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Cyclodextrins (CDs) are potent host molecules, which can improve physical and chemical
properties of guest compounds through their inclusion complexes. The binding and unbinding between
guest ligand and CDs as well as the releasing into cell membrane are key factors that control the CD
complex functions. Here, we aim to understand the pre-steps of that CD-ligand formation. Firstly, the
conformational diversity of CD6-CD10 and CD14 was studied by the replica exchange molecular
dynamics (REMD) simulations. Free CD molecules in solution were performed under the assumption
that the CDs structural changes may influence the ligand binding affinity. The large ring CD (LR-CD)
systems were tested for the first time with REMD simulations using various carbohydrate force fields.
The structural properties and the dynamic behavior of LR-CDs corresponding to temperature changes
were newly investigated. Our results indicate that: i) REMD simulation can describe the CDs
conformational changes, ii) the glycam06 force field is reliable for describing the flip of glucose
subunits, iii) the most probable conformations of CD10 and CD14 are bent-shape like their crystals,
however, CD14 is slightly opened in comparison to the X-ray structure, iv) additionally, the various
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CHAPTER 1
INTRODUCTION

Cyclodextrins (CDs) have been widely used in many industrial applications as
potent biomolecules by altering physical, chemical and biological properties of guest
molecules via their inclusion complex formation. CDs show conformations like
truncated cones with a hydrophobic nano-cavity and a hydrophilic outer surface.
Because of this special geometry other compounds can be included into the interior of
these CDs [1]. The water solubility, stability and bioavailability of ligands are enhanced
through CDs complexation. To understand the mechanism of improvement of the
properties of CDs-ligand complexes, the formation between the CDs and ligands have
been studied both by experiments and theoretical methods. The binding mode and
binding affinity between the guest molecule and CDs likely depend on the conformation
of CDs and complexed ligands. The various conformations of large ring CDs (LR-CD)
are supposed to be excellent host targets even for larger ligands [2, 3]. The formation
of more than one cavity influences the ligand loading ability. Thus, the knowledge
about CDs conformation is an important to understand their function. Continually, the
unbinding process of ligands from CD complexes is also essential, in particular for drug
delivery systems (DDS). The drug therapeutic efficiency is subject to not only the water
solubility, but also to the membrane permeability of the drug. However, the
comprehension of permeation of free CDs, free drugs and CD-drug complexes into the

lipid membrane is still unclear.



1.1) Cyclodextrins (CDs)

More than hundred years after CD discovery, CDs are still interesting due to
their distinctive properties as seen by an increase in number of publications and patents
(Figure 1.1). The studies of cyclodextrins are contributed in various fields such as
analytical applications, cell biology, food and cosmetic applications. Especially, the

study on CDs in cell biology became highly interesting since a few years (Figure 1.2).
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CDs are mainly produced by the enzyme cyclodextrin glucanotransferase
(CGTases) from starch. They are cyclic a-1,4 linked oligosaccharides of D-
glucopyranose units (Figure 1.3). The CDs of various sizes (degree of polymer (DP) up
to 100) can be synthesized [4-6]. The most common CDs are composed of six, seven
and eight glucose subunits namely as aCD, BCD and yCD, respectively. These three
types of CDs are known as small ring cyclodextrins (SR-CDs). BCD is widely used in
food and pharmaceutical industries due to high-yield syntheses and its proper cavity
size for small ligand complexation [7]. However, its water solubility is lower than the
other SR-CDs. The chemical modification of BCD through substitution of the hydroxyl
groups with methoxy groups and 2-hydroxyproply groups leads to derivatives with
significantly higher water solubility about 27 times and 33 times of non-modified BCD,
respectively [8]. Moreover, other physicochemical parameters are modified, too. The
chemical structures of BCD and its derivatives are represented in Figure 1.3. The
majority of CD complexes have a 1:1 [9-13] stoichiometry, but higher order complexes
like 2:1 [12, 14] and 2:2 [15] guest—host complexes can occur depending on the relative

size of the guest molecule and the CD.
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methylated-BCD and 2-hydroxypropyl-pCD.

The SR-CDs are currently synthesized on industrial scale in tons, and they are
widely used as food additives and drug complexing agents. Numerous publications
emphasized on the CDs-drug complexation, on their structural properties and on drug
activity testing. It was found that CDs generally could enhance drug activity. For
example, inclusion complexation with the methylated-BCD showed an enhancement of
anticancer drug activity for doxorubicin (DOX), docetaxel (DXL), 5-fluorouracil (5-
FU) and cisplatin (CDDP). The ICso of focused drugs were decreased on various cancer
cell lines, reported by Gross [16]. The drug activity is improved around 3.1-14.3 folds
by complexation with methylated-BCD in comparison to the un-complexed drug.
Moreover, the drug intracellular accumulation is also increased by 2-3 times. The
authors suggested that the enhancement of drug activity could be divided from the
increasing dissolution ability of the dissolved drug in pure water by the direct
interaction of the CD-drug complexes at the membrane surface. In addition, this
assumption is supported by penetration of CDs into the lipid membrane because of their

hydrophilic outer surface, high molecular weight, and very low octanol/water partition



coefficient [17, 18]. Also the phase solubility study of inclusion complexes is a strong
evidence of water solubility improvement for several small molecules such as flavonoid
compounds [19, 20]. Besides, lipophilic modified CDs (e.g. methylated cyclodextrins)
act as penetration enhancer of drug translocation through biological membrane [21]. In
drug releasing process, hydrophilic CDs such DMBCD, HPBCD and SBBCD exhibited
fast or immediate release pattern. On the other hand, hydrophobic CDs (e.g. ethylated
BCD and acylated BCD) serve as prolonged-release drug carriers, as reviewed by
Hirayama and Uekama [22].

Although, many research results on host—guest inclusion complexes of regular
cyclodextrins including their derivatives are continuously published. The cyclodextrin-
lipid interaction related to drug releasing mechanism has been mentioned quite often.
Interestingly, CDs are able to extract cholesterol from the membrane. In 2009, the
research from Michael S. Brown and Joseph L. Goldstein who received Nobel Prize,
also pioneered the study of cholesterol metabolism. They published how CDs assist in
moving cholesterol out of lysosomes in Niemann-Pick type C disease [23].

In a theoretical study in 2011, L6épez and co-workers reported the molecular
mechanism of dimers of CDs mediated cholesterol extraction by using molecular
dynamics simulations. They have been able to study the CD mediated extraction of
cholesterol from a pure cholesterol monolayer. The results showed that CDs have a
strong affinity to bind to the membrane surface, and, by doing so, destabilize the local
packing of cholesterol molecules making their extraction favorable [24]. Continually in
2013, they studied this mechanism with a mixture lipid model and varied the ratio of

cholesterol and lipid. They observed that cholesterol could be extracted efficiently upon
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adsorption of CD dimers at the membrane/water interface. However, extraction is only
observed to occur spontaneously in membranes at high cholesterol levels [25].

Over the last decade, there has been growing interest in the large ring
cyclodextrins (LR-CDs) that consist of more than eight glucose subunits. The several
sizes of LR-CDs have been achieved by enzymatic syntheses of amylomaltase, another
4a-glucanotransferase which has unique loop structure not existed in CGTase.
However, only three crystal structures of eCD (CD10) [26, 27], 1CD (CD14) [27-29]
and ¢CD (CD26) [30, 31] were reported because the high ring flexibility induces the
difficulty for crystal formation. LR-CDs can form conformation of various shapes
whilst the SR-CDs as CD6, CD7 and CD8 are much more rigid [5, 6, 32]. LR-CDs are
originally found in 1965 by French and co-workers [33]. They contain 9-13 glucose
subunits, and in 1996 Ueda and co-workers successfully crystallized eCD containing
10 glucose monomers [66] in a bending form. In 1999, CD14 and CD26 were
crystallized [27, 31], where CD14 is stable in a bending form like CD10. Interestingly,
a twisting configuration containing more than one cavity is found in CD26 [31]. The

available X-ray structures of CD10, CD14 and CD26 are depicted in Figure 1.4.
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Figure 1.4 lllustration of crystal structures for CD10, CD14 and CD26 [34]



With the polymerization of CGTase, the mixed sizes of CDs are produced. Only
LR-CDs with a degree of polymerization of 9-31 were characterized and purified up to
now [2]. CDs with a polymerization degree of 22-45 and higher than 50 exhibit an
artificial chaperone property for protein refolding [35], they are marketed in Japan as a
new product through starch catalysis by amylomaltase for refolding protein kit in 2001.
In 2002, Ueda [2] reviewed LR-CD studies on structural and chemical properties of
these compounds. An enhancement of water solubility for the LR-CDs was observed.
LR-CDs showed also a decrease in half-life of ring opening (Table 1.1). Currently, LR-
CDs are commercialized as a chemical by Ezaki Glico Co., Ltd.. The syntheses of LR-
CDs are produced by various types of CGTases. The production yield and degree of
polymerization of LR-CDs depend on the type of CGTases and reaction conditions. In
2004, Qingsheng Qi and co-workers [36] studied the effect of temperature on
transglycosylation reaction by CGTases from Bacillus macerans for LR-CDs
syntheses. LR-CDs were synthesized at two reaction temperatures of 40 °C and 60 °C.
The reaction at 60 °C produced higher LR-CD vyield and the obtained yield was about
50% of the total glucan substrate in the reaction. Moreover, the concentration of ethanol

in the solution also resulted in an increasing amount of LR-CDs [36, 37].



Table 1.1 Physicochemical properties of LR-CDs compared with those of SR-CDs [2]

Number of Aqueous® Surface®  Specific  Half-life of?
glucopyranose  solubility tension rotation  ring opening
units (g/100 mL)  (mN/m) [e ]3[],5 (h)

a-CD 6 14.5 72 +147.8 33

g-ChD 7 1.85 73 +161.1 29

yCD 8 232 73 +175.9 15

§-CD 9 8.19 73 +187.5 4.2

CDyy 10 2.82 72 +204.9 32

CDyy 11 =150 72 +200.8 34

CDhp, 12 > 150 72 +197.3 37

CDy3 13 =150 72 +198.1 37

CDhyy 14 2.30 73 +199.7 3.6

CDy5 15 >120 73 +203.9 29

CDyg 16 =120 73 +204.2 2.5

CDhy; 17 =120 72 +201.0 2.5

CDig 18 =100 73 +204.0 3.0

CDjg 19 =100 73 +201.0 34

CDyy 20 > 100 73 +199.7 34

CDy; 21 =100 73 +205.3 32

4 Observed at 25 °C.
b In 1 mol/L HCI at 50 °C.

Nevertheless, the isolation and characterization of LR-CDs with high degree of
polymerization are quite difficult. Theoretical studies became another choice to
investigate the structural properties at molecular level. The dynamical properties were
investigated by molecular dynamics (MD) simulation techniques starting from the
crystallized structures (CD10, CD14 and CD26) [34] and larger macro-ring size models
(CD27-30, 35, 40, 48, 55, 70, 85, and 100) including intermediate conformations of
available X-ray structures (CD11-13, CD15-18, and CD20-25) in either gas or solution
phase [38-46]. Remarkably, the MD results of CDs with a degree of polymerization >

13 supported the hypothesis of the existence of more than one cavity in LR-CDs.



1.2) Biological membrane

The biological membrane, or biomembrane, acts as a selective permeability
barrier of molecule transportation between outer and inner moiety of the living cell.
The membrane permeability of non-highly charged molecules, small-size molecules
and molecule at high concentration such as water is higher than of charged molecules
with bulky solvation shell. In common, the biomembrane consists of three major
components i.e lipids, proteins and carbohydrates. They are formed by non-covalent
assemblies, the proteins are embedded in lipid layer and the carbohydrate moieties are
always bound at cell exterior (Figure 1.5a). Focusing on lipids, there are three main
types of lipids in biomembranes i.e. phospholipid, glycolipid and cholesterol.
Phospholipids are a major component of cell membranes. They can spontaneously
form bilayers, vesicles and micelles in solution because of their amphiphilic
characteristic. The phospholipid is composed of i) polar group (head) of phosphate ii)
non-polar (tail) of fatty acid that connected by glycerol. The phosphate group can be
modified by organic molecules as choline and alcohols (Figure 1.5b). The
macromolecule formation depends on the shape of assembled phospholipids, e.g.
micelles are formed by the cone phospholipids whereas the phospholipids of the bilayer
are cylinders. Besides, the fatty acid chain length and fatty acid chain saturation can be
varied. Thus, the characteristic or types of phospholipids depend on their components.
The nomenclature of phospholipids is defined by a four-letter code, the first two letters
describe the lipid tail and the last two letters the lipid head group (Figure 1.6a). In

general, the type of phospholipids and their component ratio in the cell membrane are
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different depending on the type of cell membrane (Figure 1.6b). As lipid composition

alterations, the PC type is the most contributed in resting mammalian cell [47].
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Figure 1.5 (a) Common features of plasma membrane containing three main

components as phospholipids, proteins and carbohydrates and (b) The structure pattern

of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) phospholipid (modified

from https://online.science.psu.edu/biol011 active002/node/4181)
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Figure 1.6 (a) Example of phospholipids and (b) Distribution of phospholipids in

various parts of mammalian cell [47]

1.3)

Molecular dynamics (MD) technique

MD simulation technique plays an important role in the study of complex

biological systems. The macroscopic information both on static equilibrium properties
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(e.g. binding mode, the averaged molecular structure, the average potential energy of a
system) and also on the dynamic properties (such as the viscosity, diffusion coefficient,
the dynamics of phase changes) can be achieved [48-50]. The investigation of the
structure and dynamics of biological systems of interest leads to a better understanding
of their functionality. Based on MD algorithm, the force field or potential energy
function is a key of calculation accuracy. The structural and energetic properties of
molecules of a system should be validated before starting the simulation. For example,
the calculated free enthalpy of solvation of cyclohexane based on GROMOS force field
(53A5/53A6 version) exhibited a small absolute mean deviation of only 2 kJ/mol from
experimental data [51]. The force field of biomolecules, especially proteins are quite
well verified, as implemented in AMBER99 [52], CHARMM27 [53], and GROMOS
53A6 [51, 54]. However, the development of carbohydrate and nucleic acid force fields
is still a challenge. Previous studies showed that the MD technique can provide reliable
microscopic properties in several complex systems such as proteins, lipids and
carbohydrates as well as their combinations. MD simulations have been applied in
many studies of cyclodextrin systems as well [55-59]. The binding and unbinding
process of guest molecules from CDs complexes can be described this way. The binding
pattern and binding efficiency have been investigated by considering structural changes
and binding free energy calculations [60-62]. For example, also the enantiomer-
selective inclusion mechanism into CDs could be understood [61, 63, 64]. Additionally,
the influence of the environment, the solvent on the geometry and the stability of the
CD-reaction complexes can be determined [65, 66]. In case of permeation studies of
molecules into the cellular membrane, experiments on molecular level are rather

difficult. However, even the permeation of quite large molecules such as carbon
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nanotubes and fullerene C60 through lipid membranes can be revealed by MD
techniques [67, 68]. Besides, the developed classical MD method as replica exchange
molecular dynamics (REMD) simulation [69-72] is one of appropriate technique for
molecular conformation study. The single classical MD simulation at low temperature
condition, which tends to get in a large number of local minima are solved. The
advanced method exchanging non-interacting replicas of the system at several
temperatures of REMD can overcome the multiple-minima problem leading to an easy
approach of global minima. This REMD method has been frequently used for the
conformation study of various biomolecules [73, 74].

1.4)  Research rational

Regarding to above mentions, computer simulation techniques can provide
reasonable results for microscopic properties for complex biological systems. The
obtained information is expected to fill the gap between existing theoretical
consideration and experimental evidences. As for LR-CD systems, the difficulty in the
single crystal preparation and the complexity of the purification process are limitation
for conformational studies. Likewise, the permeation mechanism of CDs into lipid
membrane is unclear up to now. Additionally, experiments on this topic are difficult to
perform, and their results need theoretical support to some extent. Therefore, in the
present work, the REMD simulations and the micro-scale MD simulations were used
to remedy the problems that are mentioned above by determining the structural and

dynamic properties of CDs as well as the interaction of CDs-membrane.
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1.5) Research objectives

Hence, this project is divided into two parts and the objectives for each part are
mentioned as follows.
Part I: Conformational diversity of cyclodextrins
e To investigate the conformational properties of SR- and LR-CDs by REMDs
technique
e To explain the temperature effect to CD conformational change
Part 1I: Study of permeation mechanism of S cyclodextrin and its derivatives through
the biological membrane
e To visualize the penetration mechanism of 3 cyclodextrin and its derivatives to
the biological membrane
The information on structural and dynamic properties including the
visualization of CD permeation mechanism could help on the further design of CD-

based drug delivery systems and for other applications.
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CHAPTER 2
THEORETICAL BACKGROUND

2.1) Molecular Dynamics (MD) simulation

Molecular dynamics (MD) simulation is defined as “computer simulation
technique where configuration of concerned atoms or molecules is explored on the basis

of the time evolution by integrating their equation of motion” [48-50].

2.1.1) Equation of motion

The Newton’s second law can solve the movement of N interacting atoms:
Fizmiaizmigzmi L i:1,2,3,...,N, (21)

where F; is the force which acts on the atom i, m; is mass of the atom i and a; is
acceleration of atom i. The acceleration (a;) can be transformed into the first derivative

of velocity (v;) and the second derivative position (r;) with respect to the time ¢.

The forces between concerned atoms are defined by the negative derivatives of

potential energy; V (ry,13,73, ..., Ty)

av;

Fi = —
dT'i

2.2).

By combination of eq. (2.1) and eq. (2.2), Newton’s equation of motion can then
relate the derivative of the potential energy to the changes in position as a function of

time eq. (2.3).

drf _ av;
Ldtz — dr;

(2.3)
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Solving of equations is conducted simultaneously in small time steps (dt). The
coordinates and velocities are updated as a function of time. A simplified description
of the standard molecular dynamics simulation algorithm using a predictor-corrector-
type integrator is illustrated in Figure 2.1. After initial changes, the system will reach
an equilibrium state. The averaging over an equilibrium trajectory can be used to

describe many macroscopic properties of the simulation system.

Initial input data:
Interaction function V(r) - "force field"
coordinates r, velocities v

Compute potential V(r) and
forces Fj = V{V(r) on atoms

Update coordinates &
velocities according to

¥

Repeat for millions of steps

A

equations of motion

Collect statistics and write
energy/coordinates to
trajectory files

CNCN

Mare steps?

Done!

Figure 2.1 A standard molecular dynamics simulation algorithm, e.g. as implemented

in GROMACS [49, 75]

The force on atom i at time t is calculated by the potential function (V). The

details of potential function will be mentioned at below (section 2.1.3). From the
Newton’s law, the acceleration of the particles can be determined by a = % which are

then combined with the position and velocities at a time t to calculate the position and
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velocities at a time t + dt. The force is assumed to be constant during the time step
(dt). The forces on the particles in their new positions are then computed, resulting in
new positions and velocities at time t + 2dt, and so on. To generate the velocities and
positions of next atomic movement, the integration is applied on the differential
equation of motion. By using the integrator, the initial positions and velocities must be
provided. The initial positions of molecules can be extracted from experimental data of
X-ray coordinates or can be created from some available molecule builder program.
Besides, the initial velocities can be estimated based on the Maxwell-Boltzmann

distribution function.

2.1.2) Numerical integration

The differential equation of motion is integrated using finite difference method,
several algorithms of which are generally applied in MD simulation. All integrating
algorithms assume that the positions, velocities, acceleration, etc. can be approximated

by a Taylor expansion.
r(t +dt) = r(t) + dtv(t) + %dtza(t) + %dt3b(t) +—dtte(t) + - (24)
v(t +dt) = v(t) + dta(t) +5dt?b(t) +<dtc(t) +... (2.5)
a(t +dt) = a(t) + dtb(t) + 5 dt?c(t) + - (2.6)

Where v is the velocity (the first derivative of positions with respect to time t), a is
acceleration (the second derivative of position with respect to time t), b is the third

derivative and c is the fourth derivative.
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The Velet algorithm is most widely used for MD integrator. Based on the Velet
algorithm, the new positions r(t + dt) are estimated by the positions r(t) and the

accelerations a(t) attime t and the positions at the previous step r(t + dt).
r(t +dt) = r(t) + dtv(t) + %dtza(t) 2.7)
r(t —dt) = r(t) — dtv(t) + %dtza(t) (2.8)
The new position r(t + dt) are given by summation of eq. (2.7) and eq. (2.8).

r(t +dt) = 2r(t) — r(t — dt) + dt?a(t) (2.9

From eq. (2.9), the Verlet algorithm uses no explicit velocities, leading in
straightforward and modest storage requirements. However, the drawback of the Verlet
algorithm is of moderate precision. The numerical error is caused by the combination
of small term dt?a(t) and the large terms 2r(t) and r(t — dt). In conclusion, the next

positions and velocities at t + dt can be determined by eq. 2.10 and eq. 2.11,

respectively, where a(t) = %
r(t+dt) = r(t) + dtv(t) + 5 dt? % (2.10)

F(t)+F(t+dt)

v(t +dt) = v(t) +dt— >

(2.11)

Afterward, the Verlet modified algorithms have been developed. The leap-frog
algorithm uses the velocities at t + %dt to calculate the position at t + %dt as shown

below:
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r(t+dt) = r(t) + dtv(t + 2 dt) (2.12)

0]
m

v(t + %dt) = (t - %dt) +dt (2.13)

From eq. (2.12) and eq. (2.13), the velocities leap over the position, and then
the position leap over the velocities, like frog jump. By comparing these two
algorithms, the leap-frog leads to a better numerical precision than the Velet one. But,
the disadvantage is that the velocities and positions are not calculated at the same time.
Recently, other integrating algorithms have been used in MD simulations. The Beeman
algorithm, which used a more accurate expression for the velocity can give a better
energy conservation. But this complex expression requires an expensive computer
power. To decide which is the most appropriate integration algorithm to use, the
following criteria should be taken into account: the energy conservation, computer

power requirement, the permit of long time step integrating, etc.

2.1.3) Potential function

As mention above, the atomic forces can be estimated by the force field or
potential functions. Based on molecular mechanics (MM), the potential function (V,,)
of a molecule is defined by several terms of atomic motions as described in equations

(2.14) and consists of bonded and non-bonded interactions.
Vpot = Vb + Vg + V¢ + Vele + VvdW (214)

The different contributions to the total interaction energy are shown in Figure
2.2 [76, 77]. The energy terms related to covalent bonds are the bond energy Vs, the

bond angle energy Vs and the dihedral angle energy Vy. The last two terms are non-
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bonded interactions, electrostatic Vee and van der Waals Vaw interactions. The potential
energy of the system could, in principle, be solved from the electronic structure of the
atoms [78, 79], However, in the case of complex molecular systems this is not easy
possible for the moment, as these methods need very large computer resources. Instead,

the potential energy is calculated only as a function of nuclear positions, as described

here.
Bond vibration Angle vibration Torsion potentials
P’ £ N\
van der Waals interactions Electrostatics
—

©0 ® O
Figure 2.2 Typical molecular mechanics interactions used in GROMACS

The bonds and angles are the first approximation typically described as

harmonic oscillators. Therefore, the bond energy (V) is
1
Vo =22 ky(rij — 12, (2.15)

where 7;; is the distance between atom i and j, rl-‘]’- are the equilibrium values of bond

distance and k, is force constants for a particular bond.
And, the bond angle energy (V) is given by
Vo = X=ke(Bi — 051)% (2.16)

where 6, is the angle between atom i, j and k, efjkare the equilibrium values of

valence angle and kg is the force constant for valence angles.
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The dihedral angle energy (V) is presented as the sum of cosine expansion as

presented in eq. (2.17).
Vg = -k (1 + cos(ng — ¢°)) (2.17)

The ¢ is the value of the dihedral angle, ¢ is the equilibrium value of dihedral
angle, kg is the force constant affecting the barrier height and n the multiplicity giving

the number of minimum points in the function as the bond is rotated through 360°.

As for the non-bonded interactions, the electrostatic interaction (V) is

described by the Coulombic term:

9
4meory;’

Vele = D (2-18)

where g;and q; are the partial charges of the atoms i and j, ;; is the distance between
atom i and j, and g, is dielectric constant. The van der Waals interaction term describes
the repulsion and the dispersion between the atoms and is often approximated by the

Lennard-Jones formula:

Voaw = (o4 — 21 (2.19)

where A4;; and B;; are the coefficients for repulsion and dispersion, respectively.

2.2) Temperature Replica Exchange Molecular Dynamics (T-REMD)

It is known that biomolecules have many local-minimum free energy states. By
classical MD, it is difficult to process the global minimum because the molecule could

be trapped in a local minimum. The replica exchange molecular dynamics (REMD) was
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developed to solve this classical MD limitation in conformation searching. The concept
is that REMD runs multiple isothermal MD simulations in parallel at a sequence of
increasing of temperatures (T1, T2, T3, ...,Tn) and periodically efforts to exchange

between temperatures (Figure 2.3).

MD MD MD MD MD MD MD

7OOK [ ] L] L] e — 0 L] L] [

replica

o] o] o] o o] Q —— 0

200K ©

Figure 2.3 The ideal of temperature replica exchange MD simulation

REMD allows the simulation exchange between state X (replica i with T1 and
replica j with T2) and state X’ (replica i with T2 and replica j with T1) with the

transition probability w(X — X") according to the Metropolis algorithm given below.

1, forA<0,

exp(=4), for A> 0 (2.20)

wlX - X') ={

1

where A = (B; — B5) (V(xj) — V(xl-)) B = ﬁ and f, = —

kT2

REMD makes random walks in the temperature space, and efficient sampling is
realized in the conformational space without getting trapped in local-minima state. The
distributions of dihedral angles (®, y) of Gly-2 of Met-Enkephalin in gas phase at
temperature 200 K from the classical MD and replica exchange MD are compared in

Figure 2.4.
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Figure 2.4 Comparison between the structural analysis of classical MD and replica

exchange MD [70]
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CHAPTER 3
METHODOLOGY

In order to understand the molecular details of the CD conformations and the
interaction between CDs and the lipids of the biological membrane, the computer
simulation techniques as the replica exchange MD and classical MD were applied for
research in part | and part 11, respectively. The project overview is presented in Figure
3.1. The details of the study process in each part are separately mentioned as shown

below.

PartII: Study of permeation mechanism

Eaxelieantommationa Jouenibiol of beta cyclodextrin and its derivatives

Gyglodextans through the biological membrane

Replica exchange MD Classical MD
Method =1 simulation ] | simulation l

[ SR-CDs (CD6, CD7, [ BCD (CD7) and its
Model — CD8) and LR-CDs (CD9, — derivatives; ME-BCD

CD10, CD14) and HP-BCD

(i) Parameterizationof CDs ) (i) Permeability of BCDs

force field | |ii) Conformation of BCDs

ilil)Esl\?IlI‘;at'ion lm:).del effect on iii) Influence of membrane

simulation :

y s = properties
Analysis iii) Diversity of CDs )

conformation

iv) Temperature effect on CDs

Qonformation

_/

Figure 3.1 Overview of research project

3.1) Part I: Conformational diversity of cyclodextrins

The study focused on the conformational diversity of CDs both for SR-CDs and

LR-CDs. All CDs structures CD6, CD7, CD8, CD10 and CD14 were taken from the
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Cambridge Crystallographic Data Center (CCDC) entry code BANXUJ [32],
BUVSEQO2 [5], CIWMIEL0 [6], CCDC100656 [80] and CCDC124917 [80],
respectively. The X-ray structure of the hydrated CD9 was reported to be of bent shape,
however, the coordinates are not available [81]. Thus, the bent form of CD9 was
modified from the X-ray structure of CD10. All structure preparations and REMD
simulations were performed by AMBERZ10 program. The testing of the force field and
the effect of the Generalized Born (GB) solvent model was conducted by the
representative REMD simulation of CD10. Several carbohydrate force fields as
Glycam04 [82-84], Glycam06 [85-88] and hybrid force field g4md-CD [89] were
considered. The GB implicit solvent model was varied as Igb1, Igb2 and Igb5 [90]. The
CDs starting structures were fully minimized with 2000 steps of steepest descent (SD)
method, followed by 1000 steps of conjugated gradient (CG) method to reduce
unfavorable steric interactions. To obtain reasonable REMD simulation results, which
have suitable potential energy overlapping between each replica and nearby, the REMD
conditions, i.e., temperature range and interval as well as number of replica were firstly
taken into account. These conditions were tested on the REMD simulation of CD10,
testing of force field and GB solvent model. Here, all REMD simulations of CDs were
performed with 16 replicas at temperatures ranging from 300 K to 600 K with interval
steps of 20 K. To equilibrate the systems at the assigned temperatures, a short MD
simulation of 5 ns was performed prior to the REMD simulation. The REMD simulation
was then done for 100 ns using GlycamO06 force field and the solvent model Igb5. The
REMD simulations allowed exchanging structures every 4 ps where the number of

exchange steps is 25000.
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The conformational change of CDs was monitored through contour plots of the
probabilities of the distances between the secondary hydroxyl groups of adjacent
glucoses, di1[02n)-O3n+y], and the distances between the glycosidic oxygen atoms,
d2[O4(n)-O4n+1)]. Other structural properties such as ds[02-06'], d4[03-06', ds[O3-
057, gC6-C2'-C6'] and 02-C1-C4'-03'] were also calculated referring to the flip
character of each glucose subunit on CD’s ring. The shape of macro-ring was
investigated by bending, ring circularity and radial of gyration. All measurement of
distances, angle, hydrogen bonding and radial of gyration were performed by the ptraj
module in AMBER10 package. In this study, we opposed the two new molecular-
structure analytical methods, which are biplanar angle and circularity. The analysis
codes were implemented in Python 2.7 utilizing scikit-learn machine-learning toolkit
version 0.15.0 for data analysis, scipy version 0.14.0 and numpy version 1.8.1 for
numerical and mathematical supporting subroutines. According to these structural
property calculations, the possible CD conformations could be identified as well as the
temperature effect on their structures. Moreover, the exchange energies of CD

structures were estimated based on Maxwell-Boltzmann statistics.

3.2) Part 11: Study of permeation mechanism of beta cyclodextrin and its

derivatives through the biological membrane

In this part, we focused on the permeability of BCD and its derivatives as
MEBCD and HPBCD on lipid bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), a common component of eukaryotic cell membranes. The
system preparations and MD simulations for all focused models are performed by using

GROMACS package version 4.5.5 [49]. The optimized BCD based on quantum
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chemical calculations was used as initial structure [91]. In the case of the MEBCD and
HPBCD derivatives, hydroxyl groups on all glucose subunits at 2- or 6- or 2, 6-position
of BCD were substituted by methyl groups and 2-hydroxypyopy!l groups, respectively.
The starting coordinates of 128 POPC bilayer units were taken from Tieleman’s group
(http://wem.ucalgary.ca/tieleman/downloads/popc128b.pdb). The details of seven
focused BCD models with different substituent groups and substituted positions are

summarized in Table 3.1.

Table 3.1 Details of focused BCD models

No. system 2-position 3-position 6-position
1 pBCD -OH -OH -OH
Methyl substitution
2 2-MEBCD -OCH;s -OH -OH
3 6-MEBCD -OH -OH -OCHs
4  2,6-DMBCD -OCH;3 -OH -OCHjs
Hydroxypropyl substitution
5 2-HPBCD -OCH2CH(OH)CHs -OH -OH
6 6-HPBCD -OH -OH -OCH2CH(OH)CHs
7 2,6-HPBCD -OCH.CH(OH)CHs -OH -OCH2CH(OH)CHs

At the beginning, the interactions between BCD and POPC bilayer were taken
into account. Five initial configurations of CD have been varied with the different
molecular orientations and locations, as defined in the BCD1-BCD5 systems, shown in
Figure 3.2a-e. In BCD1-BCD3 systems, the BCD molecule was initially located in the
water phase at a distance of 3.5 nm in z direction from the center of bilayer. Meanwhile
the BCD4 and BCD5 systems represented geometries where the BCD molecule was

placed initially at the center of lipid bilayer. These setups allow us to study the behavior
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of BCD in bilayer, and this technique has been widely used in the simulations of
molecular transportation into membranes [4, 92, 93]. The same pattern of initial model
setups was applied for the other assigned BCD derivatives. All simulations were
prepared and performed by GROMACS package version 4.5.5 [49]. The BCD molecule
was described by the carbohydrate force field in GROMOS 45A4 [24, 94], and POPC
molecule was performed with the modified Berger et al. parameters [95, 96]. The POPC
lipid bilayers were fully solvated by 7122 molecules of single point charge (SPC) water

[97] in the simulation box size of 6.42x6.45x9.19 nm?.
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T me Kﬁ
il Ll

(d) BCD4 (e) BCD5

Figure 3.2 (a)-(c): Starting geometries of various orientations CD at the membrane

surface (d)-(e): Starting geometries of various orientations BCD inside the membrane

After the energy minimization with the steepest descent algorithm for 10000
steps, the classical MD simulation was carried out with NPT ensemble (particle
number, pressure, and temperature kept constant) at microsecond scale. At least 500 ns
equilibrated trajectories were used for further analysis. The integration time step was

set at 2 fs and the trajectories were saved every 2 ps. The periodic boundary was applied
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in all directions. The BCD, lipid and water molecules were separately thermostated at
298 K by the Parrinello-Bussi velocity rescale algorithm [98, 99]. Semi-isotropic
pressure was applied by Berendsen algorithm [100], at an equilibrium pressure of 1 bar
both in the xy plane and in the z-direction (bilayer normal) with a time constant of 3.0
ps and a compressibility of 4.5 x 10> bar*. The Lennard-Jones and the real-space parts
of electrostatic interactions were cut off at 1.0 nm. The particle mesh Ewald (PME)
method [101-103] was used to compute long-range interactions with the reciprocal-
space interactions evaluated on a 0.12 nm grid with cubic interpolation of order four.
All bond lengths were constrained by LINCS algorithm [104]. The used simulation
protocol has been tested and validated and it could be shown that it works well for lipid
systems [105, 106]. Molecular visualizations were done using Visual Molecular

Dynamics (VMD) software [107].
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1) Part I: Conformational diversity of cyclodextrins

In this part, the conformational diversity of both SR-CDs and LR-CDs is
investigated. The conformation diversity of LR-CDs is our main focus because this
comprehension was unclear up to now even it is quite well known that the SR-CDs
structures should be of cyclic form with one cavity. The study starts with investigation
on the conformations of CD10, which is the smallest size of LR-CDs. All REMD setups
were trialed on this CD10 model. Then, REMD simulations of all focused CD sizes
were performed under those validated REMD conditions. Therefore, the results and
discussions are separated into 3 sections i.e. 4.1.1) Validation of REMD simulation
setup; the testing of force field, GB solvate model as well as REMD conditions are
considered. After suitable REMD setups have been obtained, independent simulations
on each CD ring sizes were performed. Thus, the conformation study of each CD size
is separately reported and discussed as follows: 4.1.2) The conformation change of
CD10; the possible structures of CD10 were investigated based on their flip character.
And the last section, 4.1.3) The conformation change of CD14; the structures of the
larger size of the CD14 were described by new conformation analysis methods as

biplanar angle and ring circularity.

4.1.1) Validation of REMD simulation setup
To obtain reliable REMD simulations, the validation of simulation setups was

conducted on the representative CD10 model. The bent form of the CD10 X-ray
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structure is illustrated in Figure 4.1. Firstly, the temperature distribution and number of
replica were tested. The calculated overall acceptance ratios of three various solvent
models Igbl, Igh2, and Igh5 are 0.51 (the ratio must be greater than 0.1). There is no
significant effect of implicit GB solvent model to the distribution of potential energy as
shown in Figure 4.2. It can be seen that the temperature range from 300 K to 600 K
with 20 K interval is suitable for the CD10 system. Consequently, these REMD

conditions are assumed to be used properly in other CD sizes as well.
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Figure 4.1 Top- and side-view of CD10 X-ray structure, a helical band subunit is shown

with five glucose rings as presented in bold sticks.

0.6

Probability
-4
b

o
a

Probability
14
>

Probability

o
N

b4
°

700 750 800 850 900 950 1000 1050 700 750 800 850 900 950 1000 1050 700 750 800 850 900 950 1000 1050
Potential energy Potential energy Potential energy

Figure 4.2 The probability distributions of the total potential energy for the REMD

simulations with the three solvation models Igb1, Igh2 and Igh5
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To investigate the conformational changes of CD10, the distances between the
secondary hydroxyl groups of adjacent glucoses, di[O2()-O3(n+1)], and the distances
between the adjacent glycosidic oxygen atoms, d2[O4(n)-O4n+1)], which is less sensitive
on the glucose ring flips, but describes the ellipticity of the rim, are plotted for all the
snapshots taken from the simulation at 300 K. The definitions of focused parameters

are shown in Figure 4.3.

Figure 4.3 (a) CD fragment showing the atomic labels and focused structural
parameters, d1[02-03", d2[04-0417, d3[02-06'], d4|03-06'], ds|03-057 and {02-C1-
C4'-03'. A turn between two glucose units is shown for the left glucose unit, whereas

the two other glucose rings are within the band structure in cis position.

The contour lines from the diagrams describe the probabilities for the distance
values. Highest probabilities are according to the deepest color (red to blue). In the
probability diagrams (Figure 4.4) an accumulation of the distance pairs around (3.5 A,
4.5 A) could be found which correlates well with glucopyranose ring connections of
the crystal structure, where the 2- and 3-hydroxy groups remain in cis position together
(at the same side of the rim). The second, less populated accumulation point appears at

(5.5 A, 4.5 A). These distances are correlated with the turn of the glucopyranose rings
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from the cis arrangement to a trans position of the six-membered rings. Due to the

mobility of the ring systems some spreads of the distance values can be observed.

Three different carbohydrate force fields were compared. Their contour plots of
the probability distributions are depicted in Figure 4.4. In the case of glycam04 the
distances for the cis arrangement of the glucopyranose ring systems seem to dominate,
only a small population for flip distances can be observed. In contrary, the more reliable
glycamO6 force field describes conformations with turns of the glucose units. Also, the
g4md-CD force field, which has been postulated to give a comparable good description
of cyclodextrin geometries, delivers quite similar results as the glycam06 force field
(Figure 4.4). In the following the glycam06 force field was applied for all REMD

simulations.
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Figure 4.4 Contour plots of the probability distribution of overall snapshots of CD10

with the three different force fields (glycam04, glycam06 and qg4md-CD force fields)

Moreover, the effect of GB solvent model on CD10 structural properties was
also studied. 50-ns REMD simulations at 300 K in connection with different implicit

solvent models (Igbl, Igh2, and Igh5) were conducted and compared with each other
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(Figure 4.5). Their 2D probability contours at all assigned temperatures (300-600 K)

were plotted in Figures 4.6-4.8.
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Figure 4.5 Contour plots of the probability distribution of overall snapshots of CD10

with the three different solvation models, Igb1, Igb2, and Igb5 at 300 K
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Figure 4.8 The Igh5 contour plots of the probability distribution from the 50-ns REMD

simulations of CD10 at temperatures 300-600 K

The results of 50 ns REMD simulations showed that all three probability
contours are similar at same temperature, for example at 300 K as seen in Figure 4.5.
There are three distinguished major possibilities for (di[O2n)-O3n+1)], d2[O4m)-
O4n+1)]) observed around (3.5 A, 45 A), (55 A, 45 A) and (5.0 A, 5.5 A). These
locations take place almost at the same positions although different solvent models are
used. The ranking of probability levels is (3.5 A, 45A) > (55A,45A)> (5.0 A, 5.5

A) at low temperatures, 300-460 K in Igh5, 300-520 K in Igb1 and 300-500 K in Igh2.



37

The probability contours of (5.0 A, 5.5 A) were increased to be equal to that of (5.5 A,
4.5 A) when the temperatures are higher than the mentioned temperature ranges. At
high temperatures, the probability contours were considerably expanded indicating
more flexibility of CD10 conformations. Therefore, the GB solvent model Igb5 can be
used as a representative model for the CD conformational study. Then, these validated
REMD setups were applied to others CD sizes for both the larger ring of CD14 and the
smaller ones CD6, CD7, CD8 and CD9. The 2D contours of probability distribution
between d1[02n)-O3(n+1)] and d2[O4n)-O4n+1y] of REMD simulations at 300 K for all

focused CDs are compared in Figure 4.9.
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Figure 4.9 Contour plots of the probability distribution of CD6-CD10 and CD14 REMD

simulations at 300 K

Figure 4.9 shows that almost all CD simulations gave the rather similar 2D

contours, except for CD6. Three main probabilities of (d1[O2(n-O3n+1)], d2[O4m)-
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O4n+1)]) were observed without significant difference from the simulation of the
representative CD10. The highest probability was located at (3.5 A, 4.5 A) for all CD
sizes. The order of the probabilities of the three locations was (3.5 A, 4.5 A) > (5.5 A,
45 A) > (5.0 A, 5.5 A) for the simulations of CD7, CD8, CD9 and CD10. The
probability of (5.0 A, 5.5 A) increased to higher order than the probability of (5.5 A,
4.5 A) for CD14. The size of the smallest ring CDG6 is totally different from the other
sizes. The area of (5.0 A, 5.5 A) disappeared resulting in only two remaining areas were
presented. This supports that CD6 is less flexible because it is difficult to form a trans-

position of the glucose subunits.

From this section, it could be indicate that i) REMD simulation could describe
the conformational changes of all CDs ii) the 16 replicas of REMD simulated at 300-
600 K, 20 K interval, can be successfully used for CDs conformational studies, iii) the
glycamO6 force field is reliable for describing the flip of glucose subunits of CDs, iv)
there is no significant effect of the implicit GB solvent model on CD conformation
changes. Therefore, the Igh5 solvent model was chosen as representative for CD
conformation studies. Subsequently, REMD simulations based on glycamO6 force field
and Igb5 solvent model at 300-600 K were extended from 50 ns to 100 ns. Then, all

possible CD conformations were described by their structural properties.

4.1.2) The conformation change of CD10

The conformation of CD10 was analyzed in terms of the flip or turn character
of the glucose subunits within the macrocyclic ring. However, the basic structural
properties of CD10 in the crystalline state are quite well understood. Some structural

data of the crystal structure are depicted in Table 4.1. The distances of the second half
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of the CD ring are identical as a consequence of the C2 symmetry in the crystal. The
distance R5-R6 (as well as R10-R1) is much larger because of the flip of the

glucopyranose ring.

Table 4.1 The focused structural properties, d:[02-037, d2[04-047, d3[02-06],
d4[O3-06"], ds[03-057 and 7{O2-C1-C4'-03'] measured from the crystal structure of

CD10 [80].

Ring connecting  di/A d2/A ds/A da/A ds/A ddegree

R1-R2 2.89 4.60 6.39 7.35 4.47 -38.1
R2-R3 3.03 4.46 6.01 7.07 4.42 -39.1
R3-R4 2.88 4.36 5.79 7.62 4.82 -12.9
R4-R5 3.91 4.48 6.05 6.80 3.97 -75.2
R5-R6 5.53 4.47 3.93 4.79 3.20 143.4

The dynamical behavior of CD10 in aqueous solution was investigated by
REMD simulation and a ranking of the obtained conformations was performed. Thus,
the distances of adjacent glucopyranose units di[O02-037, d2[04-041, d3[02-061,
d4[O3-06] and ds[O3-05] as well as the two angles fC6-C2~-C67 and 7(02(n)-Cln)-
C4n+1-O3(n+1)) were computed and the results are summarized in Table 4.2. As already

mentioned, the definitions of all parameters are presented in Figure 4.3.

The REMD technique is able to describe the effect of higher temperatures
during the simulation. In Figure 4.10, the contour plots for 100 ns REMD simulations
at 300 K, 400 K, 500 K and 600 K are compared. No principal change of the pattern
can be observed, but the spread of the distance distribution increases. This is not

unexpected, as higher temperatures will effectuate higher amplitudes of the motion of
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the molecule. No additional conformation can be detected, except for a less pronounced

accumulation point at (5.0 A, 5.0 A).
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Figure 4.10 Contour plots of the probability distribution of overall snap-shots of CD10

at various temperatures using Igb5 solvent model and glycam06 force field

The conformational changes of CD10 in aqueous solution are determined by
several processes. First of all, the ring formed by the O4 oxygen atoms is not planar
and there are changes of the geometry of this larger ring system. Second, the occurring
movements of the glucose units against each other, including sudden turns leading to a
trans arrangement can be also seen in the X-ray crystal structure. Another mode of
motion is the conformational change of the glucose units itself, and at least the
formation and the breaking of intramolecular hydrogen bonds followed by rotations of
the hydroxyl groups and the carbon-carbon bond attached to the primary hydroxyl
group. These movements are partly concerted and coupled to a high extent. In
particular, the turns of the glucose units are thoroughly correlated with the

conformational changes of the large ring system.

In order to estimate the number of turns in various conformations, structural

parameters have been sampled for 100000 snapshots. The glucose subunit is defined to
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turn when the 6[C6-C2-C67 (defined in Figure 4.3) is larger than 60 degrees. Some
selected values are shown in Table 4.2. The snapshots for each type of conformation
have been selected randomly. The angle [C6-C2-C67] proved to be the most sensitive
as well as the most significant parameter for the findings of turns. Values around 90
degrees indicate clearly a turn position of a glucose in the large ring system. Finally,
the analysis of the sampled snapshots according to these parameters shows a variety of

conformations with different numbers of turns in the macrocyclic ring.
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Table 4.2 Structure properties of classified CD10 conformations as considering the

number of turns angle (), the d1[02-03], d2[04-04'], 4C6-C2'-C6'] and 7{O2-C1-

C4'-03'] of each connecting unit are compared with X-ray.

2 85 8 8 & 3 3 & 8 2
8 8 2 B 2 ® 3 8B & 3
o -

d:[02-03]
X-ray 2.89 3.03 2.88 3.91 553 2.89 3.03 2.88 3.91 5.53
1-turn 3.90 3.85 3.67 4.85 552 3.70 3.65 3.38 3.54 4.77
2-turn(1-5) 4.00 3.56 5.68 4.03 2.75 3.53 3.91 5.68 3.50 3.30
2-turn(1-4) 4.05 4.54 3.87 5.40 438 3.89 5.12 5.55 2.94 3.13
3-turn 4.16 4.34 471 5.78 3.54 393 4.18 4.82 5.85 3.29
4-turn 4.60 4.85 4.83 3.90 3.12 3.77 4.42 5.88 4.65 3.89
d2[04-04']
X-ray 4.60 4.46 4.36 4.48 447 460 4.46 4.36 4.48 4.47
1-turn 4.95 4.61 4.49 5.66 443 451 4.54 4.66 4.80 5.55
2-turn(1-5) 4.90 4.32 4.93 481 469 478 4.45 4.73 4.65 4.47
2-turn(1-4) 5.00 5.39 4.72 5.54 4.56 4.62 4.73 4.59 455 4.67
3-turn 4.42 4.52 5.60 4.76 4.63 4.58 457 5.44 455 4.58
4-turn 551 5.51 5.69 4.42 4.25 4.32 5.61 5.04 5.26 454
0[C6-C2'-C6']
X-ray 33.0 324 26.6 38.7 88.0 33.0 324 26.6 38.7 88.0
1-turn 35.9 29.3 35.0 38.1 86.1 32.7 33.0 30.6 45.2 50.9
2-turn(1-5) 30.5 29.7 85.7 32.6 28.7 28.7 35.0 87.6 349 25.0
2-turn(1-4)  30.6 57.8 25.6 95.8 349 316 56.3 88.9 315 33.3
3-turn 35.3 36.0 64.6 88.7 37.0 338 449 57.6 935 36.1
4-turn 64.5 66.6 64.7 31.9 294 349 56.5 105.9 56.3 37.6
{02-C1-C4-03]
X-ray -38.1 -39.1 -12.9 -75.2 1434 -38.1 -39.1 -12.9 -75.2 1434
1-turn -61.8 -64.4 1.3 -89.8 101.3 -56.9 -60.2 -46.8 14.0 75.0
2—turn(1-5) -78.0 -51.5 1134 -64.4 -205 -53.0 -64.4 131.0 -49.3 -31.3
2—turn(1-4) -40.1 -87.7 -31.7 1343 -73.8 -694 -1259 1454 -13.4 -41.9
3-turn -81.5 44 -101.4 122.2 -58.8 -73.9 16.4 -1015 131.2 -57.0
4-turn -945 -105.7 -1165 -689 -37.8 -59.8 -86.1 151.3 -88.1 94

In the Table 4.2 the various conformations of CD10 are classified. For reason

of comparison, the X-ray data are given as well. During the REMD simulation

conformations with different numbers of glucose unit flips (turns) can be observed. As
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mentioned above, two turns could be observed in the crystal structure, whereas the
simulations show that there are more possibilities for the appearance of turns. The
model 2-turn(1-5) represents a conformation similar to the crystal structure, whereas
the 2-turn(1-4) conformation shows a larger and a shorter helical band of glucose units
which are located in the macrocyclic ring. Conformations with higher numbers of turns
are also found during the simulation, the smaller probabilities. In Figure 4.11, the
probabilities of conformations with different numbers of turns are given for both, for
the lowest simulation temperature (300K) as well as for some higher temperatures. At
300K conformations with 2 glucose flips are dominating to a high extent followed by
3-turn conformations. Only a very small number of conformations without a turn as
well as conformations with more than 4 turns can be observed. Thus, obviously, it can

be assumed that these conformations exist in a rapid dynamical equilibrium.

The temperature dependence of the distance probabilities (Figure 4.10) is in
accordance with the distribution scattering increase due to temperature changes. In
Figure 4.11, the distributions of various numbers of turns are given along the simulation
times for four temperatures. The population of the number of turns is temperature
dependent. The highest probability of the number of turns has the 2-turn system. These
findings are correlating with the population of 0- and 1-turn conformations as well as
conformations with higher number of turns. This means that conformations with other
turn numbers than 2 are energetically less favored, and moreover, higher temperatures
lead to higher populations of these energetically less favored conformations. In Figure
4.12 some examples of snapshot geometries are given for various types of turn-

conformations. It can be seen that the conformation of a saddle-point structure, as
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observed for the crystal structure, is existing for 1-turn, 2-turn and to some extent for
3-turn geometries, whereas higher numbers of turns lead to more flat conformations of

the large ring system.
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Figure 4.11 Probability of turn rotation of glucose units in CD10 ring at various

temperatures

1-turn 2-turn(1-5) 2-turn(1-4) 3-turn 4-turn

Al S Aol Awsr S

A

Figure 4.12 Examples for CD10 conformations with different numbers of turns,

extracted from REMD simulation at 300 K

In Table 4.3 the probabilities of the different conformations obtained from the
snapshots of the LR-system classified by the various turns are given. In REMD
simulations, we could calculate differences in free energy and other thermodynamic

properties among these conformations from these probabilities [108, 109]. Because the
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2-turn model is the most dominant conformation, the free-energy difference AFof other

n — turn models from this model is given by

fn— Uurn
AF = Fy_tyrn — Fo—gurn = —RTIn 7722, (4.1)

fz—turn

where f,,_t.n 1S the probability of n-turn conformation and R is the gas constant:

R=8.31 J/(mol K). The energy difference results from the temperature dependence by

AF fn—turn)
d(_) _ d(ln(fz—turn )

a(7)

AE = Ep_tyrn — Extyrn = (4-2)-

Energy differences were calculated from a linear fitting of the data. The entropy

term TAS can be calculated by
TAS = AE — AF (4.3).

These thermodynamic quantities are also listed in Table 4.3. It should be
mentioned, that the 7- and 8-turn conformations are only observed at high temperatures
with a very small probability. The corresponding thermodynamic properties were not
calculated. Referring to the 2-turn conformations several arrangements are possible.
The preferred conformation are given by 2-turn(1-5) and 2-turn(1-4) models showing

also comparable probabilities.
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Table 4.3 The probability distribution of CD10 conformation with different number of

turns and the thermodynamics quantities AF, AE, and TAS at 300K

Probability AF at 300K AE at 300K Tﬁf
300K 400K 500K 600K  (kJ/mol) (kJ/mol) (kd/mol)
no-turn  0.001 0.002 0.007 0.010 17.1 154 -1.7
1-turn 0.026 0.051 0.089 0.111 8.5 9.9 1.5
2-turn 0.790 0.672 0.552 0.462 0.0 0.0 0.0
3-turn 0.164 0.227 0.270 0.294 3.9 55 1.6
4-turn 0.018 0.042 0.070 0.100 9.5 11.2 1.7
5-turn 0.001 0.004 0.011 0.020 16.9 18.1 1.3
6-turn 0.000 0.000 0.001 0.003 24.7 23.6 -1.0
7-turn - 0.000 0.000 0.000 — — —
8-ture - — - 0.000 — — —

4.1.3) The conformation change of CD14

REMD simulations were performed on the larger ring size of CD14. To
investigate the conformational changes of CD14, a new structure analysis using the
degree of bending and its circularity are introduced. In addition, the thermodynamic
quantities were also calculated. All REMD simulations of CD14 were performed by the
same setups as the REMD of CD10. These REMD simulation conditions have been
tested in the previous study on CD10, section 4.1.2 and ref. [110]. The 16 replicas under
temperature exchanging within the range 300-600 K with 20 K interval of CD14 were
simulated for 100 ns based on glycam06 and Igb5 of solvent GB model. By this REMD
condition, the acceptance ratio is more than 40%. It can be seen that these REMD setups

are suitable for CD14 conformation study as well.
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Generally, CD14 conformations are bent along its diameter, resulting in a
biplanar configuration. The X-ray structure of CD14 is depicted in Figure 4.13. In this
type of structure, the degree of bending between the two planes significantly affects the
inclusion ability of drug molecules. To systematically analyze the biplanar angle (6,)
of large amount of CD14 conformations from REMD simulations, we have developed
an algorithm and implemented it into a program that automatically measures biplanar
angles of all CD14 conformations. This algorithm can be summarized in three steps as

follows:

Step 1: Atoms within each CD14 molecule are clustered into two groups based
on their spatial coordinates using k-mean clustering algorithm. In  general,  k-mean
clustering is an optimization algorithm to cluster a set X of examples xe R™ to k groups
by minimizing the sum of distances between each example and its corresponding cluster

centroid:

minY.,ex dist(f(C,x),x), (4.4)

where C contains centroid of each cluster, f(C, x) returns the nearest centroid in C to x

based on Euclidian distance, and dist(x, y) is the Euclidian distance.

Step 2: Each atom cluster is mapped onto a representative plane P; for i-th
cluster, such that it minimizes the sum of orthogonal distances of each atom in cluster
ito P;. To implement this concept, we performed a principle-component analysis
(PCA) for each atom cluster. The two most dominant principle component axes
represent orthonormal vectors spanning Pi and the third principle axis is the normal

vector n, of P; .
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Step 3: Angle between plane P; and P, are calculated from cosine of their
normal vectors. Noted that normal vector of each plane could be aligned in either
positive or negative direction toward another plane. This makes the resulting cosine
undistinguishable among the true biplanar angle 6, and its supplementary angle
7 — Bp. In this study, we assume that the true angle of P, and P, is wider than its
supplementary due to the stiffness of oligosaccharide chain. Thus, biplanar angle was

calculated from max(6p, m — 6p).

Figure 4.13 schematic diagram depicting the representative plane P; (showed in purple
color) of one atom cluster (purple cloud on the right), two-most dominant principle axes

(vl and v2), and vnorm as a normal vector to plane P;.

As for circularity calculation, all diameters of CD14 are calculated from
distance between each two O4 oxygen atoms on the opposite site of the CD14 ring (i.e.
04 atom of i-th glucose subunit and the O4 atom of (i+7)-th glucose subunit).
Circularity (yc) of CD14 is defined as a ratio between the minimum and maximum

diameter of CD14 molecule (Figure 4.14).
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min (ros(Dros(i+3))
i={.5)
, 4.5
Ye .ngal)\(’}(TOzL (Dﬂ”od”g)) ( )
=g

N denotes the number of glucose subunits in the cyclodextrin ring, 1y, (i) is the 04
atom coordinate of the i-th glucose subunit. Based on this definition, circularity of
CD14 is 1 when all diameters are exactly the same (perfect circular shape). Circularity

is decreasing as the structure tends to be more elliptical shape.
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Figure 4.14 Schematic diagram depicting the ratio between the major and minor

diameters of the ellipse on a 2D plane.

These two structural properties were analyzed based on 100000 REMD
snapshots. The temperature dependence of CD14 structure is also considered. Based on
Maxwell-Boltzmann statistics, the relative energy of CD14 was computed in

comparison between each CD14 conformation according to their biplanar angle (&) or

circularity (52).

The bending of CD14 structure can be defined by the biplanar angle &. The
MD snapshots were extracted from each é range, CD14 which has 90<&<180 are

divided into 9 ranges according to their biplanar angle with 10 degree interval, defined
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by &(1)-6(9). Ten representative structures of CD14 in 6&(1)-6(9) were
superimposed as displayed in Figure 4.15. The CD14 structures preferred to have the
6 in range of 140-150 degrees, &(6) in all designed temperatures (the details of
temperature dependence of CD14 conformations will be mentioned later). From Figure
4.15, the difference of CD14 bending in each range can be clearly seen. However, their
structures in the same range, for example 6(8) are not comparable, as one can see from
the ring shape given in Figure 4.15. Therefore, the ring roundness as CD14 circularity

(5¢%) is additionally calculated.

D008

0.(1) 0.(2) 0.(3) 0,.(4) .ep(5

6,(6) 6:(7)  6,(8) 6:(9)

Figure 4.15 Examples for CD14 structures with various biplanar angle; &(1)- 6(9),

extracted from REMD simulation at 300 K

The CD14's cavity shape can be described by the 5%2. Both cyclic and elliptic
ring conformations could be possibly formed due to the higher flexibility of CD14

compared to SR-CDs as well as CD10 (Figure 4.16). The CD14 structures were
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considered according to their circularity changes. CD14 behaves like a cyclic when 2
approach to one. The CD14 structures were classified by 5?2 into 10 groups where
0<72<1 with 0.1 interval i.e. %%(1)- %2(10). At low %2, CD14 exists in an elliptic shape
and induces a 2-loop-like conformations as seen by snapshots of %2(1) and y%2(2) range.
The perpendicularity between these two loops could be observed for %?(2). Apparently,
the almost perfect cyclic CD14 with single cavity was shown when the %2 is closed to

1 as CD14 in %2(8)- %2(10) range.

W) 12@R) 12G)  12@)  1205)

s () Y02(7 7:2(8) YCZ 7.1

Figure 4.16 Superimposition of 10 MD snapshots of CD14 at 300 K according their

circularity change; %2(1)- %2(10)

The relative free energy of CD14 deformations at 300 K were independently
estimated for & and 5?2 changes. In Figure 4.17, the free energy of CD14 of each range

6(1)- 6(9) and 72(1)-%>(10) was compared to the free energy of the most possible
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range i.e 6(6) and %%(4), respectively. The results showed that the free energy changes
of CD14 of each & and »? range were lower than 8 kJ/mol and 18 ki/mol, respectively.
It can be suggested that it is easy to transform their bending both for tight bent-form
and opened-form switching. The change of the most stable é(6) to the flat CD14 of
6(9) is more favorable than to the tight bend of &(1). While the double free energy is
required for transformation of the most stable »%2(4) to cyclic CD14 with respected to

the elliptic ring deformation.

o AF 0 AE % TAS

10 20
sl o biplanar angle 16 circularity *
124
6 ¢ 84 o .
’_é 4 ° * g 41 o ° . *
3 o 3 o0 M IR i z e o
< < % '
5 21 . <o § e *
2 M o 2
o 0 * ¥ X * * ® o -84 *
* 124
2
N 16 .
-4 T T T T T T T T -20 T T T T T T T T T
0:(1) 66(2) 0:(3) 6(4) 6,(5) 6,(7) 6,(8) 6,(9) 157(1) 17(2) 162(3) 17(5)16%(6) 1 A(7) 12(8) v H(9) 1.%(10)

Figure 4.17 The thermodynamics quantities AF, AE, and TAS at 300K of CD14

conformations

The temperature dependence of CD14 conformations was investigated. The
distribution of biplanar angle (&) and circularity (y?2) for all designed temperatures are
shown in Figure 4.18(a) and 4.18(b), respectively. With the analytical result of 100,000
CD14 structures, the biplanar angles around 140-160 degrees are favored by 54-67%
of all CD14 structures. The temperature dependence was shown as the decreases of

biplanar angles at high temperature. When the temperatures are higher than 320K, the
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peaks slightly shifted to have lower biplanar angle with 4-23% deceasing of the number
of the CD14 structures in the most probable range compared to the simulation of 300K.
Consequently, the probabilities of 90 and 180 degree plane angle at high temperature
were significantly increased, especially the 90 degree bent form which is 252%
increased at 600K, for instance. The findings suggested that the CD14 prefer being in
the bent form, however, the conformation changes to tight bent shape or flat shape could
be enhanced by temperature increase. Similarly, the CD14 was mostly distributed by
43-49% in range of 0.275-0.425 of »%? referring the non-cyclic shape of CD14. These
most probable structures were slightly decreased at higher temperatures. Almost
temperatures at higher than 300K, except for 320K and 460K increased the CD14

elliptical ring favor where 0.025< 5?2 < 0.175, conversely the temperature effect on

cyclical-liked (0.825 < %? < 0.975) is insignificant.
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Figure 4.18 Distribution plots of (a) biplanar angle (&) and (b) circularity (3?) for all

designed temperatures

Based on 2D distribution plots of these two parameters (Figure 4.19), the MD

snapshots of CD14 simulation at 300K were extracted from different locations (S1-S16,
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defined in Figure 4.19 at 300 K). Also the 2D contours of other temperatures are
compared. The same size of sampling area, which is +10 and +0.01 for & and yc?,
respectively were used. The 10 representative snapshots of each sampled locations are

superimposed as illustrated in Figure 4.20.
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Figure 4.19 2D contours between the & and yc? where the probabilities of CD14 in each
region are labeled with blue to red color for low to high value, the 16 sampling area is

remarked in 2D plot of 300K, defined by S1-S16.
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Figure 4.20 Superimposition of the 10 representative MD snapshots in each possible
CD14 conformation (S1-S16) i.e. S11 is the most probable CD14 conformations
(opened-form), S1 and S5 are closed-form, S3, S4, S8 and S12 are asymmetric bent

form, and S13-S14 are 2-loops-like form
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The contour plots show that the CD14 mostly located at (&, %?) ~ (150, 0.3)
for all temperatures. The ring-opening was investigated according to their biplanar
angle enlargement compared with X-ray structure which have (&, %?) ~ (105, 0.4) as
shown in Figure 4.20, S11 is defined as opened-form. The temperature increase
changed somewhat the expanded distribution at S1, S2 and S5 area in Figure 4.20, as
clearly seen by the 2D-plot of the simulation at 600K. As expected, CD14 could
generate more various structures not only of symmetric bent form with one cavity, but
also we observed other conformations with one cavity with asymmetric bent shape
(Figure 4.20, S3, S4, S8 and S12) as well as CD14 with more than one cavity as 2-loops
shape (Figure 4.20, S13-S14). Interestingly, the perfect helix CD14 like double-
stranded DNA could be observed in the S14 sample range, which has (&, %?) =
(124.051, 0.072). These opened-form and 2-loops conformation was also found by
classical MD simulation [34]. Moreover, the temperature effect on each CD14
conformation was newly analyzed in Figure 4.21. The plots show that the probability
of opened-form (S11) is decreased and subsequently the closed-forms (S1 and S5) are
increased at the high temperature. However, there is no significant effect to other

conformations of asymmetric bent and 2-loops shape.
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Figure 4.21 Temperature dependence of CD14 in each conformation S1-S16

4.2) Part Il: Study of permeation mechanism of beta cyclodextrin and its

derivatives to the biological membrane

Here, we aim to visualize the permeation behavior of BCD on POPC lipid
bilayer. The influence of chemical structures of BCD and some substituted derivatives
on the interaction with the cellular membrane was investigated by MD simulations. The
understanding of the BCD-lipid interaction correlating to drug releasing behavior is
expectation. The results of this study have been divided into four sections as follows:
4.2.1) The permeation and insertion of SCD into the lipid bilayer; the permeation of
BCD into the POPC lipid bilayer and the effect of BCD molecule insertion on the bilayer
were shown. 4.2.2) The interaction of SCD with the lipid bilayer; the hydrogen bond
formations was investigated to determine the binding affinity between BCD and lipids.
In addition, the influence of BCD on lipid bilayer properties were analyzed in terms of
2D-density map of POPC phosphorous atoms and lipid thickness. 4.2.3) The

conformational change of ACD in lipid bilayer; the conformation and structural
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stability of the BCD at water, water-lipid interface and lipid bilayer were considered.
And the last section, 4.2.4) The influence of chemical modification of SCD on
membrane permeability; the interaction of BCD derivatives (MEBCD and HPBCD)
with the lipid bilayer were studied. The permeation depth was considered according to

the substitution type and position.

4.2.1) The permeation and insertion of SCD into the lipid bilayer

Multiple MD simulations taking into account various configurations of BCD
with POPC lipid bilayer were performed starting from various positions, assigned by
BCD1-BCD5 system. The orientation and position at lipid bilayer of BCD molecule
was varied as shown in Figure 3.2. For systems BCD1-BCD3, BCD was initially set far
away from the bilayer center (around 3.5 nm) (as seen in Figure 4.22(a)) to avoid the
bias of the interactions between the BCD and the lipid bilayer. This allowed the BCD
molecule to move and to rotate freely in aqueous solution before approaching the
bilayer surface. To study the permeation of BCD into the lipid bilayer, the distances at
the z-axis between BCD (rscp) and its rims (rpscp and rsscp for primary and secondary
hydroxyl sides, respectively) away from the lipid bilayer’s center were determined. The
center of mass (COM) of all lipid molecules, the COM of all atoms in the BCD
molecule, the COM of C5 and O5 atoms, and the COM of C2 and C3 atoms were
defined as the bilayer center, the BCD center, the primary rim center and the secondary
rim center, respectively. The tilt angle of the BCD molecule is characterized by the
angle between vector r (the vector pointing from the COMs of the primary to the

secondary rims and the bilayer normal. The definitions of all mentioned parameters are
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illustrated in Figure 4.22(a) and Figure 4.22(b). The permeation behavior of BCD was
described by the time dependence of those distances and its tilt angle for the first 350
ns (Figure 4.23). The complete analysis of the micro-scale simulations are collected in

Figure 4.24.

Hydrophobic cavity
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Beta cyclodextrin (C4,H79O35)

(a) (b)

Figure 4.22 (a) Definition of analysis parameters; rscp, rrsco, rescp and (b) vector r for

tilt angle calculation
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Figure 4.23 Closed-up for the first 350 ns of the permeation of CD into the lipid bilayer
for four simulations (BCD1-BCD4) using different initial structures. The distances as
a function of time between the centers of bilayer and both rims of BCD molecule i.e.
primary rim; rescp (blue) and secondary rim; rssep (red) are depicted. The BCD tilt angle
and the distances of phosphate groups from the center of bilayer for both leaflets (rp)
are plotted in gray and green, respectively. The snapshots of BCD at different simulation
time are enclosed in the plots where the blue and red balls represent the atoms of the
primary and secondary rims, respectively. The lipids of the bilayer are shown by purple
rods while their phosphorus atoms are depicted in green balls. The black and red arrows

indicate the approaching and permeating time of BCD to the bilayer, respectively.
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Figure 4.24 The association behavior of CD on POPC bilayer of BCD1-BCD5 system

for the whole simulation
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Figure 4.23 shows that the BCD molecule in aqueous phase spontaneously
moved toward the POPC bilayer and approached to the bilayer surface within the first
15 ns. For BCD1 and BCD3 systems, the BCD molecule attached to the bilayer with
the secondary rim and readily permeated into the lipid bilayer within approximately
100 ns. The BCD remained underneath the phosphate group for the rest of the
simulation time (Figure 4.24). For the BCD2 system, the BCD molecule firstly
approached to the bilayer surface with the primary rim but it did not permeate into the
bilayer over a hundred nanoseconds. After 175 ns simulation time, the CD molecule
rotated to have the secondary rim associated with the bilayer surface with the
consequence of the BCD permeation within a few tens of nanoseconds as illustrated in
Figure 4.23(b). After 500 ns, all BCD molecules are located in the region between
phosphate and glycerol-ester groups with the orientation of the secondary rim pointing
toward the bilayer center, although starting from the various geometries (Figure 4.24
and 4.25). The averaged distances between COMs of the BCD molecule and the bilayer
as well as the tilt angle of BCD molecule with respect to the bilayer are presented in
Table 4.4. In agreement with our results, the adsorption of BCD molecule at the
monolayer/water interface with high affinity was observed by Lépez et al. and it was
related to the efficiency of cholesterol extraction from the monolayer by BCD [25].
Based on spectroscopic study and ab initio calculations, Mascetti et al. suggested that
the BCD molecules preferred to stack in parallel to the pure cholesterol, mixed

DMPG/cholesterol, and mixed DMPC/cholesterol lipid monolayers [111].
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Next, the behavior of the BCD molecule and the effect of BCD insertion inside
the bilayer were studied. Therefore, BCD was placed at the bilayer’s center with the r
vector alignments in parallel (BCD4) and perpendicular (BCD5) to the bilayer normal.
For BCD4 system, the BCD molecule is able to form hydrogen bonds with the glycerol-
ester groups of lipid bilayer and moved toward the water-lipid interface within 10 ns
(in Figure 4.23(d)). The equilibrium location of BCD was 1.0 nm from the bilayer center
corresponding to the position of the glycerol-ester group. No bilayer deformation has
been observed within a simulation time of one microsecond. Unlike the BCD5 system
(Figure 4.26), the BCD molecule was initially oriented in perpendicular to the bilayer
normal, therefore, hydroxyl groups of the BCD formed hydrogen bonds with the lipid
heads of both bilayer leaflets. At longer simulation time, the BCD molecule rotated to
be in parallel to the bilayer normal and a water pore formation across lipid bilayer could

be observed (Figure 4.26(b)).

(aBCD1  (b)BCD2  (c)BCD3  (d) BCD4

Figure 4.25 The last snapshots of BCD1-BCD4 simulations were extracted at 1 us. The

primary rim of BCD, secondary rim of BCD, phosphorus atoms of lipid and water
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molecules are presented by blue, red, green and cyan spheres, respectively. The purple

lines represent the POPC lipid molecules.

Table 4.4 Average values of the focused parameters on BCD-lipid interactions for all

simulations (BCD1-BCD5) over the MD production period

I'pco I'ppcD I'spco tilt angle
systems/properties

(nm) (nm) (nm) (degree)
BCD1 (500-1000 ns)  1.50+0.10 1.54+0.10 1.40+0.10 163.6+8.0
BCD2 (500-1000 ns) ~ 1.55+0.13 1.61+0.13 1.49+0.13 148.8+7.6
BCD3 (500-1000 ns)  1.65+0.12 1.72+0.12 1.54+0.12 167.4+5.9
BCD4 (500-1000 ns)  1.08+0.13 1.17+#0.13 0.96+0.13 157.0+11.1
BCD5 (1000-2000 ns)  0.30+0.14 0.37+£0.15 0.20+0.12 161.4+7.4
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Figure 4.26 (a) Dynamics behavior of BCD starting from the perpendicular orientation
in the lipid bilayer (BCD5). (b) Water pore formation induced by BCD at longer
simulation time, where the cyan sphere represents the water molecules, while the blue,
red and green spheres are symbolized as the atoms on primary and secondary rims of

BCD and phosphorus of lipid head groups, respectively.

4.2.2) The interaction of SCD with the lipid bilayer

To determine the binding mode and the binding affinity of associated BCD on
lipid bilayer surface, the number of hydrogen bonds (H-bonds) between BCD, its rims
and the components of lipid head groups (phosphate and glycerol-ester moieties) were
calculated using the usual geometric restrictions for hydrogen bonding. A hydrogen
bond is defined by the distance between the donor and the acceptor (rug) < 0.35 nm and
the deviation from the linearity < 30°. The distance value of 0.35 nm corresponds to the

first minimum of the radial distribution function (RDF) of water. Figure 4.27 shows the
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average number of hydrogen bonds at the last 500 ns and 1 us for the systems of BCD1-
BCD4 and BCDS5, respectively. The BCD molecules in the BCD1-BCD3 systems
interacted to the lipid head group with the hydroxyl groups at the secondary rim and it
was more preferred to form hydrogen bonds with phosphate groups than with glycerol-
ester groups. In contrast to the BCD4 and BCD5 systems, the primary rim of BCD is
associated with the glycerol-ester group of the lipid bilayer. This is in good agreement
with the results of the simulation snapshots and the permeate depths of BCD molecule
into the bilayer. Interestingly, the number of hydrogen bonds of BCD with water
molecules significantly decreased from 16 to 5 when the BCD molecule translocated
from water-lipid interface into the bilayer. In conclusion, the results of the hydrogen
bonds suggest that a deeper translocation of BCD into the hydrophobic region of the

lipid bilayer is unfavorable [112].
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Figure 4.27 Hydrogen bond contribution of the interactions between the BCD molecule
and phosphate (green) and glycerol-ester groups (purple) of the lipid and the solvating

water molecules (cyan)

To search for the influence of BCD on lipid properties, the 2D-density map of
the BCD molecule and the POPC phosphorus atoms, and the bilayer thickness based on
Voronoi analysis [113] for the representative systems BCD3-BCD5 were plotted in
Figures 4.28 and 4.29, respectively. As expected, the adsorption of only one BCD
molecule on the lipid bilayer cannot deform the membrane structure as seen by
insignificant changes of the 2D-density map and the lipid thickness of the BCD3 POPC
membrane bilayer relative to POPC alone. The association of BCD on lipid surface
slightly induced membrane pressing at the BCD located area. BCD positioned deeper in
the BCD4 bilayer (rsco of ~1.08 nm) even caused less interference on the structural

properties of the lipids. In contradictory, the large distribution of phosphorus atoms
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towards lipid interior and the dramatic change in lipid thickness were presented due to

the transient water pore induced by BCD in the BCD5 system.
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Figure 4.28 2D-density map on xz-plane of the POPC phosphorus atoms (top) and the
BCD molecule (down) for representative BCD3-BCD5 systems, while that of the
phosphorus atoms of POPC bilayer alone was given for comparison. The averaged

distance between the centers of bilayer and BCD (rscp) is also shown
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Figure 4.29 (Top) local lipid thickness of the POPC membrane bilayer in the systems
without and with BCD (no BCD and BCD3-BCDS5). (Bottom) 2D-frequency

distribution of the BCD molecule in the BCD3-BCD5 systems

4.2.3) The conformation of the SCD change in lipid bilayer

To investigate the conformational change of the BCD molecule, we determined
the intramolecular hydrogen bonds obtained by the number of hydrogen bonds of the
secondary rim between the adjacent glucoses. The intramolecular hydrogen bonds are
related to the stability of the CD molecule [32, 114]. The number of the intramolecular
hydrogen bonds of BCD1-BCD3 systems was decreased continuously until there are
no bonds left when the BCD molecule was attaching to the bilayer surface. The loss of
this interaction was due to the preferable hydrogen bond formation between BCD and
lipid head groups as well as water molecules [115-118] (Figure 4.27) and resulted in
the structural deformation in Figure 4.30. The root mean square displacement (RMSD)
of the hydroxyl side chains on each rim and glycosidic oxygens (O1) with respect to its
anhydrous structure (in Table 4.5) showed that the primary rim of BCD was more

flexible than the other one [118]. The solvating water molecules affected the flexibility
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of the BCD structure for both side chain rims and the O1 core. In addition, the area of

BCD cavity was calculated by the following equation:

A=ZI37 12 (4.6)

7

where rjis the distance between each hydroxyl group and the center of O1 atoms, and
the hydroxyl groups at 6- and 3-positions are used for representing the cavity area of
primary and secondary rims, respectively. The cavity areas of BCD molecule in water,
water-lipid interface and lipid phase were summarized in Table 4.5. As expected from
the truncated cone geometry of the BCD molecule, the cavity area of the secondary rim
was larger than that of the primary rim about 1.5 fold in water and lipid phases, whereas
the shape of the BCD molecule in the lipid tail resembled to a cylinder. The area cavities
of the secondary rim in lipid phase were ~15 % and ~25% smaller than in water and
water-lipid interface, respectively. These finding may be related to the mechanism of
drug release in which the open and closed states of the secondary rim of the BCD

molecule at different phases play an important role.
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Figure 4.30 The BCD in water was independently simulated for 500 ns, and the last MD
snapshot is shown in (a). The last snapshots of BCD molecules obtained from the
simulations of BCD3 and BCD4 for representing the BCD structure in lipid-water
interface and lipid tail region are depicted in (b) and (c), respectively. The primary and
secondary rims of BCD molecule are labeled in blue and red, respectively. The

backbone atoms of BCD molecules are represented in gray.

Table 4.5 The RMSD and cavity area of BCD molecule on each hydroxyl rim

Systems rsco RMSD (nm) Cavity Area (nm?)
(nm) o1 1st 2nd o1 1st 2nd
In water - 0.12+0.02 0.33£0.04 0.25+0.02 0.93+0.04 1.19+0.12 1.56+0.11
At 1.59+0.10 0.10+£0.01 0.29+0.01 0.23+0.01 0.86+0.03 1.36+0.06 1.69+0.03

In lipid tail  1.00+0.10 0.06x0.01 0.17+0.02 0.08+0.02 0.80+0.02 1.35+0.07 1.35+0.04

4.2.4) The influence of chemical modification of ACD on membrane
permeability
The independent micro-scale MD simulations of BCD derivatives as MEBCD

and HPBCD interacting with POPC lipid bilayer were performed to study the effect of
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modified BCD on its membrane permeability. The substitution effect of modified BCD
according their chemical functions and substitution position were taken into account.
The methoxy groups (-OCHs) and 2-hydroxypropyl groups (-OCH>CH(OH)CH3) were
substituted at 2- or 6- or 2, 6-position of hydroxyl groups on all glucose subunits of
regular BCD to form MEBCD and HPBCD derivatives, respectively. The initial setup
details are described in Table 3.1. Multiple initial conformations with several
orientations and positions of BCD derivatives at the lipid bilayer were conducted like

the simulations of regular BCD (Figure 3.2), designed by BCD1-BCD5 systems.

The permeation behaviors of MEBCD and HPBCD on POPC lipid bilayer were
described by the distances between the BCD derivatives and the lipid bilayer center.
The averages of rscp, rescp and rspep of each BCD derivatives system for 500 ns at last
are plotted, compared to those distances of the regular CD simulations (Figure 4.31).
All definitions of the distances correlated with the analysis of regular BCD simulations
(Figure 4.22). The distances between the COM of POPC bilayer and i) the COM of all
atoms of BCD derivatives, ii) the COM of C5 and O5 atoms of BCD derivatives and iii)
the COM of C2 and O3 atoms of BCD derivatives were defined as rscp, rescpand rsscp,
respectively. The results showed that these two substitutions as well as their substituted
positions on BCD derivative molecule affected their permeation depth. As for the
methoxy-group substitution, a deeper permeation of MEBCD was found when the
association of the secondary rim of MEBCD on lipid surface is preferred. However, the
interaction of methyl groups and lipid polar groups is less favorable compared to non-

modified BCD, except for the secondary rim approaching of 2-MEBCD in system



72

BCD2 and BCD3. In case of HPBCD, the long chain of hydroxypropyl induced the
deep permeation of HPBCD into lipid bilayer. The permeability of substituted BCD at
the same positions of hydroxypropyl is higher than that methoxy replacement of
MEBCD, except for the substitution at 2-positon. The deepest permeation was found
for 2,6-HPBCD, with a value around 1.13 nm. Due to steric effects of the substituted
side chains of 2,6-HPBCD, the conservation of 2,6-HPBCD orientation of the initial
structure was observed during simulation. Besides, the insertion of BCD derivatives
into the lipid bilayer was investigated by simulations starting from BCD4 and BCD5
systems. The interaction of BCD derivatives and the non-polar region of lipid tails are
unfavorable. MEBCD in any case moved up from the bilayer center to interact with the
lipid head groups. This behavior was also found for 2-HPBCD and 6-HPBCD where the
HPBCD was originally placed at the bilayer center with parallel orientation in the
system BCDA4. The last snapshots of simulations of MEBCD and HPBCD derivatives

are illustrated in Figure 4.32 and Figure 4.33, respectively.
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Figure 4.31 The average of rgcp (black), rpsco (blue) and rssep (red) for all BCD

derivatives in BCD1-BCD5 system
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Figure 4.32 The last snapshots of MEBCD simulations
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CHAPTER 5
CONCLUSIONS

The understanding of cyclodextrin conformation diversity and the membrane
permeability could be provided by molecular dynamics simulations. Our research
highlights are the force field validation for REMD simulation of CDs, the diversity of
CD structures and the permeation behavior of CDs through lipid membrane. In the first
part, the possible conformations of CDs were investigated by their structural analysis
obtained from REMD simulations. And the second part, the micro-scale MD
simulations were used to visualize how BCD permeates into lipid bilayer.

First, to study the conformation diversity of CDs, we performed the REMD
simulations for 100 ns on various sizes of CDs: CD6, CD7, CD8, CD9, CD10 and
CD14. To get the reasonable REMD results, some important simulation setups such as
the force field, GB solvent model, the replica number and simulation temperature range
were verified on the representative simulation of CD10. The overlapping of potential
energies between each replica as well as the structural properties of the O2-O3 and O4-
O4 distance referring the flip character and ring shape, respectively were taken into
account. By doing so, the sixteen replicas in the temperature range of 300 K to 600 K
could afford the reliable results for all CDs sizes when the glycam06 force field and
Ibg5 implicit solvent model were used in the simulations. The possible structures of
CD10 could be described by the flip of glucose subunits on its macro-ring. The results
revealed that the CD10 structures preferred to form in the saddle-like shape with two
flips at the opposite bending positions like the X-ray structure. The flip from cis- to

trans-position of a glucose in the CD10 ring was subject to the flat conformation. Next,
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the study of CD14 conformations were also conducted with the same validated REMD
condition as CD10. The conformation study was performed by new structural analysis:
biplanar angle and circularity. The CD14 structures still remain in the bent form, but
are slightly more open than in its crystal structure. Interestingly, the 2-loop structure
could be formed for the CD14. Additionally, it is possible to get some insight into the
temperature dependence of conformational changes. Increase of energy content due to
elevated temperatures is tightly correlated with an increase of diversity of various
conformations of the macrocycle. These finding might be also useful in the
temperature-controlled synthesis of LR-CDs as well as other experimental conditions,
in particular for the host-guest reaction.

Second, based on the microsecond timescale simulations of the BCD molecule
in lipid bilayer, we found that the BCD molecule spontaneously permeated toward the
lipid surface, but did not further translocate into bilayer’s tail region. The physical
damage of bilayer could not been observed when the BCD molecule attached to the
bilayer surface, in contrast the water pore formation in lipid bilayer occurred when the
BCD molecule stayed inside the bilayer. The simulation results also showed that the
secondary rim of the BCD molecule was the main contribution for the BCD-lipid
interactions in which strong hydrogen bond formation between the secondary rim and
lipid heads were always found for the whole length of the simulation time. Interestingly,
the conformations of the BCD molecule changed at various solvation phases (water,
water-bilayer interface and bilayer) due to the loss of the intramolecular hydrogen
bonds and an enlargement of the area cavity of the water-bilayer interface could be

observed. Moreover, the influence on the membrane permeability of modified BCDs as



7

MEBCD and HPBCD derivatives were considered according to their chemical function
and substitution positions of methoxy groups and 2-hydroxypropyl groups at 2-, 6, and
2,6-position of hydroxyl groups on regular BCD. The significant differences of the
permeation depth between the BCD derivatives and non-modified BCD were
investigated. The approaching of the wider rim likely induced the deeper permeation of
BCD derivatives. As well as the long chain substitution of 2-hydroxypropyl at 2,6-
position resulted in the deepest permeation. These findings might be related to drug

delivery of these BCD derivatives.
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