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Abstract

To study mechanical properties of red blood cells, the combination of an AC
dielectrophoretic apparatus and a single-beam optical tweezers were used. The
experiments were performed with high frequency (e.g. 10 MHz) below the second
turnover point between positive and negative dielectrophoresis. The electronic
response of RBCs is dominated by the local interactions with the trapping beams.
The elastic modulus was determined (1 = 1.80 £ 0.5 uN/m) by measuring the
geometrical parameters of RBCs as a function of an applied voltage. However, the
deformation of the red cell membrane was determined (Deformed gradient =0.08)
from the maximum applied voltage when a spherical RBC escapes to the electrode
from the trapping centre. These results were compared with similar experimental
values obtained from other techniques. This is easy to use an alternative method to

determine the mechanical properties of RBCs.

Solute transport across cell membranes (e.g. RBC membrane) is the
ubiquitous phenomenon, whose diffusion rate depends on the narrowest portion of
membrane pores and the architecture of diffusing solutes. When a solute is confined
in the critical area of membrane pores, which shows a quite different behavior
compared to the homogenous bulk fluid whose transport is isotropic in all directions.
The solute size and shape have been determined using the allometric scaling law,
which explores the variation in the diffusion coefficient for solutes of different size
and structure in physiological environments. Overall rates of diffusion through cell
membranes have been determined based on membrane composition, local

architecture, and the extend of binding.

The functional group structures of protein folding (e.g. RBCs membrane
protein) have been investigated using classical quantum biology based on infrared
spectroscopy in polar groups capable of forming hydrogen bonds. The equivalence
of infrared radiant energy and the bending energy of oscillating atoms along bonds is
reliant on the reduced Planck constant, reduced mass and bond stiffness. The
defined quantum biological equation is used to determine the deformation value

changes from its equilibrium bond angle, which is estimated from the molecular



geometry, in the hydrogen-bonded section of a polypeptide chain. This approach
also quantifies substrates fit into the active sites of receptors by modifying the lock
and key model.

Proper protein folding determination is the minimization of free potential
energy and adds order to the system. However, the hydrophobic force at protein side
chains has been determined by the enthalpic effect of solutes, which may play a
crucial role in protein misfolding. The “wrong” solutes are the hydrophobic dominated
effect, which is the major driving force for protein misfolding. The interactions
between hydrophobic solutes and protein side chains involve the rearrangement of
side chains by disrupting protein backbone hydrogen bonds. The hydrophobic
interaction is a thermodynamic process, which has been investigated by minimizing
the potential energy that changes from enthalpy to thermal energy or vice versa as a
temperature. Therefore, the enthalpic temperature due to macromolecular
deformation defines the temperature limit for protein misfolding. The deformation
temperature limit is the lowest possible temperature achievable with protein
misfolding.
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1. Introduction

Cells are fundamental to life, which consist of lipids, proteins, and
carbohydrates. A very important component of cells is the membrane-bound
compartments that separate the living cell from its nonliving surroundings. The
membrane is compartmentalized by protein-lipid and protein-protein interactions.
Due to interactions and diverse constituents (Fig. 1), the membrane structure is
complex, static and dynamic phenomena take place in the crucial cellular
component. In addition, the dynamics of membranes are the transverse direction
across the bilayer and the lateral direction in the plane of the two-dimensional matrix.
The lateral movements give rise to the fluid nature of the membrane and are very
important for membrane functions (Nicolson 2014). In addition to their dynamic
properties, membranes are also elastic and semipermeable those regulate material

transports for stable internal balance.

extracellular
matrix (ECM)

Fibers of Carbohydrate EXTRACELLULAR
FLUID

Glycoprotein

Filaments of Cholesterol

cytoskeleton
Peripheral Integral
protein protein CYTOPLASM

Figure 1 Schematic presentation of a cell membrane. Adapted from
https://www.thinglink.com/scene/875494412363235328

The elasticity of membranes (e.g. red blood cell membrane) is due to the membrane
skeleton that is a cross-linking protein network and joints to the bilayer at some
points (Kuznetsova et al. 2007) (Fig. 1). However, membrane proteins are central to
cellular function and essential to cell architecture. Various types of dysfunction in
membrane proteins are common causes of human diseases (Ruivo et al. 2009).

Protein dysfunction causes diseases by changing the stiffness of membranes as well
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as changing cell shapes (Huang and Ingber 2005; Cross 2007). The elasticity of lipid
bilayers is essentially zero due to its fluidity nature; the elasticity of red blood cell
(RBC) membrane is mainly contributed from the spectrin network (Li and Lykotrafitis
2014), whose experimental determined value is significantly higher than diseased
cells (Haque et al. 2014, p"). Furthermore, RBCs are the most deformable cells,
which have intrinsic mechanical properties. Measuring the deformability of the RBC
surface area holds the key to understanding RBC related diseases (Silva 2011; Li
2013). The surface area expansion or compression of the RBC membrane is

determined, which therefore has a constant numeric value (Haque 2015, p").

The central component of the red cell membrane is a lipid bilayer, which
functions as transporting hydrophobic solutes. Whereas proteins attached to or
associated with the lipid bilayer are responsible for transporting hydrophilic solutes.
In both cases, the rate of diffusion depends on critical pore structures, and also the
size and shape of diffusing solutes (Haque 2017, p""). Furthermore, solutes (e.g.
ions, small, large and macromolecules) can also be transported by binding with
transmembrane integral membrane proteins. After transporting solutes across
membranes, they can bind into sites of biomolecules, which therefore involve
conformational changes, and their binding mechanism is investigated modifying the
lock and key model (Haque 2017, p'V). However, the spatial arrangement of the
receptor binding site (e.g. protein) is determined using classical quantum biology and
protein misfolding is determined as the deformation temperature limit. In all papers,
an extensive comparison to experiments in the case of theoretical studies is

attempted.

2. Background

2.1 Physical properties of biomembranes

The structural backbone of biomembranes is lipid and protein molecules, which
are formed as self-organized assemblies in the presence of water. Due to the
amphiphilic nature of lipid/protein molecules in water, the hydrophobic attraction
between hydrocarbon tails is their tendency to decrease their interface with water,
and hydrophilic repulsion between polar heads, which incorporates a steric
contribution involving the hydration layer of the polar heads. However, polar
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headgroups at the surface are partially neutralized/hydrated by counter-ions/water

distributed across the amphiphile-solution interface.

Hydroghobic attraction
Lateral repulsion

i
i
ﬁjji,}'r S Area
\—\L_—L_\' ds
NNAVE BNANN eNN. N\Ve

—

ol B

\.

3s -, Hydrophilic repulsion

Low polar media High polar media

Fig. 2 Peptide/lipid micelle

The attractive and repulsive forces depend on the size of the polar headgroup, as
shown in Fig. 2. If the surface area as of the polar headgroup increases, the
repulsive force will be directly proportional to as, i.e., las where [ is the surface
tension coefficient, and the attractive force will be inversely proportional to as, i.e.,
nlas, where n is a proportionality constant. Mathematically, the chemical potential of

the amphiphiles associated with the micelles is:

u:ras+ﬂ

In the above expression, it concludes that an increase in the area as, leads to a
minimization of the repulsive component, while the attractive components minimize

the chemical potential area tends to zero. For an optimum value ap of the polar head,

u reaches a minimum. By taking %:0 gives, n=ra; and p,=2ra,, Where uo is the

chemical potential for an optimum number of monomers. By substituting these

expressions into y, we obtain:

-
M =1, +g(as_ao)2

This equation states that the chemical potential of monomers aggregated into
micelles reaches a minimum for an optimal area as = ap and increases for larger and

smaller values of as (Israelachvili 1992).
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Amphiphiles can form various different minimum energy configurations depending on
the hydrophobic chain length, polar headgroup area, and the volume. The different
structures have different curvatures and are arranged in accordance with the value
of the packing parameter, P = v/asl. This geometrical parameters of the amphiphile to
explain micellar shapes with affecting the interfacial surface area of the solvophilic
headgroup as, the volume v, and extended length | of the aliphatic tail (Nagarajan
2002; Antonietti 2003; Jonsson et al. 2001) (Fig.2). The parameter, v/asl, controls the
critical packing shape and most stable structure for a given amphiphile in a given
solvent environment. For instance, large headgroup areas (e.g., ionic amphiphiles in
low salt) favour conical packing shape, v/asl<1/3, and spherical micelles. On the
other hand, cylindrical packing shapes (e.g., double-chained lipids with small
headgroups, v/aolc~1) favour planar bilayer, while a truncated cone, v/asl-~%2-1,
favours a vesicle. All these possible structures, the planar bilayers and vesicles are

of greatest relevance to the living matter.

The effective lipid shape, as a measure of its ability to fit into a particular lipid
aggregate, is very important to form and participate in a bilayer structure (Cooke and
Deserno 2006). However, the effective shape is a property of lipid molecules that are
influenced by the geometrical constraints imposed by the aggregate in order to
maximize hydrophobic interactions among their tails and hydrophilic interactions
among their heads. During the aggregation, there are three different forces (the
lateral pressure profiles) that act inside the lipid bilayer for stabilization (Marsh 2007,
Xing et al. 2009). These forces are the repulsive forces that act between the
headgroups (Fig. 2), the interfacial tension that acts in hydrophobic/hydrophilic-
hydrophilic interfaces as a result of the hydrophobic/hydrophilic effect, and the
entropic repulsion between the flexible fatty-acid chains. When the lipid bilayer is in
equilibrium, these forces have to sum up to zero, but the rather large interfacial
tension from the two bilayer interfaces has to be distributed over a short range. The
lateral pressure of the interior of the lipid bilayer has to counterbalance this interfacial
tension y, also called the line tension or interfacial energy, over a distance
corresponding to the bilayer thickness d.. Therefore, the lateral pressure density of
the bilayer is the force per unit area, which becomes 2y/d, (Thiam et al. 2013). This
lateral pressure density is used to influence the molecular conformation of proteins

embedded in the lipid bilayer. For instance, the hydrophobic interaction between
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proteins and lipids gives rise to interfacial tensions for hydrophobic matching during
the formation of red blood cells. However, hydrophobic residues at the border
between membrane lipid and channel proteins maintain the tension sensitive

conformation.

The interfacial tension, which acts so as to make the interface as small as
possible, imparts certain stiffness to the interface. The lateral pressure density
corresponds to the interfacial stiffness, which characterizes the spherical shape of
the lipid bilayer. However, the interfacial stiffness can be softened by the introduction
of interfacially active molecules e.g. amphiphiles like proteins, which accumulate in
the interface and lower the interfacial tension. When the interface is fully covered by
proteins (e.g. red blood cells), the interfacial tension tends towards zero, where the
stability and conformation of the interface are controlled by conformational entropy
and by the elastomechanical properties of the interface. The elastomechanical
properties of red blood cells come from the spectrin network at the interface (Stokke
and Mikkelsen 2009). However, spectrin is a polymeric protein that can cross-link
with other spectrin molecules into a two-dimensional network (Fig. 1). This polymer
displays some rigidity at a shorter scale and also is flexible, but provides a certain
shear resistance. Therefore, the red blood cells show the shear stress, in which the
stress is parallel to the surface of the cell. Furthermore, the red cell membrane acts
as a capacitor, because it consists of a thin dielectric situated between two ionic
conductors (e.g. outer is a phosphate buffer solution and inner electrolytes-

cytoplasm).

3. Elasticity of red blood cells

3.1 Functions of RBC compositions

The lipid bilayer tension is related to the force needed to deform a membrane.
Due to interfacial tension at the polar-polar interface, lipid bilayers can
spontaneously form closed spherical structures (e.g. vesicles, lysosome), when
mixed in excess water. But in the case of red blood cells, the lipid bilayer plasma
membrane is closely associated on the cytosolic side with an elastic protein network
because the lipid bilayer (negative charge headgroups or zwitterionic) that has

strong interaction with a protein, e.g. cytochrome c that acts as a capacitor and
15



serving as the dielectric (Minerick et al. 2003). The plasma membrane has no shear
resistance due to its fluid nature (Li et al. 2017), while the membrane skeleton is
comparatively soft, which resists both stretch and shear deformation (Pegoraro et al.
2017). In addition, the main role of the membrane skeleton is to provide elastic net,

which inhibits strong local deformations of the lipid bilayer.

Bending and changing the shape of a red cell membrane involves both
deformations of the fluid lipid bilayer as well as the elastic deformation of the
cytoskeleton that is a tethered membrane with a certain resistance to shearing. The
relationships between the stresses and the deformations of red blood cells are
determined by the elastic moduli of the tethered cross-linked proteins and the lipid
bilayer. The membrane skeleton is a concentrated solution of proteins such as
spectrin, actin, transmembrane anchoring proteins and glycophorin. The spectrin is
polymeric, constructed from units, which are tetrameric associations of two

heterodimers in head-to-head association (Fig. 3).

wri 8 L

Spectrin network

Fig. 3 Typical sketches of RBC membrane

(Seen from the cytoplasmic side)
Each junction of the protein network is a protein complex, which, coupled to the lipid
bilayer. Therefore, the main elastic components of the membrane skeleton are
spectrin polymers determined solely by its internal structure. The lipid bilayer is

locally incompressible due to its fluid-like behaviour, but has no resistance to static
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shear deformations, on the other hand, the membrane skeleton resists shear
because of spectrin network, but relatively easily compressible. When the membrane
skeleton is compressed or expanded locally, spectrins, which anchor the skeleton,
must move relative to the incompressible lipid bilayer fluid with viscous drag and

consequent dissipation.

3.2 Shapes of RBCs

Generally, a healthy blood cell has a biconcave shape. When the lipids are
extracted from the cell membrane, the shape of the spectrin network becomes
almost spherical. Hence, the precise red blood cell shape is a manifestation of a
coupling between the lipid bilayer properties and the elastic properties of the
cytoskeleton. Cholesterols are predominantly incorporated in the outer leaflet of the
lipid bilayer, which thus changes the physical properties as well as the shapes of
erythrocyte, e.g. echinocyte, discocyte, stomatocyte etc (Meeuwissen et al. 2011,
Lim et al. 2002). The medium of cell suspending solution is hypotonic, isotonic and
hypertonic, which also affect the shape of the red cell. For example, if RBCs are

suspended in a hypotonic solution, its shape is changed from biconcave to spherical.

3.3 Forces acting on RBCs in laser tweezers

When a blood cell is immersed in phosphate buffer solution (isotonic), there

are various forces acting on the cell and these forces are shown in Fig. 4.

Fouoyancy = Feravitation =0\ / Coverslip
T A Y r 4 T 1

k rad

> Electrode

PBS chamber

/ | \ Microscope slide
/N

Direct light propagation

Fig. 4 Red blood cell trapping
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The red cell can be trapped using the forces of laser radiation pressure (Lee et al.
2017). The radiation pressure is the force per unit area on a blood cell due to
changes in light momentum. For stable trapping (Zhong et al. 2013), the gradient
force acts transversely and the scattering force axially, and the gradient force must
be larger than the scattering force. By strongly focusing a laser beam, which can
create a large electric field gradient on the blood cell that acts as the radial
displacement of the cell from the center of the trap. However, trapping of a spherical
cell by a laser is a competition between radiation pressure (due to reflection) and

gradient forces (due to refraction).

o [Metar ] |

\ PN RN

Layered electrodes of:

a = 100 ym 1. Chrome Nickel
2. Chrome
3. Platinium

Metal thickness up to 1 um
Fig. 5 Electrode geometry

For small displacements in the trapping centre where the gradient force acts as a
Hooke’s law force. But the cell inside of the trapping centre is not static. It vibrates
and rotates in the centre of the trap (see Fig. 4). In addition, the cell in the trapped
centre experiences a random force due to the thermal energy of the system, causing
it to continuous motion and rotation. To overcome this Brownian motion, the cell
requires very high electric field strength to exceed the thermal energy. Applying the
high electric field on the cell to stretch it is the dielectrophoresis in which a force is
exerted on the dielectric cell when it is subjected to a non-uniform electric field (Xue
et al. 2017).

3.4 Electro-optical trap

To determine the elasticity and deformation of an RBC, the cell was suspended
in a low dielectric medium (phosphate buffer isotonic solution) on the triangular

electrode (Fig. 5) for positive dielectrophoresis, pDEP. At the steady-state condition,
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when the cell moves under the influence of pDEP force, and this force corresponds
to the drag force, and other forces (e.g. Buoyant force, Gravity) can be ignored due
to the closed system, coverslip (Fig. 4). When an AC electric field was applied, the
blood cell was stretched by the pDEP force via a pair of triangular electrodes (Fig. 5)
from the trapped centre in a laser tweezers (Fig. 4). During performing the
experiments, the voltage was gradually increased to escape the cell from the trapped
centre to the electrode. The spatial distribution of the electric field between the
electrodes was determined using the COMSOL Multiphysics 4.3a programming.

3.5 Stiffness of RBCs

By measuring the geometrical parameters of the stretched cell as a function of
the applied voltage, the elastic modulus of RBCs was determined (u =1.80 £0.5
UN/m) (Haque et al. 2014, p') and compared the result with similar values of the
literature obtained by other techniques, such as micropipette aspiration (6-10 yN/m)
(Hochmut 2000), dual-beam optical tweezers (Sivaramakrishnan et al. 2013) and
magnetic twisting cytometry (10-20 uN/m) (Fedosov et al. 2010). Our experimental
values are lower compared with other techniques because the lack of mechanical
contact of the probe leads to adhesion and active cellular response. In addition,
various forces acting upon the suspended cell were minimized while measuring the
RBC stiffness.

3.6 Deformation of RBC membrane

Since the lipid bilayer is fluid/flexibility, its mechanics is dominated by its
resistance to bending, which is characterized by the bending modulus. On the other
hand, the elasticity of the cytoskeletal protein network is characterized by stress and
shear moduli. For smooth shapes of red cells (Piety et al. 2015), the membrane
skeleton is not subject to significant stress and inhomogeneity, so the shear modulus
does play a very important role in shape determination. Since the red cell is the
perfectly incompressible material deformed elastically at small strains and its
Poisson’s ratio along the axial direction is exactly 0.5 (Haque 2015, p"), and it is also
dielectric in nature, so its deformation can be determined experimentally. During the
experiments by the electro-optical trapping apparatus, the non-uniform electric field
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was applied to the RBC, then the cell was escaped from the trapping centre to the
electrode, which means that the trapping force of the laser tweezers is equal to the
applied electrical force. Equating both the forces, the shear modulus of RBCs was
calculated, of which the resulting deformed gradient is 0.08 (Haque 2015, p").
Therefore, this number 0.08 represents the surface deformation of the red cell.
Furthermore, the deformation of cells is related to malfunctions (Lee and Lim 2007),
and the number 0.08 may be used as a diagnostic parameter for underlying diseases
such as diabetes mellitus, hypertension, arteriosclerosis, coronary artery disease,

cancer etc.

4. Transport properties of red cell membrane

The cell membrane is the gateway for solutes (both hydrophilic and
hydrophobic) that travel into and out of the cell and protects the cell from toxic
elements. Hydrophobic solutes can pass through the lipid bilayer, whereas proteins
embedded in the lipid bilayer are called channel proteins help to move hydrophilic
solutes across the membrane (Stein 2012). In addition, transport proteins play
important roles in the transmission of signals to and from nerves (Lodish et al. 2000).
Whereas, lipids in the cell membrane contain lipid-soluble and water-soluble regions,
a property that is basic to the role of lipids as building blocks of cell walls for
transporting solutes. Membrane lipids rich in unsaturated fatty acids/shorter
hydrocarbon chains are more fluid than those dominated by saturated fatty acids
because the kinks in the unsaturated fatty acid tails prevent tight packing, which
favours the transport process.

Cholesterol molecules are hydrophobic, short and rigid, they fill the spaces
between neighboring phospholipid molecules left by the kinks in their unsaturated
hydrocarbon tails (Yeagle 1985). Therefore, cholesterol tends to stiffen the bilayer,
making it less permeable. However, the hydrophilic headgroups/integral proteins are
hydrogen bonded with water, which exhibits the polar-polar interface due to unequal
forces between water and lipid headgroups/proteins (Wilson and Pohorille 1994).
These forces at interfaces favour the pore formation. In addition, this results in
increased viscosity of the lipid headgroups/proteins as their rotation and mobility are
constrained to stabilize pores.
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To form a hydrophilic pore, the long poly-peptide integral membrane proteins are
water-soluble folded proteins in a way that arranges for the hydrophobic amino acids
to be inside away from water and the hydrophilic amino acids on the outside facing
water (Ott and Lingappa 2002). In contrast, membrane-spanning proteins are inside-
out, such that the trans-membrane part has hydrophobic amino acids facing the lipid
membrane and sometimes hydrophilic or charged amino acids towards the interior.
Dictated by lipids, integral membrane proteins are therefore bound to be amphiphilic
i.e. hydrophobic in the middle and hydrophilic in the two ends (Cymer et al. 2015).
However, for solute transport in cell membranes, proteins associated with the lipid

bilayer in several different ways, which are illustrated in Fig. 5.

Transmembrane

Membl:rane linked

Lipid bilayer

: £ 5
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(515 =4
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v

Membrane associated  Protein attached

Fig. 6 Lipid bilayer embedded with proteins

On the other hand, peripheral membrane proteins anchored that are located entirely
outside of the lipid bilayer, on the cytoplasmic or extracellular side, yet are
associated with the surface of the membrane by noncovalent bonds (Johnson and
Cornell 2002). These are usually held in place by ionic forces with the phospholipid
headgroups or other proteins (Hanakam et al. 1996; Ben-Tal et al. 1997; Sankaram
and Marsh 1993). Lipid-anchored proteins are outside the layer of the membrane but
are covalently attached to lipids, which are within the membrane (Silvius 2003;
Baumann and Mennon 2002). These peripheral membrane proteins are enhanced

and stabilized the hydrophilic pores.

5. Theoretical background of membrane pore

There are two types of pores formed in cell membranes, one of which is
hydrophobic for transporting hydrophobic solutes, and the other of which is

hydrophilic to hydrophilic solutes. A hydrophilic cylindrical/toroidal pore/vesicle may
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form by the lateral repulsion between hydrated polar lipid headgroups of lipid
molecules and integral membrane proteins. But the spontaneous cylindrical pore
formation of lipid hydrocarbon chains is very unlikely, which has shown detail in
publication p''. During the self-assembly of lipids in water, the interfacial tension y
formed in the water-lipid interface is balanced by the headgroup lateral repulsion and
also by the lateral repulsions between the hydrocarbon chains (Fig. 2). On the other
hand, the surface tension I at a water-lipid interface is very low, so other factors,
such as bending rigidity and spontaneous curvature Co play an important role in the
free energy determination. However, adding the curvature energy to the energy of
membrane tension, the total energy bending of area 3 with a curvature C is

=

Bending

=R +%KB(C—CO)

Where « is the bending rigidity of the membrane. Since the curvature is constant
everywhere on the sphere, so integrating over the whole membrane yields
K

2V, 1
Fohee = =| = | 4TR” = 81K, where C=—
2\ R R

Therefore, the free energy of a spherical membrane is

E

Sphere — M + 81K

This result is very instructive for several reasons. First, from this equation, it is
concluded that the membrane free energy is independent of the sphere size, but
depends on the surface area. For « = 10-20 KgT (Fang et al. 2017), the free energy
to form vesicles/pores is in the range 250-500 KsT. However, this is the large energy
penalty to make vesicles/pores (Fig. 6), and this intrinsic energy cost can be
overcome is by incorporating proteins that favour the curved state (Simunovic and
Voth 2015).

Insertion of membrane proteins into lipid bilayer creates tensions due to the
unequal forces at the protein-lipid interface (Diz-Munoz et al. 2013; Pontes et al.
2017). Besides tensions, the dipole moments of the lipid polar headgroups and water

act the formation of the pore (Jordan et al. 1989).
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The surface tension I is the force exerted by the membrane per unit length of the

circumference of the pore (Fig. 7). The infinitesimal force acting on an infinitesimal

arc dc of the circumference is given by

rdc =rRdo

Where R is the generic radius of the pore. df is the infinitesimal angle subtended by

the arc dc. The infinitesimal work done by I" is given by

rdc =rRdédr

Therefore, the work of formation of a pore of radius R is given by

AF. = T zjn rRdOdR =T T Rdsz[de =ImR?
R=06=0 R=0 8=0

In the case of thermodynamics, the membrane represents the closed system,
whereas the rest of the universe that interacts with the system is referred to as the
surroundings. The surface tension works to increase the pore size, which is directed
out toward the pore rim, whereas the surroundings are directed toward the centre of
the pore. Both forces exactly counterbalance each other in the case of
thermodynamically reversible processes. Since the surroundings work opposite to
the displacement, so the resulting work done by the surroundings on the systems will
be negative. Therefore, this can be written as the following equation:

AF,, =-TRT
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In addition to this work, the line tension y acts tangentially at a generic point of the
pore rim (Fig. 7). Therefore, the work done by the line tension is given by

21mR

AF, =- j ydc = —21Ry

C=0
Since the line tension tends to contract the rim length, so during the expansion of the
pore, the work done by the line tension will be negative due to its direction is
opposite to that of the displacement. However, the pore expansion is
thermodynamically reversible; the work done by the surroundings is counterbalanced

by the line tension. Thus, the work done by the surroundings can be written as:
AR, =21Ry

However, the overall mechanical work is the pore-free energy change done by the
line and surface tension at the polar-polar/apolar interface. Therefore, pore-free

energy can be written as:

AF,,. = 2nyR —-nRT

In addition to the mechanical work, an electrical work AFe is also involved in the
membrane pore formation due to the dipole moment of water (Disalvo et al. 2004;
Kanduc et at. 2014; Shimanouchi et al. 2011; Langner and Kubica 1999). Since
water has higher polarizability than lipid molecules and membrane proteins, so they
can be replaced by water molecules. Hence, such a replacement is favoured by the
application of a transmembrane potential A¥ and contributes to the enlargement of
the pore radius R (Disalvo 2015; Yang et al. 2008; Tielrooij 2009). In other words,
the progressive insertion of water molecules along the periphery of the pore moves
the periphery outward, which amounts to a positive work done by the membrane
system. Consequently, the surroundings must accomplish a negative work of equal
magnitude to generate a pore under thermodynamically reversible conditions. For
the pore filled with water molecules, the work done by the system is equal in
magnitude but opposite in sign to the electrical work done by the surroundings.
Therefore, the total reversible work spent by the surroundings will be of the following

simplified form:

AF, o = 2Ry =R - nRz(%ACDALPZ)
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Where A® is the difference in capacitance per unit surface area. AFsq.elc implies that
the formation of a hydrated membrane pore not only depends on the mechanical
work but also the transmembrane potential A¥Y. When at AW=0, AFsqelc iS essentially
equal to the mechanical work AFpore. Since the transmembrane potential depends on
the dipole-dipole interactions, so an increasing electrostatic interaction tends to
decrease the pore radius by making a negative contribution to the free energy of
pore formation. But at equilibrium, where there is no electrostatic interaction, the
mechanical work for the pore formation is AFpore=1Ty?/I" at the critical radius of R*=y/T,
which therefore is the energy barrier for the pore formation. The pores with the
radius below the critical value are reversible and tend to close, whereas the
“supercritical” ones grow unlimitedly, eventually causing membrane breakdown.
Therefore, outside of the critical radius, there is no internal structure of pore
formation from an originally intact bilayer. The critical pore/core radius depends on
the mechanical forces, which are found in the all domains of life, where the
mechanical forces work on polar-polar/non-polar interfaces as a response to the line
and surface tensions in the membrane. Based on the membrane composition and
the minimization of interfacial free energy, the critical pore structures for different

pores are determined, which are shown in Table 1.

Table 1 shows the critical radius of the membrane pores.

Pores/Cores Line tension (y) Surface tension Critical
(N pores/cores (R")
Cylindrical pore r r R =Y
r
Toroidal pore r r R =Y
r
Hydrophilic pore r r R =Y
r
Hydrophilic carrier pore = = .
ydrophili ier p Y = 2Tk, Ir=2mne R = (-)mkg
KeCo
Porin cylindrical pore r r .
R =6= Y
r
Lipid vesicle/Liposome/lonophore pore y = 27K [ =2me R = K, _ 1 =
I

Where, m= slope, K& = Gaussian bending modulus, k= bending modulus, co = spontaneous
curvature, S*= Critical surface area, e= Cohesive free energy
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6. Tensions at bending interfaces

Pores lined with hydrophobic tails are hydrophobic pores and if they are lined
with lipid polar headgroups/proteins are hydrophilic pores. Lipids with relatively large
charged headgroups in water (such as lysophosphatidylcholine, lysolecithin, or
lysophosphatidic acid (Kooijman et al, 2005)) promote positive lipid monolayer
curvature because of higher interfacial energy at the water-lipid headgroups/protein
interface. While lipids with relatively small headgroups in water (such as PE or
cardiolipin) promote negative lipid monolayer curvature due to the higher repulsion
between water and lipid hydrocarbon chains compared to headgroups-water
interfacial energy. On the other hand, uncharged lipids with longer acyl chains and
smaller headgroups would be less likely to form the curved structure. Both types of
curved monolayer lipids together promote the formation of lipid pores/liposomes due
to the bilayer asymmetry achieved by generating a difference in the lipid
compositions of the two monolayers (Stillwell 2013; Marquardt et al. 2015; Eeman
and Deleu 2009; Zalba and ten Hagen 2017). In addition, more
lipid/cholesterol/protein molecules can be incorporated into the outer raft monolayer
than the inner monolayer of a stable bending (Galimzyanov et al. 2016). Protein
insertion into the bilayer is not only generating membrane asymmetry but also
creates interfaces such as polar-polar and polar-apolar (Jarsch et al. 2016; Phillips et
al. 2009; Kozlov 2010; Derganc et al. 2013; Scott 2017; Gilbert et al. 2014). In
principle, the interfaces (e.g. protein-water, protein-lipid etc.) are in higher energy
states than the rest of the membrane. This gives rise to a property known as line
tension, analogous to surface tension associated with interfaces. The line tension
constricts patch boundaries, whereas the surface tension constricts the surface area
of interfaces (Ben M'barek et al. 2017). Both tensions, which here are referred to as
[ Tmember, at interfaces work together to increase or decrease the pore radius R
formed in the membrane (Harmandaris and Deserno 2006). Since the lipid bilayer
can be represented by a two-dimensional mathematical surface, so the surface
tension at polar-polar/apolar bending interface is the angular cohesive free energy
e=l12xz, which depends on the membrane composition. The membrane composition
characterizes by the bending modulus « that is higher than the symmetric membrane

(Elani et al. 2015), which can be determined by the following relation:
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In the above expression, the bending modulus is directly proportional to the tensions
and the radius of the membrane pore. The line tension works along the pore edge for
stabilizing the membrane (Kuzmin et al. 2005), whereas the surface tension
stabilizes a pore. In order to minimize the line tension, the membrane pore tends to
be a circular shape, while the surface tension works the membrane pore maintain a
smaller size. For a stable membrane pore, both tensions work together as
counterbalancing each other for minimizing the free energy (Pannuzzo and
Bockmann 2014). In addition, the line tension works at the edge of membrane
domains or at the lipid phase separations, phospholipid height mismatch and steric
interactions (Garcia-Saez 2007; Noguchi 2012), so it can be determined by the
bending modulus of the membrane. However, this term depends on the internal
membrane properties, such as its elastic parameters and the chemical structure of
membrane-forming different lipids (Molotkovsky and Akimov 2009; Akimov et al.
2014; Panov et al. 2014. For a given domain size, the line energy is the smallest
when the interface is smallest, meaning that the domains to be circular with a radius
R =% S, where S is the domain area. In this case, the free energy formed by the
line tension will decrease due to membrane domain formations. On the other hand,
the surface tension corresponds to work on the lateral tension tends to be closed in
the pore (Akimov 2017). However, the work performed by the lateral tension to open
a pore depends on membrane bending, cohesion, and adhesion (Akimov et al.
2017). Thus, the net free energy will be an angular surface tension of the membrane
bending including cohesion and adhesion for a pore (Haque 2017, p').

7. Membrane pore formation

7.1 Hydrophobic mismatches

Membrane proteins have hydrophobic regions (usually a hydrophobic a-hairpin
formed by two a-helices) inserted within the lipid membranes (Huang and Huang
2017; von Heijne 2006; Shukla et al. 2015; Zurek et al. 2011; Bogdanov et al. 2014,
Killian 1998).
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Fig. 8 Hydrophobic mismatches

The B-helixes, on the other hand, are soluble proteins, with a small hydrophobic
content, which therefore need to join forces (oligomerize) in order to form a
hydrophobic surface large enough to insert in the lipid bilayer (Shatursky et al. 1999;
Cosentino et al. 2016). The difference between the thickness of hydrophobic regions
of a transmembrane a-hairpin/ oligomer and of the lipid membrane it spans is the

hydrophobic mismatch.

7.2 a-hairpin insertion in lipid bilayer

During the insertion, a mismatch in thickness between the hydrophobic core of
the protein and that of the lipid bilayer has an associated energy cost, which can be
calculated as the following mismatch free energy (Fig. 8) (Milovanovic et al. 2015;
Lundbaek et al. 2009; Ramadurai et al. 2010),

AG

mismatch

2keﬁuc Where u, ——(d —-d)

Where ket is the effective bending modulus. This hydrophobic mismatch energy
induces membrane and/or protein deformation (Jesus and Allen 2012). The
membrane deformation free energy is expressed as a quadratic function of the
spring constant associated with the extent of membrane deformation uo = %2 (do-d),
(Fig. 8), where do and d represent the hydrophobic thickness of the unperturbed and
local membrane, respectively (Andersen and Koeppe 2007; Saric and Cacciuto
2013). The mismatch of interactions at the coexistence of two different hydrophobic
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regions leads to the so-called line tension-the two-dimensional equivalents of surface
tension. In addition, the presence of a hydrophobic mismatch in membranes can
promote transmembrane domain tilt by changing the conformation of proteins, and
oligomerization (Park and Opella 2005). These effects will be more pronounced in
the presence of the aromatic and heterocyclic residues such as tryptophan, tyrosine,
and histidine because of these hydrophobic nature. Furthermore, lipids with one or
more carbon-carbon double bonds have more tilt angles because each double bond
produces a kink in the acyl chain, creating extra free space within the bilayer,
disrupting its regular packing and imparting additional flexibility to the hydrocarbon
tails (Bigay and Antonny 2012; Casalegno et al. 2015; Nugent and Jones 2013; Kim
et al. 2012; Wilman et al. 2014; Larson et al. 2016). Pores in membranes, therefore,
are formed by tilt angles and stabilized these by the mismatch free energy
(Ulmschneider et al. 2006). In addition, electrostatic interactions between lipid
membranes and proteins can also affect the insertion of proteins in a lipid
membrane. Usually, the main effect of an attractive electrostatic interaction between
a protein and a lipid membrane is to increase the local concentration of the protein
just above the membrane surface (Mulgrew-Nesbitt et al. 2006; Seeling 2004).
However, the strong electric potential gradient close to the charged membrane might

help orient proteins in order to promote correct insertion.

7.3 B-barrel insertion in lipid bilayer

When considering B-barrel outer membrane proteins for insertion into the
hydrophobic bulk of the lipid bilayer, the length of the hydrophobic patch of the (3-
barrel proteins and the lipid bilayer is not always perfectly overlapping because of
heterocyclic residues and unsaturated acyl chains (Tamm et al. 2004; Xu et al. 2008;
Lee 2003; Slusky 2017). This difference defines the so-called hydrophobic
mismatch, i.e. the difference in the length between the hydrophobic core of the lipid
bilayer and the hydrophobic tertiary domain of the protein (Fig. 8). However, this
hydrophobic mismatch involves an energy cost, which is called here the hydrophobic

mismatch free energy cost (Marsh 2008).
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This mismatch free energy can be used to bring the edges of a beta sheet together
to form a cylinder (Fig. 9). When the two edges come together to form a line, where
a line tension is created in which its energy cost determined is 2zRy. However, for a
stable cylindrical pore, shear is created by sliding the two edges parallel to that line,
and the energy cost of the sliding will, therefore, be zR2I". Here, in both cases, the
cylindrical pore radius is R, which depends on the tilt angle a (or shear number S)
and the number of B-strands n. The tilt angle or the shear number is the
displacement (Liu 1998), which is determined as the ratio between the line tension to

the surface tension (Haque 2017, p').

7.4 Conformational change of carrier proteins

When solutes bind with integral membrane proteins for transport across
membranes, the conformations of membrane proteins are changed (Fig. 10). The

energy utilized to change conformations come from the binding energy.
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Fig. 10 Carrier membrane pore
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Using the lateral pressure profiles, the difference in free energy between the two
conformational states of the protein (non-tilted and tilted states) modelled as a
truncated cone (with radius R and slope m) can be calculated (Fig. 10). For this
calculation, the radius of the cone in the centre of the bilayer is kept constant and the
radius as a function of the normal coordinate z is then written as r (z) = R + mz,
where m is the slope of the cone. Thus, one can write the favourable free energy

difference for the conformational change of proteins:
h
AGconformaiion = J de(Z) [T[RZ - T[(R + mZ)] = _2T[Rm(K bCO) - TEmZKG
-h

Where z is the normal coordinate of the layer, h is the thickness of the monolayer, «n
is the bending modulus, xc is the Gaussian bending modulus, and cois the

Spontaneous curvature.

Carrier icnophore Hydro\]r/JhiIic RELE

S
Channel-forming ionophore

Fig. 11 lonophore pore

In the case of transporting ions across lipid membranes as ion carriers (Fig. 11), the
electrostatic forces during the binding that stabilized the complex are no longer
greater than the unfavourable free energy change of cyclisation and the ionophore
releases its enclosed cation and reverts to the low energy acyclic conformation
(Azzaz 2015; McNaught and Wilkinson 1997). This conformational change in the
ionophore delivers the ion to the interior of the cell due to the lipid-soluble ionophore
exterior, a cage like interior that is capable of binding and shielding ions (Fig. 11)
(Antonenko and Yaguzhinsky 1988; Alfonso and Quesada 2013). lon-binding
selectivity is, therefore, the balance of non-covalent effects such as ion-ionophore,
solvent-ionophore, ion-solvent and solvent-solvent interactions (Anchaliya and
Sharma 2017). Furthermore, the ion selectivity is dependent on the ionic size, which

can fit in the pore cavity formed by the lipid membrane/polyether/protein (Wang et al.
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2001) in the lipid bilayer membrane, for example, gramicidin dimerizes and folds as
a right-hand B-helix (David and Rajasekaran 2015; Benincasa at al. 2015), and the
dimer spans the bilayer to form a cylindrical pore (Fig 11). The hydrophobic outer
surface of gramicidin dimer interacts with the core of the lipid bilayer while the ions
pass through the more polar lumen of the helix. Gating (open/close) of gramicidin
channels is thought to involve reversible dimerization. The cavity/pore diameter of an
ionophore can be calculated based on the selectivity of cation complexation
according to its radius. A conformational change in the gramicidin during
complexation to solute is an alternative method to determine the cavity diameter, see
Table 1 (Haque 2017, p').

7.5 Protein conformation and aggregation

A conformational change, which is a change in the shape of a macromolecule,
plays an essential role in the biological function of proteins. The shape change of
proteins is generally induced by many factors such as temperature, pH, voltage, ion
concentration, phosphorylation and the ligand binding. The binding process may not
only involve changes in internal energy or entropy but can also involve changes in
molecular shapes. Folding and unfolding are crucial ways of regulating biological
activity and targeting proteins to different cellular locations, and also have a
tendency to form aggregates, as summarized in Fig. 12. Protein folding/misfolding in
water is the hydrophobic effect, which arises from the fact that water molecules on a
hydrophobic surface seek to form hydrogen bonds with each other or with other polar
molecules (Rocha et al 2004). The folding process always involves a change in a
multitude of random-coil conformations to a single folded protein structure, in which it
decreases in randomness and thus a decrease in conformational entropy (Baruah et
al 2015; Tzeng and Kalodimos 2012), -AScont and an overall positive contribution to
free energy AG. However, folding of a globular protein is a thermodynamically

favored process, i.e. the free energy AGwerm must be negative and minimized:

AG,.. =AH-TAS,,

therm
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Where T is the absolute temperature. AGwerm Changes from positive to negative or
vice versa, where T=AH/AScont. A negative AGwerm is a result of features that yield a
large negative enthalpy AH or any other increase in entropy on folding.

Metal ions can play a role as modulators of protein conformations. When a globular
protein has lost all of its non-covalent bonds by the interaction with transition metals,
it becomes unfolded. In the unfolded state (Fig. 12C), the intramolecular hydrogen
bond between proteins is broken and formed protein-to-water hydrogen bonds due to
the presence of metal ions (pH drop ~ 4.4-6), and this, in turn, increases the entropy
of the solvent (Liu et al 2000; Pabon and Amzel 2012). In addition, the presence of
metal ions in the solvent not only breaks the non-covalent bonds but also
destabilizes the hydrophobic part of proteins (Mercus 2012). When the size of a
metal ion is comparable to that of a water molecule, the hydrogen bonding network
of the surrounding water does become significantly affected. While small and
multiple charged ions with higher charge density have a stronger interaction with

hydrogen bonds and can destabilize the protein conformations.
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In principle, the intermediate unstable states (Fig. 12A,E) between folded (native)
and unfolded states control protein functions. However, the intermediate states
originate from interactions between regions of the folding polypeptide chains that are
separated in the native chain. These non-native states, which expose buried
hydrophobic regions in the native state, are prone to self-association and
subsequent aggregation with metalloproteins (wrong metals) into disordered
complexes (Fig. 12D,F,G) because wrong metals are the hydrophobic dominated
effect in an aqueous solution. In addition, wrong metals enhance electrostatic
interactions in protein-protein complex formations, which are essential in protein
aggregation (Miravalle et al. 2000; Massi and Straub 2001; Chiti et al 2003).
Consequently, metalloproteins (Fig. 12G,F), glycoproteins (Fig. 121,J), and protein-
lipid complexes (Fig. 12K,L) promote misfolding and aggregation due to the
increasing hydrophobic effect and the surface-immobilized metal ions. On the other
hand, water on protein active site surfaces behaves differently from bulk water,
which is categorized as either kosmotropes (polar water structure makers) or
chaotropes (water structure breakers). Since metal-protein non-covalent bonds are
stronger than water-protein bonds (kosmotropes and chaotropes), so immobilized
metal ions/protein surface free radicals may enhance misfolding and aggregation of

proteins (Tsumoto et al 200).

8. Biomolecular deformation

8.1 Molecular recognition

During the conformational changes of the integral membrane protein, biological
complexes, which involve specific recognition by receptors of their cognate
substrates, are among the most characteristic processes of living organisms (Amaral
et al. 2017). The recognition between receptors and their corresponding substrates
is often highly specific. The strength of binding between a receptor Q and its

corresponding substrate { can be described by the following simple relation:

QL+ QL
L]
=[]
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Where Q¢ stands for the receptor-substrate complex. Keq is the equilibrium binding
constant. Alternatively, it is also possible to measure the binding affinity in terms of
inhibition constant Ki, which is Keq= 1/K; or by an ICse-value, which is the
concentration of an inhibitor that is required to displace 50% of the specific binding of
the labelled substrate. The selective binding of a substrate to a receptor is
determined by the structural and energetic recognition of a substrate and a receptor.
The binding affinity, which corresponds to a Gibbs free energy of binding, can be

determined from the experimentally measured binding constant:

AG =-RTInK =AH -TAS, Where R = Ideal gas constant, T = Temperature

This relation implies that macromolecular recognition is associated with a decrease
in entropy AS (due to a decrease in disorder); however, the recognition takes place
spontaneously due to free energy AG minimization. The non-bonded interaction
between the substrate and its receptor can be estimated based on the free energy
change, which in turn is the sum of the free energy change due to electrostatic,
hydrophobic, inductive, and stacking interactions. The entropy decreases between
water and its receptor are also compensated by the removal of water from the

interacting surface.

8.2 Bending vibrations

The binding site of the receptor is a functional group, which possesses a unique
spatial arrangement for each functional group (Zhou 2010). The spatial
arrangements or positioning of atoms or a group of atoms around an asymmetry
binding centre can determine the shape of a functional group, which is known as the
molecular geometry. However, the spatial arrangements are unique for each
functional group, which can determine from the molecular geometrical shape. In
principle, the bonding atoms of a functional group are not static, they are dynamic
(Fig. 13). Their bending vibrations will decrease if they are hydrogen-bonded.
Recognition of the hydrogen-bonded functional group by the substrate is driven by
energetic. The total free energy comes from the binding between the substrate and

its receptor is equal to the energy of bending motion plus hydrogen-bonded fluid
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viscosity. Furthermore, binding of a substrate to a receptor can induce an atomic

motion in the receptor that leads to the change of the shape of that receptor.

Shifting positions during bending vibrations
Asymmetric bending

MAI 0, >> 6,
y N 8, >> 6,
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Fig. 13 Bending vibrations

This shape change by bending vibrations makes a chemically important cavity
inaccessible to other molecules, which is called the selectivity of the substrate.
However, the motion is associated with kinetic and potential energies of bending
motion. The maximum bending potential energy stores in bonds and the potential
energy of bonds including hydrogen bonds are being converted to the kinetic energy

of the bending spring, and vice versa.

8.3 Bending equation of motion

The bending motion is the lateral motion of the reduced mass as a function of
time is governed by a linear second order ordinary differential equation with constant
coefficients. Therefore, the bending equation of motion can be written as the
following:

2
d_/z\ = —KA
dt
Where u is the reduced mass of the three-atom system (Haque 2017, p") (Fig. 13).
The overall “«” parameter controls the stiffness of the bonds’ bending spring (Haque
2017, p') (Fig. 13). A defines the angular displacement during the motion from its

equilibrium angle 60. The solution to this equation of simple harmonic oscillator is

36



A(t) = A cos(wt); w:\/E
m

This equation implies that the motion is periodic, repeating itself in a sinusoidal
fashion with constant amplitude A. When the two bonds are bent, they store elastic
potential energy, which in turn is transformed into kinetic energy. However, the
potential energy depends on the bonds’ stiffness including hydrogen bonds and the
reduced mass of oscillating atoms. In the case of hydrogen-bonded systems, the
overall stiffness of bonds increases (Cantrell 2015; Shahbazi 2015; Baruah and
Khan 2013; Li et al. 2011), which, in turn, decreases the bending motion, as shown
in Fig. 14. In addition, hydrogen bonding increases the bending restoring force and
also the viscous force (Briscoe et al. 2000; Christensen et al. 2015; Sulzner and Luft
1997). During the complex formation, the active functional group of a substrate
imposes a strain on the bonds in the transition state through electrophilic and
nucleophilic forces, but the strain energy is lower than the bond breaking or the

dissociation energy due to bending vibration.

M Bond stiffness: K
Hydrogen bond

stiffness: Kk - Stiffness = K, + Ky

Kg
Bending vibration

My —3 <— Restoring force
AR Ky ;
H-bond damping | Hydrogen bond J —> Viscous force

Equilibrium position
Fig. 14 Hydrogen bonded bending vibrations

Since the bending spring acts as lateral vibrations, so the damping effect on
restoring and viscous forces can be cancelled out. Therefore, the net force is the
force of bending spring in correlated three-atomic systems, which is determined
using the parallelogram law (Haque 2017, p') (Fig. 13). After all, it is called a simple
harmonic oscillator, and it undergoes simple harmonic motion: sinusoidal oscillations
about the equilibrium bond angle, with constant amplitude and a constant angular

natural frequency.
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8.4 Molecular conformations using infrared

When the natural vibrational frequency of bonds in the three-atomic systems
matches the frequency of the infrared, then absorption occurs. Absorption utilizes the
interaction of an applied electromagnetic field with the phonon bending vibrational
field of the molecule to provide structural information. If the energy of the bending
vibration corresponds to the infrared region of the electromagnetic spectrum with the

matter, then molecular vibrations will be infrared active, which is illustrated below.

Ry ;é G
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(Bio)-molecules

According to quantum mechanics, the energy of molecular bending vibration is
guantized, meaning that the bending vibrational frequency will remain the same for
all molecules, only the amplitude will change. Since energy is conserved, so the
energy is directly proportional to the amplitude squared. The equation below
describes this energy change looks like Hooke’s law, which involves a bond angle.

A

Bending —

1 1
Zk(0-6,)% ==KkA?
> (6-6,) 2

Where A = (6-60) defines the angular displacement/deformation (Fig. 13). The force
required to bend the spring is the derivative of the energy with respect to the bending
motion is the energy gradient. However, the infrared region of the electromagnetic
spectrum contains natural angular frequency corresponding to the energy of bending

hw = LKA :h\/E
2 it

1
4
A = +2h (ij
UK

motion.

From the above equation, it is concluded that when passing infrared through
molecules, the bond angle deformation A during bending motion in a functional

group of molecules is independent of frequency.
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The derived quantum biological equation A is used to determine the deformation
value changes from its equilibrium bond angle 6o, which is estimated from the
molecular geometry in the hydrogen-bonded section of a polymer chain (Haque
2017, p'). The deformation active site of a receptor can be determined by A, which
has a unique geometric shape for each functional group. This allows the substrate to
fit perfectly and changes to its working conformation due to hydrogen bonds and van
der Waals forces (Hatzakis 2014; Csermely et al. 2010). In addition, the active site
deformation indicates a continuous change in the conformation and shape of a
receptor in response to substrate binding (Keskin 2007; Kim et al. 2013). However,
the reactive group on the receptor active site is optimally positioned to interact with
the substrate (Du et al. 2016). This forms a transitional intermediate, which lowers
the activation free energy and allows the substrates to proceed towards the number

of products at a faster rate.

9. Molecular topology: orientation & connectivity

The change in shape is crucial to protein function and control. Alteration of the
protein structure by a physical process, which is driven by hydrophobic force,
changes the shape and function of the protein. Due to the absence of amino acid
sequence, DNA and RNA, protein misfolding depend on the molecular topology,
which controls the shape of a molecule through deformation of functional and
hydrophobic groups. During the complex formation, the substrate is set in motion by
modifying the receptor-substrate interaction (Sauvage et al 2010). The deformation
occurs through the interactions by covalent, non-covalent and non-bonding
interactions between receptor and substrate active sites. Not only interactions but
also conjugation of 1r-electron and/or lone pair in active sites may change shape
(Fig. 2). In principle, the deformation is the theory of shapes, which are allowed to
stretch, compress, flex and bend, not to bond breaking, but without tearing, glueing,
and keeping the constant molecular weight (Barin et al 2012). For instance, let us
consider open polygonal chains with the angle-fixed functional groups at each point,
which are called fixed angle chains. In the case of lone pair/anion conjugation, fixing
the angle is the opposite extreme of allowing universal motion, which thus distortions
in both angle and length, as illustrated in Fig. 15. The overall shape of a substrate is

the connectivity of folds and domains based on numbers of secondary structures
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(Mashaghi et al. 2014). The substrate folding is concerned with the spatial
properties/angular asymmetry of the functional groups that are preserved under
continuous deformations during the interaction with the receptor. This is because

substrate geometrical features become blurred due to vibrations and Heisenberg

relation.
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Fig. 15 Molecular topology

The changing of geometric features is the concept of topological chirality, which
represents the formed gradient factor in the functional configuration space (Bruns
and Stoddart 2016) (Fig. 15). At all levels, the substrate chirality is a function of the
gradient vector. As the gradient vector used for the substrate deformation has the
deformation temperature, this sets the limit to the temperature of deformation
between the system enthalpy/van't Hoff enthalpy AH (Huddler and Zartler 2017) and
the thermal energy ksTpeformation (Kinetic and potential energy). This defines the

deformation temperature limit, which is

AH

T =—
KgT

Deformation
At equilibrium, ks Tpeformation @and AH are equal (Left side of Fig. 15), which sets a limit
on the amount by which the protein can be misfolded (Right side of Fig. 15). As the
protein misfolding transition has the shape-changing, this sets the limit to the
temperature of the protein after deformation, Tpeformation. This is usually much higher
than the absolute temperature, which is the deformation temperature associated with
the interaction during the formation/aggregation of the receptor-substrate complex.
When an interaction effect is present, there is no change of molecular weight w and
the size 9, but the shape t is changeable, whose relation can be written in the

following form (Haque 2017, p'V):

50 04009 = (009
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In the above expression, the proportionality constant depends on the molecular
topology because biological molecules do not have a precisely defined geometry. In
this case, the gradient of the energy folding surface acts as a formal force within the
configuration space for changing shapes. Therefore, the change of topological shape

corresponds to the change in angle and length (Breitzman (2018).

10. Summary and conclusions

There are a number of experimental data published in the literature for the
elastic properties of healthy red blood cells. We present an independent technique, a
combination of a single beam optical tweezers and an AC dielectrophoretic
apparatus, and the results are consistent with the smaller values for the elasticity of
RBCs compared with other techniques. The lower values of erythrocyte membrane
elasticity (1 = 1.80 + 0.5 pN/m) were observed because of the lack of mechanical
contact with the cells and the nonlinear dependence of the shear modulus on the

mechanical stress.

The shear modulus measured in our experiments should be distinguished from
the membrane area expansion modulus. Clinical evidence shows that there is a
connection between erythrocyte deformability and disease. However, this connection
is not fully understood. Experimental measurements of the RBC membrane surface
deformed area are very difficult to carry out due to its micro-size, flexibility and
fluidity. However, during the experiments, the spherical RBCs are escaped to the
electrode from the tapping centre at the maximum applied voltage. Based on
escaping velocity of RBCs, the membrane deformation gradient is determined to be
0.08. The insight gained about the membrane deformation can be used to make

predictions on types of diseases.

The main results of solute transport across cell membranes are, in principle,
experimentally testable. However, in practice, predicting the rate of diffusion is very
difficult due to variability in the properties of solutes. Therapeutic agents, for
example, have a multitude of sizes and shapes and, hence, their diffusion
coefficients vary in ways that are not easily predictable accurately by experiments
because of limitations of frequency based experiments. To minimize the

experimental limitations, the architecture of diffusing solutes is determined using the
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allometric scaling law. However, the critical pore structures are determined using
mechanical forces at polar-polar/non-polar interfaces in cell membranes. The
diffusion coefficient determined in membrane critical pores may be useful in
interpreting a variety of biological phenomena such as properties of endogenous
chemicals or drugs in physiological situations. Cellular physiology is quite complex,
but the effective diffusion coefficient determined here may be useful for overcoming
experimental difficulties with providing novel insights into diffusing solutes across

membranes.

Proteins in cells are not only membrane functions for transporting solutes but
also involved in different human diseases caused by misfolding and aggregation. To
determine these functions, infrared spectroscopy that has the potential to become a
powerful frequency-based experimental tool for investigating biomolecular topology
and internal motions. Knowledge of internal motions for the preferred orientation of
functional groups may be helpful to predict the protein conformation and binding
affinity. Characterization of the spatial arrangement of functional groups for
appropriate receptor binding sites can be used to elucidate fundamental biochemical
processes such as protein folding, misfolding and aggregation. To investigate the
possible molecular conformation, the proposed method is based on infrared light that
is emitted or absorbed by molecules, which is therefore independent of frequency.
Therefore, this method overcomes problems occurring in frequency based

experiments for investigating molecular functions.

In addition, the hydrophobic effect of “wrong” solutes disrupt the non-covalent
bonds (e.g. hydrogen bond, van der Waals attractions, ionic attractions) as well as
destabilizes the hydrophobic core in proteins, and as a result, proteins can ‘misfold’.
To identify the structure the regions that are mainly involved in the transient
misfolding, the deformation temperature limit is proposed by changing their
conformation from protein folding to misfolding. Thus, these technigues suggest a
new direction for determining biological structures, which are also expected to be an
easy-to-use a simple approach to investigate the physiological properties of

molecules in biological systems.
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