comes from bending and thinning of the
membrane. The details of the model are discussed in the following sections.

2.2. Kinematics

The kinematics of the protein segments that regulates the gating of the model channels comprises two key
contributions. First is the motion of the S4 segment. It controls the motion of the positive charges within the
membrane, thereby regulating the electrostatic interactions. Second is the motion of the S6 segments in the pore
domain. It controls the opening of the channel and the deformation of the membrane. These contributions are
discussed next in greater detail.

2.2.1. S4 motion. The S4 segment is assumed to be a rigid cylinder representing the alpha-helix state of the
protein and is oriented in the vertical direction. Figure 2 shows the side and the top views of the model S4
in the closed and open configurations for the KvAP channel. The radius of the S4 cylinder is considered to
be 10 A, to account for the effective size of the protein. The S4 geometry determines the coordinates of the
positive charges. There are five positive residues in the S4 segment, which are distributed along the cylinder as
individual charged beads (blue circles in Figure 2). The coordinates of the positive charges are obtained from
the molecular structure of the S4 segment. These charges move by 4.5 A down and rotate by 300° in each helical
turn. We model the rotation of S4 about its axis as it undergoes vertical translation. The 3D coordinates of the
positive charges are given by
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Figure I. Electromechanical model of Kv channel. Left and right panels show closed and open configurations, respectively. (a)
Configuration of the helical segments of the Kv channel (selective segments shown) in the closed and open states used to set up
the model channel (motivated by [21-23, 25]). In the closed state, the S4 segment (green) is closer to the inner leaflet and the pore
domain segments are tilted with respect to the vertical axis. During opening of the channel, S4 rotates and moves up within the
membrane. Concurrently, the inner leaflet segment of the S6 segments (teal) tilt and twist to open the channel. (b) Model Kv channel
employed in this study to predict lipid-dependent gating. The model retains the positive charges (blue circles) and the negative charges
(red circles) in protein segments. The pore domain is modeled as a hollow cone. The vertical translation of the positive charges
changes the electrostatic interactions with the negative charges and the charged lipids. The tilting of the pore domain changes the
lipid orientation (Af) and membrane thickness (2U) at the protein interface. The associated electrostatic and mechanical energies
regulate the gating of the channel.

where R, = 10 A is the radius of the S4 cylinder, «; corresponds to an index from the set {3,2,1,0, —2.33}
assigned to the positive charges {P1, P2, P3, P4, P5} for the KvAP channel, and w and z are the parameters
used to define the rotation and the translation of the S4 helix. In addition, z is defined as the position of P4
within the membrane; it varies from —9 A to 9 A to avoid complete exposure of peripheral charges into water.
The value of w varies from 0 to 180°. These assumptions are inspired by the model proposed in [10]. For P5,
the (x,y) coordinates are obtained by substituting s = —1 and the z coordinate is obtained by substituting
as = —2.33. While the vertical position of P5 follows the normal alpha-helix rule, the (x,y) position of P5
is not in a standard place because of the kink in the S4 segment. Hence, the adjustment is required to obtain
the correct coordinates. We also note that the S4 helix axis is tilted by about 45° with respect to the bilayer
normal. However, we suppress the tilt in our model, as S4 side chains are assumed to snorkel into the bilayer—
water interface, effectively diminishing the effect of the tilt. The neighboring protein segments contain four
countercharges with —1 charge {N1, N2, N3, N4}. Since these protein segments undergo minimal movement
[3, 21, 22, 24, 31], we place these countercharges at fixed locations within the bilayer (red circles in Figure
2). The (x,y,z) coordinates of the countercharges are estimated based on the information of the salt bridge
interactions from [24] and are given in Table 1.

2.2.2. Pore domain motion. The S6 segments, which constitute the pore domain, regulate the geometry of the
lipids in the vicinity of the channel (Figure 3). We model the projected configuration of the S6 proteins. In
the closed configuration, we assume that the S6 segments are oriented at 30° with respect to the vertical axis
(68 = 68 = 30°), as shown in Figure 3(a). In the open configuration, the protein segments in the inner leaflet
are assumed to rotate to 45° (65 = 45°) (Figure 3(b)). These assumptions are qualitatively based on the findings
presented in [21, 22, 25, 33-35]. Based on the hypothesized model proposed in [23], we assume that the protein
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Figure 2. Kinematics and charge distribution of the model KvAP S4 segment. (a, b) Front views of the S4 segment represented
as a cylinder (green) in the closed and open configurations, respectively. Positive charges on the S4 are shown as blue spheres and
the nearby negative charges are shown as red spheres. The S4 segment rotates by 7 rad and moves upward within the membrane
during the transition from the closed state to the open state. (c, d) Top views corresponding to (a) and (b) showing the salt bridge
connections in the closed and open states (blue ellipses).

Table I. Coordinates of negative charges and anionic lipids used in the continuum analysis.

KvAP channel parameters

Coordinates of N| (8,13.59,12.5) A
Coordinates of N2 (=9,14,—4) A
Coordinates of N3 (=9,-15.0,=7)A
Coordinates of N4 (13.8,0,13) A
Coordinates of |st PA lipid in outer leaflet (—10.72,-9.00,20) A
Coordinates of 2nd PA lipid in outer leaflet (—3.47,—19.70, 20)A
Coordinates of Ist PA lipid in inner leaflet (2.48,—13.77,—19) A
Coordinates of 2nd PA lipid in inner leaflet (9.92,-8.39, —19) A
Coordinates of 3rd PA lipid in inner leaflet (10.0,—17.32, —19) A

segments in the outer leaflet maintains the same orientation in both the open and the closed configurations.
Looking from the top (Figure 3(c) and (d)), each S6 segment is assumed to be oriented at 15° (d% = ¢g‘ = 15°)
with respect to the radial vectors connecting the pore center to the outer leaflet domains of the S6 segment. In
the open configuration, the inner leaflet segment is assumed to be twisted to 45° (¢ = 45°) but the twist of
the outer leaflet segment is assumed to remain unchanged (based on [23]). We approximate the pore domain as
comprising discrete helices with a hollow cone (Figure 3(e) and (f)). In the open configuration, the cone has a
kink at the midplane because of the different tilt angles of the S6 segments in the outer and inner leaflets. We
note that the protein—membrane interface becomes slightly curved in the open configuration, owing to tilting
and twisting of the protein segments (see Figure 3(d)). However, we approximate the interface with straight
edges in the model.
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Figure 3. Kinematics of the pore domain in the model channel. (a, b) Orientation of four S6 segments in the closed and open
configurations (side view). In the closed configuration, Sé segments are assumed to be tilted at 30° with respect to the vertical axis
(Qg = 98 = 30°). In the open configuration, the S6 segment in the inner leaflet is assumed to tilt to 45° (GOB = 45°). The S6 segment
in the outer leaflet is assumed to maintain the same tilt. (¢, d) Top views of the four S6 segments in the closed and open configurations.
Each segment is assumed to be oriented at 15° (d% = ¢CB = 15°) with respect to the radial vectors connecting the pore center to
the outer leaflet segment. In the open configuration, the outer leaflet segment of the S6 is assumed to remain at (¢>(1; = 15°) but the
inner leaflet segment is assumed to twist to 45° (¢8 = 45°). These assumptions are qualitatively based on the findings presented in
[23, 25]. (e, f) The pore domain is modeled as (solid) hollow conical sections in the outer and inner leaflets. The angles of the conical
interfaces are obtained from the orientations of the Sé protein segments. In the open configuration, the pore domain has a kink at
the midplane because of the different tilts of the S6 segments in the two leaflets. The open configuration also results in the thinning
of the inner leaflet.

The motions of the S4 and the S6 segments are linked during the gating of the channel. We therefore link
the instantaneous tilt and twist angle associated with the S6 segment to the S4 kinematics through the mappings

OB _ 9B
08 =08 + 2—C(z - z0), 4)
Zo — ZC
and
B__ 4B
oF =P 4+ 2070 () 5)

wo — WC



where we use 9(]? = 30°, 68 = 45° zc = —9A, zo = 9A, ¢g = 15°, ¢g = 45°, wc = 7, and wo = 0 for the
KvAP channel.

2.3. Energy contributions in the electromechanical model

The free energy of the total membrane—channel system is given by
E = 4Egiec + EMech » (6)

where Egje. 1s the electrostatic energy associated with a single S4 and Epsen s the mechanical energy of the
surrounding membrane. A factor of 4 in front of Egy is incorporated as there are four symmetric repeat units
of the S4 and the surrounding countercharges. The electrostatic energy Ege. is composed of four components:

EElec = ETrans + ESB + ELip + ESelf- (7)

We discuss these contributions in greater detail next.

2.3.1. Transmembrane potential energy (Ewns). The electrostatic energy due to the transmembrane potential arises
from the changing vertical positions of the positive residues in a uniform external electric field acting across
the membrane. We assume the potential at the interface of the outer leaflet with water to be 0 mV and vary the
potential at the interface of the inner leaflet with water from —150 mV to 200 mV. Since the countercharges are
fixed, their contribution does not change with the S4 movement and hence is suppressed in the model. We thus
write the electrostatic energy due to the transmembrane potential as

i=5

ETrans(Za,-: V) = Z VQif(Za,-) 5 ®)
i=1
where f(z,,) is given by
1 Zg; < Zin
f(ZO[l') = (1 - %) Zin S ZO(,' S Zout, (9)
0 Za; > Zout

and V' is the transmembrane potential across the membrane, Q; is the ith positive charge, z,, is the vertical
position of the ith charge measured from the center of the bilayer (equation (3)), and z;; = —16 A and zy, =
16 A define the height of the interfaces up to which water is able to penetrate into the two leaflets.

2.3.2. Salt bridge energy (Esg). We obtain the salt bridge’s positive charge form in the open and closed states from
the atomistic structures. The salt bridge interactions in the open configuration were obtained from [24]. The
salt bridge interactions for the closed configuration were obtained from the molecular dynamics simulations
of the closed configuration model proposed in [24]. There are three major salt bridge connections in the open
and closed configurations (Figure 2 and Table 2). We do not account for the electrostatic interaction between
the positive charges as there is no relative movement between them during the gating motions. The salt bridge
interaction energy is given by
i=5 k=4

Esp :ZZ& (10)

i1 k=1 47T60Drk

where D is the average dielectric constant for the salt bridge forming charges, Q; are the positive charges, Oy
are the countercharges, and 7y, is the separation between the salt bridge forming charges (see Table 2).

2.3.3. Protein—anionic lipid interactions (Ey;,). We model the electrostatic energy between the clustered anionic lipids
in the inner solvation shell and the positive charges similar to the salt bridge energy. The number of anionic



Table 2. Summary of salt bridge interactions.

Salt bridge State of channel Distance between charges (A)
N4-P3 Open 3.64

NI-P4 Open 6.0

N2-P5 Open 6.0

NI-PI Closed 6.0

N2-P2 Closed 7.21

N3-P4 Closed 4.0

lipids around the S4 and their distance from the positive residues were obtained from our atomistic analysis [13]
and are given in Table 1. This interaction energy is computed as

i=5 I=p

ELiP:ZZ& (11)

= =1 AmeoDri

where p is the number of negatively charged lipid head groups around the protein, Q; is the charge of the lipid
head group, r; is the separation between the charges, and D is the average dielectric constant for a positive
charge—anionic lipid pair.

2.3.4. Self-energy of the charges (Esqs). The self-energy accounts for the energy required to move a charge from one
dielectric medium to another. For a bilayer with varying dielectric constant, we use the model proposed in [10]
to calculate the self-energy of the positive residues as

i=5

1 Q2 1 1 Zin — Zy; Zo; — Zout
Eself = — = | — — — | (1—tanh | ——= 1 —tanh | ——— 12
Self 428716019 (Dm Dw)( o ( A ))X( o ( A )) (12

i=1

where b = 1.8 A is the assumed radius of the charges, and Q; is the charge.

2.3.5. Dielectric constant. The dielectric constant across the bilayer changes as a function of the distance from the
water interface. This variation has been shown to be captured by a hyperbolic tangent function [10]:

D=Dy+ G (D — Dy) (1 — tanh (Zi“; Z)) (1 — tanh <Z _AZ‘““))) , (13)

where Dy, = 80 is the dielectric constant of water, D, = 14.5 is the dielectric constant of the lipid membrane
assumed in the vicinity of KvAP channel, X is a length constant that regulates the rate of change of D, {zin, Zout }
are the z-coordinates of the water interfaces inside the membrane, and z is the position of the positive or the
negative charge. The dielectric constant plot is shown in Figure 4.

2.4. Mechanical energy

The mechanical energy is associated with the bending and the thinning deformations of the membrane and is

given by
Kp 2 Ka
e = | (—2 (V) + Ao (u2)> a2, (14)

where the first term penalizes the bending deformations and the second term penalizes the thinning deformation
of the membrane [18]. In this equation, Kp is the bending modulus, K, is the compression modulus, 2u is the
change in membrane thickness, and 2a is the resting height of the membrane (see Figure 5; parameter values
are listed in Table 3). We have also assumed that the membrane is at zero resting tension.

The variation of equation (14) with respect to u yields the equilibrium equation

K
KV + —Su =0. (15)
a



Figure 4. Variation of dielectric constant across the membrane, obtained from equation (13).
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Figure 5. Membrane deformation in the closed and open configurations of the model channel. (a) In the closed configuration, we

assume that the projected height of the conical pore domain is equal to the resting thickness of the membrane (2a¢ = 4nm). As a
result, U = 0. Since the tilt of the conical sections in the outer and inner leaflets are equal, U’ = %(Gg — Gg) = 0 in the closed

configuration. (b) In the open configuration, U = —1.835 A and U’ = 0.124 as the conical section in the inner leaflet tilts to 98 =45°

and twists to ¢g =

45°.

Table 3. Parameters used in the continuum model.

Parameter Value Source
Dielectric constant of water (Dy) 80 [36]
Dielectric constant of lipids-KvAP (Dy) 14.5 [37, 38]
Radius of S4 (R,) 10A [10, 13]
Length constant (1) 1.5A [13]
Inner leaflet interface (Zj,) —16 A [13]
Outer leaflet interface (Zoyt) 16 A [13]
Radius of positive charged residue (b) 1.8A [13]
Monolayer thickness (a) 20 A [39]
Kp for POPC system 27 kgT [39, 40]
Kg for POPC:cholesterol system 50 kg T [39, 41, 44, 45]
K for POPC system 0.620 kT /A2 [39, 40]
K for POPC:cholesterol system 1.569 kBT/A2 [41]

In this equation, we have suppressed the energetic contribution due to the bending of the membrane midplane
as it is negligible (it is also shown to be negligible in [18]). Since we require the system to possess cylindrical
symmetry, the equilibrium solution is given by the zeroth-order modified Bessel functions of the second kind

[18]:

u(r) = A1 Ko(B4r) + A_Ko(B-r)

(16)



where
K. U 4+ BLUK/
Ap = ——1 B+ T (17)
B+K\ Kz — BzKL K.

and r is the radial distance, 2U is the thinning of membrane at the membrane—protein interface (U = u(R)), U’

is the slope of the membrane—protein interface (U’ = %(OT — 6B) in the open and closed states, . = e*7 8,
B = (Ka/Kpa®)'"*, K+ = Ko(B+R), and K, = K{(B+R).
As shown in [18], the total energy in equation (14) can be reduced to the boundary integral:

Enjech = % f di. (K [VuViu — uViul). (18)
led

Substituting equation (16) into equation (18), we get

(B2 - B2)(K:U' — BL UK, NK_U — B_UK")

EMeCh=7TRKB /3 K K/ ,3 K K/ ?
4O 7 PO —Ag

(19)

where R is the radius of the protein at the midplane. Substituting the expressions for S, Ky, and K., we get

Emech = TRKp (ﬁﬂ) [U’2 + (ﬁﬁ + %) uu’' + (ﬁ2 + ﬁ + %) UZ} . (20)

For our calculations, we have considered a bilayer thickness of 4 nm and assumed the projected length of the
S6 segments to be 2 nm each in the closed state of the channel. Since the projected length of the S6 segments
is equal to the leaflet thicknesses, there is no membrane thinning in the closed configuration and U = 0. The
headgroup—tail interface of each leaflet is assumed to be perpendicular to the projected S6 segments (see Figure
5). In the closed configuration, the S6 segments are tilted 30° with respect to the vertical axis (9% = 68 = 30° in
Figure 3(c)). Since the slopes of both the outer and the inner leaflets are identical at the channel interface, U’ = 0
in the closed configuration. The twist angle of the S6 segments is assumed to be 15° with respect to the radial
vector connecting the center of the pore domain and the outer leaflet end of the S6 segment (¢l = ¢¢ = 15°
in Figure 3(e)). In the open configuration, the inner leaflet segment of S6 tilts to 45° (95 = 45° in Figure 3(d))
and twists to 45° (¢S5 = 45° in Figure 3(f)). This results in the thinning of the inner leaflet U = —1.835 A,
and a relative change in the slope of the lipids at the channel interface results in U’ = 0.124. The membrane
deformation resulting from the movement of the pore domain is shown in Figure 5.

2.5. Probability distribution

The opening probability of the channel is calculated using a multi-state model given by

—Eopen
e T

Popen = —_bl\ (21)
>pet®h

where k accounts for all the energy wells in the energy landscape, Ej is the energy of a well, Eye, 1s the energy
of the well corresponding to the open state, kg is the Boltzmann constant, and T is the temperature.

3. POPA can regulate the vertical translation of S4 by direct electrostatic interaction

With the model ion channel, we first predicted the consequences of channel solvation by POPA lipids. We model
POPA’s effect via direct electrostatic interactions with the positive charges in the S4 segment. We do not invoke
any POPA-induced changes in the mechanical properties of the membrane as we are not aware of any such
findings in the literature. For the POPA-solvated state, we placed one POPA lipid within 1nm and the other
lipid within 1.5 nm from the surface of the S4 helix in the outer leaflet of the membrane, based on our atomistic
studies [13]. Since the closed configuration of the ion channel is unavailable to date, we placed two POPA lipids



at a similar distance from the S4 in the inner leaflet as that in the outer leaflet. In addition, we placed an extra
POPA lipid within 1 nm, motivated by the fact that the inner leaflet has an additional positive charge.

Figure 6 shows the impact of the POPA lipids on the gating of the model KvAP channel. Figure 6(a) and
(b) shows the total energy landscapes for the model KvAP channel in the pure POPC and mixed POPC—POPA
membranes, respectively, at 0 mV transmembrane potential as a function of the vertical translation (x-axis) and
the azimuthal rotation (y-axis) of the S4 segment. The predicted energy values at the energy wells in kg T are
shown in white text. The rightmost energy well, marked by an arrow, corresponds to the open state of the
channel. All the remaining energy wells correspond to the closed state. We compute the energy landscapes at
different transmembrane potentials and estimate the opening probability curves (defined in equation (21); these
are also referred to as activation curves) for the KvAP channel in pure POPC and POPC-POPA bilayers. Figure
6(c) shows the activation curves for the two systems (pure POPC in gray; POPC—POPA in red). The activation
curves for the POPC—POPA bilayer show a rightward shift compared with the pure POPC bilayer curves (red
curve in Figure 6(c)). The activation voltages (the voltages at which the opening probability becomes half) for
the pure POPC and POPC-POPA bilayers are —30mV and 1 mV. Thus, POPA solvation leads to a rightward
shift of 31 mV.

To understand these trends, we can analyze the energy landscapes in Figure 6(a) and (b). For the pure POPC
bilayer, the open state well has the least energy, of —33.96 kg 7. As a result, the channel prefers to be in the
open state at 0 mV. When POPA solvates the channel, the favorable electrostatic interaction between the POPA
and the positive charges in the two leaflets reduces the energies of the wells. The energy of the open state well
changes to —72.04 kg T, resulting in a change of —38.08 kg 7. By contrast, the energies of the closed state wells
undergo a larger reduction (ranging from —37.78 kg T to —49.85 kg T), as the POPA solvation is stronger in the
inner leaflet. So, even though the open state continues to have the least energy, the closed state wells become
energetically more favorable. As a result, the channel develops a higher propensity to be in the closed states at
0 mV. This reduced probability of the channel to be in the open state manifests itself in the form of the rightward
shift in the activation curve.

The experimental data for the KvAP channel are available for membranes made of three lipids (DOPC,
DPhPC, and DPhPC-POPA) [5, 7-9]. While we do not have exact data for the POPC and POPC-POPA mem-
branes, we can expect the channel response to be similar in POPC, DOPC, and DPhPC membranes, for two
reasons. First, the POPC membrane has an area compressibility modulus of 255 mN/m, which is comparable
to the compressibility modulus, of 265 mN/m, of the DOPC membrane [40, 42, 43]. Second, when we plot the
experimental data for the DOPC and DPhPC membranes for the KvAP channel, they show a significant overlap.
This indicates that the membrane properties are comparable and that the channel operates in a similar manner in
the two membranes. Motivated by these arguments, we overlaid the available experimental data on our predicted
curves. Experimental data for the KvAP channel in a DOPC membrane (blue circles) [9], DPhPC membranes
(gray and green circles) [7, 8], and a DPhPC-POPA membrane (red circles) [7] are presented in Figure 6(c).
Model predictions are in excellent agreement with the experimental data. This suggests that the direct electro-
static interaction between the POPA and the positive charges could be a potential mechanism by which POPA
regulates gating of Kv channels.

3.1. Cholesterol can regulate radial movement of pore domain by local membrane stiffening

Next, we estimated the consequences of channel solvation by cholesterol. Studies have shown that cholesterol
stiffens POPC or DOPC membranes between 2 and 3 times [39, 41, 44, 45]. Hence, we increased the bending
modulus 2 times and the compression modulus 2.5 times (Table 3) to account for the effect of cholesterol
solvation. Modeling the change in the elasticity of the membrane, we computed the energy landscapes and the
activation curves for the KvAP channel in the presence of cholesterol.

Figure 7(a) and (b) shows the energy landscapes in the pure POPC and POPC—cholesterol membranes,
respectively. The open state well has the least energy for the pure POPC membrane system. In the presence of
cholesterol, the energy of the open state well increases, making the closed states energetically favorable. This
is so because the open state of the channel is associated with a higher compression of the inner leaflet in the
protein vicinity. Hence, a cholesterol-rich membrane, with increased stiffness, opposes thinning and makes the
open state energetically costlier. As a consequence, the channel develops a higher propensity to be in the closed
states. This results in a rightward shift of 155mV in the activation curve shown in Figure 7(c) (pure POPC in
gray curve and POPC—cholesterol in green curve). This prediction agrees well with the experimentally measured
shift of 160mV for the KvAP channel induced by the addition of ~4.0% molar concentration of cholesterol
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in a DOPC membrane (pure DOPC in gray circles and DOPC—cholesterol in green circles) [9]. The agreement
between the model predictions and the experimental data suggests that the cholesterol-induced changes in the
elasticity of the membrane could be a key factor in regulating channel conformation.
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3.2. DOTAP can inhibit KvAP gating by changing the local dielectric constant

Finally, we use our continuum model to investigate the inhibition of KvAP gating [4, 5, 8] by positively charged
lipid DOTAP. Molecular dynamics simulations reveal that DOTAP lipids move away from the S4 helix because
of the repulsive interactions between the positive charges on the DOTAP and the S4 segment [ 14]. Furthermore,
greater water penetration has been observed in the S4 vicinity [14]. Since DOTAP leads to increased water
penetration, we increased the dielectric constant of the lipid—protein interface region in the model. This led
to a reduction in the electrostatic interactions between the S4 positive charges and the countercharges. Since
the mechanical energy favors the closed states of the channel, a reduction in the electrostatic energy made the
closed states relatively energetically more favorable. As a result, a larger depolarization is required to open the
channel. Figure 8(a) and (b) shows the energy landscapes for the pure POPC and POPC-DOTAP membranes
for the KvAP channel. This results in a rightward shift in the activation curve (Figure 8(c)). Invoking a dielectric
constant of 20 (compared with 14.5, used in the prior calculations), the activation curves predicted by the model
(pure POPC (gray curve) and POPC-DOTAP (red curve)) match very closely with the measured experimental
curves for KvAP channels in DPhPC and POPC-PG-DOTAP membranes (pure DPhPC in gray circles, DPhPC—
DOTAP in red circles, POPC-PG-DOTAP in green circles) [5, 8]. The model predicts a rightward shift of
44 mV, which is close to the 38 mV shift observed in experiments [8]. By invoking a dielectric constant of
30, the predicted model curve (purple curve) matches well with the experimental curve obtained for POPE—
POPG-DOTAP membranes (purple circles) [4]. The predicted rightward shift of 110 mV matches well with the
experimentally observed shift of 107.5mV.

4. Summary

Phospholipids are essential for the proper gating dynamics of voltage-gated Kv channels. Experimental studies
have shown that POPA, cholesterol, and DOTAP inhibit Kv channel gating. Atomistic studies suggest that POPA
and cholesterol enter the solvation shell of the ion channel, whereas DOTAP escapes from the solvation shell. We
developed an electromechanical model to quantify the extent to which the local distribution of these lipids can
alter the energy landscape of the gating of an idealized ion channel. Our analysis suggests that solvated POPA
can regulate motion of the S4 segment through direct electrostatic interactions, and that solvated cholesterol can
regulate the motion of the pore domain by changing membrane elasticity. The DOTAP lipids, conversely, can
alter the local dielectric constant, reduce the electrostatic interactions, and inhibit the gating. For all three lipids,
the model predictions match experimental findings. These findings strongly suggest that the channel gating
could indeed be regulated by local variations in lipid composition.
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