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Preferential electrostatic interactions of phosphatidic
acid with arginines†

Nidhin Thomas,a Wesley Combs,a Kranthi K. Mandadapu,bc and Ashutosh Agrawal∗a

Phosphatidic acid (PA) is an anionic lipid that preferentially interacts with proteins in a diverse set of
cellular processes such as transport, apoptosis, and neurotransmission. One such interaction is that
of the PA lipids with the proteins of voltage-sensitive ion channels. In comparison to several other
similarly charged anionic lipids, PA lipids exhibit much stronger interactions. Intrigued and motivated
by this finding, we sought out to gain deeper understanding into the electrostatic interactions of
anionic lipids with charged proteins. Using voltage sensor domain (VSD) of the KvAP channel as a
model system, we performed long-timescale atomistic simulations to analyze interactions of POPA,
POPG, and POPI lipids with arginines (ARG). Our simulations reveal two mechanisms. First, POPA
is able to interact not only with surface ARGs but is able to snorkel and interact with a buried
arginine. POPG and POPI lipids on the other hand show weak interactions even with both the
surface and buried ARGs. Second, deprotonated POPA with -2 charge is able to break the salt-
bridge connection between VSD protein segments and establish its own electrostatic bond with the
ARG. Based on these findings, we propose a headgroup size hypothesis for preferential solvation of
proteins by charged lipids. These findings may be valuable in understanding how PA lipids could be
modulating kinematics of transmembrane proteins in cellular membranes.

1 Introduction
Phosphatidic acid (PA) is a negatively charged lipid which is a
key intermediate in the synthesis of membrane glycerophospho-
lipids1,2. PA lipids acts as signaling molecules influencing mem-
brane properties, membrane structure, recruitment and insertion
of proteins, and activation of enzymes. These PA-dependent pro-
cesses play a crucial role in endocytosis, exocytosis, apopotosis,
and neurotransmission3.

One specific class of preferential interactions that PA lipids ex-
hibit is with the voltage-sensitive ion channels4–10. POPA lipids
have been shown to inhibit the gating of KvAP and Kv Chimera
channels4. POPA lipids have also been found to stabilize the
tetrameric assembly of KcsA channels5,11,12. Going beyond Kv
channels, POPA lipids have been shown to inhibit the gating of
epithelial Na channels13. There are two key features that make
the interactions of PA with Kv channels stand out. First, POPA
is able to influence the gating of Kv channels at a mere concen-
tration of 5%4. Second, PA has a more pronounced effect on Kv
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channel gating than other similarly charged lipids such as POPG,
POPI and POPS and anionic lipids such as cardiolipin and PIP with
higher negative charges4. PA lipids also show stronger interaction
with KcSA channels than POPG lipids5,14,15.

The above experimental findings lead to a natural question:
why do POPA lipids selectively interact with charged proteins
like voltage-sensitive ion channels? Mutagenesis experiments on
archeal KvAP channel4 show that POPA phosphate group inter-
acts with non-annular arginines. Interactions of POPA lipids with
arginines has also been shown for KcsA channel16. These inter-
actions are likely governed by the strong affinity between phosh-
phate and guanadinium that is well established17. In addition,
PA lipids exhibit an electrostatic-hydrogen bond switch that leads
to deprotonation and an increase in the headroup charge2,18–21.
Since the pKa2 of PA is close to the physiological pH of cells (6.6-
7.9)2,19,22–25, there is a high likelihood of finding a PA lipids with
-2 charge. In addition, presence of multiple positively charged
residues further lowers the pKa2 of PA lipids21,26,27. As VSD pos-
sesses several arginines, it is plausible that PA lipids exhibit an
increased charge of -2 in the channel environment.

While the studies above provide the basis for PA lipids to in-
teract favorably with charged proteins, the consequences of the
molecular interactions are not well quantified. For example, the
extent to which phoshphate-guanadinium affinity allows anionic
lipids to interact with positive residues in charged proteins is not
known. How is this interaction dependent on the depth of the
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positive residue in the membrane? How do these interactions
manifest in the case of other anionic lipids such as POPG and
POPI? Do these interactions explain the reduced interactions of
these lipids with VSDs despite having similar phosphate groups?
What are the consequences of increased headgroup charge on the
interaction of PA lipids with the positive residues? Does it enable
new electrostatic interactions or stabilize existing interactions?

To probe into the questions outlined above, we performed long
time scale all-atom molecular dynamics simulations to investigate
the interactions of POPA, POPG, and POPI with the VSD of KvAP
channel, as a model protein system. Ion channels serve as a good
model system as they have a cluster of arginines located on a sin-
gle alpha helix. This enables investigation of PA-ARG interactions
as a function of ARG depth in the membrane. Because of multi-
ple charges, we also expect the probability of deprotonation of PA
lipid to be higher in the physiological setting2. We, therefore, also
examined the interactions of PA lipids with pre-assigned two neg-
ative charges with the VSD. Our studies reveal that POPA with a
unit charge is able to access both the surface ARGs (R117, R120)
and the buried ARG (R123) by snorkeling into the bilayer. Despite
similar charges, POPG and POPI lipids are unable to snorkel and
interact with R123, and show a much weaker interaction even
with the surface ARGs. POPA with two unit charges, on the other
hand, is able to break a salt-bridge connection between two al-
pha helices in the VSD and establish its own electrostatic bond
with the buried ARG R123. These findings give insights into po-
tential mechanisms by which POPA is selectively able to interact
with charged proteins. These findings might be valuable in under-
standing preferential interactions of POPA with voltage-sensitive
ion channels and other charged proteins present in cellular mem-
branes.

2 Methods and Materials

2.1 Equilibrium MD Simulations

We used CHARMM-GUI28,29 to create an all-atom model of ini-
tial configurations. The cryo-EM structure of the voltage sensor
domain (VSD) of the KvAP channel in open configuration (PDB
ID: 6UWM) was obtained from30. Seven systems were simu-
lated to study the effect of anionic lipids in KvAP channel (see
Table S1, ESI†). In the first system, VSD was inserted into pure
POPC lipid bilayer. 200 POPC lipids were used to create the bi-
layer. 100 POPC lipids were used to create each top and bot-
tom leaflets. The additional lipids were used to balance the area
per lipid of each leaflet in order to maintain zero surface ten-
sion in each leaflet. VSD was inserted into the bilayer using
CHARMM-GUI and used PPM server to determine the placement
of the protein. Other systems were created in CHARMM-GUI by
replacing 25% of POPC with anionic lipids (POPA, POPG and
POPI). We performed all the simulations at 303K temperature
to ensure that the lipid bilayers are above the phase transition
temperature in the liquid disordered state. This is important to
capture the dynamics of lipid-protein interactions. In addition,
simulations performed at 303K are not expected to lead to pro-
tein denaturation as it falls well within the physiological range.
0.150 mM KCl was added to the system to neutralize the sys-

tem. We used CHARMM36m, CHARMM36 force fields31,32 for
protein and lipids, respectively. TIP3P water model33 was used
throughout the simulation along with CHARMM36 force field for
ions. Simulations were run in GROMACS 2018.334. The force
field parameters used for POPA(−2) was derived from POPA and
DOPP(−2) lipids. The partial charge distribution of POPA(−2) lipid
headgroup is provided in the ESI†. Considering the charge of
POPA(−2) and DOPP(−2) lipids, only 10% POPA(−2) or DOPP(−2)

lipids were added to the system. Additional MD simulations were
performed with different initial velocity distribution to reproduce
the results. Each system was simulated for 1.5 microseconds after
reaching equilibration. Initial 200 ns of the production runs were
discarded to account for the equilibration.

2.2 Umbrella Sampling Simulations

Equilibrated structures from the MD simulations were used as
the initial structures for the pulling simulations. We performed
pulling simulations of lipids to obtain the initial structures re-
quired for each umbrella sampling simulation window. The
pulling simulation procedure and the parameters are described in
detail in the ESI†. After the initial pulling simulations, structures
with 0.1 nm increment in the reaction coordinates were chosen
for the umbrella sampling. Each window was simulated for 200
ns and the final 50 ns were chosen for the free energy analysis.
We used ‘gmx wham’ tool to calculate the free energy profiles and
the error bars. The parameters used for the umbrella sampling
and free energy calculations are provided in the ESI†. The results
were analyzed using in-house scripts.

3 Results

3.1 POPA lipids can snorkel in lipid bilayers to establish
electrostatic interactions with buried ARG

We began by studying the interactions between the KvAP VSD and
POPA lipids using all-atom molecular simulations. We simulated
the cryo-EM structure of the VSD of KvAP channel30, in a mixed
bilayer comprising of 75% POPC lipids and 25% POPA lipids. Fig.
1 shows a simulated system with the VSD embedded in the mixed
bilayer (POPC lipids are shown in dark gray and POPA lipids are
shown in gold). The S4 segment of the VSD carries the positively
charged arginines. The details of the MD simulations are provided
in the Methods section and the ESI†.

We computed the two-dimensional areal density plots of POPA
and POPC lipids around the VSD in order to quantify the local dis-
tribution of lipids around the VSD. The areal density is defined by
2D number density of the oxygen atoms of the phosphate groups
in the outer leaflet of the bilayer. Fig. 2a and 2b show the den-
sity plots of POPA and POPC lipids in the outer leaflet, respec-
tively. The POPA plot shows three hotspots in the close vicinity
of S4 segment. In comparison, POPC lipids do not possess any
hotspots in the vicinity of S4. The yellow regions in the POPC
plot are located away from the S4 segment. This demonstrates
that the POPA lipids have a propensity to preferentially aggregate
near the S4 segment, unlike POPC, and enter the solvation shell
of the VSD. The 2D number density plots of POPC and POPA lipids
in the reproduction run are shown in Fig. S1 (ESI†).
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Fig. 1 Molecular dynamics set-up used to study lipid-Kv channel inter-
actions. Voltage sensor domain (VSD) of the KvAP channel is placed
inside a POPC(75%)-POPA(25%) membrane. POPC and POPA lipids
are colored gray and gold, respectively. Nitrogen atoms of POPC lipids
are colored blue, phosphorous atoms of POPA are shown in red, and
oxygen atoms of POPC and POPA are colored green. The VSD protein
segment S1 is shown in light blue, S2 is colored salmon, S3a is in cyan,
S3b is in purple and S4 is shown in green.

To comprehend POPA-VSD interactions, we analyzed the POPA-
ARG interactions. Fig. 3a shows POPA lipids (in yellow) in close
proximity of ARGs R117, R120, and R123. The first two ARGs
are at the level of lipid-water interface and their interaction with
POPA gives rise to the left two hotspots in Fig. 2a. Remarkably,
the third ARG R123 is buried into the bilayer and POPA is able
to snorkel and interact with it. This interaction gives rise to the
rightmost hotspot in Fig. 2a. The plot shows direct electrostatic
interactions between the phosphate (P) groups of the POPA lipids
and the ARG residues. Specifically, we find that the negatively
charged phosphoryl oxygen atoms (O11, O12, O13, O14) in the
phosphate group of the POPA lipids interact with the positively
charged nitrogen atoms (Nε , Nη1, Nη2) in the guanidinium group
of the S4 helix. The atomistic representation of the lipid head-
group and the arginine side chains are shown in Fig. S2 (ESI†).

In order to ensure that these interactions are strong, we com-
puted the distances between the headgroup oxygen atom of clus-
tered POPA lipids and the nitrogen atom of guanidinium side
chains of ARG residues as a function of time from two indepen-
dent simulations (Fig. 3b and Fig. 3c). As the molecular interac-
tions are stochastic in nature, analyzing data from more than one
simulation presents a more accurate picture. Several key observa-
tions can be made from the time plots. First, POPA lipids are able
to establish electrostatic interaction with all three ARGs. This is
evident from the fact that the distance plots associated with all
the three ARGs show flattened phases. Second, POPA is able to
maintain stable interactions with at least two POPA lipids during
the entire simulated time frame. In Fig. 3b , prior to 1000 ns
interactions with all three ARGs are stable, and after 1000 ns in-
teractions with R117 and R120 continue to remain stable. In Fig.
3c, interactions with R123 and R120 remain stable throughout
the simulation time. Third, remarkably, POPA is able to maintain

Fig. 2 2D density plots of (a) POPA lipids and (b) POPC lipids in the
outer membrane leaflet of POPC(75):POPA(25) system. POPA lipids
show three hotspots (yellow and red domains) in the immediate vicinity
of the S4 segment of the VSD. In contrast, POPC lipids do not aggregate
near the S4 segment.

stable interactions with the buried ARG (R123). While the inter-
action in Fig. 3b is still stable till 1000 ns, interaction in Fig. 3c,
is stable for the entire duration and undergoes minimal fluctua-
tions. Overall, these results demonstrate that while POPA-ARG
interactions are stochastic in nature, POPA is able to interact with
all three ARGs, including R123, over a significant period of time.

3.2 POPG and POPI lipids exhibit weak electrostatic interac-
tions with both surface and buried ARGs

Fig. 2 and Fig. 3 show that POPA lipids preferentially aggregate
near VSDs because of direct electrostatic interactions between the
negatively charged headgroup and the positively charged ARG
residues. However, if the charge interactions were the sole rea-
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Fig. 3 MD simulations reveal POPA-ARG electrostatic interactions. (a)
MD frame shows 3 POPA lipids interacting with 3 ARGs R117, R120,
and R123. POPA lipids are in gold, phosphorus and oxygen atoms of
POPA are in green, and nitrogen atoms of guanidinium side chains are
in blue. The electrostatic interaction between ARG side chains and lipid
oxygen atoms are highlighted in red dash lines. (b and c) Plot show
minimum distance between any of the POPA oxygen atoms and any of
the nitrogen atoms of the guanidinium side chains. We have presented
results from two independent simulation in b and c to show the variations
and similarities in the interactions. POPA-R117 (orange) and POPA-
R120 (cyan) interactions are stable in b, while POPA-R120 (orange) and
POPA-R123 (cyan) interactions are stable in c.

son for solvation, any lipid with a similar negative charge should
be able to solvate the VSD. To test this conjecture, we repeated
our analysis for mixed bilayers comprising of 75% POPC and 25%
POPG lipids, and 75% POPC and 25% POPI lipids. The density

Fig. 4 2D density plot of (a) POPG and (b) POPI lipids. The two
plots do not exhibit any yellow or red hotspots, as were seen in Fig. 3.
This suggests that both the POPG lipids and the POPI lipids, despite
having the same unit negative charge, are not able to establish strong
electrostatic interaction with the S4 segment of the VSD.

plots for the POPG and POPI lipids are shown in Fig. 4a and
Fig. 4b, respectively. The two plots in Fig. 4 reveal that un-
like POPA, both POPG and POPI do not exhibit density hotspots
in the inner solvation shell of the VSD (no yellow or red regions
are seen). This suggests that despite the same charge, POPG and
POPI lipids exhibit much weaker electrostatic interactions with
the ARG residues, which results in a reduced solvation of the VSD.
The 2D number density plots of POPG and POPI lipids from the
reproduction runs are shown in Fig. S3 (ESI†).

To further investigate the above finding, we quantified the spe-
cific interactions between POPG and POPI lipids with the VSD.
Fig. 5a and Fig. 5b show O-N distance time plots for POPG and
POPI lipids, respectively. These plots reveal much larger fluctu-

4 | 1–9Journal Name, [year], [vol.],

Page 4 of 9Soft Matter



Fig. 5 Minimum distance between oxygen atoms of POPG lipids (a) and
POPI lipids (b) lipids, and nitrogen atoms of guanidinium side chains of
R117 (orange), R120 (cyan) and, R123 (purple). In comparison to Figs.
3(b) and 3(c), the distance-time plots much higher fluctuations. This
reveals weak electrostatic interactions between the S4 segment and the
POPG and POPI lipids, and explains reduced aggregation of these lipids
in Fig. 4.

ations compared to those in Fig. 3b and Fig. 3c , showing that
POPG lipids and POPI lipids have much weaker electrostatic in-
teractions with the three ARGs compared to POPA lipids. This
in turn shows that negative charge alone is not the determinant
of stable electrostatic interactions with the ARGs but other phys-
ical parameters of the lipids can control the overall interactions.
The minimum distance calculations for the reproduction runs are
shown in Fig. S4 (ESI†).

3.3 POPA with two negative charges breaks a salt bridge
connection in VSD proteins

Next, we investigated the other possibility which could further
enable POPA lipids to preferentially interact with the VSD and
influence channel gating. It is known that POPA lipids undergo
deprotonation above a pH of 7.919–21. This environment typi-
cally exists in the vicinity of proteins with multiple basic residues
under biological conditions. Thus, it is feasible that POPA lipids
could undergo deprotonation in the proximity of charged pro-

teins, thereby exhibiting two negative charges. To quantify the
effect of this increased charge on POPA-VSD interaction, we sim-
ulated a bilayer comprising of 90% POPC lipids and 10% POPA
lipids with each POPA lipid carrying two negative charges. We did
not perform similar analysis for POPG and POPI lipids as similar
deprotanation has not been documented for them, to the best of
our knowledge. The partial charges of the phosphate headgroup
in the force field was modified to accommodate the additional
negative charge. The modified partial charge distribution is given
in Fig. S5a (ESI†).

Fig. 6a shows the density profile of POPA lipids around the
VSD. We see emergence of three red colored hotspots showing
POPA localization close to S4 segment. These hotspots have
stronger color intensity compared to those for POPA with a unit
negative charge in Fig. 3. This is so because POPA has stronger
electrostatic bonds with ARGs and hence, undergo reduced spa-
tial fluctuations. The additional hotpsot that appears far away
from S4 is due to the clustering of POPA lipids due to two negative
charges. In addition to electrostatic interactions with arginines,
propensity to form domain might be contributing to the strength-
ening of the three hotpsots near the S4 segment. Fig. 6b shows
an image of POPA lipids interacting with the ARGs (blue). The fig-
ure reveals that the POPA lipids have formed electrostatic bonds
with ARGs R117, R120 and R123. Fig. 6c shows distance be-
tween the POPA headgroup oxygen atoms and nitrogen atoms in
the ARG guanidinium side chains. We observe that the time plots
are much flatter for POPA lipids with -2 charge, once they en-
ter the solvation shell of VSD. In addition, POPA lipids are able
to maintain electrostatic interactions all the arginines, including
R123, concurrently. The 2D number density of the POPA(−2) lipid
reproduction run is shown in Fig. S5b (ESI†).

Going beyond O-N distance plots, we also analyzed the dis-
tance between R123 and glutamic acid E107 (a counter charge
on the neighboring S3b segment of the VSD) in Fig. 7a . The
plot reveals a remarkable switch undergone by R123 around 1000
ns. The salt bridge connection between R123-E107 gets broken
and a new electrostatic connection is established between R123-
POPA(−2). This is reflected in the fact that the green curve rises
and the magenta curve comes down around the same time. This is
novel since R123 forms a salt bridge with E107 in all the previous
simulations, including those for POPA with unit negative charge.
We confirmed this finding by measuring R123-POPA and R123-
E107 distances. In all the previous simulations R123 maintains
a minimum distance of around 0.3 nm with E107. In the case
of POPA with -2 charges, R123-E107 minimum distance increases
to 0.6 nm and the R123-POPA minimum distance reduces to 0.3
nm. This suggests that the POPA lipid with -2 charges is able to
break the salt bridge connection and establish its own electro-
static bond with R123. Thus, deprotonation of POPA lipids is able
to allow POPA lipids to establish stronger electrostatic interac-
tions with Kv channels. Fig. 7b shows the overlapped snapshots
of the S4-S3-POPA system prior to and after the switch. The side
chain containing R123 rotates to let go of its salt-bridge connec-
tion with E107 and establish a new electrostatic bond with POPA
(−2). The ARG-lipid time plots and salt bridge plots for the second
production run are shown in Fig. S6 (ESI†).
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Fig. 6 POPA with -2 charges show strong electrostatic interactions with
the VSD. (a) 2D density plot showing three POPA hotpsots near the S4
segement. The other two hotspots away from the S4 segment occur be-
cause of POPA clustering triggered by double negative charges. Similar
effect could be contributing to the formation and stability of the three
hotspots near the S4 segment. (b) A typical frame from the MD simu-
lation shows three POPA lipids (orange) in the close proximity of the S4
segment. (c) After initial fluctuations, POPA lipids with -2 charges show
very stable electrostatic interactions with all three arginigines simultane-
ously: R117 (orange), R120 (cyan), and R123 (purple).

4 Discussion
In this study, we performed molecular dynamics simulations to in-
vestigate the interactions of anionic lipids with the VSD of KvAP

Fig. 7 POPA with -2 charge breaks salt-bridge connection. (a) Min-
imum distance plots between ariginine R123 and glutamic acid E107
(green), and R123 and POPA with -2 charge (purple). Around 1000 ns,
the green curve rises to a higher distance and simultaneously, the purple
curve stabilizes at a smaller distance. This demonstrates that the elec-
trostatic interaction between R123-E107 is replaced with that between
R123-POPA. (b) Overlapped images of S4-S3-POPA system before and
after the switch shows that the arginine side chain undergoes rotation,
which results in breakage of the salt-bridge connection and formation of
the POPA-R123 bond.

channel as a model system. Our study reveals that POPA is able
to snorkel into the headgroup region and interact with the buried
arginine R123. On the other hand, POPG and POPI lipids are
unable to snorkel and interact with R123 in the simulated time
frame. In addition, their interactions with the surface ARGs are
also much weaker compared to that of POPA. This suggests that
despite a similar charge, POPA has a higher propensity to estab-
lish electrostatic interactions with the arginines than POPG and
POPI lipids. Our study also shows that deprotonated POPA with
-2 charge is able to break a salt bridge connection (R123-E107)
and establish its own electrostatic connection with the positive
residue. Fig. 8 shows a schematic that summarizes these find-
ings. These interactions might be at play in cellular processes
where POPA acts as a signaling lipid and interacts with charged
transmembrane proteins. KvAP VSD serves as a model system and
the electrostatic interactions identified in this study should be ap-
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Fig. 8 Schematic showing ARG-POPA interactions. POPA aggregates
around ARG residues in the VSD. POPA is able to snorkel and interact
with the buried arginine R123, and POPA(−2) is able to break the salt
bridge between R123 and E107 (in red).

plicable to any charged protein buried in a bilayer comprised of
anionic lipids.

4.1 Headgroup size hypothesis for lipid-protein interactions
We can analyze the structural properties of POPA, POPG and
POPI lipids to gain further insights into the relative electrostatic
interactions they exhibit with VSD ARGs. A comparison of the
headgroup sizes of POPA, POPG and POPI lipids show that
POPA lipids have 35% and ∼60% smaller volume than POPG
and POPI lipids, respectively (see Fig. S8, ESI†)35–39. While
POPA has a hydrogen ion linked to the phosphate group, POPG
has a glycerol group connected to the phosphate group, and
POPI has an inositol group connected to the phosphate group,
resulting in bigger headgroup sizes and a lower charge density.
As POPA, POPG and POPI lipids have identical acyl chains, the
fact that POPG and POPI lipids are not able to establish strong
interaction with R123 can potentially be attributed to a bigger
headgroup size. This conjecture is also supported by the fact
the POPG and POPI lipids exhibit much larger fluctuations, even
with respect to the surface ARGs R117 and R120 (please see
Fig. 5). This encourages us to propose a lipid headgroup size
hypothesis, which suggests that the size of headgroup may be a
critical parameter that determines the strength of lipid-protein
interactions and the extent to which lipids are able to solvate
proteins.

4.2 Umbrella sampling simulations suggest strong interac-
tions of POPA with buried ARG

In order to gain deeper insight into the interactions of anionic
lipids with arginines, we performed umbrella sampling simula-
tions. Following the approach of Sansom and co-workers40–43,
we pulled the bound lipids away from the ARGs in a radially out-

Fig. 9 Free energy curves for lipid-arginine interactions. POPC lipid has
the shallowest energy well, followed by energy wells for anionic lipids with
unit negative charge interacting with the surface arginine R117 (POPA
green curve, POPG purple curve, and POPI cyan curve). Interactions
with all three lipids have similar well depths. In contrast, interaction
of POPA with buried arginine R123 has a deeper well (yellow curve).
Presence of -2 charge on POPA significantly lowers the energy wells
for interactions with both the surface arginine R117 (orange curve) and
buried arginine R123 (red curve).

ward direction in a sequence of steps and computed the free en-
ergy curves. The details of the method are described in the SI.
Since we pull the lipids in the radial direction alone, orthogonal
degrees of freedom are suppressed. As a result, the free energy
curves obtained are 1-D projection of a rugged energetic land-
scape. Nonetheless, these energy calculations provide a qualita-
tive insight into the strength and specificity of anionic lipids with
arginines under identical numerical setup.

Fig. 9 shows the free energy curves for POPA with -2 charge
bound to R117 and R123, POPA with -1 charge bound to R117
and R123, POPG bound to R117, POPI bound to R117, and
POPC bound to R117. We can observe that depths of the energy
wells for anionic lipids with a -1 charge interacting with R117
are nearly the same and are slightly deeper than that for POPC
lipids because of stronger electrostatic interactions. The depth of
the energy well for POPA with -1 charge interacting with R123
(orange curve) is deeper than the wells associated with surface
arginine (yellow curve). This demonstrates that snorkeling en-
ables POPA lipid to achieve an increased energetic gain. The same
trend is seen in the cases of POPA lipids with -2 charges interact-
ing with R117 and R123. The energetic gain is much higher for
interactions with buried arginine (red curve) than surface argi-
nine (orange curve). In addition, as per expectations, -2 charge
lowers the energy wells significantly compared to the wells ob-
tained with -1 charge (compare orange and green curves, and
red and yellow curves). Overall, this analysis reveals that the in-
teractions with the buried arginine offers a larger energetic gain
compared to that obtained from surface arginine. Since POPA is
able to forge these electrostatic interactions, it gives them greater
capability to influence protein kinematics.
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Fig. 10 MD simulations reveal S4-DOPP interactions, similar to exhibited
by POPA lipids. (a) Minimum distance plots demonstrate that DOPP
lipids with -1 charge are able to maintain stable interactions with R117
and R120. (b) Minimum distance plot reveals that DOPP with -2 charge
is able to break R123-E107 salt-bridge connection and establish its own
electrostatic bond with R123. The transition between the green and
purple curves happen simultaneously as was observed for POPA lipids
with -2 charge.

4.3 Reproducibility and robustness of the findings
In addition to running multiple independent simulations, we val-
idated our findings by modeling another VSD-bilayer system that
comprised of 75% POPC lipids and 25% DOPP lipids. DOPP lipids
are similar to POPA lipids with a small headgroup size and ex-
ist with both -1 and -2 charges. Experimental studies also show
that DOPP lipids have significant effect on KvAP gating4. Fig. 10
shows the ARG-DOPP distance time plots for systems with DOPP
with -1 charge and DOPP with -2 charge. Fig. 10a shows that
similar to POPA, DOPP with -1 charge is able to establish electro-
static interactions with the two surface arginines. Fig. 10b shows
that DOPP with -2 charge shows similar interactions with ARGs as
POPA with -2 charge. DOPP is able to break the R123-E107 salt
bridge connection and establish its electrostatic bond with R123.
As for POPA, the switch in the electrostatic interactions between
R123-E107 to R123-DOPP happen simultaneously. These addi-
tional analyses confirm that our findings are robust and tied to
the physical properties (charges and geometry) of the lipids.

Abbreviations
KvAP: Kv channel from the thermophilic archaea Aeropyrum
pernix
VSD: Voltage Sensor Domain
POPA: 1-hexadecanoyl-2-(cis-9-octadecenoyl)-sn-glycero-3-
phosphate (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphate)
POPC: 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-
3-phosphocholine (1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine)
POPG: 1-hexadecanoyl-2-(cis-9-octadecenoyl)-sn-glycero-3-
phospho-(1’-sn-glycerol) (1-Palmitoyl-2-oleoyl-sn-glycero-3
phosphoglycerol)
POPI: 1-hexadecanoyl-2-(cis-9-octadecenoyl)-sn-glycero-3-
phospho-1D-myo-inositol (1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoinositol)
DOPP: 1,2-dioctadec-9-enoyl-sn-glycero-3-phosphate (1,2-
dioleoyl-sn-glycero-3-phosphate)
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