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Fig. 8. POPG lipids show weaker aggregation around VSD compared to POPA
lipids despite having the same unit negative charge. (a) RDFs of POPG lipids (blue
curve) and POPC lipids (green curve) around the COM of VSD in the outer leaflet
of a membrane comprised of 75% POPC and 25% POPG lipids. RDF of POPA
(red curve) is reproduced from Figure 3a. A comparison of the red and blue curves
shows that POPA lipids exhibit closer and stronger aggregation around VSD than
POPG lipids. (b) RDFs of POPG and POPC lipids around the COM of the four
S4 ARG residues (R117, R120, R123 and R126) in the outer leaflet of the POPC-
POPG membrane (same color coding as in (a)). RDF of POPA (red curve) is re-
produced from Figure 3b. The peaks in the red curve are much stronger than the
peaks of the blue curve showing preferential aggregation of POPA lipids around the
ARG residues compared to POPG lipids.

puted the total residence time of POPC, POPA and POPG
lipids within 0.5 nm of the COM of the VSD ARG residues
(Figure S6). While POPA lipids have a residence time of upto
1500 ns (Figure S6a), POPG lipids have a residence time of
only upto 300 ns (Figure S6b). As POPA and POPG lipids
have identical acyl chains, this marked reduction in the res-
idence time of POPG lipids can potentially be attributed to
the reduced electrostatic interaction resulting from a bigger
headgroup size. This analysis, therefore, suggests that the
headgroup size may be a key parameter that determines the
strength of lipid-protein interactions and the extent of protein
solvation by lipids.

Cholesterol can solvate pore domain because of aro-
matic rings and CARC/CRAC domains. Our molecular
simulations show that the VSD possesses aromatic rings and
CARC domain that allows CHOL to aggregate in the channel
vicinity. We further investigated the crystallographic struc-
ture of the KvAP PD (2) to identify additional CHOL binding
sites. We found that the PD contains a much larger number
of CHOL binding sites than the VSD. Figure 9 shows all the
aromatic rings present in the PD. These rings are present in
i) the PHE residues (red color), ii) the TYR residues (blue
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Fig. 9. Aromatic side chains in the PD of the KVAP channel. Aromatic side chains in
PHE residues (red color) and TYR residues (blue color) can interact with the CHOL
molecules. The aromatic side chains in TRP residues (in tan color) close to the
selectivity filter are likely to have minimal interactions with CHOL because of steric
hindrance.

color), and iii) the tryptophan (TRP) residues (tan color).
While the aromatic rings in the PHE/TYR residues are ac-
cessible to CHOL molecules, the rings in the TRP residues
are present close to the selectivity filter and hence, are not
amenable to CHOL binding. In addition, PD contains three
CARC domains and one CRAC domain, three of which are
present in the inner leaflet region (see Table S4). The pres-
ence of these sites strongly suggests that CHOL is likely to
exhibit stronger solvation in the presence of the entire struc-
ture of the Kv channels.

Electromechanical model predicts DOTAP-mediated
inhibition of KvAP gating.In addition to POPA and
CHOL, positively charged lipid DOTAP has been shown to
inhibit KvAP gating (7, 8, 11). MD 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 (47). Furthermore, higher wa-
ter penetration was observed in the S4 vicinity (47). We em-
ployed our electromechanical continuum model to quantify
the consequences of these findings on channel gating. 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 ARG residues and the counter
charges. 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.
This results in a rightward shift in the activation curve (Fig-
ure 10). Figure S7a and Figure S7b show the energy land-
scapes for the pure POPC and POPC-DOTAP membranes
for the KvAP channel. Invoking a dielectric constant of 20
(compared to 14.5, used in the prior calculations), the activa-
tion curves predicted by the model (pure POPC in gray curve
and POPC-DOTAP in red curve) match very closely with the
measured experimental curves for KvAP channels in DPhPC
and POPC-PG-DOTAP membranes (pure DPhPC in gray cir-
cles, DPhPC-DOTAP in red circles, POPC-PG-DOTAP in
green circles) (8, 11). The model predicts a rightward shift
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Fig. 10. Predicted activation curves for the KvAP channel in pure POPC membrane
(gray curve) and POPC-DOTAP membranes (red and purple curves). The red and
purple curves correspond to dielectric constants of 20 and 30, respectively. Ex-
perimental data for DPhPC-DOTAP membranes, POPC-PG-DOTAP membranes,
and POPE-POPG-DOTAP membranes are shown in red, green and purple circles,
respectively. Note. Experimental data from Journal of Biological Chemistry(11);
Nature (8); and Nature Structural & Molecular Biology(7).

of 44 mV, which is close to the 38 mV shift observed in ex-
periments (11). By invoking a dielectric constant of 30, the
predicted model curve (purple curve) matches well with the
experimental curve obtained in POPE-POPG-DOTAP mem-
branes (purple circles) (7). The predicted rightward shift of
110 mV matches well with the experimentally observed shift
of 107.5 mV.

Limitations. While computational studies continue to enrich
our mechanistic insight into the working of Kv channels, they
are limited by simplifications and subject to experimental val-
idation (48). For example, in this study, one of the key limita-
tions is the lack of MD simulations for the closed configura-
tion of the Kv channels. While we can make cautious extrap-
olations about lipid-protein interactions in the closed config-
uration based on the simulations performed on the open con-
figuration of the VSD, performing explicit simulations with
the closed configuration, when the crystal structure becomes
available, would definitely add to our insights. The second
limitation pertains to the continuum model. The channel is a
complex protein structure that undergoes numerous degrees
of motion and interacts with lipids in multiple ways. Here,
we have restricted ourselves to a minimal set of kinematics
that captures the essence of the lipid-protein interactions. In
the future, it would be desirable to refine the model and incor-
porate more degrees of freedom such as twisting and tilting
of lipids around the protein segments.

Also, the cryo-EM structure of the KvAP channel published
recently (49) shows that KvAP channel is a non-domain
swapped channel in which the S6 helix in the PD does not
have a pronounced kink in the open configuration. The kine-
matics invoked in our electromechanical model is based on
the domain-swapped structure of the KvAP channel discov-
ered earlier in which the S6 helix was kinked near G220
residue in the open configuration (26). It would be insightful
to adjust the kinematic constraints and revisit the model pre-
dictions in the light of the new findings in the future studies.

General principles. While we investigated the interactions
of POPA and CHOL with KvAP channel in this study, similar
lipid-channel interactions have been found to be critical for
the working of other types of channels. For example, POPA
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lipids have been shown to inhibit the gating of Kv Chimera
channels (10). POPA lipids have also been found to stabilize
the tetrameric assembly of KcsA channels (50-52) and show
stronger interaction with KcSA channels than POPG lipids
(50, 53, 54). Similarly, CHOL has also been shown to inhibit
the gating of Kv1.3 and Kir2.2 channels (16, 55-57). Going
beyond Kv channels, POPA lipids have been shown to inhibit
the gating of epithelial Na channels (58). Furthermore, VSDs
of Na channel homologs have been shown to possess high
sensitivity towards anionic lipids (59). Since the findings in
this study reveal general physical principles by which lipids
could interact and modulate ion channels, our study could be
of value to gaining mechanistic insights into the working of
these other types of channels.

Methods and Materials

Molecular Dynamics Simulations. We used CHARMM-
GUI (60, 61) to create an all-atom model of initial config-
urations. The crystallographic structure of the voltage sen-
sor domain (VSD) of the KvAP channel in open configura-
tion was obtained from (13). Five systems were simulated
to study the effect of anionic lipids and cholesterol (CHOL)
in KvAP channel (see Table S5). In the first system, VSD
was inserted into pure POPC lipid bilayer. 601 POPC lipids
were used to create the bilayer. 300 POPC lipids were used to
create the top leaflet and 301 lipids were used in the bottom
leaflet. The additional lipids were used to balance the area per
lipid of each leaflet in order to maintain zero surface tension
in each leaflet. The position of the center of mass (COM)
of VSD with respect to the center of bilayer was compared
with the results provided by (13). Other systems were created
in CHARMM-GUI by replacing 25% of POPC with anionic
lipids (POPA and POPG) or CHOL. We used CHARMM36m
force field (62, 63) to run simulations in GROMACS 2018.3
(64).

The radial distribution function (RDF) gsp (r) represents the
two-dimensional distribution of phosphorus atoms around
either the COM of the VSD or the ARG residues. The
RDFs were calculated using ‘gmx rdf” command in the GRO-
MACS. We used the center of mass (COM) of the entire VSD
and the COM of the ARG group as the reference group to
compute RDFs. We used the phosphorus atoms of individ-
ual lipids as the selection groups. For RDFs between the
ARG residues and the phosphate groups, COM of the first
four ARG residues (R117, R120, R123, R126) and the phos-
phorus atoms in the top leaflet were used. The RDF gop(r)
is defined by

Nszzds
920(r) (D (6r—r)) )
ptotal im1
N .
where piotar = (%) in which Np;,45 is the total num-

ber of lipids in the bllayer and A7iqr 18 the surface area of
the membrane patch. Above, r is the position vector where
gap is evaluated, r; is the position of the i*" phosphorus atom
with respect to the COM of the protein, and (.) is the sam-
pling average. We compute the RDFs as a function of time
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to ensure that RDFs have converged. Two sample RDFs for
POPC(75):POPA(25) and POPC(75):POPG(25) systems are
shown in Figure S8. The fluctuations in the RDFs fall below
10% at the end of 2 s, indicating convergence of RDFs.

Energy contributions in the electromechanical model.
The free energy of the total membrane-channel system is
given by

E=4Fgicc+ Enech 2

where F'gj.. is the electrostatic energy of a single VSD and
FErrecn 1s the mechanical energy of the surrounding mem-
brane. A factor of 4 in front of Egj.. is incorporated to ac-
count for the 4 VSD subunits. The electrostatic energy Fe;e.
is composed of four components

Egiec = ETrans + EsB+ ELip + Eseif- 3

We discuss these contributions in greater detail next.
Transmembrane potential energy (F7,,s): The electro-
static energy due to the transmembrane potential arises from
the changing vertical positions of the ARG residues in a uni-
form external electric field acting across the membrane. We
assume the potential at the interface of the outer leaflet with
water to be at 0 mV and vary the potential at the interface
of the inner leaflet with water from -150 mV to 200 mV.
Since the counter charges 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

ETrans Zozzy ZVQ f Zocz) )]
where f(zq,) is given by
1 Za; < Zin
f(zaz‘) = (1 - %) Zin < Za; < Zout, 5)
0 Zay; > Rout

V' is the transmembrane potential across the membrane, Q;
is the charge of the iy, ARG, z,, is the vertical position of
the i;, ARG measured from the center of the bilayer (Eqn.
[S3]), and 2, = —16 A and z,u; = 16 A define the height
of the interfaces up till which water is able to penetrate into
the two leaflets.

Salt bridge energy (Esp): The salt bridges ARG residues
form in the open and the closed states for the KvAP chan-
nel are listed in Table S1. There are three major salt bridge
connections in the open configuration (E45-R126, D62-
R133 and E107-R123) and the closed configuration (E45-
R117,D62-R120, and D72-R126) for the KvAP channel (Fig-
ure S11). The salt bridge interactions in the open configura-
tion were obtained from (13). The salt bridge interactions for
the closed configuration were obtained from the MD simula-
tions of the closed configuration model proposed in (13). We
do not account for the electrostatic interaction between the
negatively charged GLY and ASP residues as it remains un-
changed during the S4 movement. Similarly, the electrostatic
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interaction between the ARG residues are not considered as
there is no relative movement between them.
The salt bridge interaction energy is given by:

1=5n=4

Esp=) ) ——='— )

P ot dmeq Drip,

where D is the average dielectric constant for the salt-bridge
forming charges, Q; are the positive charges, @), are the
counter charges, and r;,, is the separation between the salt-
bridge forming charges. The dielectric constant is assumed
to vary across the bilayer as a hyperbolic tangent function
((Egn. [S6]) as proposed in (65). As a result, the dielectric
constant changes as the ARG residues move across the mem-
brane.

ARG-anionic lipid interactions (£7;,): We model the elec-
trostatic energy between the clustered anionic lipids in the in-
ner solvation shell and the positive VSD residues similar to
the salt-bridge energy. The number of anionic lipids around
the S4 and their distance from the positive residues are ob-
tained from the RDF of anionic lipids computed from MD.
This interaction energy is computed as

i=5l=p
QiQ
Erip = e 7
Lip ;lzzl 4dmegDry; @

where p is the number of negatively charged lipid head
groups around the protein, (); is the charge of the lipid head
group, 7;; is the separation between the charges, and D is the
average dielectric constant for a positive residue-anionic lipid
pair.

Self-energy of the charges (E.r): The self energy ac-
counts for the energy required to move a charge from one
dielectric medium to another. For a bilayer with varying di-
electric constant (Eqn. [S6]), we use the model proposed in
(65) to calculate the self-energy of the positive residues as

1 Zin — Ro;
— — — )\ (1-— hiZ
Esery = 4287reobD p, (1~ tanh(===))

% (1 — tanh(Z2 AZ"“t )
o 8)
where b = 1.8 A is the assumed radius for ARG and LYS

residues, and @); is the charge of the ARG/LYS residues.

Mechanical Energy. The mechanical energy is associated
with the bending and the thinning deformations of the mem-
brane and is given by

_ KB o2 Q 2
EMech/Q/( 2 (V ) 202 (u )) an (9)

where the first term penalizes the bending deformations and
the second term penalizes the thinning deformation of the
membrane (20). Above, Kp is the bending modulus, K 4
is the compression modulus, 2u is the change in membrane
thickness, and 2a is the resting height of the membrane (see
Figure S16; values listed in Table S5). Above, we have also
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assumed that the membrane is at zero resting tension. As
shown in (20), employing the solution of the Euler-Lagrange
equation (discussed in SI), we can express the mechanical
energy as

Emeen =nRK5(V3R)U” + (V35 + )0
3 (10)

where R is the channel radius at the midplane, U is the thin-
ning at the channel interface, U’ is the slope at the channel
interface, and 8 = (K 4 /K ga?)'/*.

Probability Distribution. The opening probability of the
channel is calculated using a multi-state model given by
—Eopen
e kBT
7Ek) .

2opetBt

where k accounts for all the energy wells in the energy land-
scape, I, is the energy of a well and e, is the energy of
the well corresponding to the open state, kp is the Boltzmann
constant and 7' is the temperature.

Popen = aa®n
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