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Abstract: Molecular dynamics simulations were used to study the structural perturbations of lipids
surrounding transmembrane ion channel forming helices/helical bundles and the movement of water
within the pores of the ion-channels/bundles. Specifically, helical monomers to hexameric helical
bundles embedded in palmitoyl-oleoyl-phosphatidyl-choline (POPC) lipid bilayer were studied. Two
amphipathic a-helices with the sequence Ac-(LSLLLSL)3-NH, (LS2), and Ac-(LSSLLSL)3;-NH,
(LS3), which are known to form ion channels, were used. To investigate the surrounding lipid
environment, we examined the hydrophobic mismatch, acyl chain order parameter profiles, lipid
head-to-tail vector projection on the membrane surface, and the lipid headgroup vector projection.
We find that the lipid structure is perturbed within approximately two lipid solvation shells from the
protein bundle for each system (~15.0 A). Beyond two lipid “solvation” shells bulk lipid bilayer
properties were observed in all systems. To understand water flow, we enumerated each time a water
molecule enters or exited the channel, which allowed us to calculate the number of water crossing
events and their rates, and the residence time of water in the channel. We correlate the rate of water
crossing with the structural properties of these ion channels and find that the movements of water are
predominantly governed by the packing and pore diameter, rather than the topology of each peptide
or the pore (hydrophobic or hydrophilic). We show that the crossing events of water fit quantitatively
to a stochastic process and that water molecules are traveling diffusively through the pores. These
lipid and water findings can be used for understanding the environment within and around ion
channels. Furthermore, these findings can benefit various research areas such as rational design of
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novel therapeutics, in which the drug interacts with membranes and transmembrane proteins to
enhance the efficacy or reduce off-target effects.
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1. Introduction

Biological membranes contain various types of lipid, proteins, and other molecules whose
functions are essential for life. To understand biological membranes, it is critical to understand the
interactions of their main components, lipids, proteins, and other molecules. It is well known that the
structure and function of the membrane proteins, which impart many of the functions to biological
membranes, are highly sensitive to the intermolecular forces that act within the lipid bilayer, such as
polar and nonpolar interactions [1]. It is also well known that different bilayer environments play a
critical role in altering protein structure and stability. A particular class of membrane structures are
ion channels which are essential in maintaining normal cell functions such as sustaining osmotic
equilibrium, facilitating bioenergetics, and providing the means for transmitting environmental
signals [2,3]. lon channels are targets for many therapeutics, and many classes of ion channels have
been implicated in either genetic or acute diseases [4,5]. By offering insight into the local molecular
environment around and within ion channels, possible therapeutics such as new antivirals or
treatments to channel-related diseases could be developed.

lon channels are often multimeric proteins containing many transmembrane (TM) segments.
To understand general ion-channel properties, a minimalist approach was adapted to comprehend
the function of ion channels which uses synthetic peptides that consist of repetitive sequences
with features and topology found to be important in more complex and natural channel-forming
proteins [6]. These canonical synthetic peptides are amenable to study, and the conclusions of such
studies should be applicable to the entire class of homo-oligomeric ion-channels including naturally
occurring channels. These peptides have been successful in studying ion-channel structure, assembly
and gating [6,7]. The two synthetic peptides we use are Ac-(LSLLLSL)3-NH, (LS2), and
Ac-(LSSLLSL)3-NH, (LS3), where leucine (L) is nonpolar with high hydrophobicity and
helix-forming propensity, and serine (S) is polar and represents the hydrophilic side of the helix. In
addition to the amphipathic nature of the peptide found in ion-channels, the length of the peptide (21
residues ~30 A) is designed to be comparable to the thickness of the hydrocarbon portions of the
lipid bilayer minimizing the hydrophobic mismatch [8,9]. While these peptides have a simple
sequence, they are known to form ion channels in membranes and are voltage gated similar to
biologically active ion channels [10,11]. The sequence pattern of L/S residues forming LS2 and LS3
peptides are topologically similar, each with a hydrophilic face which would form the lumen of the
pore and hydrophobic face interacting with lipids or other hydrophobic helices. This topology can be
seen in many naturally occurring peptide sequences such as those found in virus [12], e.g. M2
influenza virus [13-17] and VPU [18], fungus e.g. Alamethicin [19] and mammalian e.g. channel-
lining segments of nicotinic AchR [20].
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Previous work has shown that the LS3 peptides forms monovalent channels that is cation-selective
and prefers to be a hexameric channel, placing LS3 in the group of channels with midsized pores
which include ion-selective nicotinic receptors and anion-selection GABA and glycine receptors [21].
Unlike LS3, LS2 peptides prefer tetrameric bundles and are proton selective [10,22,23], behaving
similar to the influenza A viral M2 protein [16,17,24]. Understanding the movement of water
traveling within these simple molecular assemblies of the LS2 and LS3 channels can garner
information on pore size preferences that can link these simple peptides with naturally occurring
peptides that have similar channel behaviors.

The mobile lipids next to the more rigid membrane proteins can adjust to a changing
environment without compromising the integrity of the membrane. Therefore the interplay between
membrane proteins and lipids are crucial. Further, lipids are essential in protein assembly or
oligomerization of multi-subunit complexes, and they help maintain channel stability, control protein
insertion and folding processes [1,25,26]. Numerous studies have been conducted on the biochemical
and biophysical importance of protein-lipid interactions for assembly, stability, and function of
membrane proteins, however, atomistic detail of protein-lipid interactions are required to understand
the effects of lipid structure on the aggregation of transmembrane proteins [1]. Despite considerable
efforts, it is experimentally difficult to map details of protein-lipid interactions since the lipid bilayer
environment is a complex two-dimensional liquid crystalline system [27]. Investigators have used
Molecular Dynamics (MD) simulations to shed light on biomembrane phenomenon such as helix
aggregation, local motions and interactions with lipid bilayers [27]. Here, we aim to build upon our
previous study of ion-channel protein-protein interactions [9] to offer insight into the interactions of
TM proteins with lipid molecules and water flow through the ion-channels.

2.  Materials and methods

MD simulations were carried out on the LS2 and LS3 peptides that form ion channels. The
details of the methods are described in our previous paper on peptide-peptide interactions [9], for
completeness we give the details of the simulations here. Models ranging from one to six helix
bundles were generated using an idealized structure with the TM bundle parallel to the bilayer
normal and the serine residues of each a-helices lining the pore, forming a N-fold symmetry where N
is the number of helices in the bundle. Each bundle were embedded in a pre-equilibrated lipid bilayer
consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Figure 1) and placed
between two lamellae of waters. A total of 200 lipid molecules (100 per leaflet) and 11,228 water
molecules were used for each system, for a total of 60,484 atoms for the environment, with 360
atoms per helix for LS2 and 334 atoms per helix for LS3.

Simulations were carried out using the NAMD package [28] with the AMBERO3 force field [29]
and TIP3P waters [30]. Periodic boundary conditions were applied in all three spatial directions.
Particle Mesh Ewald (PME) method was used for long-ranged electrostatic forces with a grid of
90 <90 =90 [31]. A time step of 1.0 fs was used. An initial equilibration was done using the NVT
ensemble for 5 ns under a constant temperature of 310 K where the peptide backbone alpha-carbons
were fixed to remove all “bad” interactions. After these initial simulations, an additional 10 ns was
performed without any constraints under the NVT ensemble. The calculations were then continued
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for at least 75 ns using an NPyT ensemble where a surface tension (y) of 45 mN/m was applied [32-34],
which reproduced a surface area of 65 +2 A?/headgroup [35]. This is in accord with experimental
value of 68.3 +1.5 A%headgroup [36]. The thickness of the bilayer was found to be 40 +1 A
relatively in good agreement with the experimental value of 37 A [36]. A constant pressure of 1 atm
was maintained using Langevin piston with a period of 200 fs and a decay time of 50 fs. The
temperature was maintained at 310 K using Langevin damping with a damping coefficient of 5 ps .
The simulation unit cell fluctuates separately in each dimension and had an average size of roughly
84 A <76 A <94 A, which is large enough such that periodic images of the peptides do not interact.
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Figure 1. Top: TM ion channel forming helices, where (A) is LS2 and (B) is LS3. Each
helix is depicted in a semitransparent representation where cyan represents the backbone,
red represents polar residues, and green represents nonpolar residues. Each panel depicts
the same protein TM sequence rotated 180 “with the hydrophilic face on the right and the
hydrophobic face on the left. Bottom: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) with labeled atom names, where the palmitoyl tail is from atoms C32-C316, and
the oleoyl tail is from atoms C22-C218.

3.  Results and discussion

The topology of LS3 and LS2 peptides differs where LS3 consists of more polar serine residues
than LS2 (Figure 1A, B). The different structures resulting from packing and tilting of the oligomers
results in commensurate lipid structural and dynamics changes near the oligomers. We quantify the
collective bilayer response hydrophobic mismatch and meniscus formation, and give more detail of
the molecular structural changes with lipid order parameters and vector projections.
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As well as the response of the lipid, these oligomers form ion-channels, which allow for water
to transverse the bilayer. Due to the difference in the number of polar residues, we initially
hypothesize that the structure of the pore of the LS3 ion channels would allow for more water to flow
through since more polar interactions with water can be formed. However, our results suggest that
the polar topography of the helix does not dictate the flow of water, but rather the structural
arrangement of the bundle control the flow of water. We have quantified the structure packing of the
bundles in a previous publication [9]. Here we highlight and expand on structural features related to
water flow. We find that only bundles with more than three helices exhibit water flow and thus form
ion channels. To examine the movement of water, we enumerate each water-crossing event by
following the water movement through the hydrophobic region of the bilayer.

3.1. Oligomer structure and helix vector projection

The structural and orientation of the helices within the oligomers have been discussed in a
previous paper [9], here we highlight structure of the bundles with N > 4 and the pore lumen through
which water transverses. The average vector projections (representing the hydrophobic to
hydrophilic direction) for each helix are reported in Figure 2. For each helix, this is defined as the
XY projection of the vector from the center-of-mass (COM) of the backbone atoms of the center
residue (11™) to the COM of the third or fifth serine side chain atoms for LS2 or LS3, respectively.
This produces a vector pointing toward the hydrophilic face of the peptide, which highlights the
structural arrangement of each helix and the alignment of the serine residues with respect to the
lumen of the pore (Figure 2).
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Figure 2. LS2 (blue) and LS3 (red) average protein structure (A) and vector projections
(B): (1) LS2 Tetramer; (2) LS2 Pentamer; (3) LS2 Hexamer; (4) LS3 Tetramer; (5) LS3
Pentamer; (6) LS3 Hexamer.

Base on Figure 2, it is evident that a pore is formed in all bundles with N > 4 (N = 4-6 peptides)
where the hexameric bundle has the largest pore, and the tetramer bundle has the smallest pore. The
LS2 tetramer and hexamer bundle forms a stable pore, while the pentamer bundle show signs of
instability where helix 3 (H3) is interacting strongly with helix 2 (H2). In comparison, all of the LS3
bundles (N = 4-6) have a stable pore lining arrangement with the hexamer conformation having the
largest pore. We find that all adjacent helices within each bundle have at least 1 serine-serine contact
with LS3 having more contacts than LS2 as expected.
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3.2. Perturbations of lipid structure

We analyzed the lipid-protein interactions of embedded bundles comprised of 1-6 peptides.
Specifically, we investigate the hydrophobic mismatch between the protein and the lipid bilayer, and
its effects on the lipid structures. We analyzed the lipid structure using the head-to-tail orientations,
acyl-chain order parameters, and the headgroup orientations. We expand on each of these analyses
and discuss the results in turn below. Anticipating our results, we find distinctive lipid perturbation
patterns surrounding bundles containing 1-3 peptides (lower order bundles) compared to bundles
with 4-6 peptides (higher order bundles). In addition, we determined that the membrane proteins
only perturb the lipid structure for 2 lipid solvation shells.

3.2.1.  Hydrophobic mismatch and meniscus formation

Hydrophobic mismatch occurs when the hydrophobic portion of the proteins do not match the
acyl core of the membrane lipids, thus exposing the hydrophobic surfaces to an hydrophilic
environment which is either the lipid head groups or the aqueous solution. In order to avoid such
exposure and to minimize the free energy of the system, proteins and/or lipids typically adopt
different conformations to reduce or eliminate the mismatch. Proteins may tilt to change their
effective hydrophobic length, self-associate/aggregate, or adapt their structure. Lipids can react by
stretching, compressing, or distorting their acyl chains to increase or decrease lipid thickness to
match the proteins. Numerous studies at the molecular level have been conducted to elucidate the
effects caused by the protein-lipid hydrophobic mismatch. Results indicated that the extension of
lipid perturbation depends on several criteria such as protein size, the degree of the hydrophobic
mismatch, the curvature of the protein surface in contact with the lipid hydrocarbon chains, and the
temperature setting during the simulation [37—40]. Most models assume that the lipid’s fatty acyl
chains in the vicinity of a membrane protein adjust their conformation to match the hydrophobic
thickness of the protein with minimal local perturbation.

To investigate the hydrophobic mismatch at the molecular level, we plotted the height of the
lipid head group to the center of lipid as a function of the radial distance from the COM of the TM
protein (Figure 3). The height of the lipid head group is defined as the distance from the phosphorus
atom to the COM of the bilayer projected along the lipid bilayer normal (Z-axis), averaged over all
lipid molecules in the two leaflets and over the configurations sampled over time. Helix tilt angles
are measured as the angle between the principal eigenvector of the moment of inertia (MOI) tensor
of each bundle (Table 1) and the normal of the bilayer-water interface [41].
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Table 1. Total simulation time and the average tilt angle of the bundle with respect to the
bilayer’s norm, calculated by using the moment of inertia tensor and averaged over the
last 50 ns of trajectory.

Systems LS2 Simulation LS3 Simulation LS2 Tilt Angle LS3 Tilt Angles
Time (ns) Time (ns) (degrees) (degrees)
Monomer 75 75 22.3+£2.0° 5.89 £2.9°
Dimer 80 90 284 +2.1° 5.06 + 2.0°
Trimer 135 80 21.7+2.0° 10.1£2.7°
Tetramer 80 75 35+29° 23+1.3°
Pentamer 80 120 29.7+1.8° 18.9+2.1°
Hexamer 80 80 24.0 £ 5.8° 19.0 £ 4.2°
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Figure 3. Lipid head-group height (Z-project of the distance from the phosphorus atom
and the COM of the bilayer) averaged over time and two leaflets as a function of its
radial distance from the monomer/bundle. The cold colors (aqua, blue, purple) represent
LS2 systems and hot colors (yellow, red, orange) represent LS3 systems. (A) monomer to
trimer systems; (B) tetramer to hexamer systems.
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Simulation of a pure POPC bilayer system yielded an average lipid head group height of
20.3 £2.1 A For the protein/lipid systems, Figure 3 shows that the lipid head-group heights range
from a minimum of ~17.5 A to 19.0 A in systems with three or less peptides (lower order bundles),
and from a minimum of ~16.0 to 19.7 A in systems with four or more peptides (higher order
bundles). The general trend found was that as the distance from the bundle/monomer increases, the
membrane becomes unperturbed as expected, but in the vicinity closest to the bundles/monomers
(less than 10 A for lower order, and less than 15 A for higher order), the bilayer thins slightly. At
areas closest to the bundles/monomers, the lipid chains expand out along the bilayer interface to
provide a thinner bilayer with a small decrease in bilayer thickness. This is due to the hydrophobic
thickness of the bilayer being somewhat greater than that of the protein helix length therefore it
decreases to match with the protein and minimize the free energy of the system. However, since the
meniscus of the bilayer with embedded peptides is within the standard deviation of 2.1 A of the
height of a pure bilayer (random fluctuations of the pure bilayer are more than the mismatch), we
conclude that the hydrophobic mismatch effect is not significant in the simulated systems.

In terms of protein conformation, we have observed significant tilting of peptides in most
systems (Table 1). The tilt angles of the bundle are found to be greater in the LS2 systems than that
in the LS3 systems (Table 1). An extreme example can be observed in the monomer system where
the LS2 peptide has a tilt angle of 22 while the LS3 peptide remained fairly vertical with a tilt angle
of 6< However, there is no clear correlation between the protein tilt angles (Table 1) and the lipid
height meniscus (Figure 3). In addition, the length of the LS2 and LS3 peptides (~30 A) is slightly
shorter than the height of the hydrophobic core of lipid bilayer. Tilting of the peptides would not lead
to matching hydrophobic lengths but the opposite and more of a mismatch.

We reason that the tilting of the peptides is not caused by meniscus formation in response to
hydrophobic mismatch where the perturbation on protein orientation and structure are not caused by
membrane curvature, but rather direct protein-lipid interactions. To elaborate, the hydrophobic
interaction of the membrane core with the leucine residues is competing with the hydrophilic
interactions between the serine residues and lipid head groups. Thus, if the peptide contained only
nonpolar leucine residues (LLLLLLL)s, then the peptide would be located at the center of the bilayer
in a parallel orientation (tilt angle of 909 leaving it in a parallel orientation that is not transmembrane.
On the other hand, a peptide containing only polar serine residues (SSSSSSS); will be expelled from
the bilayer’s core and reside in the aqueous phase. Hence, combinations of polar and nonpolar residues
are required to maintain a transmembrane conformation. Experimentally it has been shown that the
LS3 monomer is not transmembrane and prefers an orientation that is parallel to the membrane
interface [42]. However, within a simulation time of 75 ns, the LS3 monomer is in a meta-stable state
where it remains transmembrane, and we see the monomer rocking back and forth in this local
minimum. Since LS3 has more polar residues than LS2, LS3 interacts more strongly with the lipid
headgroups to keep its vertical orientation, leading to a smaller tilt angle. It has been estimated that a
single polar amino acid such as serine, can stabilize the transmembrane peptides by 1-2 kcal/mol [43].
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3.2.2. Hydrocarbon lipid tail order parameter

Lipid acyl chain order parameter is a direct measurement of the hydrocarbons chain orientation
and mobility. The deuterium order parameter can be obtained through ?H NMR experiments from the
quadrupole splitting [44-46]. We calculated the lipid deuterium order parameters (Spilayer) Of POPC
acyl tails (Figure 1) using:

Sbilayer = %<3C0529 -1) (1)

where 0 is the angle between the molecular axis (carbon-hydrogen bond vector of methylene
segment) with respect to the bilayer normal. We calculate acyl chain order parameters on both the
palmitoyl and oleoyl tails (Figure 1). Lipid molecules within and beyond two solvation shells (10.0 A
for lower order bundles and 15.0 A for higher order bundles) with respect to the protein bundle were
separated and the order parameters were calculated separately. Order parameters of lipids more than
two solvation shells away from the bundles were found to be similar to that of a pure bilayer. We
thus conclude that lipid perturbation by the transmembrane protein system does not extend beyond
two solvation shells. On the other hand, Figure 4 shows the lipid deuterium order parameters
measured for lipids that are within two solvation shells of the bundles are affected. Each system is
affected to a different extent by the presence of the protein bundles.
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Figure 4. Lipid acyl chain deuterium order parameter of lower order bundles (A & C)
and higher order bundles (B & D) for both the palmitoyl (A & B) and oleoyl (C & D)
tails within about two solvation shells (10 A for 1-3 bundles and 15 A for 4-5 bundles)
are shown. The cold colors (aqua, blue, purple) represent LS2 systems, hot colors
(yellow, red, orange) represent LS3 systems and the black line represent the order
parameter of a pure POPC bilayer.
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Typically, a higher order parameter corresponds to a more ordered system. The saturated lipid
tail of POPC displayed a general trend of decreasing lipid order towards the core of the bilayer
(Figure 4A, B). The unsaturated lipid chain is not monotonic, where there are two minimum ranges
indicating that the unsaturated acyl chains are more disordered. The first range is between C22-C25
atoms of the acyl chain in the vicinity of the glycerol group. Second, the acyl tail becomes more
disorder near the point of unsaturation between C29-C210 (Figure 4C, D). Experimental deuterium
NMR studies of lipid-only system yielded a similar trend for both saturated and unsaturated acyl
chains [46,47]. The order parameters of the fatty lipid tails are significantly affected by the presence
of the lower order bundles (N = 1-3). The lipids surrounding the LS3 peptides are more ordered than
that of the LS2 peptides, which likely results from the LS2 peptides tilting allowing more space
resulting in increased mobility and decrease order of the lipid tails. Clearly observed in the palmitoyl
tail (Figure 4A), the hydrocarbons order parameters in a pure bilayer lie in between LS2 and LS3
systems. In the oleoyl tail, the same trend is observed from C211-C218 atoms, towards the bilayer
core. However, due to the nearby glycerol group and the presence of the double bond, the oleoyl tail
order parameters from C22-C210 are affected by the protein bundles somewhat differently. All
systems are more disordered as compared to a pure bilayer system. As shown in Figure 4, in higher
order bundles (N = 4-6), the lipid order parameters were found to be fairly close to the pure POPC
bilayer and with each other for both the palmitoyl and oleoyl tails. The fact that the presence of
these higher order bundles has little effect on the order parameters of lipid tails is probably due to
less accessibility of the polar residues to the fatty acyl chains in these higher order bundles.

3.2.3. Lipid tail vector field and vector length

To further quantify the lipid tail ordering we use a lipid tail vector projection (LTVP) and
average it over the simulation trajectory. A LTVP is defined as the vector from the central glycerol
carbon (C2 in Figure 1) to the respective terminal carbon (C218 or C316 in Figure 1) projected onto
the XY plane. In an equilibrated pure lipid system or an unperturbed lipid such as an area away from
the protein bundles, the average LTVP over time would be expected to vanish indicating no preferred
orientation of tail directions. Therefore, large deviation from zero indicates a preferred direction of
the lipid tails.

A graphical representation of the radial and angular distribution of the LTVPs with respect to
the COM of the protein bundle/monomer is shown in Figure 5. The XY plane of the membrane were
divided based on distance and angle from the COM of the bundle with a bin size of 5.0 A for
distance and 40.0°for angle. The colors of the arrows represent the density of lipids in the bin area,
where purple has the lowest density, and yellow with the highest density. The origin is the COM of
the bundles/monomers, the z-axis is perpendicular to the bilayer plane, and the x-axis is from the
COM of the bundle to the COM of helix 1 or in the monomer case from the COM of the helix to the
COM of all leucine residues. Figure 6 quantifies and Figure 5 displays the LTVP lengths as a
function of the distance from the COM of the bundle/monomer averaged over the angular space and
two leaflets (upper and lower).

The acyl chains in the vicinity of the protein bundles generally have longer LTVPs indicating
lipid perturbation by the protein bundles. As a result, these lipids show preferred orientation and/or

AIMS Biophysics Volume 5, Issue 1, 50-76.



60

tilting of their tails from a vertical orientation along the bilayer normal to a more extended
orientation along the membrane surface. Typically, the lipid tail extends away from the bundle. This
is especially true on the polar residue side of the peptide as evidenced in the LS3 monomer and
dimer cases (Figure 5D, E). Occasionally, some lipid tails reach towards the hydrophobic face of the
bundle. This is mostly due to the tilting of the protein bundles leaves voids around the bundles
therefore lipids extend their tails to try to fill the void. Figure 6 shows that the vector lengths die
down rather quickly for lipids that are more than 10.0 A (lower order bundle) or 15.0 A (higher order
bundle) away from the center of the protein bundles. The fact indicates that lipids are only perturbed
locally within 10.0-15.0 A of the homo-oligomeric bundle systems which is consistent with the order
parameter results.
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Figure 5. LTVPs around: (A) LS2 monomer; (B) LS2 dimer; (C) LS2 Tetramer; (D) LS3
monomer; (E) LS3 dimer; (F) LS3 Tetramer conformation. The arrow represents the
vectors from the glycerol to terminal carbon groups projected on the XY plane, while the
listed colors represent the density of the lipids in the order of least dense to most dense:
Purple (lowest) > Blue > Green > Red > Orange > Yellow (highest).

Second, we observe that acyl chains of the lipid tails tilt more (longer vectors) in the vicinity of
the protein in response to the tilting of the lower ordered protein bundles. This is evident as we
compare the protein tilt angles (Table 1) versus the lipid tail orientation (Figures 5 and 6A) between
the LS2 and LS3 lower order bundle systems. The LTVPs of the LS2 monomer and dimer systems
are significantly longer than those of the LS3 monomer and dimer systems, respectively. For
example for the first solvation shell (<5 A to the COM of protein), while the LS2 dimer has an
averaged LTVP length of 9.0 A, the LS3 dimer only has an average vector length of 4.2 A. Therefore
the amphipathic peptides, when they act alone or in lower order bundle, perturb the lipid structure to
a higher extent when they are more tilted. This is probably due to the fact that the higher degree of
tilting would result in more lipids getting in contact with the hydrophilic faces of these lower order
bundles. As the size of the bundles grow and the hydrophilic faces of the peptides get more shielded,
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the effect of tilting on lipid orientation decreases. For example, the differences in LTVP lengths
between the LS2 and LS3 trimer systems are much smaller than that of the monomer and dimer systems.
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Figure 6. LTVP length averaged over time and both leaflets with respect to the lipid’s
radial distance from the center of the monomer/bundle. The cold colors (aqua, blue,
purple) represent LS2 systems and hot colors (yellow, red, orange) represent LS3
systems. (A) monomer to trimer systems; (B) tetramer to hexamer systems.

Third, in higher order bundles (N = 4-6 peptides), the radial and angular distributions of the
LTVPs are not significantly influenced by the tilting of the peptides since the polar residues are
shielded from the lipid core. In the tetramer case, the vector field of the LS2 tetramer (Figure 5C)
shows that the LTVPs are shorter in length, less directional and are more evenly distributed around
the peptide bundle than that of the LS3 tetramer. Our analysis of protein structure and dynamics [9]
indicates that LS3 tetramer and pentamer bundles have tighter packing arrangements than the
corresponding LS2 bundles due to more hydrophilic contacts within the pore. As a result, the
dynamics of the peptides in the LS3 bundles are slower than that of the LS2 systems. This will likely
influence the dynamics of the lipids nearby so that lipid tails close to the LS3 tetramer and pentamer
are hindered. Hence, the packing arrangements of higher order bundles contribute to the perturbation
of the lipid head-to-tail displacement.
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3.2.4. Lipid head group vector field

Similar to the LTVPs that quantify the tail orientations, we have also analyzed the orientation of
the head groups. Specifically, the vectors defined as from the COM of the choline group
(approximately N in Figure 1) to the COM of the phosphate group (approximately P in Figure 1) is
calculated and projected onto the membrane plane (XY). The graphical representation of the angular
and radial distribution of this vector projection (LHVP as in Lipid Head Vector Projection) is
generated using the same procedure as discussed above for the LTVP. Specifically, the two
dimensional (XY) space around the LS2 and LS3 bundles/monomers were divided into bins with a
bin size of 5.0 A for distance and 40.0=for angles. The average LHVP for each bin over time and
space are calculated. Figure 7 shows examples of the LHVP vector field around the protein bundles
for lower (monomer and dimer) and higher (tetramer) order bundles for both LS2 and LS3 systems.
Further, the radial distributions of the LHVP lengths as a function of the radial distance from the
COM of the bundles/monomers are plotted in Figure 8.

As shown in Figure 8, the perturbation of lipid by the protein bundles in terms of lipid head
vector orientation is also localized. However, the perturbation extends slightly further out from the
center of the bundles. Specifically, the LHVP lengths level off around 15 A for lower order bundles
and 20 A for higher order bundles. In both cases, the perturbation in terms of head vector orientation
extends out 5 A more than that of the tail vector orientation. In addition, unlike the LTVPs that are
mostly affected by specific protein-lipid interactions, the LHVPs are likely to be affected by the
electrical field generated by the hydroxyl groups of the serine residues.
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Figure 7. LHVPs around: (A) LS2 monomer; (B) LS2 dimer; (C) LS2 tetramer; (D)
LS3 monomer; (E) LS3 dimer; (F) LS3 tetramer conformation. The peptides are
colored green for the leucine residues and red for the serine residues. The arrows
represent the vectors from the head group choline to phosphate projected onto the XY
plane, where the listed colors represent the density of the lipids from least dense to most
dense: Purple (lowest) > Blue > Green > Red > Orange > Yellow (highest).
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For example, in the LS3 monomer system, there is a group of LHVPs on the opposite side of the
hydrophilic face and pointing away from the peptide. These choline (positive) to phosphate
(negative) vector projections align well with the dipole vectors (from the more positive H to the more
negative O atoms) of the hydroxyl groups of the LS3 peptide, which is almost vertically sitting in the
membrane. In the LS2 monomer system, the hydroxyl groups are more randomly distributed due to
the tilting of the peptide therefore the LHVPs are more randomly distributed. The behaviors of the
LHVPs in the dimer systems, especially the LS3 dimer, also support the idea that electrical field is
the main source for lipid perturbation in terms of head group orientation. As shown in Figure 7B, E,
the LHVPs in the dimer systems are generally short and less directional. This is in agreement with
the fact that the dipole moment in the dimer systems are likely small due to the cancelation of
charges between the hydroxyl groups from the two peptides when they directly facing each other and
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forming hydrogen bonds. The effect is more evident in the LS3 case since the two peptides are sitting
in the membrane almost vertically with their hydrophilic faces aligning to give the maximum
serine-serine contacts [9].

In the LS3 trimer and all higher order bundle systems, the general pattern of the LHVPs are that
they are pointing away from the center of the bundle. The distribution of the LHVPs seems to
correlate well to the symmetry of the bundle and this again supports the conclusion that the
orientation of the head group vectors is mostly affected by the electrical field. For example, the LS2
tetramer has the highest symmetry in terms of equal distance from each helix to the center of the
bundle [9], similar tilt angle for individual helix and similar interhelical distance for each pair, etc.
Therefore, the LHVP field of the LS2 tetramer system (Figure 7C) shows a very interesting
symmetric pattern revolve around the center of the tetramer bundle, which can be explained by an
electrical field caused by the symmetric arrangement of the helical bundle.

3.3. Water dynamics
3.3.1. Pore radius profile

The pore radius profiles for all systems were determined using the HOLE program [48,49]. HOLE
measures the maximum pore diameter of ion channels by using a Monte Carlo simulated annealing
procedure. Traveling through the z-axis of the center of the pore, HOLE determines the largest sphere
that can be accommaodated through the channel without overlapping with the van der Waals surface of
any atoms of the peptides. To compare the change in pore size, the pore radius profile was calculated
during the production run at 25 ns and at the end of the run at 100 ns for all systems (Figure 9).

Hexamer: In good agreement with the vector projections (Figure 2B), the hexameric bundle has
the largest pore radius. A steady stream of water can be observed within the channel in contrast to the
other conformations. The larger pore radius found within the hexameric bundle suggests that ions can
pass through the pore. In particular, the interaction distance for two TIP3P water molecule is ~3.15 A [50],
which would allow ions to pass through the pore while remaining partially hydrated throughout.

Pentamer: The average pore radius during the last 70 ns of simulation time for LS2 was
1.94 +0.55 A and 1.53 +0.61 A for LS3. Both LS2 and LS3 bundles have a narrow region (pore
minimum) average of 1.02 = 0.4 A for LS2 and 0.427 = 0.2 A for LS3, suggesting a “closed”
channel. The water positions on the pore radius profile (Figure 9B) at 25 ns versus 100 ns give a
picture of the dramatic decline of water as the pentamer relaxed from its initial to final configuration.
Compared to the LS2 pentameric bundle, which has 40 water molecules sitting within the bundle,
LS3 has significantly less water molecules (20) sitting within the LS3 bundle. While it is evident that
the LS3 bundle formed a “closed” channel, it is not so clear for the LS2 bundle. As discussed later,
few water molecules was observed crossing through the LS2 channel. This is because the channel is
dynamic and the motions of the channel allow for water to move into cavities formed by the channels
and eventually cross the channel.
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Figure 9. Pore radius profiles and positions of water molecules along the z-axis
(bilayers’ norm) at 25 ns and 100 ns. (A) Tetramer; (B) Pentamer; (C) Hexamer. Red for
LS2 systems and green for LS3 systems.

Tetramer: It was observed that the arrangements of the peptides in tetrameric bundles play a
pivotal on allowing water to cross. As shown from the pore radius profile (Figure 9A), LS2 tetramer
remained in an open conformation at 100 ns and has an average pore radius of 2.3 +0.45 A. Since a
contact distance of ~3.15 A is needed for waters to interact with one another, this suggest that the
LS2 tetrameric bundle contain a small water column, which would hinder the movement of ions to
cross through the pore. This is in congruence with studies done by Sansom et al. [23], where the
average pore radius profile was 2.2 A. Due to the restriction of water movement through the small
pore, an existing theory suggests that hydrogen’s are pass along from one or more water “wires”
formed through the interior of the pore in a Grottts manner [51] which explains why LS2 is a proton
selective channel. The LS3 tetramer remained in a closed conformation from its equilibrated
structure throughout the simulation with a pore radius less than 1.0 A (0.78 £0.34 A). In addition, no
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water was observed within the LS3 tetrameric bundle whereas multiple water molecules were
observed within and crossing through the LS2 tetrameric bundle.

The volume of each bundle was calculated based on the average pore radius and a pore height
of ~30 A [9]. The number of waters located through the channel was estimated and referred as the
ideal number of waters that can occupy the volume of each bundle (e.g. density of water time the
volume of the pore). The number of ideal waters was compared to the actual number of water sitting
through the lining of the pore at the final structure at 100 ns (Table 2). The numbers of water seen
within the pores are in excellent agreement (within ~10%) to the ideal number of water that can
occupy the pore considering the simplicity of the ideal model. Differences in pore profile, protein
dynamics, as well as water structure and dynamics seem to cancel out to give a number very close to the
ideal model.

Table 2. The average pore radius profile of each bundle during the last 70 ns with
standard deviation, ideal number of water that can occupy the bundle, and the actual
number of water molecules inside bundles.

# of Peptide Systems  Avg. Pore Radius (A) Ideal # of waters Observed # of waters
4 LS2 2.30 +£0.45 50 45
LS3 0.78 +£0.34 6 4
5 LS2 1.94 +0.55 36 40
LS3 1.53 +0.61 22 20
6 LS2 4.72 +£0.56 210 225
LS3 3.88 +0.39 142 143
3.3.2. Water crossing events

It is crucial to understand water movement through an ion channel since water provides a
pathway for ions to travel, which in turn affects ion selectivity and permeation rates. The flow of
water going through the bundles was analyzed by tracking water diffusion from one side of the
membrane to the other from —15 to 15 A on the z-axis. An example of such diffusion is shown in
Figure 10 for the LS2 tetrameric bundle in comparison to the LS2 pentameric bundle. Summarized in
Table 3 are the numbers of crossing events and the direction of water flow. The flux of the channel is
roughly zero where the numbers of waters traveling in a direction from top to bottom (downward
direction) and from bottom to top (upward direction) is somewhat equal to one another. This zero
flux is expected as there is no driving force in any preferred direction regardless the fact that the
channel is structurally asymmetric. Specifically, in order to get asymmetric flow (non-zero water
flux), one needs a gradient of either chemical, electrical, or other type. A structural asymmetry is not
enough. We do not have any gradients in our system, the periodicity of the simulation box ensures
that water above and below the membrane are connected, and we impose no electrical or other
gradient on the system. Another way one could get non-zero water flux is dynamic coupling of the
motions of the water to the channel. For example, waves could force water through in a prefered
direction, but we find no evidence that there is such a dynamic coupling.
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Table 3. Total number of water crossing events, during the last 70 ns of simulation.

# of Peptide Systems Total # of crossing downward upward
crossing crossing
tetramer LS2 252 127 125
LS3 0 0 0
pentamer LS2 16 8 8
LS3 0 0 0
hexamer LS2 3206 1605 1601
LS3 2110 1000 1110

For LS2 bundles, most water crossed through the hexamer arrangement, followed by the
tetramer, and last the pentamer conformation (Table 3). In Figure 2B, the vector projection of the
arrangement of the polar residues indicated that LS2 form a pore in the hexameric and tetrameric
conformation, while the pentameric conformation contained a helix that is not aligned with the rest
of the bundle that partially block the bundle. Thus, more water was observed traveling through the
tetramer and hexamer bundle, while few waters (1-3 waters) crossed through the pentamer bundle
(Figure 10). While the flow or water correlates with the pore radius, the pore radius isn’t monotonic
with numbers of oligomers in the bundle.
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Figure 10. Water molecules that crossed are shown traveling from 20 A to —20 A on the
z-axis within the (A) LS2 tetrameric bundle and (B) LS2 pentameric bundle.
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In the case of LS3, most water traveled through the hexamer bundle, followed by pentamer and no
water crossed through the tetramer bundle (Table 3). As expected, the pore is largest in the hexamer
conformation, and smallest in the tetramer conformation (Figure 9). Unexpectedly from a topological
point of view, LS2 allowed for more water to cross than LS3 in their respectable bundle arrangement
despite the fact that LS3 peptides have more hydrophilic residues than LS2. However, as stated above,
the water crossing events tracks with the pore radius (Figure 9). In the case of the tetrameric bundle,
LS2 have an open “rectangle” conformation with a larger pore while LS3 have a close “diamond”
structural arrangement [9]. No water was observed crossing through the LS3 tetrameric bundle
indicating a closed channel while water was observed crossing though the LS2 tetrameric bundle.

The LS2 pentamer bundle has large fluctuations in the pore radius (Figure 9B) and where all
adjacent helices polar serine residues are not within a contact distance of one another [9]. Although
the average narrowest region of the pore is 1.02 A, the average pore radius of the bundle is
1.94 +0.55 A where a few waters (1-3 water atoms) crossed through the pore at every nanosecond.
On the contrary, the LS3 pentameric bundle has at least one serine-serine residues that are within
contact with one another yet it resulted in a closed conformation that does not allow for any water to
travel through the pore.

Surprisingly, LS2 hexameric bundle has the largest pore (Figure 9C) as we initially thought that
LS3 hexamer would have the largest pore because it had the most hydrophilic residues. Although
LS3 contains more polar residues than LS2, it is apparent that the structural arrangements between
helices play a larger role in water movement. Since adjacent helix within the LS2 bundle are not
interacting as strongly as the LS3 bundle the LS2 bundle forms a much wider pore allowing for more
water to cross. Hence, regardless of the number of polar residues in each helix, the movement of
water is driven by structural arrangement of the bundle.

3.3.3. Transition time of crossing and non-crossing events

In addition to analyzing the numbers of water that crossed through the channel, the probability
distribution of the water crossing events and the amount of time it took for water to travel through the
channel were determined during the last 70 ns of simulation time (Figure 11). We find that water
molecules traveled through the hexameric bundle the fastest, followed by the tetrameric and
pentameric bundle in congruence with the number of water that crossed. Aside from analyzing the
transition time of water that crossed through the “open” bundles, the transition time of “Non-crossing”
events was also determined for all bundles. “Non-crossing” events refer to waters that entered the
pore and traveled at least midway through the pore but do not cross. These water molecules exited
and entered the pore on the same side of the bundle (Figure 12).

AIMS Biophysics Volume 5, Issue 1, 50-76.



69

09 (A) ’| (B) LS2 Tetramer
aas

——L52 Pentamer

0.8

0.7

0.6

Probability Distribution

0.5

0.4

0 W0 50
# of Water Crossing Events

Probability Distribution

0.3

02 LS2 Tetramer

=—=| 52 Hexamer
0.1

===|S3 Hexamer

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Water Crossing Time (ns)

Figure 11. (A) The probability distribution of the transition time that it takes for a water
molecule to cross through the channel (solid line) fitted with a chi-squared distribution
(dashed line). (B) Probability distribution of the number of water crossing events traversing
through the “open” bundles (solid line) fitted with a Poisson distribution (dashed line).

The probability of a water molecule crossing through the channel is hypothesized to be
independent of its history, i.e. each water-crossing event is independent of both other water crossing
events and past water crossing events. Such a process is characterized as a “Poisson process” and the
total number of water crossing events within the simulation obeys the “Poisson distribution”
(Figure 11B). Further information and derivations regarding the Poisson distribution can be found in
probability theory textbooks such as in Larsen and Marx [52]. The probability distribution of water
crossing events at every nanosecond is a good fit to a Poisson distribution, which is consistant with
our hypothesis and indicates that the crossing events of water is indeed a stochastic process. The
probability distribution of the transition time it took for water to cross and the transition time of
“non-crossing” events were fitted to a chi-squared distribution (Figures 11A and 12). A
chi-squared distribution is the sum of independent random variables (k) that measures for the
goodness of fit of an observed distribution to a theoretical one [53,54]. The transition time of both
the crossing and non-crossing events are in good agreement with the chi-squared distribution, which
indicates that the movement of water is diffusive. Further, no openings and closing events were
observed for each bundle whether by water crossing events or protein movement (Figures 11 and 12).
In addition, the time it takes for water to cross through the entire pore and the time it takes for water
to travel mid-way through the pore but do not cross are similar, which also is consistent with they
hypothesis that water is diffusively traveling through the bundles with no cooperatively between
waters or between water and the protein motions (Figures 11A and 12).
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Since the LS2 hexameric bundle has a significantly larger average pore than the LS3 hexameric
bundle, more water can travel through the LS2 bundle more readily and with a smaller transition
time for “non-crossing” events (Table 4). Since LS3 forms a slightly smaller bundle due to forming
stronger interactions with adjacent helices, water sits longer in the pore (higher transition time of
“non-crossing” events), which does not allow water to flow as readily as the LS2 bundle.

Table 4. Average pore radius profile and pore minimum radius during the last 70 ns with
standard deviations, the average number of water that crossed through the pore with
standard deviations, and both the rate of crossing and “non-crossing” events.

# of Peptide  Systems  Avg. pore Avg. pore Avg. # of Crossing  Non-crossing

radius (A) minimum crossing time (ns) time (ns) (k"
radius (A) eventsperns (k")
tetramer LS2 2.30 £0.45 1.54 +0.25 4+2 1.51(14) 1.36(8)
LS3 0.78+0.34 0.175+0.11 O 0 1.36 (9)
pentamer LS2 1.94+055 1.02+0.39 2+2 n/a’ 1.13 (9)
LS3 153+0.61 0427+021 O 0 1.36 (8)
hexamer LS2 472 £0.56 4.03 £0.23 43 £8 0.63(8) 0.68(5)
LS3 3.88+0.39 3.25+0.26 26 +6 0.88(9) 0.90 (6)

"Requires more sampling; k' is the number of degrees of freedom of the chi-squared distribution.

For the pentameric bundle, LS3 formed a closed pore that allowed no water to traverse through
the bundle. LS2, however, formed an asymmetric pore that allows few waters to cross, but not
enough crossing events were sampled to accurately measure the transition time. From the probability
distribution of “non-crossing” events, water traveled at a slower rate through the pentameric bundles
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compared to the hexameric and tetrameric bundles (Table 4). Also, the distribution of “non-crossing”
events is not as pure “Gaussian” compared to all other systems. This is due to two narrow
regions (<1.5 A) found at the ends of pore where the pore is more confined at the N terminal than the
C terminal (Figure 9B). Hence, it took less time for water to travel midway through the pore on the C
terminal side than the N terminal, which in turn alter the shape of the distribution. In addition, it was
observed that some “non-crossing” water molecules sit within the pore for long periods of time (>3 ns)
due to the asymmetry of pore size. This can be visualized in Figure 10B, where there are few waters
crossed through the LS2 pentameric bundle, but many waters was observed sitting within the pore
for a long time. This give rise to the “tailing” at the end of the distribution of the “non-crossing”
events transition time (Figure 12).

For the tetrameric bundle, LS3 formed a closed pore where no water molecules traveled through
the channel. Water traveled at a much slower rate through the LS2 tetramer bundle than the LS2
hexameric bundle due to the decrease in pore size (Table 4) as expected. The chi-squared distribution
fitted to the transition time distribution of crossing events in the LS2 tetrameric bundle does not
agree as strongly as the fit in the hexameric systems (Figure 11B). Since LS2 tetramer bundle formed
a smaller pore, waters traveling through the bundle partially block the port and slow down the rate
for other water molecules to travel, which resulted in a less diffusive water motion. The “non-crossing”
transition time of water were found to be the same for waters traveling midway through the

tetrameric bundles of LS2 and LS3.
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Figure 13. Number of water crossing events as a function of average pore area, and fitted
with a linear function (dashed line).

A linear fit was conducted on the average pore area and number of water crossing events, where
the x-intercept (average pore area) was calculated to be 9.0 (Figure 13). This means that a minimum
average pore radius of 1.70 A is needed for a steady stream of water to cross through the bundle. The
linear fit also provides a general equation where an estimate of water crossing events can be
determined base on the average pore area.
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4. Conclusions

Systems of homo-oligomeric transmembrane helical bundles ranging from N = 1-6 amphipathic
peptides embedded in POPC lipid bilayer were explored using MD simulations. Our main objective
was is to characterize environment around and within the bundles. Around the oligomers the degree
of lipid perturbations induced by the transmembrane protein bundle was investigated. Within the
oligomers we investigates the water dynamics and ion-channel characteristics of the bundles.

Around the bundles, our analysis shows that lipids are only locally perturbed up to two
solvation shells around the bundles/monomers. The properties of lipids three and more solvation
shells away from the bundles/monomers are similar to those of the pure lipid bilayer systems. It was
also found that the conformation of the LS2 and LS3 bundles, such as packing arrangements and
symmetry etc., play a significant role in the perturbation of the lipids. We observe no significant
meniscus formation of the lipid bilayer, i.e. no significant hydrophobic mismatch, in all systems.
Therefore, lipid perturbation by the LS2 and LS3 monomer/bundles is mostly due to specific protein-
lipid interactions. It is no surprise that they differ as the nature of the protein (LS2 vs. LS3) and the
conformation of the bundles (size, symmetry, etc.) change. In lower order bundles that do not form a
pore, since LS2 peptides tilted more and their polar residues are more exposed to the lipid
hydrophobic core, a larger extent of lipid perturbations is observed. In higher order bundles (N = 4-6
and LS3 trimer), polar residues of both LS2 and LS3 peptides are shielded from the bilayer
hydrophobic core and therefore lipid perturbation are not significantly affected by the tilt of the bundle.
Finally, the lipid perturbation of the head groups are found to correlate mostly with the structure of the
protein bundle and its resulting electric field by the hydroxyl group of the serine residues.

Within the bundles, the movements of water traveling through the LS2 and LS3 bundles were
examined. We calculated the average number contacts between serine-serine residues of adjacent
helices for all bundles and analyzed the pore radius profile of each bundle from its initial and final
structure where the positions of water through the bundle were identified. In all systems, it was found
that LS2 had more water crossing events than LS3 in their respective bundle. The size of the pore
correlates with the amount of water that can traverse through the pore. We find that the increase in
polar residues will lead to stronger interactions amongst helices, leading to smaller pore formation
that will decrease the amount of water crossing events.

For LS2, the hexameric arrangement allowed for a great amount of water to travel through the
bundle. So much so, that any ions can readily travel through the pore. In the pentameric arrangement,
the channel allowed for the least number of water crossing events with the longest transition time of
“non-crossing” events. LS2 is known to be a proton channel that requires a steady stream of water to
flow through the pore, but the pore should have some selectivity. It is evident that the LS2 prefers to
be in a tetrameric arrangement, which is in agreement with works done by Randa et al. [23] base on
the transition time of water crossing through the channel, and the number of water crossing events. It
is interesting to point out that from the vector projections it can be observed that the polar residues of
the LS2 peptides are not facing towards the center of the bundle, but form a dimer of dimer
arrangement [9]. Despite this, a steady stream of water was observed crossing through the bundle
(Figure 10). For LS3, in a tetrameric and pentameric bundle, little or no water was observed traveling
through the pore, hence the only ion channel conformation is hexameric. This is also in agreement
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with works done by Randa et al. [23] that claim that LS3 ion channel is in a hexameric packing
arrangement.

From our work, we demonstrated that the structural arrangement of the LS2 and LS3 peptides
strongly correlate with the bilayer structure and movement of water through the pore. The lipids are
perturbed within two solvation shells of the oligomers. The movement of water is a diffusive process
through the pore. The transition time of both crossing and “non-crossing” events fit well to a
chi-squared distribution that supports our argument. Further, we calculated that an average pore size
of 1.7 A is needed in order to have a steady stream of water flow within any channel. By comparing
pore sizes of these simple channels to natural and complicated channel, an estimate of the number of
water and the amount of time it takes for water to cross through the channel can be made, this in turn
can shed light on the permeation rate of ions crossing through the channel.
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