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Alpha-mangostin (MGS), a traditional Thai medicine, exhibits pharmacological
activities such as anti-oxidant, anticancer, antibacterial, and anti-inflammatory properties.
However, the low solubility of MGS is the major problem for the use in pharmaceutical
industry. To enhance the solubility of this compound, the encapsulation of MGS by the
three types of cyclodextrin including beta-cyclodextrin (BCD) 2,6-dimethyl-b-cyclodextrin
(DMBCD) as well as 2-hydroxypropyl-b-cyclodextrin (HPBCD) was investigated. Based
on molecular dynamic (MD) simulations, the results show the existence of several
association complexes where the interaction of MGS on exterior CDs prior to a formation
of inclusion complex. The van der Waals interaction (vdW) is the main contribution of the
complex formation between MGS and CDs. The binding free energies are ranked as
DMBCD < HPBCD < BCD. The MD simulations of free MGS with lipid bilayer show that
the molecule rapidly inserts into the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) surface, and then, penetrates deeply into the lipid tails (acyl groups) at 0.9 - 1.2 nm
measured from the center of the lipid bilayer. DMBCD can translocate deeper into the
hydrophobic region of the lipid bilayer, whilst BCD prefers to adsorb on the lipid surface,
where the hydrogen bonds between secondary rim of those CDs and the lipid head groups
(phosphate and glycerol ester) are the main contribution for the adsorption of CDs. The
results from the release study of MGS from two CDs into the POPC membrane show that
MGS dissociates from their hydrophobic pocket and subsequently penetrates into the
interior of the lipid bilayer embedded beyond the phosphate groups of the POPC
membrane, 0.9 - 1.2 nm apart from the center of lipid bilayer. Moreover, the free energy
profile of the MGS release process was estimated using the potential of mean force (PMF).
MGS has a local energy minimum of -9.0 kcal/mol at 0.8 nm from the center of lipid
bilayer and consumes a energy barrier of 5.0 kcal/mol to locate at the center of the lipid
bilayer. Thus, it prefers to locate in the hydrophobic rather than hydrophilic regions of the
lipid bilayer. In contrast, the releasing of MGS from the hydrophobic pocket of DMBCD
into lipid bilayer require a lower energy barrier of 2.1 kcal/mol. The above information
leads us to conclude that the adsorption of MGS/DMBCD complexes on the lipid bilayer
enhances the releasing of MGS into POPC membrane compared to free MGS through an
increasing of hydrophobic interaction between DMBCD and the lipid acyl groups.
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CHAPTER I
INTRODUCTION

1.1 The alpha-mangostin

Mangosteen (Garcinia mangostana L., Clusiaceae), a tropical fruit
in Southeast Asia, has been widely used in the long history of Thai
traditional medicines. Mangosteen can be used for the treatments of skin
infection, chronic wounds, and diarrhea [1, 2]. The xanthones are major
bioactive compounds in mangosteen fruit [3], is extracted from various
parts of mangosteen such as pericarp, hull fruits, bark or leaf [4-6].
Xanthone contains a tricyclic aromatic system where the isoprene,
methoxyl and hydroxyl groups are located on the different positions of
the ring system. More than 50 derivatives of much xanthones are
identified from mangosteen pericarb [7], and classified into 5 classes: (1)
simple oxygenated xanthones, (2) xanthone glycoside, (3) prenylated
xanthone, (4) xanthonolignoids, and (5) miscellaneous xanthone,
respectively [8]. The most abundance of xanthone is alpha-mangostin (o.-
mangostin: MGS) [9, 10] or 1,3,6-trihydroxy-7-methoxy-2,8-bis(3-
methyl-2-butenyl)-9H-one (Figure 1). MGS contains several subunits of
secondary metabolites such as prenylates and oxygenated xanthones [5,
11], and it exhibits remarkable pharmacological activities, 1i.e.,
cytotoxicity [12, 13], cardioprotective [14], anticancer [15], anti-bacterial
[16, 17], antifungal [18], anti-inflammatory [19, 20], and antioxidant
activities [21-24].

MGS was found to be active against methicillin-resistant

Staphylococcus aureus (MRSA) nearly equal to others antibiotics such as



vancomycin, and against vancomycin-resistant Enterococci (VRE) [25].
Moreover, MGS is also reported as a reactive agent against antagonism of
the histamine H1 receptor [26], inflammatory activities [27] and oxidative
damage by human low-density lipoproteins (LDL) [28]. Unfortunately,
the poor solubility of MGS in aqueous solution is a major obstacle in the

development for medical purposes [29].

(a) aMGS

Figure 1 The chemical structure of MGS.

The molecular structure of MGS is given in Figure 1, MGS is a
hydrophobic compound. Several research groups have reported methods
to enhance the solubility and bioavailability of the compounds such as
modification of the side chain of MGS. For instance, the modification of
MGS with the functional group with different pKa to improve their
antimicrobial activities and to selectively treat gram-positive bacteria
[30]. Such modifications of MGS not only improve their solubility but
also lead to enhance the drug capability to penetrate through the
biological membrane. Furthermore, the encapsulation with the
cyclodextrin is an alternative approach to be used for improving their

solubility.



1.2 Cyclodextrins and its derivatives

Cyclodextrins (CDs) can be produced by enzymatic degradation of

starch consisting of a-D-glucopyranose units linkage by a-1,4-bonds [31,

32]. The most common CDs consist of 6, 7 and 8 glucose units called

aCD, BCD and yCD, respectively. The CDs have a truncated cone

structure with height, inner diameter and volume of 7.9 A and 6.2-7.8 A
and 262 A3 [33], respectively. The details for the nature CDs

characteristics are presented in Error! Not a valid bookmark self-

reference. [34].

Table 1 The properties of natural cyclodextrins (CDs).

Properties aCD BCD vCD
Glucose units 6 7 8
Molecular weight (g/mol) 972 1135 1297
External diameter 14.6 15.4 17.5
Internal diameter 4.7-5.3 6.0-6.5 7.5-8.3
Height 7.9 7.9 7.9
Cavity volume 174 262 427

Monoclinic _
Hexagonal Quadratic
Shape of crystal _ parallelgram o
lattice prisim
S
pKa 12.3 12.2 12.1
Diffusion constant at 40 °C
3.4 3.2 3.0
(m/s)
Hydrolysis by a-amylase Negligible Slow Fast
Solubility in water (g/100mL) 14.5 1.9 23.2
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CDs contain hydroxyl groups on the ring edge of the truncated
cone whereas the non-polar carbon atoms and glyosidic linkages are
positioned towards the inner cavity [35] leading to their hydrophilic
exterior and hydrophobicity of the inner cavity. With this unique
property, CDs have been frequently used as an encapsulating agent to
enhance the solubility of non-polar molecules [36, 37]. CDs encapsulate
insoluble compounds by host-guest association processes [38, 39].
Among the three CDs, BCD is the most accessible materials which can be
used in a wide range of pharmaceutical applications. For example, the
complexes formation with naringenin [40], mangiferin [41], chalcone
[42], doxorubicin [43], and naringenin [40], respectively. Here, the

schematic pathway of regular BCD is presented in Figure 2,

Figure 2 The scheme of regular BCD where hydrogen atoms of the
hydroxyl groups on each rim can be replaced by substituent groups such

as methyl or 2-hydroxypropy! groups.

For the native BCD, the hydroxyl groups on each rim can form
intramolecular hydrogen bonds by itself leading to diminished of H-bond
formation ability with the surrounding with molecules [44]. Thus, this
cause the limitation to use BCD in the nephrotoxicity. It has been reported
several times that substituents such as the methyl (M) and 2-

hydroxypropyl (HP) of the hydroxyl groups on each rim of native BCD
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led to the enhancement of the solubility [44-46]. Modified BCD with
hydroxpropyl or methyl groups show significant increase of water
solubility from 18.5 mg/ml to more than 50 mg/100 mL for DMBCD and
more than 60 mg/100 mL for HPBCD. The atomic labels of each
substituted group on BCD rim are presented in Figure 3. Although BCD
derivatives show higher solubility than native BCD [46], the reason

remains unclear.

7J CH3
HO
3 2 5 HCH; 3 2
HO  OH HO HO
4 4 4
—0 —0 —0
0 0 0
5 5 5
HO6 60, HO6
(a) BCD (b) DMPCD (c) HPBCD

Figure 3 The chemical structures of cyclodextrin sub-units for (a) native
BCD, DMBCD, and (c) HPBCD, respectively.

CDs are not only used to enhance the drug solubility to control the
drug releasing as well as through the biological membrane [47]. CDs can
be used to deliver hydrophobic drug through the membrane barrier [47]
via passive diffusion The interaction of CDs and biological membrane is
the pre-adsorption step. Although, several research groups have reported
the host-guest association both theoretically and experimentally, where
the less the understanding of the drug releasing mechanism through

biological membranes is still most really clear.



12

1.3 Biological membrane

In general, biological membranes consist of a double sheet of lipid
molecules. The major component of the biological membrane consists of
lipids, proteins and in more case of carbohydrates. The proteins are
embedded in the lipid layer, whilst the carbohydrates are always bound in
the exterior cell membrane. A schematic model shows in Error!

Reference source not found..

Outside
of cell
Carbohydrate
Proteins chains
( OO0 10®
Cell YOO S
membrane | (| N iy ' S (N 4 \“ e
G R
L) AR T87ares
Inside % }1}’1 ’J’.g”,.,“’ \)\)\)\1‘“‘\; r ‘””IQ///
of cell Protein o e
(cytoplasm) channel Lipid bilayer

Figure 4 The schematic model represented the biological membrane
model.

(http://apbiomaedahs.weebly.com/2b-cell-homeostasis---cell-membrane-

processes.html)

The lipid membrane consists of the amphiphilic molecules which
can spontaneously form a bilayer. The hydrophilic part of lipid bilayers
interacts with water molecules, while hydrophobic acyl chains exist in the
interior of the cell membrane. The most abundant lipid in eukaryotic cell
[48], 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC), was
employed as a membrane model which can be used for the study of the
biophysical experiments. The chemical structure of the POPC membrane

consists of a saturated chain (sn-1) and the saturated chain (sn-2)
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represented in Figure 5, In this study we use the POPC membrane to

perform the MD simulations because of the occurs in mammalian cell.

sn-1 chain Oleoyl

o}
H3‘3\/\/\/\/;/\/\/\/‘-k Glycerol ester
0
HSC\/\/\/W\/\/YO\A/O Choline
_ . \P/O\/\ ~CHy
sn-2 chain Palmitoy! o~ ™~
CH

o] o CHs
Phosphate

Figure 5 The chemical structure for monounsaturated 1-palmitoyl-

2oleoyl-sn-glycero-3-phosphocholine (POPC).
1.4 Drug transport across the biological membrane

In general, these are many factors of drug transport across the
biological membrane such as the molecular size, ionization of the drug as
well as the concentration gradient. In principle, the passive diffusion is
the basic for the drug penetration into the membrane. The passive
diffusion is proportional to the drug concentration. The concentration
factor can be explained by the first Fick’s law following,

Iz C, 1)
where J is the drug flux through membrane, P is the permeability
coefficient of the drug through the lipophilic membrane, and Cyq is the

drug concentration at the aqueous phase. The permeation coefficient
defined by

h (2)
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where D is the diffusion coefficient, K is the partition coefficient of the
drug across the membrane, and h is the effective thickness of the
membrane. The drug can be delivered through the lipid bilayer, only if
the drug has a high concentration in the aqueous phase and also a high
partition coefficient. The barrier for drug transport depends on the lipid
properties and the partitioning drug. Hence, the increasing of the drug
concentration leads to the increase of the rate of the drug transfer to the

membrane.
1.5 Computational chemistry

Although, the experimental method is rather efficient to determine
the interaction in the biological system, however, it still has limitations
due to the high effort as well as the high costs. Thus, computational
simulation is a powerful tool for the describing of the physical properties
of the biological systems. The different levels of the computational

chemistry can be divided as shown in Figure 6.

Continuum Models ‘l

ms

e cG

Timescale

ns AA iz ¥

QM .
ps

A nm
Length scale

Figure 6 Categories of simulation methods [49].
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Computational modeling plays a major role to investigate self-
assembly, dynamical characteristics of the resulting aggregation, drug
loading efficiency, rate and/or mechanism, drug distribution or
localization, complex stability, drug retention, respectively. Moreover,
MD simulations have big advantages for exploring the molecular
interactions to explain drug solubility, moisture uptake, and mobility in
amorphous formulations. Therefore, the predictions from MD simulations
can be applied for drug delivery systems (DDS) to reduce cost and error
in experimental data. MDs is a mature technique that is implemented in a
number of software packages including GROMACS [50], NAMD [51],
CHARMM [51], and AMBER [52].

1.6 Literature reviews

The understanding of the host-guest association has been widely
studied by both theoretical and experimental techniques, for example, the
complexation of mangiferin (MGF) and CDs derivatives [37, 53]. The
CDs derivatives are such as mono (6-ethylene-diamino-6-deoxy)-3-
cyclodextrin (ENBCD), HPBCD, and sulfobutylether [-cyclodextrin
(SBEBCD. The complex formation between MGF and BCD derivatives
showed the binding affinities in the following order: ENBCD > HPBCD >
SBEBCD > BCD. CDs derivatives show a stronger binding affinity than
native BCD, they may possess a more suitable cavity size. Additionally,
the driving force responsible for inclusion complexes depends on the
electrostatic and van der Waals interactions, the release from the
complexes on conformation strain and also on charge transfer properties.
Moreover, CDs can enhance the permeability of the hydrophobic

compounds through the biological membrane. CDs has ability to
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encapsulate the cholesterol (Chol) from the lipid bilayer [56] and the
increase in the percentage of Chol leads to an increase of the energy
barrier [57]. However, CD can only adsorb on the lipid surface via the
hydrogen bond interaction which can be confirmed by the PMF method
[53].

The study of the contributions of the geometries of lipids and the
charges of head groups on lipid bilayer revealed that the main important
factor to determine bilayer properties depends on the size, net charge, and
the distribution of the partial charges of the lipid head groups [54]. The
interaction of the various types of CDs including BCD, HPBCD DMBCD,
and 2,3,6-TMBCD (TMBCD) with membrane led to a loss of membrane
functionality of DPPC membrane. The results from the differential
scanning (DSC) method showed that DMBCD can increase the transition
temperature (T,) peak and generate the strong interaction with the polar
head groups of the membrane leading to the decreasing of the enthalpy
terms. The enthalpy reduction affected to the packing order of the lipid
bilayer, hence, the DMBCD can stabilize lipid bilayer by the hydrogen
bond formation with phosphate groups. For TMBCD, the decreasing of
the Ty, value was observed, but does not show the enthalpy change. In
case of native BCD and HPBCD, the presence of these two CDs
negligibly affected to the phase transition and the T, value, and the
enthalpy value were similar to the pure DPPC [55]. The permeability of
poor soluble drug across DOPC membrane was predicted by the potential
of mean force (PMF) method. The PMF method revealed the different
free energy profiles of the three different hydrophobic compounds

including doxorubicin (DOX), ibuprofen, and atenolol. The calculation
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showed that DOX has the highest free energy barrier compared to
ibufrofen and atenolol. DOX has the free energy minimum at -14.4
kJ/mol, where the drug is located around + 1.1 nm from the bilayer
center. Ibuprofen shows the free energy minimum of -49.3 kJ/mol located
around -0.6 ~ -0.9 nm. Atenol has a similar molecular shape as same as
doxorubicin, where the lowest free energy occurred on the lipid bilayer

surface at 1.1 nm with an energy profile of -38.1 kJ/mol [58].

MGS molecule has an effect to the oral squamous cell carcinoma
(OSCC) without any affecting to the normal cells [59]. A MTT assay
showed that MGS can be induced cell death and morphology changes of
the cell including membrane blebbing, cell shrinkages, respectively. It
was also found to trigger a loss in the mitochondrial membrane potential
(AWwm), which may result to the releasing of the cytochrome ¢ from
mitochondria into the cytosol in OSSC cells. Hence, MGS can be induced
the cell apoptosis via the mitochondrial dysfunction. From the study of
the interaction between four hydrophobic molecules including mangostin,
xanthone, ciprofloxacin, and tetracycline and bacterial membrane [60],
the tetracycline preferred to interact with the membrane surface and
showed the energy minimum of -5 kcal/mol at the 2.6 nm from the center
of lipid bilayer. The main interaction of tetracycline and the polar head
groups of the POPG membrane is the hydrogen bonding. In contrast, the
other three compounds showed the favorable free energies at the lipid tail
region. The presence of the isoprenyl groups on mangostin led to the
enhanced permeability of this molecule into the lipid tail region. It could
be observed that MGS had an energy minimum more favorable than
ciprofloxacin by ~3.5 kcak/mol, and ~5 kcal/mol for xanthone. The

ciprofloxacin can be penetrated deeply into the charge head groups of the
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lipid bilayer, whereas xanthone only interacted the membrane surface.
Among the three compounds, it could be found that the free-energy
barrier ranked by mangostin (4.3 kcal/mol) < ciprofloxacin (7.5 kcal/mol)
< xanthone (10.4 kcal/mol). The low energy barrier suggested that the

mangostin has an efficiency to permeate across the lipid bilayer.
1.7 Research rationales

Although MGS was discovered over 50 years ago and a large
number of research results on MGS have been continuously published,
the poor solubility of MGS in aqueous solution became a major obstacle
for the development in medicinal applications. Previously, BCD was used
to encapsulate hydrophobic guest molecules to enhance their solubility
and stability. However, the relatively low solubility of natural BCD in
water limits its application in parenteral formulations. Substituents such
as methyl or hydroxypropyl were used to modify the hydroxyl groups of
BCD to increase the water solubility of these derivatives. Additionally,
some studies of the binding and releasing of inclusion complexes into
biological membrane have been conducted. Therefore, the aims of this
project are to understand the binding affinity and stability between MGS
and BCD-derivatives compared to natural BCD by molecular dynamics
(MD) simulation and to study the releasing profile of MGS from the
hydrophobic cavity of BCD through the lipid bilayer by umbrella
sampling techniques. This atomistic information could be useful for
further design and development of a more efficient drug delivery system
(DDS).
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1.8 Objectives

This project aims to search for a good BCD derivative as candidate
for increasing the solubility and stability of MGS in aqueous solution.

Hence, this research was divided into two parts including

(1) To investigate the interaction behavior of the MGS inside the

hydrophobic cavity of BCD and its derivatives at molecular level

(2) To study the complexation of the CD inclusion complexes and
the releasing processes of the MGS form hydrophobic cavity of BCD into

biological membrane
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CHAPTER II
THEORY AND BACKGROUND

Currently, computational chemistry became an advantage for the
investigation of biological systems such as the interaction between drugs
and proteins as well as the penetration of drug across lipid bilayer. The
understanding of the interaction in the biological system at the atomistic
level is the basic knowledge for applying in the real system. There are
several methods in the computational chemistry including molecular
mechanics (MM), quantum mechanics (QM), and hybrid quantum
mechanical/molecular mechanical (QM/MM). The MM approach
considers the molecule as charged sphere, while the QM method
describes the atom or molecule by the wave function based on
Schrodinger equation. Thus, these methods can be used to describe the
electronic structure, charge densities, electron transfer, transition state etc.
Although, the QM approach can be used to explain the chemical
information of the system with higher accuracy than the MM approach, it
still has some limitation due to useful that a method could be applied
large system. Hence, the MM method is most suitable to study in the

biological systems.
2.1 Molecular Dynamics simulation

It has been shown that MDs simulations are rather powerful tools
for the study of biological systems such as the interaction between host-
guest molecules and/or the conformational changes of biomolecules [54-
60]. Starting coordinates are usually obtained from X-ray crystal

structures or NMR spectroscopy by homology modeling techniques.


https://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
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2.1.1 The equation of motion

The concerned molecules in the system are studied based on the

Newton’s law of motion,

2
F=-V.U :mi%:mi H
dt d’t (3)

where F; is the force acting on an atom i, m; is the mass of atom i, and v;
Is the first derivative of velocity derived from the acceleration of the atom
with respected to time, r; is the second derivative of the position respected
to time, and U is the total potential energy of the system. A simplified

scheme of the standard MDs algorithm is illustrated in Figure 7,

Setup atomistic
model Calculate forces
tmtiAt Analysis data
Define initial 4 -
atomic position Update atomic
and velocity position and velocity
Output
Define
forcefield yes no
Initialization Simulation Post-processing

Figure 7 The illustration of the standard MDs

The velocities and positions of the next steps, the numerical

integration of the equation of motions was applied on the equation of
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motion. The initial velocities can be estimated by the Maxwell-

Boltzmann distribution function.

The initial velocities of the particles in MD simulations was
generated by the random number. The most random number generators
based on the modulo-arithmetic and iteration. From the ‘minimal
standard’-generator [61], the simplest possible form can be shown as

equation 4,
lj+1 = alj (mod m) (4)

where a = 16807, and m = 23 — 1. Hence, in the beginning (lo) the seed

number is chosen randomly.
2.1.2 Verlet algorithm

The original idea for Verlet algorithm is the calculation of the two

positions coordinate in the different time by considered the Taylor’s

expansion:
w(e+ D)= x(0) +v(0)Dr+ L2+ TX 4 o(rty
2m 3lot (5)
— f(t) 2 O x 4
x(t-Dt)=x(t) - v(t)Dt + e Dt” + 2108 +0O(Dt") ©

To calculate the new position, thus the combination of the equation 5 and

equation 6 becomes

x(t+Dt) = 2x(t) - x(¢ - Dt) + % D¢#* + O(Dt*) -

Subtraction of equation 5 and equation 6 becomes
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x(t+Dt) - x(¢ - Dt) = 2v(¢) + O(Dt?) (8)
W(t) = r(t+Dt)-r(¢t-Dt) +0(Dr?)
2Dt (9)
2.1.3 Leapfrog algorithm
N
’CO .’Cl .7C2
I ‘{/2 I "3|/2 I ";fz
S

Ly hp L Iyp L Isp

The Leapfog algorithm was used to predict the movement over the
time. To improve the accuracy, the first velocities at t + 1/2At were

explained by using a half of time step 1/2At, as shown in equation 10.

e Dt 2
v(t+ = Dt) =v(t) +a(zr) ¥ +0(Dr?) 10)

then, the velocity and the position are obtained by the whole-time steps

and presented in equation 11 and 12,
1 Dt )
x(x+=Dt)=v(t)+a(t)—+O(Dt
(2)() ()2 (D) a1

(F(t+Dr))

v(t+§Dt) =v(t+%Dt)+ D¢+ O(Dt?)

(12)

2.2 Molecular mechanics potential function

The Molecular mechanics (MM) model considers molecule as balls

connected by spring, where each atom is represented as a charged sphere.
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The MM potential energy (u) is the sum of bonded (Ujneeq) and non-

bonded (U onsonce ) iNteractions.

U= Ubonded + Unon—honded (13)

where the bonded terms are the composition of bond, angle, and dihedral
angles. The change of bond, angle as well as dihedral angles lead to the

conformational changes of molecules.
U= (U bonds +U angles +U dihedrals)bonded + (U ele +U vdw )non—bonded (l 4)

For the bonded interactions, the conformational changes of
molecule were considered through harmonic oscillator functions. The

bonds stretching for all atoms pair are calculated by the bond stretching in

equation 14, where k, is bond parameters and [, is equilibrium bond

distance.

Ubonds = bzd kb (r —h )2 (15)

The value angle bond bending was described by the angle change

between three atoms in equation 16, where ko is an angle parameter and

Is an equilibrium angle

Usngies = 2 Ko (0 =6, ) (16)

angles

The dihedral angles are related to four atoms which can be defined

in equation 17
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\%
Udihedrals = Z ?n(l + COS[nT - ¢])
dihedrals (17)
The parameters of dihedral function are rotational barrier height
(Vn), periodicity of rotation (n), dihedral angles in equilibrium (o) and in

radians ().

To consider the potential function, the point charges are connected
by springs, the partial atomic charge (g) of atom were considered. The
electrostatic interaction between i and j atoms of all pairs is derived from

the Coulombic potential function, where ¢ is dielectric constant and r; is

distance of each pair of atoms shows in equation 18

y b 1 atomsqi qj
ele — o
dre i<j rij (18)

The nonpolar interactions are approximated by using the Lennard-

Jones potential function in equation 19

- FE )
J ] (19)

Where the pair between atom i and ; atoms was separated by

distance (rij). The € and o parameters are Lennard-Jones well depth which
the collision diameter depends on the specific type of pair atoms. The
repulsive terms term, and the attractive term defined by the 1/r*2, and 1/r®,

respectively.

For the non-bonded interaction, it has a computational time

consuming due to evaluation over all atom pairs with N2, where N is the



26

number of atoms. The cutoff distance is used to calculate the interaction
of the molecule within only the cutoff radius, where the other regions are
treated as a zero. The system in a regular-shaped box is treated as infinite
by surrounding with its identical systems called Periodic boundary
condition (PBC) [62]. The particle which goes out from the simulation
box can be replaced by the particle from the neighboring box, illustrated
in Figure 8. There are various shapes of PBC box such as cubic,
orthorhombic, parallelepiped, truncated octahedral, rhombic dodecahedral

etc.,

Figure 8 lllustration of Periodic boundary condition.

(http://www.texample.net/tikz/examples/periodic-boundaries-

conditions/)

2.3 Solvation model

The explicit solvent which represents the three-dimensional (3D)

structure of water can afford the deep information inside the molecular


http://www.texample.net/tikz/examples/periodic-boundaries-conditions/)
http://www.texample.net/tikz/examples/periodic-boundaries-conditions/)
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structure i.e. hydrogen bonding, structural change, stearic hindrances and
so on. The water molecule held together by spring which the non-bonded
interactions of the electrostatic and dispersion forces can be defined at
atom and lone pair electron. There are several water models within
different shapes such as 3-site, 4-site, and 5-site as shown in Figure 9.
The 3-site water models having three interaction points over three atoms
of a molecule achieve an efficiency calculation which widely used in MD
simulations such as TIP3P [63] SPC [64] and SPC/E [65].

EPX2

0O
e -EP
H\A, - /q - ﬁ >

TIP3P  TIP4P  TIP5P

Figure 9 lllustration of different sites (3-, 4-, and 5-sites) of water model.
(https://en.wikipedia.org/wiki/Water _model)

Moreover, the solvation can be treated in the continuum model,
where the electric field was used to present the average properties of the

real solvent. The total solvation free energies are the summation of non-

non- polar ele

polar (D sov ) and electrostatic (DGsolv) contributions as shown in

equation 20

DG

solv

—_ non-polar ele
- DGsolv + DGmlv (20)

The strong interaction between solute and solvent becomes more

favorable dispersion interaction than and the unfavorable cavity between

non- polar
host and guest. The non-polar free energy (DGsolv ) contribution was
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estimated by the linear function of solvent accessible surface area
(SASA) defined in equation 21 [66].

DG;‘;:_IJOI“V = DGcavity + DGdispersion ~ g SASA

(21)

The SASA is determined by the exaction of radius of solvent as a

probe rolling on the van der Waals surface of solute molecule. Whilst the

ele
DG, was calculated by the Poisson-Boltzmann and Generalized Born

model following
2.3.1 Poisson-Boltzmann (PB) model

Poisson equation calculates the electrostatic potential, #(r) as a
function of charge distribution, o(r) and position-dependent dielectric

constant, &(r)

ve(r)Vj(r)=-4pr(r) (22)

—4prr)
e (23)

Vij(r)=

This equation is valid under absence of mobile ions, but the
existing of electrolyte in solvation, the linear PB equation is simplified
for biomolecular simulations as shown in equation 24

Ve(r)Vi(r) = —4/{:@) +an exp(— %H
i B (24)

where @i and n; is the atomic charge of electrolyte and density of each ion,

ks is Boltzmann constant and T is temperature.
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DGele . . )
soiv 1S the difference of electrostatic

For linear PB equation,
potential between solution ¢y and vacuum ¢, phases for every time the

conformation of molecule changes.

1
DG == f -f )
solv 2 .[ r(r)( sol gas) r (25)

2.4 Binding free energy calculation

The binding free energies are very important in computational
biology in particular for the understanding of the drug design, and
protein-ligand interaction. There are several methods for the calculation
of the binding free energy such as Free energy perturbation, Replica
exchange, Thermodynamic integration, or Umbrella sampling,

respectively.

Binding free
energy calculation
FEW MM-PBSA
Receptor &
P S‘?t)“p | MM-GBSA
0o A MD with LIE
m A O AMBER
e 0 ® TI
Ligands

Figure 10 Methods for the free energy calculations.
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The binding free energy can be directly evaluated from the
partition function; however, it is very difficult to calculate the absolute
binding free energy of large systems such as proteins or membranes.
Although the relative binding free energy perturbation, as well as
thermodynamics integration promise a sufficient quantity of binding
energy, these approaches poorly converge and need high computational
resources. To avoid this problem, the inclusion of the explicit solvent can

be replaced by an implicit solvent model.
2.4.1 The MM-PBSA(GBSA) approach

The molecular mechanics energies combined with the Poisson-
Boltzmann or generalized Born and surface area continuum solvation
(MM-PBSA and MM-GBSA) methods are the most popular methods to
use for estimation in the biological systems. The standard MM-PBSA is
performed on the MD snapshot which is extracted from the explicit
simulation. The binding free energies are calculated by subtracting the
free energy of bound state of complexes with the sum of the free energies

of unbound state of host or receptor and guest.

The combination of the MM calculation and PB or GB
electrostatics solvation as well as the linear function of SASA are MM-
PB(GB)SA methods which have been successful applied to determine

various ligand binding affinities. [56, 58, 67-69] These approaches

non- polar

compute ~ sl as the linear function of SASA equation.
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Figure 11 Binding free energy for host-guest inclusion complex.

In the figure the solvated systems are shown in blue boxes, while
systems in the gas phase are in white boxes. These free energies are

called end-state free energy calculations determined by equation 26,

DGbind solvated = DGcompl = |:DGrecp solvated + DGlig solvated :I (26)
where,
DGsolvated = Egas + DGsolvation - TDS (27)

and the gas-phase energies are often the molecular mechanical (MM)

energies from the force field.

1 1
DGsolvated = NZ DGi,solvation - N ZSi,solute (28)
i=1 i=1

the conformational entropy TAS is necessary to predict the quantity of
binding free energy. The translational and rotational entropies are

calculated by the statistical mechanics formulas [70, 71], while the
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vibrational entropies are estimated through the vibrational frequencies

based on the harmonic-oscillator approximation.
2.4.2 Umbrella sampling

The umbrella sampling method is one of the major approaches to
calculate the reaction coordinates. This approach can be applied on both
MD and MC simulations. To study the reaction coordinate, the
considered solute molecule is placed into the solvent and can vibrate,

rotate, and move in the system box.

In po(2) BAF?

(a) (b)

Figure 12 The schematic model represents (a) the solute interaction with

the surface, and (b) the distribution of the solute and surface interaction.

The probability distribution of the molecule from the surface

related to the potential of mean force (PMF) is shown in equation 29.

rz) af e oz - z(+"dr"
(29)
where p(z) is probability distribution, If the strong interaction and

favorable with the surface, it can be seen that an expected distribution of

the z-coordinate as same as the Figure 12(b)



33

To construct the bias ensembles, the umbrella sampling was

construct by the bias ensemble following the equation 30
) =)+ (2 30)

The harmonic potential was used to bias the system to get sampling

value of z near z;,

0@)=-pa-2)
(31)

where k is the force constant and the effective weighted potential is given

by

k
U'(r")=U@EN)+=(z-z,)°
J 2 J (32)

For the force constant, the high value will result the narrow
distribution in the sampled led to the poor overlap in histogram. Whilst,
the small force constant value will not efficiently bias simulation. The
free energy (F(z)) can estimate by the shifting the unknown constant to

obtain the overlap in the common region.
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Figure 13 Schematic models of two possible inclusion complexes

between MGS and BCD: (a) A-form and (b) C-form, respectively.

The schematics presents the probability of overlap between each

histogram and the integrated probability.

The final equations for the free energy calculation (F(z)), which
must be solved by
h;(2)+b4;

~bF(z)=InCtot(z) - Inn-InQe
I8 (33)
—bAj _ Inée—bF(z)H]j(z)
: (34)

where, the A; give the weighted ensemble free energy of each simulation j

In this study, we are investigating the drug release from the
hydrophobic pocket of cyclodextrin through the biological membrane by
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apply the harmonic of constant upon the center of mass of the drug
molecule. Then, the free energy profile was obtained by the umbrella
sampling with  WHAM algorithm which is implemented in the
GROMACS package.

2.4.3 The Weighted histogram analysis (WHAM)

The weighted histogram analysis method (WHAM) [72] is the
most widely used technique to compute the probability distribution along
the reaction coordinate. WHAM algorithm is used to calculate the
uncertainty of the unbiased probability distribution given the umbrella

histograms, then compute the PMF. The WHAM equation is shown in

equation 35 and 36,
N
[}
ag; h(x)
P(x) =~ =
o -
an g exp[-b(w, (X) - )]
i (35)
and

exp(-b/) = ( dxexp[-bw, (X)]P(x) (36)

where g; is the statistical inefficiency and given by
g =1+2t, (37)

N is the umbrella simulation or umbrella windows, hi(€) is the umbrella
histogram, 7 is the integrated autocorrelation time of umbrella window i

in the units of the simulation frame time. f; is the free energy constant. {3



36

Is the inverse temperature 1/kgT, kg is the Boltzmann constant, and T is
the temperature. n; is the total number of the data points in histogram h;.
P(&) is the unbiased probability distribution which related to the PMF

following

w(x)=-b"In[P(x)/ P(x,)] (38)

Eo is the reference point where the PMF is defined as zero. The

uncertainty of quantity can be calculated by the Bootstrap analysis.

The uncertainty of the PMF calculation can be calculated by the

Bootstrap analysis following,

N,
-
S e ) =[NV, =D @AW, , () - (W, ()1
k=l (39)
Np is the repeated procedure such as 200 times. The average of the

bootstrapped PMFs at the position & can be defined as,

N,

(,00)= N &W,, (%)
i=k (40)



37

CHAPTER 111
METHODOLOGY

In this study, MD simulations to understand the encapsulation
between host (CDs) and guest (MGS), then the releasing processes of the

MGS into the lipid membrane were invested.

3.1 Part I: The interaction behavior of MGS and BCD and

derivatives

The structures of MGS and all considered CDs were obtained from
previous studies [73, 74]. The two modified BCD structures focused in
this study are 2,6-dimethyl-p-cyclodextrin (DMBCD), and 2-(2-
hydroxypropyl)-B-cyclodextrin (HPBCD) as shown as chemical structures
in Figure 2. The structure of DMBCD was constructed by replacing the
hydrogen atoms of the hydroxyl groups at the O? (secondary rim) and O°
(primary rim) by methyl groups. Likewise, the HPBCDs were generated
by replacing the hydrogen atoms of O? by 2-hydroxypropyl groups. All
derivatives were optimized to obtain the minimized geometries by DFT
calculations at B3LYP level of theory with the 6-31G(d,p) basis set

implemented in Gaussian09 program [75].

One importance topic of the present work was to gain some insight
into the reaction pathways of the binding process between MGS and CDs.
The starting conformations were generated by setting the distance
between center of mass (COM) of MGS and the free forms of CDs at 20
A, 15 A and 12 A (latter one for DMBCD only) to observe the binding

process of the host-guest association. Secondly, the inclusion complexes
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were generated by docking MGS into hydrophobic cavities of CDs via
the CDOCKER module of Accelrys Discovery Studio 2.5 program [76].

MGS was docked into native BCD cavity with 500 independent
runs. From the docking results, two different orientations of MGS inside
the hydrophobic pocket of BCD, named as A- and C-form, were observed
(see schematic models in Figure 13). Consequently, three different
conformations, chosen from top three of lowest interaction energies of

each inclusion complex were considered as initial structures.

(a) A-form

Figure 13 Schematic models of two possible inclusion complexes
between MGS and BCD: (a) A-form and (b) C-form, respectively.

All MD simulations were carried out by Amber 16 software
package [77]. The Glycam06j bimolecular force field [78] was applied
for BCD derivatives while the partial atomic charges and parameters of
MGS were obtained from the previous work [73]. All inclusion systems
were solvated by the TIP3P water molecules [79] with spacing distance
of 12 A from the solute surface. Prior to production run, these added
water molecules were minimized to release bad contacts using 5000 steps
by Steepest Descent and 10000 steps by Conjugate Gradient.
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Each MD simulation of the inclusion complexes was performed
using the PMEMD module [80-82]. The equilibration of the system was
done by heating the system to 298 K with a constant volume ensemble
(NVT) for 10 ns, then all systems were simulated using a constant
pressure ensemble (NPT) at 1 atm and a temperature 298 K for 500 ns
with a 2-fs integration time step. The Ewald’s method was used to
determine the long-range electrostatic interaction with 12 A cutoff [83]
both the NVT and NPT simulations. The SHAKE algorithm [84] was
applied to constrain all bonds with hydrogen atoms. For analysis, the root
mean square displacement (RMSD), drug mobility inside the
hydrophobic cavity, and the host-guest interaction with water were
calculated using the CPPTRAJ module of Amber 16 [85].

3.2 Part Il: The interaction of MGS with POPC membrane
3.2.1 AMBER Parameters

The initial structure of the model membranes consisting of 128
POPC (64 POPC per leaflet) was constructed from CHARMM-GUI
membrane builder [86-88]. These lipids were solvated with 12800 TIP3P
water molecules in the simulation box with the dimension 102.77 x
103.96 x 91.89 A3. The Amber coordinates were prepared by the tleap
module implemented in AMBERTOOL16. The Lipid 14 force field was
applied for the POPC membrane [89], whereas the geometries of MGS
were obtained from the previous study [73]. The GLYCAM 06 force field
[78] was applied on BCD and DMBCD.
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3.2.2 System Preparation

To investigate the adsorption behavior of guest molecules
including MGS, CDs, and MGS/CDs complexes on POPC surface, the
guest molecules were initially placed in different regions within a of
range 2.0 — 2.5 nm from the bilayer center of POPC membrane. The
MGS molecules, both A- and C-MGS orientations were located in the
water layer at 2.5 nm along the z-direction from the center of POPC
membrane. The investigation of adsorption of native BCD and DMBCD
on lipid bilayer were started by placing these two molecules on the water
layer of POPC within range of 2.0 — 2.3 nm from the bilayer center. The
starting conformations of MGS/CDs/POPC system were obtained by
assuming that an inclusion complex is adsorbed at the interface between
polar head groups of POPC before guest molecules can be released into
membrane surface. Thus, the MGS/CDs complexes were ambled at the
polar head groups at 2.0 nm along z-direction. The simulation models are
shown on Figure 14, and the summary of all simulations is presented in
Table 2,

' A-MGS ‘ C-MGS g B>

I. A-MGS Il. C-MGS Ill. CDs IV. A-MGS/CDs V. C-MGS/CDs

Figure 14 Schemes of I. A-MGS, II. C-MGS, Ill. CDs IV. A-MGS/CDs,
and model V. C-MGS/CDs, respectively. Notice that the black part is
representing the A-ring of MGS, and the grey color denoted the C-ring of
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MGS, respectively. CDs consists of BCD, DMBCD, and HPBCD,

respectively.

Table 2 The overall simulation models

Models Name NMmGs/cpsiPoPC tarting Nsim. Simulation
distance® times (ns)

0 Pure POPC 0:0:128 - 1 500
I A-MGS 1:0:128 2.5 3 500
I C-MGS 1:0:128 2.5 3 500
" BCD 0:1:128 2.3 3 500
DMBCD 0:1:128 2.3 3 500

v A-MGS/BCD 1:1:128 2.0 3 500, 1000
A-MGS/DMBCD 1:1:128 2.0 3 500

\% C-MGS/BCD 1:1:128 2.0 3 500
C-MGS/DMBCD 1:1:128 2.0 3 500

aThe distance from bilayer center (z = 0 nm), Nsim, is the number of

simulation

Noticeably, the distance between guest molecules and POPC
membrane were calculated by the difference of the two centers of mass of

guest and POPC membrane along the z-direction.

3.2.3 Molecular dynamics simulation

To eliminate bad contacts, all systems were minimized by the
Steepest Descent algorithm. The simulations were then performed in
triplicate by keeping the number of particles, the temperature, the
pressure constant (the NPT ensemble) along the 500 ns under the periodic
boundary conditions (PBC). Especially, the simulation of A-
MGS/DMBCD was extended to a microsecond. The integrated time step
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was set at 2 fs and the trajectories were saved every 10 ps. The periodic
boundary condition was applied in all directions. The Nose’-Hoover
thermostat [90, 91] was applied for temperature control. The Parrinello-
Rahman barostat [92] with semi-isotropic coupling was selected for
pressure control with a time constant of 3 ps and compressibility of 4.5 x
10 bar™. In this study, the temperature and pressure were kept constant
at 298 K and 1 bar, respectively. The LINCS algorithm [93] was used to
constrain all bonds. To estimate the long-range Coulomb interaction, the
particle-mesh-Ewald summation method (PME) [94, 95] was applied.
The cut-off distance for Coulomb and van der Waals interactions was set
at 1.2 nm. The MD simulations were performed with the GROMACS
v5.1.2 package [96-98], where the parameters for all atomistic models
based on AMBER force field were conversed to GROMACS parameter
by using ACPYPE.py [99].

3.2.4 Umbrella sampling

In order to investigate the releasing of MGS in different forms (A-
MGS, A-MGS/BCD, and A-MGS/DMBCD) into the interior of lipid
bilayer for all three systems, the potential mean of force (PMF)
calculation were carried out. The initial structure for the PMF calculation
was constructed based on distance-restrain and the pull module of
GROMACS every 0.1 nm ranging from water (z = 2.0 - 2.5 nm) to the
center of the bilayer (z = 0 nm). Hence, the PMF calculations of A-MGS
were carried out 26 simulations individually, whilst 21 simulations were
performed for A-MGS/BCD and A-MGS/DMBCD. Herein, the schematic
model and the system preparation can be summarized in Figure 15 and
Table 3.
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Y

z-direction

(a) A-MGS (b) A-MGS/CDs

Figure 15 The schematics model for generated different simulations for

PMF calculation.

Table 3 The overall PMF calculations

Equilibration Sampling

Models Nwindows Nsim. Total (ns)
(ns) (ns)
A-MGS 26 1 10 20 780
A-MGS/BCD 21 3 10 20 630 (x 3)
A-
21 3 10 20 630 (x 3)
MGS/DMBCD

The harmonic potential restraint, the force constant equal to 1500
kJ/mol-nm2 was applied to the center of mass (COM) of MGS in the z-
direction only, thus, MGS can freely rotate in the xy-plane. A restrained
point was equilibrated for 10 ns in NPT ensemble. The pressure and
temperature were controlled by using Nose-Hoover and Parrinello-
Rahman approach, respectively. After equilibration, the MD samplings
were collected with similar ensemble for 20 ns for each window.
Eventually, the PMF was obtained at the last 5 ns by the Weighted
Histogram Analysis Method (WHAM) [100]. The Bayesian bootstrap
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analysis [101] (N=200) was applied to predict the statistical error

estimation.
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CHAPTER IV
RESULTS AND DISSCUSSION

4.1 Part I: The interaction behavior of MGS and BCD and

derivatives

4.1.1 The systems stability of the various starting

conformations of the reaction pathways.

The stability of systems was described by the distance between two

conformations of biomolecules as shown in equation 41

T (41)

where RMSD is the root mean square deviation of the certain atom in the

N
RMSD() = {iZmi r(t)-r"?
M3

systems, M is the summation of m; and r;(t) is the position of atom | at

time t, and r; is the reference position of atom i.

The RMSD values (see Figure 16) for the complex formation of
each system were presented in black line, which shown the RMSD value
for native BCD and HPBCD as 7.63 + 0.37 A and 7.76 + 0.38 A. Whereas
the association for DMBCD and MGS shown the lowest RMSD values at
6.30 = 0.99 A. Moreover, the increase distance between COMs of MGS
and CDs to 20 A is shown the high fluctuation of RMSD values. DMBCD
shown the highest RMSD value which fluctuated around 9.27 + 1.00 A
while native BCD and HPBCD are fluctuated around 8.23 + 0.22 A and
8.93 + 1.06 A, respectively.



46

: BCD | DMBCD ———— HPBCD ——

(ysup

F— (v 02)p

(I).F 1([)0I2(I]0I3ll)01‘4(]]0‘5:)0'1(IJOI2(I)OI3(I]OI4II)O15(130i 160I2(I]0I3ll)014(130i500

Time (I’]S) — comp — lig — recp
Figure 16 RMSD of all atoms for complexes (black), CDs receptor (light
gray) and MGS ligand (dark gray) for inclusion complexes of MGS and
(@), (d) BCD, (b), () DMBCD, (c), (f) HPBCD, respectively.

The RMSD values for DMBCD where distance of the starting
geometry was set at 12 A is shown in the Figure 17. In this case, the
RMSD value is smaller than the other starting conformations which
shows the fluctuation around 6.27 + 0.18 A

10

B it Mtk Ll
m Mm mnmwmm Wy W\M

1
0 100 200 300 400 500
Time (ns) — comp — lig — recp

Figure 17 RMSD of the complex formation between MGS and DMBCD
where the distance of the starting conformation was set at 12 A with
respect to the glycosidic bond of DMBCD.
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4.1.2 Host-guest association of MGS and CDs

The simulation started with the un-complexed states of MGS and
CDs where MGS was set at various distances apart from the central
cavity of CDs including BCD, DMBCD, and HPBCD, respectively. Then,
all systems were calculated in TIP3P water under NPT ensemble for 500
ns with the similar algorithm defined in the previous session. The
structural stability and deviation of each system was analyzed by the
CPPTRAJ module in Amber 16 [85].

To understand the drug mobility, the complex formation process
was monitored by measuring the distance from the COMs of the A-ring
and C-ring of MGS to the glycosidic bonds (O%) of all CDs (d(A-O0%) in
black and d(C-O% in grey). The results of systems with the starting
distance between COMs of guest and host molecules of 15 A are shown

in Figure 18.

BCD : DMPBCD } HPBCD

] 2Mrim
il g c—
7.9 A\ f
2o

15 rim

-40

Time (ns) — d(A-0%) — d(C-0%)
Figure 18 The ligand mobility during the inclusion process for each
system including (a) native BCD, (b) DMBCD, and (c) HPBCD (with the
starting distance between COMs of MGS and BCD, DMBCD, and

HPBCD of 15 A with respect to the glycosidic bond).
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In case of native BCD, MGS can fully form an inclusion complex
with BCD by the A-ring positioned close to the center of the cavity of
BCD as -2.41 + 1.11 A, while the C-ring interacts with the secondary rim
within 2.97 + 0.96 A (so-called A-form, Figure 18c). The self-inclusion
processes start with the association between MGS and external BCD, then
MGS turns to interact with the wider rim of BCD and forms inclusion
complexes after 40 ns. The A- and C-rings of MGS were aligned outside
the cavity whereas the C-ring is located at 5.90 + 0.74 A and A-ring is
located at 7.59 + 0.55 A. Instead, the MGS rapidly formed an inclusion
complex with HPBCD within 10 ns without the interaction outside the
cavity (Figure 18). The reason for these might be the substitution by
hydroxyl propyl groups at the wider rim (O?) of native BCD enlarging the
cavity [102]. The A- and C- ring of MGS located inside cavity with d(A-
0% of -2.46 + 1.39 A and d(C-0% of 3.11 + 1.19 A, respectively, while

those of the rest systems with the starting distance of 20 and 12 A are

given in Figure 19-20.

-40

20

==

—(wonsbuy oz)p—]

0

Distance (A)

B e : | e A
-20 1 11 .

-40

T T 1 T T T 17 T T 1 T T T T 7 1T T 1 T T T T
0 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Times (ns) — d(A-glycosidic) d(C-glycosidic)

Figure 19 The drug mobility during the association between MGS and
CDs where the distance between MGS and CDs ( BCD, DMBCD, and
HPBCD) were set at 20 A with respect to the glycosidic bond.
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The self-inclusion process for DMBCD shows a similar behavior as
native BCD (Figure 20), but at the same starting condition DMBCD
cannot form a complete inclusion complex within the simulation time of
500 ns (Figure 19b). The mobility of MGS and CDs when the distance
between COM of MGS and CDs are increased to 20 A. After 20 ns, the
MGS formed inclusion complexes with BCD, where the C-ring is located
near the central cavity of BCD at 1.09 + 0.60 A and A-ring is located near
secondary rims of BCD at 6.14 + 0.64 A. Unlike BCD, the DMBCD
formed inclusion complexes with BCD only 250 ns to 450 ns, after that
the MGS moved out from cavity and interact with the outside cavity of
DMBCD as same as HPBCD (Figure 19b-c). From this analysis, it
implied that the distance between MGS from initial state related to the

complex formation between host and guest.

12

Distance (A)

0 100 200 300 400 500
Time (ns) — d{A-glycosidic) d{C-glycosidic)

Figure 20 The drug mobility during the inclusion process for DMBCD
and MGS where the distance of initial structure was set at 12 A with

respect to the glycosidic bond.

The mobility of MGS when the distance between COM of MGS
and DMBCD was decreased to 12 A. This case, MGS can fully form an

inclusion complex within 45 ns, where MGS closed to the center of the
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cavity of DMBCD at -2.87 + 1.16 A, while the C-ring is located closed to
the secondary rim at 1.38 + 1.31 A.

From this analysis, we can imply that the distance between aMGS
from initial state related to formation process due to the CDs can
interaction with solvent and change conformation during the simulation
but it still has an interaction between drug and cyclodextrin due to the

energy hypersurface properties of CDs.
4.1.3 Reaction pathway between MGS and the individual CDs

The interaction energy between MGS and CDs can be obtained

from the MM-PBSA approach given by

DETOT 7 DEMM * DGS()I (42)

The terms AEmm and AEs are given by Equation 43 and 44 respectively;
AEum = AEww + AEg, (43)
AGsol = AGpolar + AGnon-polar- (44)

where AEyw and AEge represent the van der Waals (vdW) and the
electrostatic interaction between guest and host in the complexes,
respectively, while AGpoar and AGnon-potar are the electrostatic solvation

energy of polar and non-polar terms, respectively.

where the proposed reaction pathways obtained from the MD

results are shown in Figure 21
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Figure 21 MD simulations of the reaction pathways of the association
processes between MGS and three CDs represented by total energies and
the geometry of selected snapshots. Different starting geometries are used
as shown in the figure and in the corresponding subfigure. The A-forms

are considered only.
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In Figure 21, the total energies (AEror) of selected snapshots are
given along the simulation time for two different simulations starting
from the distance between COMs of MGS and CDs of 15 and 20/12 A.
Figure 21(a) describes one reaction pathway of the complexation of BCD
and MGS. Within 40 ns inclusion complexes with the A-ring dipping in
the cavity (A-form, Figure 13c) are formed and the snapshots at various
simulation times show slightly different complex geometries,
demonstrating to some extent the mobility of the ligand inside the cavity.
Association complexes where the ligand is bound outside the cavity of
BCD can be observed within the first 40 ns simulation time (inserted
figure). The inclusion reaction leads in this case rather rapidly to final
inclusion complex geometries. It should be mentioned that by an increase
of the distance in the starting geometry to 20 A association can be
occurred with the C-ring pointing to the BCD cavity instead (C-form,
Figure 22 (a)).
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Figure 22 The MD snapshots present the association inclusion complexes

for each simulations time.

In Figure 21(b) the same simulation conditions are selected as in
Figure 21(a), except for the inserted picture. During the simulation time
many association complexes with DMBCD can be found, where the MGS
Is bound in various geometries outside the ring system. Remarkably, the
interaction energies of these “intermediate states” are much more
negative than for the parent BCD. No inclusion reaction could be
observed during 500 ns simulation time in the simulations with starting
distance between guest and host molecules of 15 A (Figure 21b) and 20
A (Figure 22b). It should be noted, that the simulations were performed
in triplicate. Changing the starting geometry, forcing the MGS into an
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oriented geometry closer to the CD ring (12 A distance), leads to the
formation of inclusion complexes within a rather short simulation time

(inserted figure).

In case of HPBCD, the inclusion reaction occurs also quite rapidly,
but an increase of the staring geometry to 20 A leads to the same picture
as for DMBCD with many various external associate geometries where
MGS is bound outside of the ring system. However, the energies of these
“intermediate states” are less mnegative than those for DMACD.
Decreasing the distance in of the starting geometry to 15 A again results

similar as for BCD to a more as less spontaneous inclusion reaction.

Generally, AE+or is negative for all inclusion complexes indicating
stable complexes. These energies are in a comparable range. In contrary,
the energies of the “intermediate states”, where a large number of
geometries is possible, are remarkable different. For BCD these energy
values are (~ -9 kcal/mol) smaller than for HPBCD (~ -17 kcal/mol). The
most negative AEror for the external association complexes are observed
for DMBCD (~ -22 kcal/mol). The AEgor of the inclusion complexes of
MGS in A-form with all CDs is given in the Table 4,
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Table 4 MM-PBSA binding free energies (kcal/mol) and their energy

components for the three inclusion systems with starting distance
between host and guest molecules of 15 A for BCD and HPBCD and 12 A

for DMBCD.

Energy BCD DMBCD HPBCD

AEee -3.28+1.74 -3.67 +1.32 -4.42 +2.07
AEvaw -37.54 £ 2.51 -43.38 £ 2.37 -43.33 £ 2.58
AEmm -40.82 £ 2.61 -47.04 £ 2.74 -47.75 + 3.30
AGsoipBsA) 10.04 +1.98 10.12 £1.72 12.53 +£2.40
AEqor -30.78 £ 2.41 -36.91 + 2.49 -35.22 + 2.68
TAS -18.62 £ 1.27 -19.70 £ 1.56 -20.93 £ 1.63
AGpmm-pBSA -12.16 + 2.46 -17.21 £ 2.65 -14.28 + 3.00

From the table,

it can be seen that the contribution from the vdW

interactions is the main component for AEror. The electrostatic

contribution is in comparison rather small. There are differences in AE,qw

which are transferred to AErot, which is more negative for DMBCD and

HPBCD. Including the quite large entropy term leads to a significant
ranking in AGmm-pesa: AG(DMBCD) < AG(HPBCD) < AG(BCD), which

means that DMBCD forms the most stable complexes with MGS.
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4.1.4 Orientation of MGS inside CDs studied by the molecular

docking and MD simulations

Molecular Docking of MGS with the CDs in the present study was
performed to construct the possible inclusion complexes. From the
docking results, two different orientations of MGS inside the hydrophobic
pocket of BCD, named as A- and C-form, were observed (see schematic

models in Figure 13).

For each orientation, 500 docking poses were calculated for all
CDs and the three complexes with highest ranking score were used for
further MD simulations over 500 ns (6 simulations per CD, total 18 runs).
The geometry of the inclusion complexes at the end of simulations

starting from the first rank docking poses is given in Figure 23.

| BCD : DMBCD

Figure 23 Geometries of the inclusion complexes of the MGS with three
CDs at the last snapshot of MD simulation in (a-c) A-form and (d-f) C-

form.
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In all equilibrated conformations, both aromatic rings of MGS are
inserted to some extent into the CDs cavities except for the MGS in A-
form with the HPBCD, where the highest substituted ring of MGS is
located more outside (Figure 23(c)). The reason of that might be the

interaction of the substituents with the hydroxypropyl groups of HPBCD.

Details for the system stability and drug mobility inside the cavity
during the simulation are given in Figure 24-25. The results of the
individual simulation run starting from different poses of each CD are

very similar.
4.1.5 Stability of inclusion complexes

To study the system stability of the inclusion complexes, the root
mean square displacement (RMSD) relative to the initial structure for all
atoms of each complex along the simulation time was calculated by the
CPPTRAJ module of AMBER16 [85]. The results from three
independent MD simulations of each complex were very similar.
Therefore, only one RMSD plot per each inclusion was presented in
Figure 24. RMSD values of BCD-derivative inclusion complexes in A-
form were higher than those of native fCD with the order of 2-HPBCD
(3.58 + 0.56 A) > 2,6-DMBCD (3.08 + 0.21 A) > BCD (2.89 + 0.41 A).
Similarly, RMSD values of modified BCD with hydroxypropyl (HP)
groups in C-inclusion complexes were higher than native BCD. In
contrast, the 2,6-DMPBCD (2.35 + 0.31 A) has a slightly lower RMSD
value than native BCD (2.46 + 0.31 A). This implies an influence of
substituted groups in BCD-derivatives toward the movement of enclosed

guest molecules.



58

} BCD ; 2,6-DMBCD ————F———— 2-HPBCD ———|

I wuoy-5 —— wuopy—|

T T T T T T T T 1
100 200 300 400 500
— comp — lig — recp

T T T T T 7 17 T [ T T T 17 T T T 1
0 100 200 300 400 500 100 200 300 400

Times (ns)

T
500

Figure 24 RMSD of all atoms for BCD-derivatives complexes (black),
BCD-derivatives receptor (light gray) and MGS ligand (dark gray) in A-

and C-inclusion formes.
4.1.6 MGS mobility in BCD hydrophobic cavity

In order to understand the MGS behavior inside the hydrophobic
cavity of each BCD derivative, distances between center of mass of the
A-ring (or C-ring) of MGS and the BCD derivatives cavity named, as
d(A-glycosidic) or d(C-glycosidic), were monitored along the simulation
times as plotted in Figure 25. Noted that the height of native BCD is 7.9
A approximately [32] and thus, the primary and secondary rims of BCD

were represented at 3.95 and -3.95 A, respectively.
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Figure 25 Distances between the center of mass of MGS and the center

of cavity of BCD-derivatives along the simulation times.

In inclusion complex of native BCD, the MGS both in A- and C-
form mostly located insight the cavity of BCD. The native PCD and
DMPBCD were shown A-ring come closer glycosidic bond within 0.79 +
0.98 A and 1.03 + 0.61 A. Mostly, its A-ring and C-ring (xanthone core)
of the MGS both in A- and C-form were aligned inside the central cavity
of BCD i.e. both A- and C-form of native PCD, DMBCD, However,
HPBCD in Figure 25c, in the first 300ns the A- and C- ring of MGS
located inside cavity with d(A-CD) of -2.08 + 1.16 A and d(C-CD) of
3.22 +0.97 A which similar to other BCD derivatives, after that the MGS
tried to move outside the cavity of BCD which shown A-ring located at
the secondary rim of BCD with d(A-CD) of 2.57 + 1.3 A and d(C-CD) of
7.41 £1.35 A, respectively.
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The presented of hydroxypropyl group at both O? and O° were
generated the steric hindrance. When C-ring located near hydroxypropyl
group both substituted at primary and secondary rim, it will increase
distance between both A- and C-ring of MGS due to steric hindrance.
Therefore, MGS will try to move outside the central cavity of CD and
A-ring will present closed to the primary rim with longer d(C-CD)
compared to the others inclusion complexes. The data implies that the
substitution strongly influent to the orientation of enclosed drug,
especially when substituted at the primary rim region (O° of BCD).
Likewise, the effect of hydroxyl substitution at O? and O°® of BCD
facilitated the drug inclusion by enlarge the hydrophobic cavity of the
secondary rim. The cavity was enlarged due to the steric hindrance of the
hydroxypropyl groups, thus the average of the O2%-O° distance was
increased from 2.98 A to 3.2 A after the substitution [102].

4.1.7 The conformational preferences of uncomplexed and

complexed CDs

The overall molecular shape of all uncomplexed CDs including
native BCD, DMBCD, and HPBCD compared to complexed CDs was
monitored by calculated the angle (&) between glucose plane and

glycosidic plane (0% which mentioned in Figure 26,
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Figure 26 The schematic defined glycosidic plane (@) glucose place (5)
and vector.)

The angle between 2 vector planes was calculated by

Q)
(o]

cosd =

o
o

(45)

The average of the angle between two planes was divided into
three main classes which criteria: (1) if 6 = 90° defined as a perfected
cylindrical shape, (2) if 6 < 90° defined as a truncated shape [103], and
(3) if 6 > 90° defined as inverted truncated shape. The all probability of

average structure was indicated as Figure 27,
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Figure 27 The all possibility of distribution of angle for host in free-form
and inclusion form during the simulation of (a) native BCD, (b) DMBCD
and (c) HPBCD, respectively.

The uncomplexed BCD (Figure 27a) indicated that the highest
distribution of angle (&) is 105°, thus the conformation of BCD distorted
from the cylindrical shape to inverse truncated shape. The uncomplexed
DMBCD in Figure 27b shown the highest distribution of angle at 85°
which closed to the truncated shape. While the uncomplexed HPBCD
shown the highest distribution at 90°, therefore these conformations
remained the perfected cylindrical shape. From this analysis, we can
investigate that the uncomplexed BCD has a highest distribution than
those modified CDs in range BCD > HPBCD > DMPCD, respectively.
This results are corresponding to the previous study from Yong and et al
[102]. From these informations, we can imply that the glucose units of
modified cyclodextrin with hydroxypropyl and also dimethyl groups less

distorted shape than the native BCD. After the complex formation, the
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distribution of native BCD both A- and C-form reduced from 105° to 83°,
thus the average of complexed BCD is the truncated shape. In case of
DMBCD, A-form has a highest distribution at 90° referred to the
perfected cylindrical shape, while C-form shown the distribution around
78°-82° which preferred to a truncated shape. In contrastingly, the
complex formation between HPBCD is remained the similar distribution
with uncomplexed HPBCD which shown the highest distribution at 90°
and shown average structure as a perfected cylindrical shape. The
distribution of angle can infer that either modified native BCD or
complex formation processes were reduced the distorted shapes of native
BCD. The details for the binding free energy of all inclusion complexes

were further analysis using the MM-PBSA approach.
4.1.8 Binding free energy calculations on inclusion complexes

For the binding free energy calculations, the 1000 snapshots taken
from the last 200 ns of the three different simulations (3000 frames in
total) were averaged and the final results are given for the C-form in
Table 5. The results from the A-form are more or less identical with the
data given in Table 2. As already mention, the binding free energies
depend on the functional groups of the CDs derivative. For the A-form,
AGpgsa Is -12.16 kcal/mol for the unsubstituted BCD, -14.28 kcal/mol for
HPBCD, and -17.21 kcal/mol for DMBCD. For the C-form, AGpgsa IS -
11.35 kcal/mol for the unsubstituted BCD, -12.55 kcal/mol for HPBCD, -
16.84 kcal/mol for DMBCD. Surprisingly, the energy differences in the
A- and C-forms are rather small (< 0.8 kcal/mol) except for HPBCD

where an energy difference of 1.9 kcal/mol can be observed which is
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agreement with the slightly different conformational changes of the

corresponding inclusion complexes of the C-form of HPBCD.

Table 5 Binding free energies (kcal/mol) and their energy components
for the three inclusion systems with the C-ring insertion into the

hydrophobic cavity of CDs (C-form).

Energy BCD DMBCD HPBCD
AEge -2.37+1.29 -2.30 £ 1.07 -2.57+£1.15
AEyqw -34.52 + 2.23 -40.79 +£ 2.18 -36.15+ 2.13
AEmm -36.87 £ 2.63 -43.09 £ 2.36 -38.73 £ 2.49
AGsoipsa) 7.49 +1.67 7.20 £1.37 7.73+1.49
AEtot -29.40 £ 2.44 -35.89 +£ 2.14 -30.99 £ 2.03
TAS -18.04 £ 1.25 -19.05+1.31 -18.45+1.41
AGmmpesa -11.35+2.44 -16.84 £ 2.51 -12.55 £ 2.47

The results from this study show similar trends as obtained in
previous investigation [40, 104]. The binding free energies of two
flavanones (naringenin and hesperatin) and BCD derivatives were
predicted by MM-PBSA and MM-GBSA approaches and also there van
der Waals energies are the main contribution in the inclusion
complexation. Moreover, the DMBCD shows the strongest interaction
[105].

The results from this study show similar trends as obtained in
previous investigation [40, 103]. The binding free energies of two
flavanones (naringenin and hesperatin) and BCD derivatives were
predicted by MM-PBSA and MM-GBSA approaches and also there van



der Waals energies are the main contribution in the inclusion
complexation. Moreover, the DMBCD shows the strongest interaction
[104].
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4.2 PART I1: The penetration of MGS into the POPC membrane

Herein, two different approaches were applied to investigate the
permeation of MGS into the POPC membrane as well as the releasing of
MGS from the hydrophobic pocket of CDs into the inner membrane.
Firstly, classical MD simulations on MGS and MGS/CDs complexes
were carried out, then the releasing profile of MGS was considered using
the umbrella sampling technique. To investigate the permeability of
MGS, CDs and MGS/CDs into POPC membrane, the initial
configurations of each system were defined in different regions. The free
MGS was set at the distance of 2.5 nm, whilst the CDs and MGS/CDs
were placed close to the polar head groups ranking 2.0 — 2.3 nm from the
center of the lipid bilayer. The initial geometries of MGS/CDs were
started by assuming that CDs attach to the lipid surface before releasing
of MGS. The triplicated MD simulations were then performed under NPT
ensemble ranging from 500 ns to 1 ps. The MDs results with time scale
of nanoseconds cannot directly observe the penetration of MGS across
the lipid bilayer, consequently the releasing profile of MGS was further

investigated using the umbrella sampling technique.

Moreover, to determine the conformational changes of the lipid
bilayer where the lipid head groups (hydrophilic region) interact with
MGS and the related inclusion complexes, the different properties of the
lipid bilayer such as the area per lipid (AL) or distance between head-to-
head of phosphate group (duwx) of the bilayer are considered. The A_ can
be calculated by
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y _ (Box-X)" (Box-7Y)

L

Nlipids (45)
where Box-X and Box-Y are the box dimensions in x- and y-direction,

Niipigs 1S the number of lipids in one leaflet.
4.2.1 The permeability of MGS into POPC membrane
4.2.1.1 Permeability of MGS

To see the permeation of MGS into the POPC membrane, the
distance along z-direction of each ring of MGS (A-MGS or C-MGS) and
the center of lipid bilayer (z = 0) was plotted in Figure 28,

——d,, == d(A,5-POPC) -~ d(C, s-POPC)

Figure 28 The penetration of MGS into the interior of lipid bilayer for (a)
A-MGS, and (c) C-MGS. The distance between the two phosphate groups
is define by duu, the distance between COM of A-ring of MGS (A-MGS)
and COM of POPC (z =0 nm) is defined by (d(A-MGS/POPC)), that
between COM of C-ring of MGS (C-MGS) and COM of POPC is defined
as d(C-MGS/POPC). They are represented by the blue line (duy), black
dot (d(A-MGS/POPC)), and gray dot (d(C-MGS/POPC)), respectively.
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The two different starting conformations both A-MGS and C-MGS
lead to similar results. The A-ring of MGS is the first entered groups into
the lipid surface, whereas the C-ring is interacting with the water layer.
The averaged distance of MGS after the equilibration and the area per

lipid (AL in nm?) of the POPC membrane is presented in Table 6.

Table 6 The averaged distance of MGS and area per lipid for the last 200

ns for each simulation.

Name L Equilibrium distance (nm) AL ()
2 <8 MGS

Pure POPC 1 - 0.61 +0.02
A-MGS 1 0.94+0.18 0.62 £0.01
2 1.04 £0.21 0.62 £ 0.02

3 0.95+0.19 0.62 £0.01

C-MGS 1 1.01+£0.21 0.62 £0.01
2 1.16 £0.15 0.62 £ 0.02

3 1.14+0.18 0.62 £0.01

From the MD simulations, we observed that MGS always turned
the A-ring to insert on membrane surface in z-direction. Interestingly, the
MGS molecule (Figure 30(b)-(c)) is randomly moving in the water layer,
the A-ring is then rotated to interact with the lipid surface. After the
insertion, MGS can penetrate deeply into the inner membrane. Both A-
MGS and C-MGS show that MGS molecule is vertically interacting with
the phosphate groups; however; the prolonged simulations over 100 ns
indicated that MGS is horizontal with the lipid acyl groups. MGS

molecule can penetrate deeply into the inner membrane and the
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equilibrated position arises between 0.9 to 1.2 nm from the center of lipid
bilayer (z = 0 nm). In all case, MGS has no ability to penetrate across the
lipid bilayer in both A-MGS and C-MGS orientation among 500 ns. The
penetration of MGS molecule has an effect on the lipid properties such as
are per lipid. The A_ values for pure POPC is 0.61 nm? while the
penetration of MGS leads to slightly small increase of A values equal to
0.62 nm?. The A values from experimental data are 0.68 nm? [106], and

0.65 nm? from the computational studies [107].

Remarkably, the presentation of the isoprenyl groups of A-ring
leads to an increasing of the hydrophobic properties of MGS, thus MGS
can rapidly penetrate into the inner of lipid bilayer [108]. The last
snapshots for MGS penetration into the inner membrane are shown in

Error! Reference source not found.,
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Figure 29 The last snapshots for the penetration of MGS into the inner of

lipid bilayer

Previously, the increasing of the MGS molecules leading to the
enhancing of the permeability of the MGS through the membrane [108].
The amount of the MGS can be penetrated into the lower leaflet of the
bacterial membrane, and the increased average lipid area due to the

perturbation of the MGS molecules.

4.2.1.2 The intermolecular interaction of MGS and POPC membrane:

Hydrogen bonding

To study the interaction between MGS and the lipid bilayer, the
hydrogen bond was observed using the default criteria of GROMACS,
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defined as the distance between two hydrogen donor and acceptor are in
range of 0.35 nm and within an angle of A...H-D less than 30°. The
number of hydrogen bond along 500 ns for A-MGS and C-MGS is

presented in Figure 30,
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Figure 30 The number of hydrogen bonds of MGS between (a)-(c) A-
MGS and (d)-(e) C-MGS and the polar head groups of lipid bilayer
(phosphate and glycerol esters). The interaction between MGS and
phosphate is represented by black lines, whilst glycerol ester groups is

represented by grey lines, respectively.

The two different starting conformations (A-MGS and/or C-MGYS)
in Figure 30(a)-(c) are preferred to form hydrogen bonds with the
phosphate groups rather than with glycerol ester groups. For A-MGS in
Figure 30(a)-(c), we can observe the higher number of hydrogen bonds
between MGS and phosphate groups of POPC up to 3, then the number of
hydrogen bond was decreased to 1 for the last 200 ns. For C-MGS in
Figure 30(d)-(f), MGS can form hydrogen bond with both phosphate and
glycerol ester groups. Interestingly, the number of hydrogen bonds
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between MGS and polar head groups of the lipid bilayer is corresponding

to the favorable location of MGS on the lipid membrane.
4.2.2 The adsorption of CDs on POPC membrane
4.2.2.1 The adsorption of CDs on POPC membrane

Previously, the permeation of BCD on the POPC membrane was
reported [110]. BCD interacted with POPC surface via the hydrogen
bonding by pointing the secondary rims towards the phosphate groups;
however, the adsorption of DMBCD on POPC membrane has not been
reported. Consequently, this study was used to apply all atomistic MD
simulations to investigate the adsorption of DMBCD to the POPC
membrane compared with BCD. The initial configurations of each CDs
were set by placing the CDs molecule at the interface between water layer
and polar head groups of POPC membrane. The simulation was started by
pointing the secondary rim of all CDs toward the membrane surface,
whilst the primary exposed to the water layer. The results of the

triplicated MD simulations are depicted in Figure 31,
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Figure 31 Distance plots between COM of lipid bilayer (z=0) and each
rim of (a) BCD, and (b) DMBCD, respectively. The average distance
between phosphate groups of each leaflet (duy), the primary rim of BCD
(d(Pscp-POPC)), and secondary rim of BCD (d(Sgco-POPC)) are

represented in green line, black and grey dot line, respectively.

In Figure 31(b), BCD is preferred to adsorb on the membrane
surface rather than to penetrate into the inner membrane. From distance
plots, BCD is located at 2.59 nm from the center of the lipid bilayer. For
other simulations in Figure 31(a) and Figure 31(c), BCD can translocate
from the water layer into a somewhat deeper region. BCD reaches an
equilibrium lower than the polar head groups at 1.76 and 1.84 nm,

respectively.

It could be observed that DMBCD (Figure 31(d)-(e)) can be
translocated from the lipid surface deep into the hydrophobic region of
the POPC membrane, then equilibrated at 1.00 — 1.05 nm from the center
of bilayer (z = 0 nm). The details for CDs adsorption on POPC membrane
are shown in Table 7, and the last snapshots for the adsorption of CDs

were shown in Figure 32, respectively.



Table 7 Summarized for CDs adsorption on POPC membrane
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Equilibrium distance (hnm)

Name | & S AL (nm?)
o Z I:)CDs SCDs CDs
BCD 1 1.76 +
1.88+0.36 1.67+0.33 0.62+0.01
0.34
2 2.74+020 249+023 259+ 0.62 £ 0.02
0.21
3 1.77+0.22 188+0.19 184+ 0.62 +0.01
0.20
DMBCD| 1 1.03 +
1.02+£023 1.01+£0.22 0.62+0.01
0.21
2 1.06+£0.20 1.16+0.15 104+ 0.63+0.01
0.17
3 0.83+0.15 1.13+0.13 1.00+ 0.62+0.01

0.13




75

(c) BCD, and (d)-(f) DMBCD

Figure 32 The last snapshot for the (a)

adsorbed on the POPC membrane.
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4.2.2.2 The intermolecular interaction of CDs and POPC

To investigate the interaction of CDs on the lipid surface, the
number of hydrogen bonds between each rim (primary and/or secondary)
of CDs and the lipid head groups (phosphate and glycerol ester groups) is

shown in Figure 33,

(a) BCD (b) DMBCD
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Figure 33 The number of hydrogen bond between primary (Pcps) or
secondary (Scps) rims of (a) BCD, (b) DMBCD, and lipid head groups
(phosphate and glycerol esters).

The triplicated simulation of BCD adsorption on POPC membrane
in Figure 33(a) shows that the Spcp rim of BCD has a strong interaction
with the polar head groups of POPC membrane. In case of DMBCD,
Sompep only forms hydrogen bonds with the glycerol ester groups of the
POPC membrane. The number of hydrogen bond correspond to the stable

position and orientation of DMBCD insight the lipid bilayer.



77

4.2.3 The releasing of MGS from hydrophobic pocket of CDs

into POPC membrane
4.2.3.1 The permeability of MGS/CDs into POPC membrane

To explain the releasing behavior of MGS (A-MGS and/or C-
MGS) from the hydrophobic pocket of CDs into the lipid bilayer, the
distance between COM of each rim of CDs to the center of lipid bilayer

along z-direction is presented in Figure 34(a)-(d),

T T T T T T
100 200 300 400 500 100 200 300 400 500 0 100 200 300 400 500
Ti (ns) Time (ns) ime (ns]

Figure 34 Distance between the center of lipid bilayer and inclusion
complexes of A-form including (a)-(c) A-MGS/BCD, and (d)-(f),
respectively. The average distance between phosphate groups of each
leaflet (dnn), the distance of center of lipid bilayer to the COM of MGS
(d(MGS-POPC)), primary rim of BCD (d(Ppcp-POPC)), secondary rim of
BCD (d(Spcp-POPC)) are represented in green line, magenta, black, and
grey dot, respectively.
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The distance from the COM of MGS, primary and/or secondary
rim of BCD to the center of lipid bilayer is plotted in Figure 34(a)-(c).
During the simulations, the inclusion complexes are pre-adsorbed on
membrane surface then change their orientation before penetrating into
the polar head groups of the lipid bilayer. In Figure 34(c), the releasing
of MGS from the hydrophobic pocket of BCD can be observed. After the
releasing processes, MGS is penetrating into the hydrophobic region of
the POPC membrane and located at 0.92 nm from the center of lipid
bilayer, while the BCD molecule is adsorbed at 2.08 nm from the center
of lipid bilayer. Thus, we can imply that only small molecules can
translocate into the hydrophobic region of the POPC membrane, whilst
BCD can only be adsorbed at the membrane surface. These results
correspond to the previous study of the translocation of BCD molecule
across the lipid bilayer, which a high energy barrier was performed [53].
During the 500 ns, we could not observe the releasing of MGS from
hydrophobic pocket of BCD in Figure 34(a)-(b), the inclusion complexes

are embedded at the polar head groups of the POPC membrane.

For the complexation between MGS and DMBCD, the MGS can
spontaneously release from the hydrophobic pocket of DMBCD as shown
in Figure 34(d), then the MGS molecule translocate into the glycerol
ester group area. After the dissociation process, the MGS perpendicularly
remains under the lipid head groups at 1.13 nm from the center of lipid
bilayer, whereas the DMBCD is located under the phosphate groups at
0.87 nm, while the MGS are located in perpendicular to the glycerol ester
groups at 1.13 + 0.20 nm. For the other two A-MGS/DMBCD complexes
in Figure 34(e)-(f), MGS cannot release from the hydrophobic pocket of
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DMBCD. The complexation can translocate and equilibrate lower the
phosphate groups of POPC membrane ranking 1.00 - 1.20 nm from the
center of lipid bilayer. The details of the average distance and the last
snapshots of A-MGS/CDs adsorption on membrane are presented in

Table 8, and Figure 35, respectively.
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Figure 35 The last snapshots for (a)-(c) A-MGS/BCD, and (d)-(f) A-
MGS/DMBCD, respectively.
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Table 8 Summarized for A-MGS/CDs complexes adsorption on POPC
membrane
_ Equilibrium distance (nm) AL
Name & g
o MGS PCDs SCDs CDs (nmz)
A-MGS/BCD 1 |221+0.23 2.01+0.23 2.17+0.23 2.03+0.23 | 0.63+0.01
2 | 1.3040.27 1.50+0.24 1.33+0.22 1.41+0.27 | 0.62+0.01
3 |0.92+0.17 2.31+0.18 1.91+0.17 2.08+0.17 | 0.62+0.02
A- 1
1.13+0.20 1.1140.19 0.65+0.19 0.87+0.19 | 0.62+0.01
MGS/DMBCD
2 |1.03+0.18 1.08+0.18 1.11+0.15 1.11+0.19 | 0.62+0.01
3 |1.08+0.14 1.22+0.14 0.83+0.15 1.02+0.14 | 0.63+0.01

Compared to an inclusion complexes of A-MGS/CDs, the initial

structure in C-from were used. The starting conformation of C-MGS/CDs

was generated as same manner of A-MGS/CDs. To investigate the

releasing of MGS from the hydrophobic pocket of DMBCD, the distance
between COM of MGS, each rim of CDs was plotted in Figure 36,
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Figure 36 The distance plots of C-MGS/CDs for (a)-(c) BCD, and (d)-(e)
DMBCD, respectively.

For the C-MGS/BCD complexes in Figure 36(a)-(c), the triplicated
simulation shows that the inclusion complex preferred to adsorb on the
POPC surface rather than penetrating deeply into the inner membrane.
Among the 500 ns, inclusion complexes between MGS and BCD are
embedded at the interface between water and lipid phase of POPC
membrane. The distance analysis shows the location of the complexes at
1.80 — 2.70 nm from the center of lipid bilayer. However, the CD has no
ability to release the C-MGS into the inner of the lipid bilayer.

For the C-MGS/DMBCD complexes in Figure 36(d)-(f), it can be
seen that the inclusion complex can penetrate relative deep into the
hydrophobic region of POPC membrane. The translocation started by
rotating their conformation by turning the primary rim (Pgcp) to the polar
head groups, while the secondary rims (Sgcp) remains exposed to the
water layer. After the conformational changes, the inclusion complex
remained underneath the phosphate groups of the lipid bilayer at 0.80 -
1.00 nm from the lipid center. However, MGS cannot release from the
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hydrophobic pocket of the DMBCD. The details for average distance of

MGS, CDs is shown in Table 9, and the last snapshots for all simulation

are presented in Figure 37, respectively.

Table 9 Summarized for C-MGS/CDs complexes adsorption on POPC

membrane
o Equilibrium distance (hnm) AL
Name <
g | MGS Pcos Scos CDs (nm?)
C-MGS/BCD 1 |1.64+0.21 2.19+0.26 1.85+0.21 1.99+0.21 | 0.62+0.01
2 |122+0.15 1.98+0.18 1.66+0.16 1.80+0.15 | 0.63+0.01
3 |2.64+0.26 2.87+0.24 2.50+0.27 2.66+0.26 | 0.62+0.02
C-MGS/DMBCD | 1 |1.13+0.20 1.13+0.20 1.12+0.18 0.87+0.19 | 0.62+0.01
2 |0.85+0.16 0.74+0.16 1.05+0.18 0.92+0.17 | 0.62+0.01
3 ]0.90+0.24 0.86+0.40 1.03+0.28 0.95+0.24 | 0.62+0.01
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Figure 37 The last snapshots for C-MGS/CDs adsorption on POPC
surface for (a)-(c) C-MGS/BCD, and (d)-(e) C-MGS/DMBCD,

respectively.

From the MD results, the MGS molecule, CDs, as well as
MGS/CDs can translocate from the water layer into the lipid acyl groups
of the POPC membrane due to the deformation of the POPC membrane.
Between two CDs, DMBCD shows highest permeability which can
confirm by the DSC method [111]. The results showed that the
interaction of the DMBCD led to a loss of the membrane functionality
and decreased enthalpy terms. Thus, DMBCD is easy to permeate into the
POPC membrane via the hydrogen bond formation with the lipid head

groups.
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4.2.3.2 The intermolecular interaction of MGS/CDs and POPC

The number of H-bonds between inclusion complexes for both A-
and C-MGS/CDs complexes are shown in Figure 38, and Figure 39,

respectively.
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Figure 38 The number of hydrogen bonds between inclusion complex in
(@ A-MGS/BCD and (b) A-MGS/DMBCD and lipid head groups

components (phosphate and glycerol esters).
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Figure 39 The number of hydrogen bonds between inclusion complex in
(@) C-MGS/BCD and (b) C-MGS/DMBCD and lipid head groups

components (phosphate and glycerol esters).

From H-bonds analysis, we can be observed that the number of H-
bonds for each inclusion complexes both A-MGS and C-MGS complexes
corresponding to the equilibrated position on the lipid bilayer. The Scps of

BCD is preferred to form hydrogen bond with the phosphate groups rather
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than the glycerol ester groups. The Scps of CDs is the main interaction
with the polar head groups of POPC membrane. Moreover, we can
confirm that the DMBCD permeate depth into the inner membrane by the
presentation of the hydrogen bond between DMBCD and the glycerol

ester groups of the POPC membrane.

4.2.3.1 The interaction energy between inclusion complexes an
POPC membrane

Herein, the time dependence of the non-bonded interaction
between lipid head groups and MGS inside two CDs are depicted in
Figure 40,
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Figure 40 The electrostatic (Eee) and van der Waals (Eyqw) interaction for
(a) A-MGS/CDs, (b) C-MGS/CDs and lipid head group. The interaction
between MGS and CDs is represented in blue line, whereas, the
interaction between MGS, CDs and phosphate is represented in black
line, the interaction between MGS, CDs and glycerol esters is represented

in grey line, respectively.

In Figure 40, the vdW energy is the main contribution for the
association between MGS and CDs, while the electrostatic interaction is
the main-contribution of CDs adsorption on the membrane surface. The
electrostatic interaction between MGS and DMBCD could be observed in
Figure 40(a) due to the releasing process. DMBCD shows increasing of
vdW interactions between DMBCD and the polar head groups of POPC

membrane, both phosphate and glycerol ester.
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4.2.3 The potential mean force (PMF)

To investigate the releasing behavior of MGS into the inner of lipid
bilayer, the free energy profile for transferring MGS molecule to the
interior of the lipid bilayer were computed in triplicate by the potential of
mean force (PMF). The representation of free energy profile for MGS,
and MGS insides hydrophobic pocket of BCD, and DMBCD is presented
in Figure 41,
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Figure 41 The potential of mean force (PMF) in kcal/mol for (a) free
MGS, (b) MGS/BCD, and (¢) MGS/DMBCD, respectively.

From PMF calculation Figure 41(a), the MGS molecule has a low
energy minima (-9.0 kcal/mol) at 0.8 nm from the center of the lipid
bilayer, the energy was afterwards increased to -5.0 kcal/mol at the lipid
center. Similarly, it has been previously reported that MGS penetrated
into the bacterial membrane (POPE/POPG) showed the low energy
barrier (4.5 kcal/mol) at the center of the lipid bilayer [113]. Recently, the
PMF calculation showed that the MGS is more favorable in the lipid tail
region of the POPE membrane rather that solvated in the water layer of
the lipid membrane. The isoprenyl groups of the MGS molecule mainly
interacted with the hydrophobic region of lipid bilayer. From the previous
study, the MGS shows the lowest free-energy barrier (4.3 kcal/mol)
[114]. Additionally, the PMF calculation of DOX and DPPC have been
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reported [115]. The DOX has two free energy barriers for DOX
translocation across the lipid bilayers. The energy barriers occur at 1.6
nm, and 1.1 nm from the center of the lipid bilayers. The energy barrier
of DOX across the lipid bilayer is 4.5 kcal/mol. Compared to the MGS
molecule, the energy barrier of two molecules is similar to our results. As
can be seen in Figure 41 the potential energy profile for MGS/CDs
systems starting at the interface between water and lipid bilayer at 2.0
nm, while the MGS was placed at the water layer of the lipid membrane.
The translocated MGS from the hydrophobic pocket of DMBCD in
Figure 41(c) shown the local minima peak at 0.7 nm from the center of
lipid bilayer, and energy minima at -3 kcal/mol. The free energy
increased to -2.1 kcal/mol when the MGS penetrated into the center of
lipid bilayer. For MGS/BCD in Figure 41(b), the free energy profile of
MGS shows a high energy barrier at 1.4 nm from the center of bilayer. It
can be implied that the spontaneously penetration of MGS from
hydrophobic pocket of BCD to the inner membrane should not possible.
The energy profile of the free MGS in Figure 41(a) shows a decrease to -
9.0 kcal/mol, when the MGS is translocated into the inner membrane at
0.85 nm from the center of lipid bilayer, then the energy increasing to -
5.0 kcal/mol at the center of lipid bilayer (z = 0). The local energy of
MGS translocated into the lipid bilayer corresponds to the favorable
location of the free MGS included in the inner membrane. From the two
approaches, it can be concluded that MGS can penetrate into the

hydrophobic tails of POPC membrane through hydrophobic interactions
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CHAPTER V
CONCLUSIONS

In this study, molecular dynamic simulations were applied to investigate
the association process behavior of MGS towards BCD, DMBCD and
HPBCD. From the detailed analysis of the reaction pathways it follows
that inclusion complexes with negative binding free energies are formed
for all CDs and they are somewhat different in their ranking DMBCD >
HPBCD > BCD, which is an agreement with the experimental values.
The reaction pathways from the independent free forms of the molecules
to the minimum geometries of the complexes were evaluated thoroughly.
Many different conformations of “external” association complexes can be
observed where MGS is bound at the outer surface of the CD rings.
Moreover, these association complexes where the MGS molecule is
located at the CDs rim contribute to a large number of “intermediates”.
The number of local conformations minima depends on the starting
geometries of the simulations. Remarkably, the energies of the
“intermediate states” are in average significantly different.

For BCD the energy differences of the starting geometry (free form
of molecules) and the “intermediate states” is rather small. The
corresponding values for HPBCD are somewhat larger, but the energy
differences for DMBCD are much larger which means that the energy
differences between the “intermediate states” and the energy minima of
the final complexes are around ~10 kcal/mol. From MM-PBSA
calculation on the inclusion complexes, it can be concluded that MGS,
even it is a quite medium size molecule, is completely inserted into the

cavity of the CDs. Two different orientations of MGS of comparable of
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Interaction energies are observed. Only in the case of one conformation
od the C-form of the complex will HPBCD one part of the molecule is not

completely covered by the CDs interior.

MM-PBSA calculations indicate that mainly van der Waals forces
contribute to the total energy and much less electrostatic forces.

Noticeable quite large negative entropy terms could be recognized.

The releasing behavior of the MGS from the hydrophobic pocket
of BCD, and DMBCD to a model for cellular membranes (POPC) was
studied by two approaches. At the beginning, molecular dynamic
simulations were applied to investigate the adsorption of free MGS
compared to the MGS inside hydrophobic pocket of CDs onto the
membrane surface. By considering different starting conformations (A- or
C-form), the A-ring of MGS is firstly entered into the polar head groups
of the POPC membrane, and consequently embedded underneath the
polar head groups. Native BCD has a strong interaction at the membrane
surface and shows all most no penetration into the inner membrane.
Interestingly, DMBCD can penetrate deeply into the acyl groups of the
POPC membrane. MGS can spontaneously release from the hydrophobic
pocket of the two CDs. The PMF approach shows a high energy barrier of
the MGS releasing from the hydrophobic pocket of BCD, whilst DMBCD
has a lower energy barrier. From the two approaches, it can be concluded
that the DMBCD is a good carrier for transfer of the MGS to the lipid
bilayer.
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