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The development of various molecular dynamics methods enables the detailed investigation of association
processes, like host—guest complexes, including their dynamics and, additionally, the release of the guest
compound. As an example of the application of such methods, the inclusion complexation of cyclodextrins
with eucalyptol is described. Eucalyptol is the major constituent of eucalyptus oil, which exhibits anti-
inflammatory properties. This compound has many applications including flavors, fragrances and medical
therapies. However, its pharmaceutical applications are limited due to volatility and low water solubility.
Cyclodextrins (CDs) are compounds that are capable of forming inclusion complexes with eucalyptol to
enhance solubility and stability. In the present work, molecular dynamics (MD) simulations and free
energy calculations were performed to determine the molecular structure, dynamical behaviour and
binding affinities of the host—guest inclusion complexes of eucalyptol with native beta-cyclodextrin
(BCD) and its derivatives, 2,6-dimethyl-BCD (2,6-DMBCD) and the three hydroxypropyl-BCDs (2-HPBCD,
6-HPBCD and 2,6-DHPBCD). In the inclusion complex, eucalyptol preferentially locates within the
hydrophobic cavity with all BCDs studied here. The binding affinities were calculated by MM/PBSA and
QM/PBSA with the M06-2X/6-31G(d,p) level of theory and are in relatively good agreement with the
experimental stability constants in the order of 2,6-DMBCD > BCD > 2-HPBCD. In addition, recently
developed metadynamics simulations were applied to investigate the eucalyptol's release pathways from
the cavity of the CDs. The results from this study show that MD simulations, metadynamics and related
free energy calculations provide an excellent support for experimental studies, and they give additional
information about the structural and dynamical behaviour of inclusion complexes as well as the
energetic details about host—guest interactions. Moreover, the releasing direction and possible
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ages.”” They consist of a complex mixture of volatile aroma
compounds that are synthesized in plants to protect them
against various pathogens. The broad pharmacological profiles
of essential oils and their constituents have been reported,
including antibacterial,® antifungal,* antiviral,® anticancer,®
antioxidant and anti-inflammatory’ activities. The main
components of essential oils are monoterpenes (C;oHi¢) 0Ob-
tained from the condensation of two isoprene units (CsHg). The
monocyclic monoterpene ether eucalyptol (Fig. 1a), also known
as 1,8-cineol, is the major constituent of eucalyptus oil, an
essential oil isolated from Eucalyptus globulus.® It is also found
in small amounts in herbs such as rosemary (Rosmarinus offi-
cinalis)® and Psidium species (Psidium pohlianum Berg and
Psidium guyanensis Pers.).'* Eucalyptol has several pharmaco-
logical properties used in therapeutics. It plays an important
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BCD: R, =-H,R,=-H
2,6-DMBCD: R, = -CH,, R, = ~CH,
2-HPBCD: R, = ~CH,CH(OH)CH,, R, = -H
6-HPBCD: R, = -H, R, = ~CH,CH(OH)CH,
2,6-DHPBCD: R, = ~CH,CH(OH)CH,, R, = ~CH,CH(OH)CH,

Fig. 1 Chemical structures of (a) eucalyptol, (b) B-cyclodextrins and (c) CD fragment where atomic labels and structural angle parameter,

0lC6(n)—C2(n+1)—C6(n+1). are also shown.

role in the treatment of diseases involved in upper and lower
airways, such as sinusitis and chronic rhinitis, chronic
obstructive pulmonary disease and bronchial asthma.**** It has
anti-inflammatory properties that operate, according to in vitro
studies, by inhibiting the cytokine and prostaglandin produc-
tion of stimulated monocytes.” Eucalyptol shows a strong
inhibition to tumor necrosis factor alpha (TNF-o) and inter-
leukin 1 beta (IL-1B) in cultured human lymphocytes and
monocytes."* In addition, in vivo experiments revealed an anti-
nociceptive effect of eucalyptol in Swiss mice and Wistar rat
animal models.” Further studies displayed a gastric protection
of eucalyptol in rats against ethanol-induced gastric injury*® and
liver failure in an in vivo murine model of endotoxemic shock."”
Recently, Mulyaningsih and co-workers'® reported the direct
antibacterial activity of eucalyptol against multidrug-resistant
bacterial pathogens. From this point of view, there is
a growing interest in the application of eucalyptol in pharma-
ceutical products to improve human health functions. However,
essential oils like eucalyptol are sensitive to light, oxygen,
humidity and temperature. Additionally, volatility and low
water solubility are considered to be important limitations of
their use. Thus, many techniques are focused on preserving the
product quality and enhancing the shelf-life, as well as
improving the stability and solubility without altering the
chemical properties of the oil. One interesting method to solve
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these problems is the encapsulation of such compounds in
a cavity of proper host molecules.

Cyclodextrins (CDs) are a group of cyclic oligosaccharides
consisting of a-p-glucoses with 1 — 4 glycosidic linkages."
Natural CDs are composed of six, seven and eight glucopyr-
anose units, referred to as aCD, BCD and yCD, respectively. The
molecular shape of CDs is that of a truncated cone with the
inner cavity being lipophilic and the outer surface relatively
hydrophilic. Each glucopyranose subunit of the ring system
contains a primary hydroxyl group at position C6 and two
secondary hydroxyl groups at positions C2 and C3, and collec-
tively these form the primary and secondary rims of the CD. The
primary hydroxyl groups of each glucose subunit are located at
the narrow edge, while the secondary hydroxyl groups are
present on the wider rim of the truncated cone of the CD ring.
The relative hydrophobic cavity of CDs can interact with guest
molecules mainly by van der Waals interactions.>*** Therefore,
complexation with CD is an effective strategy to increase the
aqueous solubility of guest molecules and, additionally, to
protect them from oxidation, thermal degradation and evapo-
ration.”* CD inclusion complexes have been applied as drug
delivery systems,> in agriculture,* separation technology* and
chemical protection.”® Among different CDs, BCD (Fig. 1b) is the
most widely used due to its easy synthetic access and its rela-
tively low price.”” Although BCD has a suitable cavity size for

This journal is © The Royal Society of Chemistry 2017
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a wide range of guest molecules, some applications are limited
because of its relatively low water solubility (18.4 mg ml™", at 25
°C).?® Other BCD derivatives like 2,6-dimethyl-BCD (2,6-DMBCD)
and 2-hydroxypropyl-BCD (HPBCD) have increased water solu-
bility (570 and >600 mg ml ", respectively).?** They are
considered to exhibit improved bioavailability and bioactivity of
the guest molecule.*"*>

Besides experimental studies, computational modeling
investigations on CDs and their inclusion complexes have been
performed to give a better understanding of the preferable
binding mode of guest molecules, and for determining host-
guest interactions as well as the dynamic behavior of inclusion
complexes at the molecular level. Many studies have used
molecular dynamics (MD) simulations as the main computa-
tional tool to investigate CD inclusion complexes in aqueous
solution.®?*® In our previous studies,”*® naringenin and
pinostrobin complexing with BCD and its derivatives was
studied by MD simulation and free energy calculations were
performed. The results indicated that both guest molecules
bind to 2,6-DMBCD better than native BCD.

An intrinsic limitation of MD simulation is that the simu-
lation can be trapped in a local minimum and it is difficult to
observe the transition from one minimum to another. Meta-
dynamics is one of the advanced sampling techniques that can
overcome these limitations by introducing a biased potential to
allow the system under investigation to explore the free energy
surface (FES) as a function of determined collective variables
(CVs).** Metadynamics has been successfully applied to study
the release processes of small DNA intercalating agents,***
small protein inhibitors**** and drugs from protein-DNA
complexes.* Although, there have been many reported MD
simulations of CD inclusion complexes, no metadynamics has
been applied for this particular host-guest complex. Therefore,
in the present study, we utilized this advanced sampling
method for the first time on CD-guest inclusion complexes to
investigate the disassociation routes.

Up to now, experimental information about the eucalyptol/
BCDs inclusion complexation has been published together with
results obtained from molecular docking.***® The main aim of
this work was to investigate the binding formation and the
releasing pathway of eucalyptol in the nano-cavity of BCD and its
derivatives. Therefore, the structural and dynamical properties of
the 1:1 inclusion complexes of eucalyptol with BCD and its
related analogues, 2,6-DMBCD and the HPBCD, were investi-
gated by all-atom MD simulations in aqueous solution. Various
computational methods, including MM-PBSA/GBSA and M06-2X/
6-31G(d,p)//QM-PBSA/GBSA, were applied to predict the binding
free energies of the eucalyptol/BCDs inclusion complexes in
comparison with experimental data. In addition, their releasing
mechanisms or dissociation processes were further examined
using metadynamics methodology. The obtained information
could possibly help for the selection of the most suitable CD
derivative of eucalyptol with enhanced bioavailability.

To compare to the natural BCD, we selected 2,6-DMBCD (on
an industrial scale an isomeric mixture, RAMEB, is used). In the
case of HPBCDs, where the substitution can be modified by the

This journal is © The Royal Society of Chemistry 2017
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alkalinity,*>*° we have chosen three HPBCDs, namely 2-HPBCD,
6-HPBCD and 2,6-HPBCD, as representative structures.

2 Simulation details

2.1 System preparation

The optimized structures of BCD, 2,6-DMBCD, 2-HPBCD, 6-
HPBCD and 2,6-DHPBCD were taken from our previous
studies.*®** The eucalyptol geometry was optimized at the HF/6-
31G(d) level of theory using the Gaussian 09 program.** The
inclusion complexes between eucalyptol and BCD and the
respective BCD derivatives were constructed by AUTODOCK
4.0 ** with the Lamarckian Genetic Algorithm combined with
a local search method. A three-dimensional box of 40 A x 40 A
x 40 A with grid point spacing of 0.375 A was employed. Koll-
man united atom charges and Gasteiger-Marsili** charges were
assigned to the CDs and eucalyptol, respectively. The CD
molecule was kept as a fixed truncated cone structure and for
the guest molecules free motion was allowed. One hundred
independent docking runs were applied to each complex. The
docking calculation results of each eucalyptol/CDs inclusion
complex were clustered into different groups based on their root
mean-square deviation values of complex atomic position of
less than 2 A. From the docking results, eucalyptol displays
a single possible conformation in all systems, with both methyl
groups likely inserted into the relative lipophilic cavity of the
CDs. The complex with the lowest binding energy was selected
as a representative structure for further investigation using MD
simulations to obtain detailed insight into molecular behavior
of these complexes in aqueous solution.

2.2 Classical molecular dynamics simulation

The structures of BCD and its derivatives complexed with euca-
lyptol in aqueous solution were simulated with three different
initial velocities by MD simulations utilizing the standard
procedure applied to biomolecular systems>™® using the
AMBER14 software package.> BCD and its dimethyl and
hydroxypropyl derivatives were treated using the Glycam-06h
carbohydrate force field.*® The standard procedures based on
our previous studies for small organic molecules®** were used
for the preparation of the partial atomic charges and parameters
of eucalyptol. Briefly, the optimized structure of eucalyptol was
used to calculate the electrostatic potential (ESP) charges with
the HF/6-31G(d) level of theory using Gaussian 09. After that,
a charge fitting calculation was applied to evaluate the restrained
electrostatic potential (RESP) charges of eucalyptol using the
antechamber module®® as implemented in AMBER14. The
molecular parameters of eucalyptol were then taken from the
parmchk program based on the general AMBER force field
(GAFF).*® All hydrogen atoms of each system were minimized
with 1000 steps of steepest descents (SD) followed by 3000 steps
of conjugated gradients (CG) to remove bad contacts and steric
hindrances. Each inclusion complex was then solvated using
simple point charge (SPC) water molecules in a periodic trun-
cated octahedron water box that had a minimum distance from
the system surface of 12 A. The total size of the truncated
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octahedron periodic water box was approximately 54 A x 54 A x
54 A and roughly consisted of 2000 water molecules. After the
solvation of the initial structure, the water molecules were first
optimized alone with SD (1000 steps) and CG (3000 steps), and
then the entire system was optimized using the same procedure.
The long-range electrostatic interactions were treated using the
particle mesh of Ewald's summation method,*” whilst a short-
range cutoff of 10 A for non-bonded interactions was applied.
The SHAKE algorithm® was utilized to constrain all covalent
bonds involving hydrogen atoms. The temperature of each
system was increased from 10 K up to 298 K over a period of 100
ps- The simulation was then further continued at this temper-
ature and with a pressure of 1 atm for 70 more ns. A periodic
boundary condition with isobaric-isothermal (NPT) ensemble
was applied for all simulations using the PMEMD module in
AMBER.” The simulation time step was set at 2 fs and the
trajectories were collected every 2 ps for analysis. All individual
BCDs were simulated with the same procedure for comparison.

The system was judged to be in an equilibrium state by the
root mean square displacement (RMSD) and the two-
dimensional root mean square displacement (2D-RMSD). The
mobility of eucalyptol in the cavity of BCD and each derivative
was determined by measuring the distance between the centers
of mass of eucalyptol and of each respective CD molecule. The
conformational changes of each CD upon the inclusion
complex were determined in terms of the distributions of the
distances between the hydroxyl groups on the secondary wider
rim of the adjacent o-p-glucopyranoses (03(,~02(;+1)) and the
distance between the glycosidic oxygen atoms (O4(,~O4(,+1)), as
well as the angle, 0[C6(,)~C2(;+1)-C6(s+1)], to determine the flips
of (a-1,4)-linked a-p-glucopyranose units. In addition, the
averaged radius of gyration (R,) and the averaged cavity area (4)
were calculated to investigate the shape of BCDs upon complex
formation. The total host-guest binding free energy (AGpina)
was estimated by means of MM-PBSA/GBSA approaches in
accordance with the other flavonoid/CD inclusion
complexes.*>*” Furthermore, the AGpinqg Was subsequently cor-
rected by replacing the MM energy (AEyn) with energy obtained
the from quantum mechanics (AEqy) calculated at the density
functional theory (DFT) with the M06-2X/6-31G(d,p) level of
theory® using Gaussian 09. All structural analyses were
computed by the cpptraj module,” while the AGping was
calculated using the MMPBSA.py module” implemented in
AMBER14.

2.3 Metadynamics

The eucalyptol dissociation process from the cavity of BCD and
its derivatives was studied by metadynamics® using the
PLUMED 2.0 package” patched to the AMBER14 program. The
metadynamics algorithm based on a dimensional reduction
uses a set of CVs; (i = 1,..., Ngys), which are a function of the
coordinates of the system x = {xy, X,,..., xx}, where N is the
number of particles. Such coordinates are evolved with stan-
dard MD supplemented by a history-dependent potential,
which can add penalties to the system discouraging it from
visiting previously sampled conformations. In the standard
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implementation, the history-dependent potential is built-up by
Gaussians of Ngys-th dimension, height (w) and widths (ds; i =
1,..., Ncvs), deposed at time intervals (zg) along the CVs trajec-
tory. The choice of these w, ds;, and 75 parameters is the key to
achieve for obtaining an accurate reproduction of the FES in
reasonable time. Within the limit of a long metadynamics run,
the sum of these penalty terms tends to compensate the
underlying FES in the reduced space, thus permitting a recon-
struction of the FES explored up to time .7

The two CVs used here to describe eucalyptol dissociation
from the CD cavity are based on a protocol applied to the
dissociation of the minor groove binders of DNA.* CV1 is the
distance between the centers of mass of the eucalyptol and CDs
(dcoms)- CV2 is the number of hydrophobic contacts (7,nc)
between the non-polar carbons of eucalyptol and the CDs
modeled as a coordination number via a continuous, differen-
tiable switching function:

where the parameters a, b and r, are set to values of 6, 12 and 6
A, respectively, whilst a cut-off of 10 A is applied, and greater rij
distances than the cutoff are treated as zero without evaluation.
The chosen value of r, relates to the typical carbon-carbon
distance (4-4.5 A) and the thermal motions amplitude (1.5-2 A).
Additionally, the height w of the Gaussian parameter has been
chosen to be 0.072 kcal mol ™" following the value used in the
literature.*®’* For the widths ds; and és, of the Gaussians, as
arule of thumb, are taken to be = 1/3 of the fluctuations of each
CV during a free MD run; following this rule, we have chosen
0Scoms = 1 A and 68, = 6. The peace time 7 for bias depo-
sition is set to 0.5 ps.

To identify the representative structures of the intermediate
states during the dissociation process, the k-means clustering
algorithm”™ implemented in AMBER14 was applied to cluster
the structures from the trajectories based on their structural
similarities. The RMSD calculations were applied only to the
heavy atoms of eucalyptol and BCDs.

3 Results and discussion

The three independent MD simulations on each system dis-
played relatively similar results (Fig. S1 and S2 in ESI}). For
simplification, the data from only one MD simulation are pre-
sented here.

3.1 System stability

To obtain information about the dynamic stability of the inclu-
sion complexes, the 1D-RMSD of each MD system relative to its
initial structure for all atoms of the complexes, CDs (BCD, 2,6-
DMBCD, 2-HPBCD, 6-HPBCD and 2,6-DHPBCD), and eucalyptol
versus simulation time were measured and displayed in Fig. 2.
The 2D-RMSD plots of all atoms in the complexes where the
RMSD values of each snapshot against all other snapshots are

This journal is © The Royal Society of Chemistry 2017
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Fig.2 RMSD plots of all atoms for five eucalyptol/BCDs: (a) eucalyptol/BCD, (b) eucalyptol/2,6-DMBCD, (c) eucalyptol/2-HPBCD, (d) eucalyptol/
6-HPBCD and (e) eucalyptol/2,6-DHPBCD, where inclusion complexes, CDs and eucalyptol are highlighted by black, dark grey and light grey,

respectively.

plotted and depicted in Fig. 3. As can be seen from Fig. 2 and 3,
the averaged RMSDs of all modified BCDs were higher than
those of the parent BCD due to the presence of substituents.
Among all five simulated systems, a noticeably high RMSD
fluctuation was observed with eucalyptol/2-HPBCD (Fig. 2c and
3c). The cyan and green areas in the 2D-RMSD plots (RMSDs of
1.5-3.0 A in Fig. 3a, b and d) indicate that the complexes of BCD,
2,6-DMBCD and 6-HPBCD with eucalyptol are relatively more
stable than the other two systems. From this finding, it can be

Time (ns)

40

Time (ns)

inferred that the BCD with hydroxypropyl substitution at all 02
positions causes more widespread conformer fluctuations than
when substitution occurs at all 06 positions. From a comparison
of the CD structures in the complex to those of individual CDs,*®
the lowered RMSDs in Fig. 2 and 3 suggest that the complexation
with eucalyptol leads to more rigid CD conformations.

The RMSDs of eucalyptol in complexation with all CDs were
similar (0.5-1.0 A in Fig. 2). Additionally, it is seen that the
differences in the RMSD fluctuations of each complex came
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Fig. 3 2D-RMSD plots of all atoms in inclusion complex of (a) eucalyptol/BCD, (b) eucalyptol/2,6-DMBCD, (c) eucalyptol/2-HPBCD, (d)

eucalyptol/6-HPBCD and (e) eucalyptol/2,6-DHPBCD.
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from the structural and dynamical properties of eucalyptol
binding inside the nano-pore of the CDs (discussed in the next
section). For a relative comparison of all investigated inclusion
complexes, trajectories within the same range of the last 20 ns
in Fig. 2 were extracted for further analysis.

3.2 Eucalyptol mobility and preferential displacement in CD
cavity

To determine the eucalyptol behavior inside the five different
BCD cavities, the distance between the center of mass of the
eucalyptol and the center of mass of each CD, defined as d
[COM(eucalyptol)-COM(CD)], without taking into account the
substituent groups of the respective modified BCD molecules is
measured and plotted in Fig. 4. The horizontal dashed lines
positioned at —3.95 A and 3.95 A on the y-axis are approximately
related to the positions of the primary and secondary rims of
BCD, respectively. The negative and positive distance values
consecutively represent the position of the eucalyptol molecule
below and above the center of mass of each CD in the direction
of the primary and secondary rims, accordingly.

The distance analysis evidently shows that the eucalyptol
molecule preferentially occupies the hydrophobic cavities of all
five different CDs. It is mainly located near the center of these
host cavities but more towards the wider rim (0.5-3.2 A), in
particular in the eucalyptol/2-HPBCD complex (mostly 3.4-4.2
1&). In the 6-HPBCD system, the eucalyptol is on average located
in the middle of the cavity. In the 2-HPBCD system, the euca-
lyptol molecule initially moved up over 4 A at simulation time
~15 ns and then moved down to be steadily located at 1.5-3.6 A
until the end of the simulation. This finding implies that the
eucalyptol/2-HPBCD inclusion complex is less stable than the
other four complexes. It is worth to note that the other two
independent simulations for each complex provide similar
results in which the eucalyptol is likely to stay near the wider
rim of 2-HPBCD (Fig. S2 in the ESI¥).
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3.3 CD conformation upon complexation

Changes in the molecular shapes of the CD molecules during
the process of complexation was investigated by monitoring the
distance between the secondary hydroxyl groups at C3 and the
adjacent C2 positions (03(,)-02(,.1)) and the distance between
the glycosidic oxygen atoms (O4(,)~O4,1)) obtained from the
last 20 ns of the simulation. It is worth noting that the former
distances correlate with a possible formation of flip-flop intra-
molecular hydrogen bonds, which are structural characteristics
of CDs. Fig. S3 in the ESIT displays the distance distributions of
03,;)=02(+1) and O4,;)~O4 1) for the five simulated complexes.
The 03(,)-02,.1) distance related to the strong intramolecular
hydrogen bonds on the wider rim was observed only in the case
of eucalyptol complexed with either BCD or 6-HPBCD with their
most probable distance of less than 3.0 A. Weaker interactions
were found in the other cases (=3.5 A), due to the substitution
with methyl or hydroxypropyl at the C2 positions. The O4,~
04,1y distances were found at =4.5 A in all eucalyptol/BCDs
similar to pinostrobin and various CD derivative inclusion
complexes studied previously.**

To further investigate the local minima of CD conformations
upon complex formation, the 2D free energy landscape (equiv-
alent to potential of mean force) based on conformational
ensemble is calculated and plotted in Fig. 5. According to this
approach,’®”® the free energy profile expressed as a function of
the probability distribution of the two parameters P(x,y), O3~
02,11y and O4(,~O4,.1y distances, is calculated using the
following equation:

F(x,y) = —kgT In(P(x,y))

where kg is the Boltzmann constant and T is the absolute
temperature. By comparing the three local minima (M1, M2 and
M3) obtained from the free energy profile of BCD with and
without a ligand bound,*® it is seen that the binding of eucalyptol

d[COM(eucalyptol)-COM(CD)]
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Fig. 4 Distances between centers of mass of eucalyptol and CD molecules in (a) eucalyptol/BCD, (b) eucalyptol/2,6-DMBCD, (c) eucalyptol/2-
HPBCD, (d) eucalyptol/6-HPBCD and (e) eucalyptol/2,6-DHPBCD inclusion complexes.
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eucalyptol/6-HPBCD and (e) eucalyptol/2,6-DHPBCD.

makes the CD structures more rigid. In the minimum M1 (with
afree energy <—3.5 kcal mol '), intramolecular hydrogen bonds
are formed (O3,)~02,+1) distances around 3-4 1&); moreover, the
glycosidic linkages (O4(,~O4,1) exhibit distances around 4.5 A.
The conformational minimum M2 is not so pronounced

~ —2.0 kcal mol™ ") and no hydrogen bonds are detected in the
2,6-DMBCD, 2-HPBCD and 2,6-DHPBCD inclusion complexes.
The third minimum M3 found in the free CDs with the O4,-
O4,.q) distance = 5.5 A and the 03()~02(,+1) distance in between
those of M1 and M2 disappeared upon complexation.

The 03(,~02(,+) distances of the M2 minima are length-
ened, which is connected with the loss of intramolecular
hydrogen bond interactions on the secondary rim.” This results
in the distortion of the CD geometry that can be measured in
terms of the structural angle parameter §[{C6(;)~C2(n+1)~C6(n+1)]
for a pair with an angle of adjacent glucose subunits (Fig. 1c). A
glucopyranose pair with an angle of >90 degrees was considered
as a flip or turn conformation. From the last 20 ns, the number
of snapshots with different turns for BCDs with and without
eucalyptol bounds are compared in Table 1. Three different CD
conformations defined as no-, 1- and 2-turns are observed. As
expected, the encapsulation of eucalyptol significantly increases

the amount of no-turn conformations of BCDs to over 80%,
indicating an increased rigidity of the system upon complexa-
tion. This was particularly true for the BCD and 6-HPBCD
inclusion complexes, which had the highest percentage of no-
turn conformations (98%). This finding was associated with
the dominant population of M1 for all inclusion complexes
(Fig. 5). Without eucalyptol bounds, 3-turn conformations are
detected only in 2,6-DMBCD (15%), whereas in the other
complexes 1-turn and/or 2-turn conformations were only found.

The shapes of the native BCD and its derivatives upon
complexation were further investigated in terms of parameters
R, and A. The R, representing the mass weighted scalar length
of each atom from the center of mass of the molecule is used to
measure the size and shape of a molecule. The parameter A 7%
describing the averaged cavity area of BCD molecule (assumed
as a circle area) is calculated from the distances between BCD's
center and the group of atoms of each glucose unit using the
following equation:

T
A= 7 X (rlz—|—r22—|—r32+r42+r52+r62—|—r72)

or

Table1 Percentage of turned conformations for eucalyptol/CDs inclusion complexes based on structural flip angle parameter, [C6(,)—C2(,+1)—
C6(n+1)l. compared to free form of each studied BCD given in parenthesis

Percentage of turn conformation (%)

Number of turn Eucalyptol/BCD Eucalyptol/2,6-DMBCD Eucalyptol/2-HPBCD Eucalyptol/6-HPBCD Eucalyptol/2,6-DHPBCD
No-turn 98 (23) 86 (0) 83 (12) 98 (18) 86 (12)

1-Turn 2 (53) 14 (38) 17 (47) 2 (78) 14 (44)

2-Turn 0 (24) 0 (47) 0 (49) 0(3) 1 (44)

3-Turn 0 (0) 0 (15) 0 (0) 0 (0) 0 (0)

This journal is © The Royal Society of Chemistry 2017
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herein, r; (i = 1,..., 7) is the distance between the center of mass
of the BCD molecule and all heavy atoms of each glucose
subunit (7 subunits for BCDs). The results of R, and A of all
BCDs in complex form compared to their free forms are given in
Table 2. Upon complexation A is enlarged in all BCDs by =10-
20 A% as an indication that the host molecule adapts its cavity
according to the size of the guest, the eucalyptol molecule. This
is also shown by an increased Ry value (of =0.2-0.7 A). It should
be noted that the higher variance in R, for the modified BCDs
reflects an increase in molecular size fluctuations caused by the
flexibility of the functional groups added to the parent BCD
molecule at the O2 and/or O6 positions. Especially in the case of
2-HPBCD, the hydroxypropyl substitution at the O2 positions
leads to a larger number of conformations compared to
substitutions at the O6 positions in 6-HPBCD, which is consis-
tent with the previously reported MD study by Yong et al.*

3.4 Binding free energy analysis

To estimate the free energy of binding or AGpn,g between
eucalyptol and the different types of BCDs in aqueous solution,
a set of 100 snapshots was extracted from the production phase
of each simulated system. The MM- and QM-PBSA/GBSA
approaches were used to predict the free energy of binding for
each host-guest inclusion complex. The binding free energy of
the inclusion complex can be calculated by the free energy

View Article Online

Paper

difference between the complex, the isolated BCDs, and the
guest molecule. The energetic components are comprised of the
gas phase energy (AEyy) gained by the summation between
electrostatic (AEe) and van der Waals (AE,qw) energies, free
energy of solvation (AGs.,) and entropy contribution (TAS).
Based on the MM/PBSA and MM/GBSA methods, the polar
solvation free energy term can be determined from the Poisson-
Boltzmann (PB) and the generalized Born (GB) models.*
However, the non-polar component of both techniques is
similarly estimated from the solvent accessible surface area
(SASA). For the QM-PBSA, the enthalpy term is computed by
a QM approach in which a density functional method using the
M06-2X functional with 6-31G(d,p) basis set is applied to
describe the QM part of the inclusion complex. The entropy
term for conformational changes of the two individual mole-
cules upon complex formation was taken from a normal mode
(NMODE) analysis.* The estimated binding free energies along
with their corresponding energy contributions of eucalyptol in
complex with the different BCDs and the experimental binding
free energy (AGey) converted from their stability constant
values (Kg)* are given and compared in Table 3.

Since the structural and dynamical behavior of eucalyptol
bound inside each CD cavity is somewhat similar, the binding
free energies predicted by MM- and QM-PBSA/GBSA methods
for all complexes are not significantly different (within
2 kecal mol™"), except for the eucalyptol/6-HPBCD inclusion
complex, which had the lowest binding free energy predicted
with all energetic methods. In comparison with the experi-
mental binding free energy of the eucalyptol/BCD complex

Table 2 Radius of gyration (Ry) and averaged cavity area (A) for eucalyptol/CDs inclusion complexes in comparison with free form of each

studied BCD given in parenthesis

Eucalyptol/BCD Eucalyptol/2,6-DMBCD Eucalyptol/2-HPRCD Eucalyptol/6-HPBCD Eucalyptol/2,6-DHPBCD
Ry (A) 6.3 (6.0) 6.7 (6.0) 7.4 (7.1) 6.8 (6.6) 7.7 (7.4)
A (A?) 102.4 (93.2) 100.4 (82.6) 98.4 (90.6) 96.6 (89.3) 100.4 (90.8)

Table 3 Binding free energies (kcal mol™) and their energy components for eucalyptol/CDs inclusion complexes

Component Eucalyptol/BCD Eucalyptol/2,6-DMBCD Eucalyptol/2-HPBCD Eucalyptol/6-HPRCD Eucalyptol/2,6-DHPBCD
AE.e —0.35 £+ 0.42 —0.35 £ 0.51 —0.38 £ 0.49 —0.36 = 0.36 —0.44 £ 0.71
AFE qw —22.22 £1.97 —22.95 £ 2.21 —22.89 + 2.45 —30.01 + 1.82 —25.40 £ 1.92
AEvm —22.57 £2.21 —23.30 £ 2.52 —23.27 £ 2.65 —30.37 £ 1.86 —25.84 £2.21
AEqgm —16.67 £ 2.46 —17.32 £ 1.92 —16.93 £ 1.97 —22.29 £ 1.84 —18.64 £ 3.07
AGion(prsa) 1.78 £ 0.78 2.08 & 0.74 2.34 & 0.84 2.68 & 0.69 3.14 & 1.20
AGson(ansa) 1.20 + 0.47 0.35 + 0.55 0.56 + 0.53 0.67 + 0.51 0.08 + 0.77
—TAS 12.11 £ 1.70 12.30 £ 1.81 12.60 £ 1.80 13.96 £+ 1.52 12.60 £ 1.90
AGhpindvmm/pBsa) —8.68 + 1.45 —8.91 + 1.59 —8.28 + 1.95 —13.73 +£ 1.25 ~10.10 + 3.15
AGinam/casa) —9.26 + 1.41 —10.64 & 1.58 —10.06 & 1.92 —15.74 &+ 1.23 ~13.16 + 1.51
AGhindQm/pBsa) —2.78 +1.54 —2.94 +1.37 —1.99 + 1.40 —5.65 +1.24 —2.90 + 1.90
AGhinaiom/ansa) —3.36 + 1.51 —4.67 £ 1.35 —3.77 £ 1.36 —7.66 £ 1.22 —5.96 + 1.85
K (M1)* 615 673 ("RAMEB; DS = 12.6) 334 (DS = 5.6)

688 (‘CRYSMEB; ‘DS = 4.9)
“AGexp —3.80 —3.86 —3.44
¢ Experimental values, AG.,, were obtained using equation AG = —RT In K¢ based on experimental stability constant K at 25 °C. b RAMEB is

randomly methylated-BCD. ¢ CRYSMEB is low methylated-BCD. ¢ DS is degree of substitution that is number of methyl/hydroxypropyl groups

per CD molecule.
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converted from K,* the introduction of the QM approach was
found to improve the absolute binding free energy prediction of
the host-guest inclusion complex. Encapsulation by 2,6-
DMBCD did not significantly improve the stability of the
inclusion complex, compared to BCD. This is somewhat exper-
imentally supported by the complexation with randomly
methylated-BCD (with degree of substitution (DS) related to the
number of methyl groups per CD molecule of 12.6 with K¢ of 673
M) and the low methylated-BCD (DS of 4.9, K; of 688 M 1).*
Among the three HPBCD related structures, the binding free
energies of the 6-HPBCD and 2,6-DHPBCD inclusion complexes
were predicted to be more stable than that of 2-HPBCD.
However, from the NMR and MALDI-TOF MS study,® all
HPBCDs had different average DSs with 50-60% of the
hydroxypropyl substituents at the O2 position, while the ex-
pected peaks and couplings resulting from substitutions at
positions O3 and/or O6 were probably too broad and too weak to
be detected. Taken together with our predicted binding free
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energies, this could be a reason why the K; value of the euca-
lyptol/2-HPBCD complex is relatively low.

Due to the high lipophilicity of eucalyptol, no hydrogen bonds
between the guest and the host molecule were detected. This is
in agreement with the small contribution of the electronic
interaction (AE.. = —0.4 kcal mol ) between eucalyptol and all
five different CDs. On the other hand, the main contribution for
eucalyptol inclusion arises from the van der Waals interaction
(AE,qw of at least —20 kcal mol™"). Similar to our previous
studies,*>*"**% the van der Waals forces were found to play a key
role in the formation of inclusion complexes between CDs and
the non-polar guest molecules. The solvation free energies
(AGsony) predicted by the PBSA and GBSA approaches suggest that
the different solvation effects in the modified BCDs slightly
increased with PBSA or decreased with GBSA relative to BCD.

3.5 Metadynamics

Although MD simulations and the binding free energy calcu-
lations are able to describe the structural dynamics and the

——BCD
—— 2,6-DMBCD
24——2-HPpcD
—— 6-HPRCD
2,6-DHPBCD
L

0 50

Free Energy (kcal/mol)
o
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Fig. 6 Free energy profiles resulting from metadynamics of eucalyptol dissociation from BCD cavity and each of its derivative along (a) CV1,

distance between centers of mass of eucalyptol and CDs (dcoms) and
carbons of eucalyptol and CDs.
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Fig.7 FES map of eucalyptol dissociation from cavity of (a) BCD, (b) 2,6-DMBCD, (c) 2-HPBCD, (d) 6-HPBCD and (e) 2,6-DHPBCD using CV1 and

CV2 collective variables as defined in simulation details.
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main driving force in the complexes at the equilibrium state to
some extent, they cannot identify the guest releasing pathway
from the cavity of the host molecule during the dissociation
process. Therefore, in this study, metadynamics simulations
were applied to investigate the releasing mechanism of euca-
lyptol from the hydrophobic cavity of BCDs. Enhanced sampling
of eucalyptol configurations within each type of BCD was ob-
tained by multiple repetitions of the metadynamics runs. The
free energy profiles are calculated when the number of hydro-
phobic contacts between the non-polar carbons of guest and
host molecules (7,1, CV2) approaches to zero, at this point the
eucalyptol has completely moved out from the BCDs cavity. It
should be noted that sampling is enhanced by accumulating the
configurations of five independent runs. Nevertheless, the data
obtained here cannot be related to the dissociation constant
(Kq) of the guest because a calculation of K4 would require a full
sampling of the unbound state.

The calculated underlying free energy profiles along the
predefined sets of CVs (dcoms and n,p.) are given in Fig. 6. The
metadynamics simulations illustrate that the binding free
energy of the eucalyptol/BCDs inclusion complexes achieved
from both profiles was in the order of 6-HPBCD > 2,6-DHPBCD >
2,6-DMBCD = BCD = 2-HPBCD. This observation is consistent
with the binding free energy estimated from the MM- and QM-
PBSA approaches. Only one energy minimum corresponding to
the bound state of each system along the investigated CVs was
detected. Along the CV1 parameter (Fig. 6a), the dgowms at the
energy minimum was found to be =1 A for all inclusion
complexes except for 2,6-DHPBCD (where it was =2 A). The free
energy minimum obtained along the CV2 coordinate yielded
a lower value of n,p. in the native BCD system (=190) than
those of the modified ones (=220) as shown in Fig. 6b.

The FES landscapes corresponding to the eucalyptol disso-
ciation from the cavity of BCD and the BCD derivatives, plotted
as a function of dcoms and npne, are depicted in Fig. 7. The
surface plot indicates the presence of the deep minima (blue
area) accounting for the bound form of eucalyptol with each
studied BCD. This bound state is characterized by a large
number of hydrophobic contacts (=200-230) and a dcoys close
to zero. In the intermediate state, where the eucalyptol releases
from the CD cavity, a small number of hydrophobic contacts
along with an energy barrier at dcoms = 6 A is observed for all
inclusion complexes. It is worth noting that the free-energy
differences between the intermediate and the bound states
relate to an estimation of the activation energies for the guest
dissociation processes. Our results suggest that the activation
energies of the eucalyptol dissociation mechanism were in the
order of 6-HPBCD > 2,6-DMBCD = 2,6-DHPBCD > BCD = 2-
HPBCD. This finding is associated with the eucalyptol dissoci-
ation rate. In Fig. 8, the corresponding snapshots of the most
populated cluster, the bound state (left), and the representative
structures of the intermediate state, which refers to the euca-
lyptol releasing pathway (right), for each of the systems are
illustrated. It is clearly seen that the dissociation mechanism of
the inclusion complexes of eucalyptol with BCD, 2,6-DMBCD, 2-
HPBCD and 2,6-DHPBCD occurred via the wider rim of each CD
host molecule. Surprisingly, in the case of 6-HPBCD inclusion,
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Fig. 8 Representative structures of inclusion complexes of eucalyptol
with (a) BCD, (b) 2,6-DMBCD, (c) 2-HPBCD, (d) 6-HPBCD and (e) 2,6-
DHPBCD; (left) is bound form and (right) is intermediate along
releasing pathway.

the eucalyptol migrates from the central cavity through the
narrow rim of the CD to the aqueous phase and this reaction is
connected with a relatively high free energy barrier of
=9 kecal mol™" (Fig. 6). This situation is possibly due to the
enlargement of the 6-HPBCD's narrow rim resulting from the
substitution by a 2-hydroxypropyl group at the O6 position,
leading to a greater possibility for releasing eucalyptol. In
summary, the results of the metadynamics simulations pre-
sented here have successfully investigated the releasing direc-
tion and dissociation rate of the eucalyptol/BCDs inclusion
complexes.

4 Conclusions

In the present study, the stability of eucalyptol complexed with
five different types of BCDs was investigated theoretically using
MD simulations and four different binding free energy

This journal is © The Royal Society of Chemistry 2017
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calculations. Based on MD simulations, the eucalyptol molecule
was mostly found to stay near the center of the hydrophobic
cavity of BCD and its derivatives except in the case of the
eucalyptol/2-HPBCD complex in which the eucalyptol molecule
preferably binds to the secondary rim of 2-HPBCD. In addition,
the free energy landscape analysis reveals that all inclusion
complexes are mainly found in the M1 conformation. The
eucalyptol/BCDs host-guest inclusion complexes were mainly
stabilized through van der Waals interactions. The binding free
energy calculations based on MM/PBSA describes the experi-
mental stabilities of the host-guest inclusion complexes
somewhat better (stability ranking: 2,6-DMBCD > BCD > 2-
HPBCD) than that of MM/GBSA. The energy correction with the
QM theory significantly improved the absolute values of the free
energy of binding. Among the four different methods applied
here for the energy calculation, the QM/PBSA method seems to
be the most appropriate approach to estimate the binding free
energy between eucalyptol and the CDs. Furthermore, metady-
namics simulations have successfully provided a model for the
eucalyptol dissociation reaction. The results reveal that the
eucalyptol moves out from the central cavity through the wider
edge more easily in all studied CDs except in the case of 6-
HPBCD where the guest molecule releases from the CD cavity
via the narrower rim. The results show that classical MD
simulation together with metadynamics is helpful for the
investigation of host-guest systems, to understand the inclu-
sion mechanism and the releasing rate, which is also important
for the selection of proper CD derivatives to form inclusion
complexes with special properties.
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