Chapter 5
Lipid Bilayer-Membrane Protein Coupling

Lipid organization in membranes forms liquid crystalline structures. Membrane pro-
teins, like all other proteins, exist with solid structure, if not generally, then at
least relate to the structure of lipid membranes. The coupling between these two
different structural components is rather complicated. Biological membranes are
dynamical macromolecular assemblies, composed of lipid bilayers with embedded
bilayer-spanning proteins that move within the plane of the membrane. This seminal
membrane concept was originally proposed as the fluid mosaic membrane model
[82]. A lipid bilayer’s primary function is to serve as a semipermeable barrier for
solute movement between different, membrane-separated fluid compartments. This
barrier function depends on the bilayer’s hydrophobic core being a poor “solvent” for
polar solutes. The bilayer permeability coefficient for solute X (Py) can be approx-

imated as:
axDx

c
where ay is the solute partition coefficient between the bilayer core and the aque-
ous phase, Dy is the solute diffusion coefficient in the bilayer core (which varies
little among small solutes [29]), and ¢ denotes the bilayer hydrophobic thickness
(~30 A for hydrocarbon-free bilayers [54, 81], or 40-60 A for hydrocarbon-containing
bilayers [16]). Experimental results obtained for a wide variety of solutes show that
Py is proportional to X, as approximated by the solutes’ oil/water partition coef-
ficient [29, 70, 90], and that the solute diffusion coefficient in the bilayer core is
similar to the diffusion coefficient in bulk hydrocarbons (10 to 107> cm? /s [79]).
The elucidation of the role of membrane proteins requires a specific mechanism
of lipid regulation of the membrane protein function which is extremely impor-
tant, but poorly understood so far. The free kinetic characteristics of membrane
proteins inside a lipid bilayer are imaginary. In reality, the dynamical properties
of membrane proteins are a result of various contributions from their interactions
with host phospholipid layers and other integral constituents such as other mem-
brane proteins, hydrocarbons, cholesterols, etc. The background dielectric proper-
ties also play important roles. In this chapter, we focus on different components that
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contribute to the strength of the hydrophobic coupling of the membrane proteins
with the host phospholipid bilayer. Several novel analytical and numerical techniques
will be introduced to correctly address this important problem. Although we have
developed a theoretical model published earlier, which aims to explain the related
experimental phenomena, we have also presented the results here to describe the
problem in a comprehensive fashion.

The experimental study focused on a few ion channel phenomena which will be
used as tools to address the problem. We also discuss some of the lipid- membrane
protein interactions using molecular dynamics (MD) simulations. The powerful MD
methodology mimics the cell membrane with most of the constituents within the
membrane simulated by computer modeling. This helps understand the dynamics and
energetics of various compartments, especially considering them to be independent
of other compartments in membranes in real time which is experimentally almost
impossible to investigate due to the complex organization of biological systems. It
is also necessary to emphasize that MD can never provide absolute values of the
physical parameters which should fit the biological environment but it can often
provide enough information to help understand the phenomena involved.

5.1 Lipid Membrane-Membrane Protein Coupling
Due to Membrane Elasticity

5.1.1 Definition of Elasticity

According to the fluid mosaic model [82], lipids freely move on the membrane
surface like a fluid. This is well-known, as a liquid crystalline structure. Liquid
crystalline membranes exist in different thermotropic phases. This was discussed in
Chap. 3. Within any specific phase, the structure requires specific organization of the
lipid molecules, and such organization raises the possibility of the membrane having
certain distinguishable biophysical properties. Elasticity is claimed to be one of the
few most important ones. However, the question arises whether this type of elasticity
resembles the elasticity of a solid state material, which follows Hooke’s law. If any
object quickly regains its original shape and dimensions following the withdrawal of
the force creating the deformation in the first place, with the molecules or atoms of
the object returning to their initial state of stable equilibrium, the object is considered
to be elastic and it obeys Hooke’s law. Specifically, in mechanics, Hooke’s law of
elasticity is an approximation that states that the amount of deformation (represented
by strain) is linearly related to the force causing the deformation (represented by
stress). This hypothesis best fits with the extension of a spring due to the suspension
of a load at the bottom (see Fig.5.1). If the load is removed, the extended spring
returns to its original structure and length.
The mathematical form of the spring’s distortion follows the equation
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Fig. 5.1 A vertically sus- Equilibrium Extended
pended spring with an equi-

librium length L extends to A
its new length L+¢ due to a :
load W [kg] suspended at the
bottom of the spring E

e

F = —k€, (5.2)

where F is the restoring force exerted by the material, and & is the force constant
(spring constant in the case of a spring). If ¢ < L, the spring behaves as a harmonic
oscillator. Here, F and £ are measured using the conventional units of force (newtons)
and linear dimension (meters), respectively.

The associated energy stored in the spring following the Eq.5.2 is given by

_ Lo
U= ke (5.3)

One of the important conditions of Hooke’s law is that the body returns to its
equilibrium state instantaneously as soon as the suspended weight is removed, which
means that in the case of the above-mentioned spring, it will regain its original length
L soon after the weight W is taken away from its attachment point.

Does the lipid membrane behave like a spring which can be extended or deformed
without breaking its molecular organization or specific structure? Does the membrane
return to its original length and shape once the membrane extending or deforming
force is withdrawn? Does the membrane follow Hooke’s law; represented either by
the restoring force F (see Eq.5.2) or elastic energy U (see Eq.5.3)? These are some
intriguing questions, which membrane biophysicists have been trying to answer dur-
ing over almost a half-century since the publication of the famous paper by Helfrich
on the elastic behavior of the lipid membrane [37]. Various groups of researchers
have attempted to address the bilayer’s elastic problems using different techniques
which will be discussed later in this chapter. However, first we wish to mention a
generally accepted fact about lipid membranes which states that they form liquid
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crystalline structures (see for example [64]). It is still not clear whether some or
all of the elastic properties are satisfied by a liquid crystalline membrane. Despite
the lack of any cross-examination between the membrane’s elasticity and its liquid
crystalline nature, a group of scientists have already asserted the absolutely elastic
nature of liquid crystalline lipid bilayers. Furthermore, membrane regulation of most
of the membrane protein dynamics and general functions have also been concluded
to be governed mainly by the bilayer elastic properties and geometries like lipid
curvature profiles, etc. However, in addition to the elasticity of membranes, the elec-
tric properties of lipids, membrane proteins, and other participating constituents are
very important but much less studied and understood. In this chapter, we provide an
in-depth analysis of these aspects as well. First, we describe the membrane’s elastic
properties and related aspects using some experimental studies considering a few ion
channel phenomena.

5.1.2 The Membrane’s Elasticity Helps It to be Flexible: A Study
Using the Gramicidin A Channel as a Tool

We first focus on an ion channel, that is, a channel formed by a small peptide gram-
icidin A; these channels are used as probes which hydrophobically couple with host
lipid membranes. The advantage of using gramicidin A peptides to investigate mem-
brane elastic properties is that they usually make channels which are smaller in length
than the normal thickness of phospholipid bilayers (see Fig. 5.2). The length of gram-
icidin A channels can be varied by changing the lengths of gramicidin A peptides.
It is worth mentioning that gramicidin A channels can also be artificially synthesized,
such that their length may exceed the bilayer thickness.

Based on generally accepted schematic diagrams depicting gramicidin A channels
inside lipid membranes (see Fig.5.2), it is clear that the main condition for the for-
mation of stable channels is a hydrophobic mismatch between bilayer thickness and
gramicidin A channel lengths, which needs to be geometrically adjusted. Before we
explore this issue, we need to understand how a bilayer deformation may occur. Due
to the bilayer’s elastic nature, we can consider the presence of an unlimited number
of virtual springs attached between two lipid monolayers. This has been schemati-
cally shown in Fig. 5.3. The springs oscillate and maintain harmonic motion, keeping
the average thickness of the bilayer uniform unless any membrane proteins or other
bilayer structure-deforming agents appear in the vicinity; both inside the bilayer’s
hydrophobic core and in the hydrophobic/hydrophilic boundaries on both sides. Any
bilayer deformation due to an independent bilayer elastic property must be much
smaller than the thickness of the bilayer. Additionally, any deformation is certainly
instantaneous. The elasticity-originated instantaneous thickness fluctuations follow
Hooke’s law and a related equation of motion for a harmonic oscillator which was
stated earlier. However, the physics of the problem changes when there happens to
be a molecular force acting to induce a substantial permanent deformation which



5.1 Coupling Due to Membrane Elasticity 79
Lipid bilayer with an average thickness

AT
WV

Lipid bilayer with an embedded gramicidin A channel

ot
]

Fig. 5.2 The bilayer deforms near the gramicidin A channels where the channels are considered
to be coupled with the host bilayer incurring an energetic cost [13]. The upper panel shows a lipid
bilayer without any integral membrane protein, which is why the bilayer exists with an average
bilayer thickness dy (see Fig.4.2). The lower panel shows a bilayer with an integral gramicidin A
channel. For simplicity, we use two blocks in the figure to represent a gramicidin A dimer. The
channel’s length / can differ, depending on the type of monomers participating in constructing the
channel (see Fig.4.2). dj is the unperturbed thickness of the bilayer, and is on the order of 4-5nm in
hydrocarbon-containing lipid bilayers. The value of dy depends highly on the type of hydrocarbons
residing inside the bilayer. In the model lipid membrane construction, decane or squalene are usually
used. Decane accounts for a relatively thicker bilayer than squalene. By varying the lipid acyl chain
lengths, the bilayer thickness can be varied. The channel length / is on the order of 2 nm depending
on the number of amino acid sequences involved in constructing the gramicidin A monomers. The
channels form a rigid structure which means that the lengths are almost constant

might act as a molecular force transducer. The presence of ion channels inside a
lipid membrane sometimes takes the form of a molecular force transducer, such as
gramicidin A, in a lipid bilayer (see Fig. 5.2). The gravitational push (for example by
a drug) on the membrane, or a pull exerted on the lipid layers by integral membrane
proteins due to their hydrophobic coupling with lipid layers, may create considerable
permanent or stable deformations. These deformations may sometimes cause drastic
effects, such as a local breaking in the bilayer structure, or an induction of substan-
tial flow of ions through pores or channels. Figure 5.4 schematically illustrates the
equilibrium condition which can take the deformed form presented in Fig.5.2 for
gramicidin A channel. It is important to understand whether bilayer elasticity can
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Fig. 5.3 Virtual springs (shown in red) are longitudinally attached to the two monolayers. For
simplicity of presentation we have shown that those virtual springs are attached with lipid head
group layers on each monolayer of the bilayer. The choice of the number and shape of the springs

i}

Fig. 5.4 A bilayer- integral gramicidin A channel coupling phenomenon is modeled here as a har-
monic interaction. Any gramicidin A channel is attached to a lipid monolayer with many imaginary
springs where any of these springs follows the motion of a harmonic oscillator following Eq.5.2.
Two gramicidin A monomers are attached to each other by hydrogen bonds and the monomer-
monomer separation falls within A ~ 1 A or 0.1 nanometer (nm). To simplify the diagram we draw
two blocks representing two gramicidin A monomers in this figure instead of showing them as spiral
structures shown in Fig.5.2

still be used as the main ingredient which causes the necessary energetic changes
required for this type of mechanical deformation.

Since both channel formation and channel breaking are statistical processes, the
geometrical adjustment of the free length dy — [ is a very temporary effect, but
certainly not instantaneous. The bilayer’s elastic nature can help it to deform to
adjust with the channel’s length so that a real physical binding between the lipid
layers and the channel’s longitudinal edges may happen. In the case of gramicidin A
channels, we assume that if the channels try to extend linearly to compensate for the
mismatch dy — [, the bonding at the center of the channel between two gramicidin
A monomers will be broken, so that the gramicidin A channels will themselves be
diluted into gramicidin A monomers. Instead, if the rather soft structured membrane
exhibits a deformation near the channel, the problem can be solved and gramicidin A
channels will show some stability. However, this requires a change of free energy due
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to the membrane deformation, and many researchers proposed that the free energy
change is contributed due to the elastic bilayer properties. We present here a detailed
analysis of the bilayer’s elastic energy, which arises from the consideration of the
mechanical properties of the lipid bilayer. A spontaneous bending near the channel’s
edges (as diagrammed in Fig.5.2) is a possible model. The crucial issue is to find
the force which drives the lipid layers inward to bind with the channel’s edges. Is it
a harmonic energetic coupling as schematized in Fig. 5.4? If so, then we can model
the bilayer-gramicidin A channel coupling through many virtual springs which will
pull both of the lipid layers toward the channel’s longitudinal edges. Each lipid
layer then needs to spontaneously bend through a free length, which is proportional
to (dp — 1)/2 in each longitudinal edge of the channel, to satisfy the condition of
the hydrophobic bilayer channel coupling as diagrammed in Fig.5.2. The bilayer’s
elastic property certainly helps the monolayers to spontaneously bend (see Fig.5.2),
but since the bending is permanent, with a high level of stability proportional to the
channel lifetime, the mechanism certainly falls outside simple harmonic coupling.
In this case, the virtual springs presented in Fig.5.4 need to compress by a length
proportional to their equilibrium lengths. Therefore, the virtual springs do not just
follow the motion of a harmonic oscillator (see Eq.5.2), but rather, higher order
anharmonic terms appear in the potential energy formula in addition to the harmonic
oscillator terms (see Eq.5.3).

The scientific arguments presented here clearly suggest that a brand-new formula
is needed to describe bilayer channel coupling energetics, and one has to include both
harmonic (originating from elastic properties) and anharmonic (originating from
unknown properties) bilayer integral channel coupling terms. We discuss this in the
next section, but first we address the existing bilayer channel coupling energetics
based on the bilayer’s mechanical properties, especially bilayer elasticity.

5.1.3 The Membrane’s Elastic Property Contributes
to the Membrane—Membrane Protein Coupling: A Study
Using the Gramicidin A Channel as a Tool

The general or primary function of membrane proteins is to catalyze the selective
transfer of material and information across biological membranes. In the case of cat-
alyzing this transfer, membrane proteins undergo conformational changes, namely:
(a) the opening/closing transitions in ion channels [72, 73, 88] and (b) the shift
in substrate binding site accessibility in conformational carriers and ATP-driven
pumps [87]. To the extent that these protein conformational changes involve the
protein/bilayer interface, they will perturb the bilayer immediately adjacent to the
protein [3, 20, 33, 42, 76], cf. Figs.4.1 and 5.2. That is, protein conformational
changes involve not only rearrangements within the protein, but also interactions
with the environment, particularly with the host bilayer. This was discussed in an
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earlier chapter and also earlier in this chapter. Here, we focus only on the energetic
part.

The bilayer deformation, in general, incurs an energetic cost, AGgef, that con-
tributes to the overall free energy difference (AGL;~'!) between two different pro-
tein functional states (conformations), denoted here as I and II, respectively, such
that

AGEHTT = AGL T + AAGE, (5.4)

prot

rot
se (including contributions from interactions with the environment, such as changes

in the protein/solution interface, not considered in the protein-bilayer interactions)
and AAGégf’ I the difference in bilayer deformation energy between protein con-
formations I and II (AAG(Iie_fl = AG (Iiéf —AG Cllef). Consequently, the equilibrium
distribution between the different protein conformations is given by:

AG1_>11+AAG1_>II
Kf = eXp(— e ef ), (5.5)

where AG é_>1 I denotes the energetic cost of the protein conformational change per

kgT

where K II ; denotes the equilibrium distribution coefficient between protein states
I and II, T stands for the absolute temperature of the bilayer environment and kp
is Boltzmann’s constant. If AGgef is significant, meaning |AGgef| > kgT, then
AAG Clle_f>[ I may be sizable, such that the equilibrium distribution between different
membrane protein conformations—and the kinetics of the conformational changes—
could be modulated by the bilayer in which the proteins are embedded [3, 20, 33, 76].

The success of Eq. 5.1 in predicting small molecule permeability coefficients nat-
urally leads to the notion of lipid bilayers being thin sheets of liquid hydrocarbons,
stabilized by the lipid polar head groups, as implied in the original formulation of
the fluid mosaic membrane model [82]. If that were the case, one would expect that
|AGgef| <& kpT, in which case membrane protein function would be little affected
by changes in bilayer properties—except in cases where the interfacial surface charge
densities vary [39, 59, 65]. However, lipid bilayers are not just thin sheets of liquid
hydrocarbon; they are liquid crystals that exhibit both short- and long-range order
[64]. By virtue of being liquid crystals, lipid bilayers also have elastic properties
[27, 37], with material properties (average thickness, intrinsic monolayer curvature
and elastic moduli) that can be manipulated by the adsorption of amphipathic com-
pounds [13, 28, 58, 77, 80, 84, 93] and other ones. The permeability of small mole-
cules across lipid bilayers given by Eq.5.5 can, on a broader scale, become highly
regulated by the hydrophobic coupling between the lipid bilayer and the bilayer-
spanning membrane proteins. To address this hydrophobic coupling between the
lipid bilayer and the membrane proteins-induced regulation, we have investigated
here both experimentally and theoretically the energetics of gramicidin A channels
in lipid bilayers with different thickness. To generalize the problem, later in this
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chapter, we also investigate the functions of another structurally different channel
produced by alamethicin peptides.

We have learned earlier that the gramicidin A channel is a linear dimer. The
atomic resolution structure of this channel is well-established, with the channels
being dimers of two right-handed, 3%3-helical subunits [8, 46, 86]. The bilayer-
spanning channels are formed by the reversible, trans-bilayer association of these
(3%3-helical monomers [68]:

ki
Miese + Mright ];:\ D, (5.6)
—1

where M and D denote gramicidin A monomers and dimers, respectively, and the
subscripts denote monomers residing in each bilayer leaflet. Here, k1 and k_; are
two rate constants determining the channel appearance rate (fga = k1 - [M 12; with
[M] being the gramicidin A monomer concentration) and gramicidin A channel
lifetime (7 = 1/k_1). Within limits, the channel structure is invariant when the
lipid bilayer thickness is varied [45, 89], meaning that the gramicidin A channels
are more rigid than the host bilayer. Consequently, when the bilayer’s hydrophobic
thickness is larger than the channel’s hydrophobic length, as is the present case, the
bilayer will adjust locally to match the channel length, which incurs an energetic cost
corresponding to the bilayer deformation energy AGgef. When a channel disappears,
a transition state is reached when two of the six H-bonds that stabilize the bilayer-
spanning dimer are broken [26, 61], in which case the two subunits have moved
a distance A+, which may be slightly greater than the average length A (1.0 A)
of the bonds attaching two gramicidin A monomers in a gramicidin A dimer. The
movement of the two subunits relative to each other is very complex, involving both
a rotation and a lateral axial displacement [61]. For simplicity, here we focus on just
the linear gramicidin A association/dissociation mechanism only.

Changes in AGgef will shift the equilibrium distribution between non-conducting
gramicidin A monomers and conducting channels. Using Eq. 5.5, the dimerization
constant for gramicidin A channel formation, K p, is found as

Dl k AG) o + AGY
Kp = [D] _ Bl —exp( - prot def ’ (5.7)
[M]? k_1 kT
where AGgrot denotes the energetic contributions due to the channel subunit-subunit

interactions. Here, [D] is the concentration of dimeric gramicidin A channels.
Because bilayer deformation energy AGgef varies as a function of the mismatch
between the bilayer thickness and the gramicidin A channel length (dy — [), the
bilayer responds to the deformation by imposing a disjoining force on the bilayer-
spanning channels:

o
Fgis = — (—EAGgef) : (5.8)
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This force can, in principle, be determined theoretically, although this requires a
complicated numerical calculation. If we assume that AGgmt does not considerably
respond to bilayer deformation, changes in Fg;s will mainly be observable as changes
in channel lifetime 7, which means that gramicidin A channels become molecular
force transducers embedded in the lipid bilayers [5]. This is so because 7 = 1/k_1,
where k_1 is the dimer dissociation rate constant. The disjoining force alters k_; by
altering the activation energy for channel dissociation:

+ * t
1 AGH 1 AG rot T AAGd f
koy=—-exp|—= ) =—exp| ——2 = 5.9
! 0 xp(kBT) 70 Xp( kpT (59)
where 7, ! denotes the frequency factor for the reaction, AAGief and AG;Erot denote

the difference in bilayer deformation energy and the protein transition energy, respec-
tively, as the two subunits move apart by a distance (A — \) (< (do —1)) to reach the
transition state for dimer dissociation, and AG* is their sum. With some approxima-
tion in the case (AT — \) ~ 0 (ignoring the change in protein conformational energy
before the actual event of the real dissociation) the following equation is found:

AAG ¢ ~ Fgis - (AT = ). (5.10)

The transition between a gramicidin A dimer (D) and monomer (M) and vice
versa, via the intermediate energy state where the dissociation/association between
two gramicidin A monomers (D <> M) happens, is illustrated in Fig.5.5.

Based on the molecular dynamics simulation of gramicidin A in lipid bilayers
considering an all-atom force field [2], we have gained an important insight into how
agramicidin A channel exists inside lipid bilayers. We observe here that at the binding
site of the channel bilayer interface, the lipid head group region is more effectively
regulating the lipid bilayer gramicidin A channel hydrophobic coupling. That is,
the lipid head groups, due to their physical presence, compensate for the hydropho-
bic free length (dy — I) between the bilayer thickness and the channel length in
the channel bilayer coupling interface (see the illustration of the model in Fig.5.2).
The bilayer, however, exerts a restoring force Fyg;s on the two longitudinal edges of the
gramicidin A channel to return it to its original thickness and, as a result, the grami-
cidin A dimer experiences destabilization. It finally dissociates from the bilayer, and
gramicidin A monomers also dissociate from each other.

Calculation of the Fy;s acting against the bilayer gramicidin A channel coupling
has been a long-standing challenge, and the form of Fgjs mainly depends on how
one treats a lipid bilayer membrane, such as whether it is treated as equivalent to a
perfect elastic body or as a liquid crystalline structure. Based on the theory of elastic
bilayer deformation [38, 40, 66, 67] the bilayer deformation energy has been found
to show bi-quadratic form in terms of (dyp — /) and intrinsic monolayer curvature cg
parameters [55, 66, 67]

AGY = Hp - (do —)* + Hx - (do — 1) - co + He - ¢, (5.11)
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dimer <> monomer

monomer

Fig. 5.5 Chemical kinetics illustration of the back-and-forth transitions between gramicidin A
dimer (D) and monomer (M) states. The monomers in the far left energy well are bound to each
other, but the monomers in the far right energy well are free from each other. The back-and-forth tran-
sition between dimer and monomer states happens near the central energy state. The gramicidin A
monomer has been schematically shown as a block. As to the role of the energy state representing
the left-most energy well, the contribution of the central energetic barrier with barrier height AG*
(vertical double arrow) relative to the energy well representing the dimer state is very important
for the stability of the gramicidin A dimer ( channel) state. The dissociation between the monomers
may happen due to linear displacement, rotational bending, etc. To easily understand the problem,
we analyze the dissociation mechanism here using only the linear displacement of the monomers
along the channel length

where Hp, Hx and H¢ are phenomenological elastic constants, depending mainly on
the bilayer elastic properties, namely compression and bending moduli (for details see
[13]). In this elastic model, the bilayer deformation free energy has been calculated
based on the original proposal that for small deformations, the free energy consists
of a layer-compression term, a splay-distortion term, and a surface-tension term,
equivalent to the elastic free energy of a two-layer smectic liquid crystal with surface
tension [40]. Consequently, Fyg;s follows a linear relationship with respect to (do — /)
and cq [6, 13] such that

9 0
Fiis=—|—7——-A =2Hp - — 1)+ Hx - cp. 12
di ( 3o —1) Gdef) B (do—1)+ Hy - co (5.12)

Increasing (dy —[) and/or ¢ leads to an increase in Fgis which causes destabilization
of gramicidin A channels following this general relation between Fyg;s and gramicidin
A channel lifetime via the bilayer deformation energy contributions:
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AAGEef (/\ - )\)Fdis
~ T —def } 2 A 1
T exp( exp ( (5.13)

Fgis here follows from Eq.5.12 in the elastic bilayer consideration.

In this elastic bilayer deformation energy calculation, the decomposed local
bilayer compression and monolayer bending energy densities are often calculated
considering the bilayer as an almost perfect elastic body. Equation5.11 provides
only the quadratic energy form of the mismatch dy — I, which is the harmonic energy
coupling term (Eq.5.3). This energy term does not consist of any anharmonic terms,
which are highly needed especially in the case of having a considerable value of
do — [. Consequently, the lack of presence of nonlinear terms other than the linear
term (proportional to dy — /) in the value of Fg;s makes the form of Fyis in Eq.5.12
incomplete and scientifically incorrect. This has been explained in detail in an ear-
lier section, as well as in ([11] in Chap.4). Therefore, a general form for Fgjs must
be formulated, using a totally different scientifically acceptable model, considering
all general properties of the lipid bilayer and integral membrane proteins. We have
done so using a screened Coulomb interaction model for calculating the hydrophobic
bilayer-membrane protein coupling energy by including electrical properties of the
lipids and membrane proteins ([11] in Chap.4). We explain briefly below.

5.2 Lipid Membrane-Membrane Protein Coupling
Due to Electrical Properties of Lipids and Proteins

In Sect. 5.1 we have discussed how the membrane’s elastic properties raise the possi-
bility of conditional mechanical energetic coupling between lipid layers and integral
membrane proteins. We have also found that although the mechanical property of
lipid layers (or generally, the bilayer elasticity) provides important contributions
to the membrane functions, there are even more important biophysical properties,
namely the electrical properties of the membrane constituents and the integral mem-
brane proteins that generate primary effects on most of the membrane transport
properties ([11] in Chap.4). Based on this latter publication, it is clear that a tra-
ditional mechanical energetic coupling between the bilayer and membrane proteins
does not contribute the primary regulatory effects on membrane proteins. Instead,
the electrical energetic coupling does so.

5.2.1 Screened Coulomb Potentials and Lennard-Jones
Interactions Between Peptides on lon Channels
and Lipids in the Membrane: A Study Using Gramicidin A
Channel as a Tool

Using specific ‘elastic parameters’ in a fluid-like membrane is a good first-order
approximation that works well within the limitations of a linear theory. However,
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in order to extend the applicability of the theory to a non-linear regime, we propose
to use the screened Coulomb interaction approximation instead of using the form
of energy (Eq.5.11) found from elastic considerations of the bilayer model. This
screened Coulomb interaction approach has often been used in condensed matter
physics as the so-called Thomas—Fermi approximation [9] as well as in biophysics
for interacting systems of charged biomolecules in solution employing traditional
Debye screening to account for the presence of water and ions, first introduced in
the Debye-Hiickel model [22]. Also, zwitterionic lipids having a dipole moment pro-
vide support for calculating localized (in the intermediate range) interaction energies
between channel-forming peptides and nearby lipid head group regions in a manner
equivalent to a free energy profile of interacting charged-zwitterionic lipid layers
using the Debye-Hiickel theory [60]. Here, we wish to mention that the presence of
aqueous ions in the outer leaflet of the bilayer still leaves room for head group dipoles
to show considerable localized charge effects in the inner region where channel lipid
interactions take place. Moreover, the bilayer’s spontaneous bending near channels
(see Fig.5.2) is obtained by finding the energy required to bend a straight charged
chain where the screened Coulomb interactions lead to high values of induced stiff-
ness [69], which is an example where the elastic model [38, 40] requires an extension
to a nonlinear regime. The interaction energy between a gramicidin A channel and
a host bilayer has been calculated based on experimentally observable parameters,
such as bilayer thickness dp [16], lipid head group cross-sectional area [35], chan-
nel length / [41], lipid charge g [1, 75], and dielectric parameters of the lipid
bilayer core [71], etc. Bilayer elastic parameters appear in the screened Coulomb
interaction as secondary ingredients. In this screened interaction we assume that the
gramicidin A channel couples with the lipid bilayer through a deformation of the
bilayer at the channel bilayer interaction interface (see Fig.5.2). Considering that
the gramicidin A channel length is smaller than the thickness of the bilayer, the
channel extends its Coulomb interaction toward lipids sitting on the bilayer’s rest-
ing thickness. The gramicidin A channel directly interacts with the nearest-neighbor
lipid (Ip1) by the Coulomb interaction and this lipid interacts directly with its next-
nearest-neighbor lipid (Ip2) but this second lipid experiences an interaction with the
channel which is screened due to the presence of the channel’s nearest-neighbor lipid;
a first-order term in the extension of Vi (see Eq.5.14). The interaction between the
third-nearest-neighbor lipid (Ip3) and the channel is screened by both the nearest-
and next-nearest-neighbor lipids (the second-order term in the extension of V).
Figure 5.6 illustrates this in a diagrammatic view. The chain peptide-lipid interaction
can be better explained by the curvilinear model diagram in Fig.5.7, but the real
condition is that the peptides interact with lipids in all directions on each monolayer
leaflet. The general form of the screened Coulomb interaction is as follows:

Ve (r) = / ke v (k), (5.14)

where the screened Coulomb interaction in Fourier space is given by [9].
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Fig. 5.6 Gramicidin A monomer (gA) and lipids on each monolayer make a chain (with chain
reaction) with continuous bending until the equilibrium membrane thickness is reached. A gA
monomer interacts with Ipl (direct Coulomb interaction which is the zeroth-order term in the
expansion of the screened Coulomb interaction, Eq.5.14), with 1p2 (first-order screened Coulomb
interaction), with 1p3 (second- order screened Coulomb interaction), etc. The interactions extend
to all directions on each lipid monolayer surface

V (k)

v
kg Tt

Vsc(k) = (5.15)

where V (k) ~ (1/eo€,)qenqr/ k? (in two-dimensional Fourier space) is the direct
Coulomb interaction between particle 1 (gramicidin A monomer with effective
charge goa) and particle 2 (the gramicidin A monomer’s nearest-neighbor lipid, with
an effective charge on its head group region, g1 ). Here, € is the dielectric constant in
vacuum and ¢, is the relative dielectric constant (~2) [17] inside the membrane. The
wave number is k & 27 /a, and a is the lattice constant or the closest distance over
which alipid head group can approach the gramicidin A channel’s center of mass. The
condition is better presented in the schematic 2D diagrams in Figs.5.6 and 5.7. For
simplicity, we assume a = r1 1, the average lipid-lipid distance, which is about 7.7 A
[35]. n denotes the density e.g., lipid density ~1/60A2. kgT ~ 1.38 x 10”3 J/K
(at 300K). n/2mkpT) ~ 6.4 x 10"7/T A%, orn ~ 3.84 x 10!/ J (in general). Let us
consider ggaqr ~ fqg2A, f (& qL/qga, assumed to be < 1) is the ratio of effective
charges in lipid and in protein (gramicidin A monomer).

The screened Coulomb interaction (see Eqs.5.14 and 5.15) underscores that the
bilayer-gramicidin A channel mismatch may control the stability of the gramicidin
A channel which is already dealt with in the order of the expansion of the interaction
potential (through the number of lipids involved in the screening phenomenon).
When there is no hydrophobic mismatch, the zeroth-order term (direct Coulomb
interaction) in the expansion of Eq.5.14 is to be the only one considered.

The binding energy between two gramicidin A monomers can be expressed as:

UgA,gA(r) = UL + Ucoulomb (), (5.16)
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Lipid layer

Fig. 5.7 Gramicidin A monomer (gA) in a channel is assumed to find a lipid (just the head group
is schematically shown) on the perturbed region of the bilayer next to it with a bare Coulomb
interaction, but the next-neighboring lipid with the first-order screened Coulomb interaction, and
so on. The gA monomer can no longer extend its interaction beyond the lipid on the right side of
the downward pointing arrow where the bilayer regains the form of its unperturbed thickness. Here,
we have shown only they are mainly because most probably they are mainly responsible for the
effective localized charges in lipids

where the Lennard—Jones potential between the two gramicidin A monomers is
given by

1 (0*U 1 (83U
Ui(r) = Ui (r™) + 3 ( ) r—r*)%= (—) r—r*3

or? 6\ or
1 (o*U ot
— (== - 17
+24(6r4),_,*” T G4

U+ A r—=r) +B o —r)+Cr—rH*+...,

where r* & average length of a hydrogen bond.
The Coulomb interaction between the two gramicidin A monomers is given by

2

—_— 5.18
dmege,r ( )

Ucoulomb () =

The formation of a gramicidin A channel due to dimerization of two monomers
inside lipid membranes is a well-studied issue. The way in which the presence of
the ordered matrix of a lipid bilayer ensures the membrane-associated gramicidin A
structure was already thoroughly addressed in an investigation some three decades
ago [89]. The strong binding involving two gramicidin A monomers with identical
charges is supported by an earlier work on the derivation of an effective attrac-
tive interaction potential between charges of the same type in solution [32]. In this
chapter, the primary goal is to investigate the effect of hydrophobic bilayer thick-
ness channel length mismatch on the stability of the already formed gramicidin A
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channels. The binding energy between monomers in a channel mentioned above
(Eq.5.16) is always a standard condition, no matter how we derive this energy, and
the monomer-monomer binding is kept constant throughout this study by not dis-
turbing the membrane’s inner region where the binding occurs. In the presence of a
hydrophobic bilayer thickness gramicidin A channel length mismatch, 7 observed
in other studies was mainly seen not to follow the modest change in Uga oA due to
a slight change of the gramicidin A monomer’s charge profile in the case of bind-
ing of amphiphiles, anti-fusion, or antimicrobial peptides with channels in a varied
membrane environment. All these observations, taken together, suggest that a change
of (the already formed) gramicidin A channel stability is mainly due to the change
of the gramicidin A channel bilayer coupling energy (Uga bilayer), though the total
potential energy between two gramicidin A monomers in a membrane-associated
gramicidin A channel is given by

U(r) = Uga ga(r) + 2UgA,bilayer(r)- (5.19)

Here, UgA bilayer (7) is the first-, second-, etc. order term in the expansion of V. (r)
(Egs.5.14 and 5.15) for the hydrophobic mismatch to be filled by single, double etc.
lipids representing the first-, second-, etc. order screening in the screened Coulomb

interaction. The protein-protein interaction energy AGgmt, and the bilayer defor-

mation energy AGY.; (mentioned in an earlier section) are proportional to Uga ea
and Uga bilayer (in Eq.5.19), respectively. The zeroth-order term in the expansion of
Vse(r) (Egs. 5.14 and 5.15) represents the direct Coulomb interaction when the gram-
icidin A channel length exactly matches the bilayer thickness. In practice, gramicidin
A channels appear with some level of hydrophobic mismatch between the bilayer
thickness and the gramicidin A channel length, so there is some amount of screened
Coulomb interaction to be expected. The coefficients in the interaction terms can
be calculated using an energy minimum criterion OU (r)/0r = 0 resulting in the

condition 3 .
A =220 2" g —arc, (5.20)
r* —rg

where ro(~ (dyg — 1)/2) represents one-half of the hydrophobic mismatch of the
bilayer thickness and the channel length.

According to Eqs.5.14-5.19 and the description here, changes in Fyjs (recall
the definition from Eq.5.8) could arise largely from changes in bilayer thickness
(determined mainly by lipid acyl chain lengths), from changes in lipid geometry
(mainly lipid curvature), changes in relative charges between lipids and gramicidin
A monomers, bilayer dielectric condition, and the bilayer elastic moduli. In an exper-
imental protocol we can vary dy — [ by choosing bilayers with different thickness
or gramicidin A monomers with different lengths, or both, which consequently
changes AGgef and Fgis and, as a result, the stability of the gramicidin A chan-
nels becomes regulated. We discuss the experimental techniques used and a few test
cases investigated in the next section. In the case when dy — [ = 0, the channel expe-
riences negligible destabilization due to bilayer deformation at the channel bilayer
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Fig. 5.8 Barrel-stave model for alamethicin channel formation inside lipid bilayers [14, 19, 36].
Cylindrical rods are schematic diagrams for alamethicin monomers in 3D view
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interaction sites, but the channel may still experience slight destabilization due to

any possible fluctuation in AGgrot.

5.2.2 Screened Coulomb Interactions and Lennard—-Jones
Potentials Between Peptides on Ion Channels and Lipids
on the Membrane: A Study Using an Alamethicin
Channel as a Tool

In the previous section, we have learned that the bilayer-spanning gramicidin A
channels are formed by the reversible, trans-bilayer association of 3°3-helical
gramicidin A monomers [68]. Alamethicin channels form ‘barrel-stave’ type pores
[14, 19, 36] where the alamethicin monomers align across the cylindrical surface
of the channel with many possible conductance states, depending on the number of
alamethicin monomers involved in the formation of a cylindrical channel (see the
proposed alamethicin channel model in Figs. 5.8, 5.9 and 5.10).

Extrapolation of Gramicidin A Channel Energetics to the Alamethicin
Channel

The form of Vg (Eq.5.14) in the case of alamethicin channels is still the same, but
instead of considering only two screened Coulomb interactions between the channel
and the bilayer at the two longitudinal ends of the channel as is considered in the
gramicidin A channel’s interaction sites with the bilayer, each alamethicin monomer
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Fig. 5.9 The transition between different conduction pores of alamethicin channels

accounts for two such screened Coulomb interactions (see Eq.5.14). The interaction
between alamethicin monomers takes the form of the standard Coulomb energy
formula given below:

n
Usoutomb () = % > (5.21)
—~ deger|ri — rjl
i#]
If, for example, three monomers make the lowest conductance state in an alame-
thicin channel, we can assume that |r; — 7| ~ r. In the case of isotropic alame-
thicin peptides, we can also assume that g;q; ~ qilm where gajm is the charge
on an alamethicin monomer. However, for other higher conductance states, where
the number of monomers involved is more than three, the distances between non-
adjacent monomers on each cylindrical alamethicin channel should be greater than
those between adjacent monomers. The term Uy j(r) in alamethicin channels follows
an identical form to that in Eq.5.17.

5.3 Channel Energetics and Related Probabilities in the Context
of Channel Stability in Lipid Bilayers

We have discussed how we can generally apply the screened Coulomb interaction
model calculation for both gramicidin A and alamethicin channels. This qualifies
the model for general applications, which could involve the bilayer regulation of the
functions of membrane proteins with varied structures. Despite all indications of the
existence of identical bilayer membrane protein coupling energetics, the probabilities
emerging from different channel conformations require an independent treatment.
The gramicidin A channel’s stability appears through its lifetime, which follows
Eq.5.13. That means the gramicidin A channel lifetime directly corresponds to the
strength of the bilayer channel energetic coupling. This concept is also partially
valid in the case of alamethicin channels and similar ones. As explained earlier,
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Fig.5.10 2D view of the channels only, from the membrane surface (where alamethicin monomers
are seen only along their longitudinal direction so they appear as circles) represent the two possible
mechanisms of inter-channel conduction level transformations. In the bottom panel, we assume
that the monomers already exist in a structured form of the alamethicin channel where the pore
radius changes by reorganization of the channel forming monomers. The other 2D view illustrates a
possible model of alamethicin channel formation, and a transformation between different conduction
levels where the pore radius increases by addition of monomers from the surrounding space where
monomers randomly move into the channel. The reduction in the pore radius occurs by releasing
the monomers from the cylindrical surface of the channels. Both of the models in 2D views are valid
explanations of the upper 3D structures of alamethicin channels (Figures 5.8 and 5.9). Taking three
monomers in the zeroth conductance level is an arbitrary choice but the reverse calculation using
experimental values of cylindrical alamethicin pore conductances and the theoretical values of the
cross-sectional areas of different alamethicin pores hint that three monomers may form the zeroth
conductance level. Faded circles and bonds in 2D views are shown to distinguish their inactivity in
the channel’s conduction mechanism

gramicidin A channels experience only monomer state <> dimer state transitions,
so the channel functions do not require overly complicated analyses, but mainly the
understanding of the channel stability. We have addressed this sufficiently so far
for the two distinguishable gramicidin A energy states corresponding to the dimer
and monomer states. However, if gramicidin A states present a continuum distribu-
tion of local energy traps, the gramicidin A channel’s phenomena require a unique
theoretical treatment. We briefly address this here. Due to structural complexity,
alamethicin channels, and some other complex channels require complicated phe-
nomenological models to completely explain the channel energetics. Specifically,
the transitions between different channel conformations and associated independent
and transition probabilities need to be clearly understood. Alamethicin channels’
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independent probability corresponding to a specific energy state and transition prob-
ability between different energy states follow a straight-forward statistical mechani-
cal formalism but a feasible physical analysis of the problem has just been published
([11] in Chap.4). We wish to address that here first.

5.3.1 Analysis of the Alamethicin Channel Experiments

It is generally known that alamethicin channels may exist with different current
levels, due to the varied number of participating alamethicin monomers. The current
flowing through an alamethicin channel is directly proportional to the cross-sectional
area of the cylindrical structure representing the channel. The model diagrams pre-
sented in Figs. 5.8, 5.9, 5.10 clearly address this possibility. It is also possible that any
channel undergoes transitions between different structures and consequently the cur-
rent through that channel undergoes transitions between different current levels. The
current trace across a membrane doped with alamethicin channels shows all these
features. Fig.5.11 shows such a membrane current due to the presence of alamethicin
channels inside the membrane. Detailed experimental techniques will be discussed
in the next section and can be found in the literature [12].

We need to develop a unique phenomenological treatment to understand the vari-
ous current transitions through alamethicin channels, as shown in Fig. 5.11 [12]. This
is done below.

The probability (W;) of an alamethicin channel having a current level i is estimated
as:

Aj

Wi = e———,
L X0 Ai + Anc

(5.22)

where A; denotes the area under the peak in the current level histogram (see
Fig.5.11c¢) representing a current level i ( = 0, 1,2, 3,...,n, where n + 1 is the
maximal number of current levels in the experiment) and Ay is the area under the
peak representing the baseline (no channels). The probability of the channel having
a current level i, relative to the baseline, is given by

AW AG™!
oA - =), 5.23
i Anc Wnc P ( kBT ( )

where AG"~! (which still needs to be normalized by the alamethicin monomer
concentration in the bilayer) is the free energy of the channel in current level i
relative to the baseline, T is the temperature in kelvin, and k p is Boltzmann’s constant.
AG™ 1 s, in fact, ameasure of the change in the bilayer deformation energy required
to form an alamethicin channel in a bilayer membrane.

It turns out to be helpful to consider the probability of having a current level,
relative to the baseline
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Fig. 5.11 Alamethicin channel activity in a 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DC1s:
P C)/n-decane bilayer. a and b, long- (30s) and short- (0.1 s) time records, respectively, of current
traces through alamethicin channels. ¢ current level histograms obtained from 30s traces. N; is
the point count at any value of current (> OpA) and > ; N; = Ni((=2 X 10°) is the total point
count during the whole record time. Sum of the probabilities (Wpc + Wo + W1 + Wo + W3 4 ..)
is 1.0 (W; = N;/Niy) in the point count plots. Wy, Wy, W1, Wa, W3, etc. are 9809.19 x 1074,
134.43 x 1074, 42.305 x 1074, 12.39 x 1074, 1.68 x 107*, etc. respectively. Current levels 0, 1,
2,and 3 are at 29 £ 2, 113 £ 5,243 £ 9, and 386 £ 10pA, respectively. Mean + S.D., n > 6 are
the numbers of current traces collected at independent experimental conditions. Trans-membrane
applied potential V = 150 mV. Alamethicin was added to the trans side of the lipid bilayer at ~10~8
molar (M) in the aqueous phase bathing the lipid bilayer. The cis side was the electrical ground.
The aqueous phase contained 1.0M NaCl, pH 7.0

n

Fot = D Ti (5.24)

i=0

such that the changes of the properties of an alamethicin channel hosting a lipid
bilayer, such as thickness, lipid curvature, bilayer elasticity, etc. alter the value
of rit, but the value can be kept constant or at least comparable by changing
the alamethicin channel molar concentration in the aqueous phase. However, the
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relative probabilities of observing different current levels (channel conformations)
e.g., Wi/ W; between levels j + k and j, may show different control values as
the bilayer properties change. The corresponding free energy distribution between
different current levels can be determined by

Witk AGI— itk
—ex (_—k - )
B

W; (5.25)

where AG/= /% is the free energy of the channel in current level j + k relative to
level j.

5.3.2 Derivation of Gramicidin A Channel Lifetime (T)
in a Continuum Distribution of Local Energy Traps

As discussed earlier, the relationship between the lifetime and the deformation energy

change is proposed to be: 7 = exp(— AfBGTEef) (Eq.5.13) which assumes that the

B
prot

gramicidin A subunits move apart by a distance (AT — )) to dissociate from each
other [30]. For a particular bilayer deformation, the negative exponential energy
dependence of the channel lifetime is a valid approximation. However, in the case
where a continuum distribution of local energy traps is involved, an integration over
all trap levels is needed to find the average value of the channel lifetime 7,,. Here,
the appropriate formula to be used is

difference in protein transition energy AAG7 ., does not change considerably as the

Tay = /Texp (—kA—l;)p(E)dE, (5.26)
B

where AE stands for AAGfief (for simplicity) and p(E) denotes the probability
distribution of having a trap with a particular energy level. Following the detailed
calculations provided in reference [85] we find that the dependence of the average
lifetime 7,, on deformation energy change AAGﬁelc transforms from exponential to
a power law relation:

Ty A (AAG )™ & (AT = \) Fais) ™. (5.27)

Here, a is a parameter which is dependent on chemical and thermodynamic condi-
tions.
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5.4 Experimental Studies of the Functions of Gramicidin A
and Alamethicin Channels in Lipid Membranes

So far we have discussed theoretical aspects of both gramicidin A and alame-
thicin channel functions in lipid membranes. We have successfully addressed how
membrane protein functions become regulated due to energetic lipid bilayer mem-
brane protein coupling, using a very traditional theoretical approach which involves
screened Coulomb interactions [9]. Although both of these channels have been exten-
sively experimentally investigated, we reiterate some of the aspects of the experi-
mental studies using our own investigations (see [11] in Chap.4). The rather novel
parameters emerging from the studies help to validate the theoretical approaches
explained in earlier sections. These experimental studies were done by Md Ashra-
fuzzaman in collaboration with Dr. Olaf Sparre Andersen during his tenure in Cornell
University Weill Medical College.

5.4.1 Materials and Methods

Materials

1,2-Dioleoyl-sn-Glycero-3-Phosphocholine  (DCig.1 PC), 1,2-Diecosenoyl-sn-
Glycero-3-Phosphocholine (D Cy.; PC), 1,2-Dierucoyl-sn-Glycero-3-Phosphocho-
line (DC22:1 PC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-amine (DO P E), and
1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DO PS) were from Avanti Polar
Lipid (Alabaster, AL, USA) and used without further purification. n-Decane was
99.9 % pure from ChemSampCo (Trenton, NJ, USA) and squalene (squalene was
filtered through chromatographic alumina (acid type) from Sigma to make it radical-
free) was from Sigma (St. Louis, MO, USA). Alamethicin (Alm), an antibiotic from
Tricoderma viride that is a mixture of alamethicin homologs, was from Sigma. Gram-
icidin A (gA) analogue [Alal] gA (with 15 amino acids in the sequence) (AgA(15))
and the sequence-shortened analogue, des-(D — Val' — Gly?)-gA (with 13 amino
acids in the sequence) (gA~ (13)) were generous gifts from Drs. R.E. Koeppe II
and D.V. Greathouse (see [11] in Chap.4). They were synthesized and purified as
described in [31]. The amino acid sequences, channel lengths, phospholipids, bilayer
thicknesses and abbreviations used in this article are shown in Tables5.1 and 5.2.
The electrolyte solution (NaCl) was buffered with N-2-Hydroxyethylpiperazine-N’-
2-ethanesulfonic Acid (HEPES) (pH 7.0) and was from Sigma.

Methods

Planar lipid bilayers were formed from DC1g.1 PC, DC>0.1 PC, DC2.1 PC,DOPE
or DO PS/n-decane or squalene (2.5 % w/v) solutions across a 1.5mm hole in
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Table 5.1 Gramicidin sequences and their channel lengths

Gramicidin Abbreviation Sequence Hydrophobic
analogue Channel
Length [41] A
[Alal]gA AgA(15) f-A-G-A-L-A-V-V-V 22
-W-L-W-L-W-L-W-ea
Des-(D-Val!-Gly?)gA gA—(13) f-A-L-A-V-V-V-W 19

L-W-L-W-L-W-ea

Table 5.2 Phospholipids and their thicknesses

Phospholipid Abbreviation Bilayer

Thickness

(with n-decane) A
1,2-dioleoyl-sn-glycero-3-phosphocholine DCi3.1 PC 47.7+2.3[16]
1,2-diecosenoyl-sn-glycero-3-phosphocholine DCy.1 PC 53.9+2.5[16]
1,2-dierucoyl-sn-glycero-3-phosphocholine DCy.  PC 58.4 £2.5[16]
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine DOPE Unknown
1,2-dioleoyl-sn-glycero-3-phospho-L-serine DOPS Unknown

Teflon® separating the two electrolyte solutions of 2.5mL each, using the pipette
method of Szabo et al. [83]. All experiments were performed at 25+0.5 C. The aque-
ous electrolyte solutions were 1.0 M NaCl, buffered to pH 7.0 using 10 mM HEPES
added to the solution. Care was taken to minimize the total amount of lipid (and
n-decane or squalene) that was added; the total volume of the lipid/decane or squa-
lene solution was typically 1,000-times smaller than the volume of the aqueous
solution.

For the experiments with Alm, we added an appropriate amount of Alm from its
107> M stock solution in dimethyl sulfoxide to the frans side of the lipid bilayer;
the cis side was the electrical ground. In the experiments across DOPE and across
thicker bilayers of DC»¢.1 PC and DC2;.1 PC, we needed a 10-fold and more than
10-100-fold denser solution of Alm compared to that for DCg.1 PC. Experiments
with gA were done in DCg.1 PC/n-decane or squalene, DCy.1 PC/squalene and
DO P E/n-decane bilayers with a 15-residue and a 13-residue gA analog of oppo-
site chirality, e.g. AgA(15) and gA~(13) (added to both sides of the bilayer), an
experimental design that allows for a direct test of how changes in the hydropho-
bic mismatch due to changes in the channel length may affect the channel stabil-
ity. The reason for using gA analogs of opposite chirality is to ensure against the
formation of heterodimers between the 13-amino acid and 15-amino acid analogs
[25, 50] which would complicate the data analysis. Using lipids with different acyl
chain lengths results in changing the bilayer thickness, and also in the hydrophobic
mismatch between bilayer thickness and channel lengths (see Tables 5.1 and 5.2). In
all experiments with Alm channels, the applied potential across the membrane was
150mV, and with gA analogs the applied potential was 200 mV.
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After peptide addition, the aqueous phases were stirred for about 5 min before the
measurements resumed. The total amount of added dimethyl sulfoxide was less than
0.5 % of the volume of the electrolyte solution, a concentration that has no effect on
Alm or gA channel function. The lipid bilayer membrane containing n-decane was
3—4h stable whereas the membrane containing squalene was very unstable, especially
when a potential was applied across the membrane.

Single-channel experiments were performed using the bilayer-punch method [4]
and a Dagan 3900A patch-clamp amplifier (Dagan Corp., Minneapolis, MN) with a
3910 bilayer-expander module. The current signal in experiments with Alm chan-
nels was filtered at 20kHz, and digitally filtered at 8§ kHz while the current signal in
experiments with gA channels was filtered at 2kHz, digitized at 20kHz, and digi-
tally filtered at 500 Hz before the single-channel transitions were detected using the
algorithm described by Andersen [4] and implemented in Visual Basic (Microsoft
Corp., Redmond, WA). Relative total times spent by different open (conducting)
states and the closed (non-conducting) state of Alm channels were determined by
using frequency counts (in Origin 6.1 from OriginLab Corp., Northampton, MA) of
the recorded current traces of about 1-3 min. The frequency counts were plotted as
functions of the conductance of Alm channels for each recorded current trace, and
peaks were found at the non-conducting and all conducting levels.

Single-channel lifetimes for gA channels were determined as described by Sawyer
et al. [78] and Durkin et al. [25], a procedure that allows for separate determination
of the lifetimes of different channel types.

5.4.2 Results

Gramicidin A Channel Results

Figure 5.12a shows representative current traces obtained in the DCg.; P C/n-decane
bilayer in the presence of gA™ (13) and AgA(15). Figure 5.12b shows how gA chan-
nels formed from different gA monomers appear with different current transition
amplitudes, namely gA™ (13) channels at 1.95 + 0.12pA and AgA(15) channels at
3.05 £ 0.11 pA, respectively. The average gA channel lifetimes (7) were estimated
by fitting a single-exponential distribution (see Fig.5.12c)

NO _ (5) (5.28)
TOERACT A '

where N (¢) is the number of channels lasting longer than time ¢ (for details see [13]).

Figure5.13 summarizes the average lifetimes 7aga(15) and 7,413, of gA chan-
nels formed by dimerization of two gA monomers AgA(15) and gA™(13), respec-
tively, in lipid bilayers of different thickness (see Table5.2). In a DCig.1 PC
bilayer we observe that by increasing the gA channel length by only about 3 A
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Fig. 5.12 a A 60 s current traces recorded from a DCys.; PC/n-decane bilayer that was doped
with gA™ (13) and AgA(15) on both sides. b The current transition amplitudes for gA™(13) and
AgA(15) channels are 1.95+0.12 and 3.05+0.11 pA. ¢ Lifetime histograms (and their exponential
fits) for gA~(13) channels and AgA(15) channels (for details see [13])
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Fig. 5.13 Average 7 (gA dimers of AgA(15) or gA-(13)) changes with dy (A. squalene in bilayer
reduces dy over n-decane, 7 increases 35-fold) and ¢ (B. introducing 1,2-dioleoyl-sn-Glycero-3-
phosphoethanolamine (DEPE) into membranes/n-decane). For experimental protocols and meth-
ods see [13]. Acyl chain lengths 18, 20, and 22 represent bilayer-constructing lipids DCg.1 PC,
DCy0.1 PC, and DC2.1 PC, respectively. Trans-membrane potential 200 mV. Aqueous conditions
1.0 M NaCl, pH 7.0 (see [11] in Chap. 4)

the channel stability increases approximately 13-fold (7aga(15) = 149 £ 11 ms and
Tea—(13) = 11.2 £ 2.1 ms, consequently the ratio 7aga(15)/Tga-(13) & 13). Under
identical conditions, if we replace the PC bilayer by a more negative curvature
bearing DOPE bilayer [49] with comparable thickness [52], we observe that both
short (gA™(13)) and long (AgA(15)) gA channels experience almost equal (~2.5-
fold) destabilization (see Fig.5.13). Here, by using a shorter gA~(13) monomer
over a longer AgA(15) monomer we have introduced a higher (~3 A) hydrophobic
mismatch between the bilayer thickness and the channel length. As a consequence,
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we have observed a 13-fold reduction in the gA channel lifetime. Whereas by replac-
ing DCqg.1 PC bilayer with DOPE bilayer bearing a relatively more negative cur-
vature with comparable thickness [52] we observe much less reduction in the gA
channel lifetime for both short and long gA channels, and the stepwise introduc-
tion of DOPE (0, 50, and 100 %) over DC13.; PC we observe that the gA chan-
nel lifetime decreases almost linearly with an increasing negative curvature (see
Fig.5.13). This observation suggests that bilayer thickness and the gA channel length
mismatch appears as a stronger gA channel regulator than the lipid curvature. On
the other hand, we observe that the shorter gA channels are about 13- and 23-fold
less stable than longer gA channels in DCg.; PC/squalene (thinner bilayer) and
DCy.1 PC/squalene (thicker bilayer) bilayers, respectively. We also observe that
shorter gA™ (13) and longer AgA(15) channels become about 100- and 55-fold less
stable, respectively, when equal amounts of increase in the hydrophobic mismatch
between bilayer thickness and gA channel lengths for both gA~(13) and AgA(15)
channels occur by replacing DC1g.1 PC with DC>.1 P C in squalene-containing lipid
bilayers. With a further increase in bilayer thickness, by choosing DC3,.1 PC lipids
to form lipid bilayers, we observe no formation of linear 3-helical gA dimers, prob-
ably due to extremely high values of the hydrophobic bilayer thickness gA channel
length mismatch (do — ). Nonetheless, even under this condition the gA channels
are still formed, although a different conformational mechanism is at work, namely
the gA monomers no longer form linear dimers as shown in the model diagram (see
Fig.5.2) but instead the monomers partially bind with each other through their whole
lengths [62]. Thus, the channel length is on the order of just a single gA monomer and
not on the order of the sum of two gA monomer lengths (see Fig.5.2). These exper-
imental results, taken together, suggest that the increase in hydrophobic mismatch
between bilayer thickness and the gA channel length by either increasing the lipid
acyl chain length or reducing the gA channel length appears as a very strong regulator
of gA channel stability. Lipid curvature is also an important regulator of gA channel
stability, but not as strong as (do — /). Another important parameter is the peptide
concentration required to form readily observable gA channels in lipid bilayers. The
appearance frequency of gA channels fya increases more rapidly (proportional to
the second power or greater) than the gA monomer concentration ([Mga]), although
the average gA channel lifetime remains almost unchanged. The required pep-
tide concentration is therefore an important parameter in determining the change
of bilayer deformation energy. We observe that about a 100-fold higher [Mga] is
required in the DCoq.1 PC bilayer over the DC1s.1 PC bilayer while about a 10-fold
higher [Mga] is required in the DOPE bilayer over the DC\s:1 PC bilayer. Here, we
also observe higher effects on the gA channel appearance frequency fya due to the
change of dy — [ than those due to the lipid intrinsic curvature.

Alamethicin Channel Results

We have already presented a representative current trace obtained in the DCg.1 PC/n-
decane bilayer in the presence of Alm peptide in Fig.5.11. To initiate the formation
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of considerable Alm channel activity under the experimental conditions, a minimum
of 1078 M Alm peptide concentration ([Mam]) is required in DCg.1 P C/n-decane
bilayers [12]. However, once the Alm channel starts showing, we observe that the
Alm channel activity increases considerably (reported in earlier observations to be
a power of 2.6 of the concentration at 25°C [51]) as [Mam] increases. We also
observed that the Alm channel activity shows significant dependence on bilayer
thickness and on lipid curvature. Higher lipid charges also considerably destabilize
the probability of observing any Alm channel current level, especially higher order
current levels [18]. To observe comparable Alm channel activity (i.e., comparable
valueof D", r; = D ;(A;i/Anc) (see Sect.5.3.1), where A; and A, are the areas under
the peaks representing a current level i and the baseline in Alm channel current traces
as shownin Fig.5.11), about 103 M of [MAm]in DC13.1 PC /n-decane bilayers was
required while 10-fold higher (fle_7 M) of [M A1m] was required in DOPE/n-decane
(also previously observed (see [11] in Chap. 4)) or DOPS/n-decane bilayers (with a
very low probability of observing higher order current levels in bilayers formed with
DOPS lipids). On the other hand, a more than 10- or even 100-fold increase in the
concentration [ M ajm] was required when DCqg.; PC was replaced with DCrp.1 PC
or DC».1 PC bilayers containing n-decane or squalene to observe comparable Alm
channel activity. The additional free energy (AG"~! = —kpT Inr;) (see earlier
section) involved in raising any current level in an Alm channel in thicker bilayers
or bilayers with higher amounts of negative curvature is perhaps compensated by
the requirement of a higher [Ma1m] [92]. Once comparable Alm channel activity is
observed, the relative probability of observing different Alm conductance levels e.g.,
J+kand jW;,r/W; (see Sect.5.3.1) in different bilayer system is also found to be
different, but does not vary within the same lipid system. The values of W,/ W, and
W3/ Wy are observed to be 0.25 £ 0.05 and 0.04 £ 0.01 for DCyg.1 PC, 1.38 £0.21
and 0.88 &= 0.21 for DCyo.; PC, 1.52 & 0.2 and 1.06 £ 0.25 for DC»j.; PC, and
2.05£0.8 and 2.23 £ 1.0 for DOPE/n-decane bilayers. Consequently, the mean val-
ues of the changes in average free energies AG'~2 and AG'™? are observed to be
—0.6kpT and —1.39kgT for DCi3.1 PC, 0.14kgT and —0.55kgT for DC»y.1 PC,
0.182kgT and 0.025kgT for DCy.1 PC, and 0.31kpT and 0.35kgT for DOPE/n-
decane bilayers. The values of W,/ W; and W3/ Wj are observed to be 0.21 4 0.15
and 0.053 = 0.04, respectively. Consequently, AG'~2 and AG'™3 are found to be
—0.68kpT and —1.28kp T, respectively, in DOPS/n-decane bilayers with negligible
presence of current levels above the third current level.

5.5 Theoretical Results/Numerical Results Regarding the
Functions of Gramicidin A and Alamethicin Channels
Due to Their Coupling with Lipid Membranes

Based on the model of gA channels in lipid bilayers (see Fig.5.2) we deduce that
any gA channel exists in a lipid bilayer through bilayer deformations at the channel
bilayer interfaces to compensate for the hydrophobic mismatch (dy — ) between
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Fig. 5.14 Plot of the energy as a function of the reaction coordinate (using Eq.5.19 here and
hereafter) for gA channels in lipid bilayer energetics at different orders of screening (single- and
double-dashed curves are for the first- and second-order screening, respectively). Only real parts
of the energies have been considered and for simplicity U (rx*) has been used for Uy j(r*) here and
other energy plots in all next figures. g1 /qga = 0.005, (1/€0)qLgega ~ 1 has been chosen (here
and in Figs.5.15 and 5.16) for simplicity, ri;. = 7.74597 A. In the plot, the energy at » = O A has
been excluded to avoid the associated singularity. Numerical integration here (and hereafter) has
been performed using Mathematica 7 within (—kmax27/rLL, kmax27/rLL), Where kmax = 100 and
the step size for integration d, = 0.001 have been taken as judicious choices

bilayer thickness and gA channel lengths. The ‘barrel-stave’ pore type Alm channels
(see Fig.5.8) [19, 36] exist with different sizes, depending on the number of Alm
monomers participating in the pore formation and the pore continuously experiences
structural transitions between different conformations representing different pore
conductance levels (which experimentally manifest themselves as current levels)
following the energetic profile as described in Sect.5.3.1. Note that the higher the
cross-sectional area of the pore, the higher the value of the conductance through the
Alm channel.

Figures 5.14, 5.15, and 5.16 demonstrate the energetics (in arbitrary units) of a gA
channel in lipid bilayers with different lipid screening orders and lipid dimensions
using the model calculation. In Figs.5.14 and 5.15 G; and G;; (G > Gy) repre-
sent energy levels at conformational states I and II where two gA monomers exist in
free form (no channel formation: M;) and gA dimer form (channels formed: D;),
respectively. Formation of a channel with any level of stability requires an energetic
transition (reduction) AGy j; (= G; — G ). Although the energy minima appear at
different values of reaction coordinates, we have chosen the transition G; <> Gy ata
certain value of reaction coordinate (as shown in Fig. 5.15) to illustrate how the corre-
sponding back-and-forth conformational changes between gA monomers and dimers
(M; < Djr) may become regulated due to AGy j;, which depends mainly on the
bilayer physical properties for a certain channel type. The binding energy between
two gA monomers alone in a gA channel is many orders of magnitude smaller than
the binding energy of the gA channel with the bilayer at the channel bilayer interface.
AGry, 11 (see Figs.5.14 and 5.15) represents the amount of energy gA monomers need
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Fig. 5.15 A plot of the energy as a function of the reaction coordinate for gA channels in lipid
bilayer energetics at different orders of screening (single- and double-dashed curves are for the
first- and second-order screening, respectively). I and II represent levels with free energies G; and
G 1 respectively, where gA monomers exist as free (no channel formed) and gA dimer (gA channel
formed). gz /gea = 0.005, rLL = 7.74597 A. Ad hoc assumptions (gga ~ electron charge and
other relevant parameters [1, 16, 17, 35, 41, 71, 75]) give an estimate of G; and G to be 1071
and 1073 in first-order and 10° and 10~* in second-order lipid screening in units of kJ/mole which
seriously depends on g, as dy increases. The energy orders for G; and G; as mentioned here
are also valid approximations for the corresponding free energy levels presented in the subsequent
Figs.5.16,5.17, and 5.18

to compensate to form a stable gA channel which arises mainly from the hydrophobic
binding between the gA channel and the bilayer at the two bilayer channel interfaces.
The smaller the value of AGy jy, the higher the stability of gA channels. We observe
that the value of AGy j; for the second-order lipid-screening is orders of magnitude
higher than that for the first-order lipid-screening (higher orders of lipid screening
account for higher values of dy — ). Knowing the effective values of charges (in units
of coulombs) on a gramicidin monomer, gga, and that of a lipid’s head group region,
qL, one can readily calculate and show in real energy units (J), using the screened
Coulomb interaction theory, that G has values which are drastically reduced and
hence the value of AG/ 1y collapses as the value of dy —I approaches 0 A. For exam-
ple, making an ad hoc assumption that geo and ¢, should be on the order of a few
electron charges, we find AG7 ;; to be on the order of kJ/mole for the first-order lipid
screening, which closely corresponds to the phenomenological bilayer deformation
energy calculated in another study [13]. The same ad hoc assumption ensures that
AGT, 1 increases to the order of 105kJ/mole for the second-order lipid screening.
This drastic increase in bilayer deformation energy requirements for stable chan-
nel formation with increasing the bilayer thickness channel length mismatch causes
gA channel formation to be extremely difficult at a higher order of lipid screening.
Beyond a certain level of hydrophobic bilayer channel mismatch, the deformation
energy reaches values which are outside a biological binding energy scale, which
suggests that at this high energy level the 3-helical gA channels must experience
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Fig. 5.16 A plot of the energy as a function of the reaction coordinate for a gA channel in lipid
bilayer energetics at different values of ryy, (left — right: r;, = 6.48074, 6.9282 (lower panel),
7.34847,7.74597 A (upper panel)) for the first- (single-dashed curve) and second-(double-dashed
curve) order lipid screening. g /qga = 0.0025

exponential growth in their instability and finally may undergo a structural transition
which has been experimentally observed (see Fig. 5.13). As (dy — ) approaches 0 A,
the drastic drop in the values of G causes the value of U(r) to quickly approach
the level whose order of magnitude is comparable to that of the smaller interaction
energy level (Uga ga (r)—see Eq.5.16) between two gA monomers with only direct
Coulomb binding effects with the bilayer. Under this condition, the bilayer defor-
mation energy is no longer an important regulator of channel function. Figure5.16
demonstrates that the geometry of the lipids is an important regulator, and the tran-
sition G; <> Gy occurs at increasing reaction coordinates with increasing values
of lipid dimension parameter ry . Identical trends with quantitatively slightly differ-
ent energetics have been observed for Alm channels in lipid bilayers (see Figs.5.17
and 5.18).

Figures 5.19 and 5.20 show how lipid charge relative to the charge of the channel-
forming peptides changes the values of both G; and G;; (see Fig.5.19) and
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Fig. 5.17 A plot of the energy as a function of the reaction coordinate for Alm channels in
lipid bilayer energetics at different order of screening (single- and double-dashed curves are for

the first- and second-order screening, respectively). Here and in Fig.5.18, g1 /gaimm = 0.005,
(1/€0)qr.gam ~ 1 has been chosen (for simplicity), and ri = 7.74597 A

consequently AGy r; (see Fig.5.20). We observe about three times higher values
of both G; and G/ for both the first- and second-order of lipid screening for an
Alm channel with three monomers in the ‘barrel-stave’ pore, compared to a gA
channel as shown in Fig. 5.19. Quantitatively similar (3-fold increases) higher values
of AGy 1 (see Fig.5.20) are observed for both lipid screening orders for an Alm
channel, compared to those for a gA channel. The three-times higher values of G,
G, and AGy r; in the Alm channel with three monomers are obvious, because
in this specific Alm channel conformation there are six channel bilayer interaction
sites, while a gA channel always has only two interaction sites with the bilayer (see
Figs.5.2 and 5.8). It seems that the interaction energy between monomers in both gA
and Alm channels becomes irrelevant in comparison to the binding energy between

the channel and the bilayer. We also observe that G;, G;; and AG ;; increase with
the increase of lipid peptide charge ratio following:

G;,Gr, AG 1 (q—L) , (5.29)
am

where s = 1, 2, etc. for the first-, second-, etc. order lipid screening, respectively, for
both gA and Alm channels. Here, gy stands for gA (gga) or Alm (gaim) monomer
charges.

In Fig.5.21 we observe a modest and linearly proportional effect of the lipid
dimension rr 1, on AGy y, for both the first- and second-order lipid screening with
three-times higher effects for Alm channels than for gA channels. Figure 5.22 shows
that, for both gA and Alm channels, the reaction coordinate at which we have shown
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Fig.5.18 A plot of the energy as a function of the reaction coordinate (r) for an Alm channel in lipid
bilayer energetics at different values of riy, (left — right: rpp. = 6.48074, 6.9282 (lower panel),

7.34847,7.74597 A (upper panel)) for the first- (single-dashed curve) and second-(double-dashed
curve) order lipid screening. g7, /gaim = 0.0025

the calculation of AGy j; increases (shifts toward higher values) in linear propor-
tionality to 11, for both the first- and second-order lipid screening.
The most dramatic theoretical result is illustrated in Fig.5.23, where AGy ;g

increases exponentially with the increase of dy — [ (here we have rephrased the order
of screening by do — [):

AGy 11 < exp(dy — 1). (5.30)

Consequently, as AGy jy is proportional to AGgef, the dissociation force:

o 9AGr(do =D
Fuis = ( =i ) (5.31)

also follows an exponential relation:
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Fig. 5.19 Energy (G; and Gyy) as a function of gz /gga for the gA channel (upper panel) or

qr/qaim for the Alm channel (lower panel) in lipid bilayer energetics in the first- and second-order
of lipid screening, respectively. Here, ri . = 7.74597 A

Fyis ocexp(do — 1) (5.32)
which is very different from the dissociation force calculated based on the bilayer
elastic model [38, 40, 66, 67] where Fgs on a gA channel has been reported to
change linearly with the change of dy — [ (see Eq.5.12 for comparison) [6, 13].



5.6 Fitting Theoretical Predictions to Experimental Results

80 - r 200
& Tst
60 - k150
[ee]
<
@
(42}
S 404 F 100
g
N / %
.
ol Lo
0.0000 0.0025 0.0050
qL/dgA

AGy | /10139749

AG|Y|| / 1083848

109
80 - Ni 200
a
—&—2nd
60 4 150
(o2}
<
N~
3
40 o k100 o
g
20 o F 50
/A/
0-{4_n Fo
0.0000 0.0025 0.0050
dL/9AIm
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Fig. 5.21 Plot of AGy ; as a function of 1y, for the gA channel (left panel) and the Alm channel

(right panel) in lipid bilayer energetics in the first- and second-order of lipid screening, respectively.
Here, q1. /gm = 0.0025

5.6 Fitting Theoretical Predictions to Experimental Results

The experimental results presented in Sect. 5.4 show that the gA channel’s lifetime
T decreases drastically as the bilayer thickness increases, and at a sufficiently high
thickness, the gA channel structure experiences a conformational transition. The
trend in the value of 7 in a PC bilayer shows that it decreases almost exponentially
with the increase of bilayer thickness. A recent study [6] has also supported this
conclusion that 7 decreases almost exponentially with the increase of the bilayer-
channel hydrophobic mismatch. Within a reasonable approximation, since it can
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Fig. 5.22 The reaction coordinate which was used in the plot of AGy ;; as a function of ryy, for
the gA channel (left panel) and Alm channel (right panel) in lipid bilayer energetics in the first-
and second-order of lipid screening, respectively. Here, gz /gy = 0.0025

be assumed that the gA channel stability decreases with the increase of the bilayer
induced dissociation force, we conclude that 7 o exp(—(do — /)). Considering the
theoretical value of Fy;s in Eq. 5.13, this experimental channel lifetime relation with
the mismatch is supported by a previously presented derivation of gA channel lifetime
(Eq.5.27) in a continuum distribution of local energy traps [85] which is also borne
out elsewhere [6, 56].

Another possibility is to use the traditional way of deriving lifetime, using the
relation presented in Eq.5.13. Slight differences in the bilayer thickness gA channel
length mismatch dependence of the theoretical trend of gA channel lifetime appear
to depend on whether we use the expression for Fg;s from the screened Coulomb
model (~exp(dp — 1)), or the elastic bilayer model (~ (dy —[)) in the case when cg is
assumed to be unchanged. In both of these cases the theoretical channel destabiliza-
tion increases (lifetime 7y, decreases) exponentially at small values of dy — [ but as
do — [ increases, higher channel destabilization is observed in the former case com-
pared to the latter case (see Fig.5.24). For any constant thermodynamic condition,
the average channel lifetime therefore changes as a negative exponential function
(or more strongly) of the hydrophobic mismatch between the bilayer thickness and
channel length.

The origin of this difference is readily found if we expand the exponential expres-
sion (screened Coulomb model) in a power series as:
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Fig. 5.23 Plot of Log[AG/ /] as a function of dy — [ . Here, (dp — ) sec ¢ is the distance covered
by the lipid head groups in the deformed regions of the bilayer at the bilayer gA channel interaction
sites. d(for simplicity, they can be assumed to appear with a constant value within 0—90° in a
particular lipid bilayer membrane for all participating lipids in all orders of screening at the gA
channel bilayer interface), the angle at which lipids in the deformed portion of the bilayer couple
with the extension of the gA channel length. AG7y j; increases exponentially with dy —I. AGp yy at
lower values of dy — [ (e.g., dy — [ ~ 0 ) or at other higher values of dy — [ can be extrapolated from
the plot. For a certain type of lipid with a fixed lipid charge, AG j; o exp(dp — [). Consequently,

the dissociation force imposed by the bilayer on the gA channel (Fyis) increases exponentially

withdy — 1 , i.e., Fgis = — (—%) o exp(dp — ). As a result, the gA channel lifetime

decreases exponentially with the increase of dy — [. Ad hoc assumptions (gga ~ electron charge
and other relevant parameters [1, 16, 17, 35, 41, 71, 75] give an estimate of AGy ;; / (kJ/mole)
which strongly depends on g, as d increases. Results in previous figure fall within the second-order
screening (dg — I < 40 A). Experimentally, this was observed in previously published data [6, 56]
and here in the experimental results section

dy —1)? do— 13>  (dop—1*
AG1,11=C(d°_l)=—(02 ) +(1+(do—1)+(06 ) +(024) —i—)

= AGI’”(Harm) + AGI,”(A.Harm). (5.33)

The symbols Harm and A.Harm denote the harmonic and anharmonic contribu-
tions in AGy, g, respectively. The necessity to include AGy ;;(A.Harm) is gener-
ally expected in the case with higher values of dyp — [ (see Fig.5.21) whereas the
elastic bilayer theory predicts the presence of only a harmonic term ~ (dy — )% in
the bilayer deformation energy, which is adequate for sufficiently small deformation
values. This is also readily found in the screened Coulomb energy. Consequently,
Fgis = % AGy 11 inthe screened Coulomb model also contains additional terms
(different orders) besides the term (dy — /), which is the only geometric mismatch
term found in the elastic bilayer theory to regulate the change of the gA channel
lifetime (in the case of non-changing lipid curvature profiles). Although both the
screened Coulomb model and the elastic bilayer model calculations generally sug-
gest an exponential damping in gA channel lifetime with increasing dy — [ which
is consistent with the experimental data presented in Sect.5.4 (and in [6, 56]), the
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Fig. 5.24 Plot of theoretical values of gA channel lifetime 7y, (arbitrary units, using 7y ~
Ot - Fgi

e BT ‘ , Eq.5.13) as a function of the bilayer thickness gA channel length mismatch dy — /
(arbitrary units). The lower curve represents 7y, using the screened Coulomb theory while the upper
curve represents 7y, derived from the elastic bilayer theory, both explained earlier. In both plots
At — X is considered constant. Both curves are straight lines (in log-lin plot) meaning 7, drops
exponentially with increasing dp — / at the low mismatch level but 7y, (from the screened Coulomb
formula) drops even faster (lower curve) as dp — [ increases due to the inclusion of anharmonic
terms (explained earlier and in Fig. 5.25) in the energy at high values of mismatch

screened Coulomb model calculation hints at the presence of extra damping, due to
higher order anharmonic terms in the energy expression. This better explains why at
high mismatch values, the channel experiences not just destabilization but also struc-
tural transitions (see Sect.5.4) due to the energetic cost of the super-heavy bilayer
deformation energy (see Fig.5.23). We therefore conclude that although the elastic
bilayer model [38, 40] which yields the deformation energy dependence according
to ~(do — )% [6, 13] may be applicable in the small deformation limit, it requires a
modification for values outside this limit. For the same reason, the theory based on
a linear spring approximation for the coupling between the bilayer and gA channels
[57], which explicitly shows an exponential damping of gA channel lifetime with an
increasing do — [, can be a very good approximation when dy — [ is relatively small.
However, when dy — [ is large enough and the interaction between a gA channel
and the bilayer extends to other next-neighbor lipids in the deformed regions of the
bilayer near the channel, an extension of the elastic model is warranted.
Theoretical and experimental results also show identical trends in the regulation of
the gA channel stability induced by the lipid curvature properties. The energy barriers
modestly change due to the change of the lipid-lipid separation 71 1. (determined from
the square root of the average lipid cross-sectional area in a bilayer) which changes
as the lipid curvature changes. For simplicity, in the theoretical analysis we have
assumed the same value of rp for both the lipid-lipid separation and the lipid-
peptide separation at the channel bilayer interface. The energy barrier also shows a
modest change due to the change of lipid charge. To some extent, lipid charge also



5.6 Fitting Theoretical Predictions to Experimental Results 113

F.E.

v

R.C.

Fig. 5.25 Schematic illustration showing the free energy (F.E.) dependence on the reaction coor-
dinate (R.C.) when protein conformational transitions between different energy states occur. The
back-and-forth transitions between gA dimer (D) and monomers (M) have been demonstrated here.
These states have different energy values and are separated by a potential barrier. AG 7 (Harm)
and AGy 1 (A.Harm) energy terms are effective in the small deformation (bi-directional arrow in
the figure, within a very short range from the point of the energy minimum, thanks to harmonic
behavior) and beyond the small deformation region (right arrow), respectively, to ensure transitions
from D to M states and vice versa of gA. Only in the limit of extremely small bilayer deformation
(do — 1 ~ 0) the inclusion of only the harmonic term AG,;; (Harm) ~ (dp —! )2 may be sufficient.
When dy — [ increases beyond the immediate vicinity of the free energy minima, higher order
anharmonic energy terms dominate in the transition between D and M states. All such energy states
appear together in the screened Coulomb interaction model calculation but are missing in the elastic
bilayer model calculation of the bilayer deformation energy as explained in the text

determines the lipid curvature properties. Hence, the change in the lipid charge also
regulates the gA channel functions in lipid bilayers. The model calculation hints for
a stronger lipid charge effect on gA channel stability in the case of higher values of
do — [ (see Eq.5.29).

The experimental data for the Alm channel in a lipid bilayer also show consid-
erable agreement with the results of the theoretical model (see Figs. 5.17 and 5.18).
To initiate the formation of an Alm channel under the experimental conditions men-
tioned in Sect. 5.4, a minimum peptide concentration of ~10~8 M is required [12].
However, once the Alm channel starts forming, we observe that the Alm channel
activity increases considerably with the increase of [Maim]. These data are in good
agreement with the theoretical prediction of channel activity depending mainly on
AGT, 1 in the initiation phase. Once the channels start forming, the bilayer’s physical
parameters which determine AG j; appear to be very critical in the regulation of the
channel formation mechanism and the channel formation rate sharply increases with
peptide concentration. We have also experimentally observed that the detailed Alm
channel activity shows considerable dependence on bilayer thickness and on lipid
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curvature. Higher lipid charges strongly destabilize the probability of observing any
Alm channel current level, especially higher order current levels [18]. The higher
concentration [ My ] required in thicker bilayers or bilayers containing lipids with
negative curvature or charges are likely to change the free energy profile in bilay-
ers [92] which compensates for the changed values of the theoretically calculated
AG . 1. The experimentally observed changes in free energies AG'~2 and AG' ™3
of any Alm channel within a lipid bilayer system are not drastically different, which
is consistent with the calculated values of AGy j; for any specific order of lipid
screening where the values of AGy ;7 do not considerably change due to the change
of the number of monomers in Alm channels. In particular, AG j; values stay within
the same order of magnitude but slightly increase with the increase of the number of
Alm monomers participating in Alm channel formation mainly due to the increased
channel-bilayer interaction sites. However, AG; j; changes exponentially between
different lipid orders which can be compared with the compensation of free energy
changes [92] due to the requirement of higher geometric orders of [Maim] (or [Mga]
in the case of gA channels) when the bilayer thickness increases or neutral lipids are
replaced by more negative curvature bearing lipids in the bilayers.

5.7 Evidence of Physical Interactions Between Lipids
and Channel-Forming Peptides or Other Drugs: A Case
Study Using Molecular Dynamics Simulations

We designed an in silico molecular dynamics (MD) simulation [15] in order to model
the drug-lipid interactions and to gain deeper insights into the problem. This simu-
lation illustrates how an empirical calculation of the force field finds partial charges
on each atom in the drugs or peptides interacting with lipids on lipid membranes,
irrespective of their net molecular charges [24, 43, 44, 53].

In charge-bearing peptide-induced ion channels, e.g., gA and Alm, or charge-
neutral chemotherapy drug-induced ion pores [14], both ion channel/pore form-
ing agents and lipids approach each other through hydrophobic coupling (e.g., see
Figs.5.2,5.6,5.7, 5.8, 4.5, etc.). So naturally, charges on charge-bearing lipids e.g.,
phophatidylserine (PS), phosphatidylglycerol (PG), etc. and charge-bearing peptides,
e.g., gA, Alm, etc. experience electrical fields created by each other. But what hap-
pens if both lipids and channel-forming drugs have no net molecular charges? This
question naturally appears as most of the lipids in cell membranes are zwitterionic
phosphatidylcholines (PCs) with no net electric charges. Also, the finding of channel
formation by charge neutral chemotherapy drugs [14] raises the question if there
is any possibility to observe interactions between the channel-forming drugs and
bilayer constituents, especially lipids, due to the electrical properties of drugs and
lipids in a manner equivalent to the claimed peptide lipid screened Coulomb inter-
actions in gA channels lipid bilayer binding ([11] in Chap. 4). To clearly understand
this general issue we have performed MD simulations.
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5.7.1 MD Techniques

We considered five different relative locations and orientations randomly generated in
each drug-lipid complex as initial structures for MD simulations. For each location-
and orientation-specific complex, a 6 ns (chemotherapy drugs) or 10ns (gA or Alm)
explicit water MD simulation at 300K in a solution at pH 7 was performed. We
applied the software package Amber 11 [84], specifically the Amber force field ff03
was used. The explicit water TIP3P model was used to simulate solvent effects. The
force field parameters for drugs and lipids (PC and PS) were generated using an
Amber module antechamber [28, 77]. Twenty complexes were energy-minimized
using the steepest descent method for the first ten cycles, and then followed by
a conjugate gradient for another one thousand cycles. We then applied Langevin
dynamics during the process of heating up the system for 200 ps with the energy-
minimized complex, in which drug and lipid molecules were being restrained using
a harmonic potential with a force constant k = 100 N/m. Afterward, we introduced
pressure regulation to equilibrate water molecules around the complex, and to reach
an equilibrium density for another 200 ps in addition to temperature regulation. The
MD production run then was continued for 6 ns. Note that the phospholipid was gently
restrained with a harmonic potential with a force constant k = 10 N/m, applied only
to the phosphate during the production runs.

5.7.2 MD Results and Discussion

The Drug/Peptide Lipid Physical Interactions as a Possible Cause
of Their Induced Pore Formation

MD results presented in Figs.5.26 and 5.27 suggest that the drug/ peptide lipid com-
plex fluctuates within a separation over a period of time. These results suggest that
both drugs and peptides likely bind with PC and PS given appropriate initial condi-
tions [15]. In the in-depth analysis, we found evidence suggesting that the hydropho-
bic effect is unlikely to contribute into the distance dependent drug/peptide lipid
binding. The analysis of energy contributions from two non-bonded interactions,
Eyqw and Egs versus dgrug—lipid Tevealed crucial insights into the cause of the
observed stability of the drug/peptide lipid complexes. Both Eyqw and Egs appear to
be the main contributors to the energetic drug/peptide lipid binding and vdW inter-
actions contribute slightly more than ES interactions as the drug and lipid approach
closer. Binding stability generally is found to decrease quickly with increasing
ddrug—1lipid- Both vdW and ES interactions contribute comparably with both ener-
gies decreasing with increasing dgrug—1ipid- Large standard deviations (Figs. 5.26 and
5.27) are suggestive of the conformational space of the drug/peptide lipid complexes
not being completely explored in MD simulations. Nonetheless, this incomplete-
ness does not preclude the proposed interpretation. Importantly, the drug/peptide
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lipid interactions resemble the protein lipid vdW and ES interactions found in MD
simulations of a gA channel in phospholipid membranes [91].

These results suggest that the observed vdW and ES binding energies, which
presumably arise from the electrical properties of both of the participating agents,
do not depend on the molecular net charges. We observe the presence of both vdW
and ES, even in cases where either or both of the participating agents (e.g. PC,
chemotherapy drugs, etc.) have no net molecular charges. Therefore, it is clear that
the interactions appear due to the partial charges on each atom in the drugs or peptides
interacting with lipids on lipid membranes, irrespective of their net molecular charges
[24, 43, 44, 53]. This hypothesis has appeared in the screened Coulomb interaction
model through the consideration of the localized charges on the participating agents,
irrespective of the consideration of their net molecular charges.

5.8 Discussion and Conclusions

In this chapter, we have investigated the issue of how the hydrophobic coupling
between a lipid bilayer and integral channels regulates the channel stability, using
two structurally different gramicidin A and alamethicin channels as primary exam-
ples. Conformational changes of both trans-bilayer dimerized linear gramicidin A
channels and ‘barrel-stave’ pore type alamethicin channels are regulated mainly by
the bilayer channel coupling energetics. Experimental results show that an increased
hydrophobic mismatch between bilayer thickness and channel length (dy — ) appears
as a major channel destabilizing factor. Increased negative lipid curvature and lipid
charge also induce considerable destabilization into channel formation. To theo-
retically address the observed lipid bilayer-induced regulation of channel stability,
we have developed a simple physical model of the ‘screened Coulomb interaction’,
which has been used to calculate the binding energy of a gramicidin A dimer with a
lipid bilayer required for the stability of the channel structure. The model calculates
the binding energy, considering mainly the electrical properties of both the lipids on
the bilayer and the channel-forming agents. The same model can be extended to also
calculate the binding energy of an alamethicin channel with a lipid bilayer. In this
screened Coulomb interaction model, the calculation of the binding energy of a chan-
nel with a lipid bilayer considers most of the relevant properties such as the localized
charges of both peptides and lipids, geometry of the environment (bilayer thickness,
channel length, channel cross-sectional area, lipid head group cross-sectional area,
lipid intrinsic curvature), the change in the dielectric constant (relative to the aqueous
phase) of the hydrophobic region near the channel interface, and a specific mechan-
ical property such as bilayer elasticity. Changes in any of these properties modulate
the binding energy between the bilayer and the channel, which alters the channel’s
stability. We have compared the model results directly with the experimental results
on stability and energetics of the gramicidin A and alamethicin channels in lipid
bilayers, and have found them to be in very good agreement.
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Fig.5.26 Inall the histograms (upper panel) of time versus drug—lipid» the duration of the drug/lipid
complex staying together (height) within a distance (width) in 6ns MD simulations is presented.
Lower panels show the histograms of non-bonded van der Waals (vdW) energy (Eyqw) and elec-
trostatic (ES) interaction energy ( Egs). To avoid color conflict, Eyqw and Egs are shown to occupy
half-half widths although each half represents the whole width of the corresponding histogram

The calculations using screened Coulomb interactions demonstrate that the bilayer
deformation energy (AGy 1 ~ AGgef) increases by orders of magnitude with the
increase of the order of the lipid screening. The increasing lipid screening order
is a measure of the hydrophobic bilayer thickness channel length mismatch, due
to either an increase in bilayer thickness or decrease in channel length, or both.
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Fig.5.27 Inall the histograms (upper panel) of time versus dgrug—1ipid» the duration of the drug/lipid
complex staying together (height) within a distance (width) in 6ns MD simulations is presented.
Lower panels show the histograms of non-bonded van der Waals (vdW) energy (Eyqw) and elec-
trostatic (ES) interaction energy ( Egs). To avoid color conflict, Eyqw and Egg are shown to occupy
half-half widths though each half represents the whole width of the corresponding histogram

Other studies using 3-helical gramicidin A channels [7] and a-helical peptides like
acetyl-GWW(LA),LWWA-amide (WALP) [47, 48], incorporated in lipid bilayers
with different thicknesses, provide experimental evidence for the response between
bilayer and protein structural alterations and the hydrophobic mismatch. An increase
in the values of AGy ;7 causes destabilization of the corresponding channels. There-
fore, the stability or the average lifetime of a channel can decrease by decreasing
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the channel length or increasing the bilayer thickness. The experimental results fit
perfectly with the trends found in the theoretical model. A shorter gramicidin A
channel (gA-(13)) is experimentally observed to be less stable than a longer grami-
cidin A channel (AgA(15)), or both of these channels are exponentially less stable
in a thicker (DC5¢.1PC) bilayer than in a thinner (DCjg.;PC) one. Other important
parameters in the theoretical model are the intrinsic lipid curvature and the lipid
charge. An increased effective lipid cross-sectional area is a result of either a higher
negative curvature, e.g. PE’s over PC’s, or the lipid head group charges causing
Coulomb repulsion between lipids. The model calculation shows that increased lipid
cross-sectional areas (NrfL) result in a modest increase in AGy 7, which makes
the channel formation harder so the lifetime of a channel decreases. The experimen-
tal results show that gramicidin A channel lifetimes in a negative curvature-bearing
DOPE bilayer are shorter than those in a neutral DCyg.1 PC bilayer: the effect of neg-
ative curvature induces linear destabilization in gramicidin A channels. As the value
of rﬁL increases with the increase in lipid intrinsic curvature, we conclude that a very
good agreement exists between the theoretical predictions and experimental obser-
vations. Using the theoretical expression for the channel-bilayer binding energy, one
can also derive the elastic force constants and consider higher order effects on elastic
force constants with an increased value of s (representing a higher mismatch) exactly
illustrating the effects of lipid charges, as shown in Eq.5.29. Thus, an increased
bilayer elasticity helps the bilayer to deform near the channels. Despite elasticity
effects being secondary relative to the charge effects, the increased bilayer elasticity
reduces the bilayer deformation energy which favors the stability of a channel in a
bilayer membrane. Higher values of s, corresponding to a higher mismatch dy — [,
also indirectly confirm that an equal increase in bilayer elasticity reduces AGy rf
for shorter gramicidin A channels (accounting for a larger mismatch) more than that
for longer gramicidin A channels (accounting for a smaller mismatch). As a result,
stability of shorter gramicidin A channels increases relatively more strongly than
that of longer gramicidin A channels. The experimental studies [10, 11, 13] claimed
to induce increased elasticity into bilayers by bilayer-active amphipathic molecules,
such as several anti-fusion peptides, amphiphiles like triton X-100 and capsaicin, and
even an antimicrobial peptide gramicidin S. They also demonstrated that channels
generally show higher stability with an increase of the elasticity of the lipid bilayers.
Furthermore, in [13] it was shown that by increasing bilayer elasticity, the bilayer
deformation energy is reduced which in the model calculation appears as a decrease
in AGy ;. Requirements of higher gramicidin A and alamethicin concentrations in
both thicker bilayers and more negative-curvature bearing PE bilayers over PC bilay-
ers also confirm that a higher mismatch between the bilayer’s hydrophobic thickness
and channel length and negative lipid curvature are two very important regulators
of channel functions, which the theoretical model predicts and experimental results
confirm.

In this chapter, we have developed a theoretical model for bilayer channel ener-
getics based on experimentally measurable values of general physical properties,
such as charge and size of the channel-forming peptides and the bilayer con-
stituents e.g. mainly lipids. By considering a simple model of screened Coulomb
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interactions, we have formulated a relatively simple and tractable method, and
avoided the previously encountered complications in a method of calculating the
elastic bilayer deformation energy [21, 38, 40, 66, 67, 74] based on the assump-
tion of complicated individual contributions from the intrinsic monolayer curvature,
local compression and bending moduli of two bilayer leaflets, and the associated
energy densities [34, 63]. The molecular dynamics simulations of gramicidin A in
lipid bilayers utilizing an all-atom force field [2] and computation of the potential
of mean force in a lipid mediated protein-lipid hydrophobic coupling [23] helped us
confirm that the lipid head group region effectively regulates the lipid bilayer gram-
icidin A channel hydrophobic coupling. The acyl chains may also produce some
direct partial pressure profile on the gramicidin A channels at the channel bilayer
interaction sites, but that should be averaged out by their contributions from all sides
of a gramicidin A channel. One very important insight gained through the model
is that the bilayer imposed dissociation force on gramicidin A channel increases
(and as a result, the gramicidin A channel lifetime decreases) at least exponentially,
which matches with the experimental observations (see Fig.5.3 and [6, 56]). The
experimental observation of increasing the negative lipid curvature-induced linear
decrease in gramicidin A channel stability verified by the theoretical results also
provides evidence in favor of the approach of regulating membrane protein func-
tions due to the hydrophobic energetic membrane—membrane protein coupling. In
the alamethicin channel, the requirement of higher orders of concentration [Majm]
in thicker lipid bilayers may compensate for the huge variation in AGy ;7, but the
experimentally observed small changes in the free energies AG'~2 and AG!~3 of
any alamethicin channel within a lipid bilayer system correspond to a little variation
in the theoretical values of AGy ;; for alamethicin channels consisting of different
numbers of monomers. It should also be stressed that the model calculation is valid
for an arbitrary hydrophobic mismatch between bilayer thickness and channel length
and is equally applicable to at least two types of protein-lined channels, i.e. linear
(-helical gramicidin A type and ‘barrel-stave’ pore alamethicin type. We have found
very good agreements between the results on channel stability/lifetime emerging
from the binding energy calculation using screened Coulomb interactions and the
experimental observations on gramicidin A and alamethicin channels. The molecular
dynamics simulations also suggest the presence of distance-dependent electrostatic
and van der Waal’s interactions between lipids and membrane active agents (peptides
or other biomolecules like chemotherapy drugs, nucleic acid oligomers, or aptamers,
etc.). These simulation results also support the existence of interactions between
the membrane and active agents, due primarily to their electrical properties. The
use of the screened Coulomb interaction model in the membrane—membrane protein
energetics is also supported by molecular dynamics simulations. This theoretical
screened Coulomb interaction model calculation can therefore be generally applied
to the energetics and dynamics of several kinds of membrane proteins with a variety
of membrane effects, as long as they are hydrophobically coupled with lipid bilayers.

Finally, we conclude that the physical lipid-membrane protein interactions, due
mainly to their electrical properties and the related energetics, appear as primary reg-
ulators of membrane protein functions. A membrane’s elasticity helps it to bend, due
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to the pull originating primarily from the electrostatic and van der Waal’s interactions
between localized charges on lipids and membrane proteins or any other membrane-
active drug molecules. Both electrical energetic coupling (primary regulator) and
mechanical energetic coupling (secondary regulator) between a lipid bilayer and
integral membrane proteins regulate the membrane protein functions.
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