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Abstract Molecular dynamics (MD) simulations on
p-cyclodextrin (f-CD) in water, ethanol (EtOH), methanol
(MeOH) and mixtures of these solvents have been carried
out at 300 K over a time period of 15 ns using the AMBER
force field. The hydrated X-ray crystallographic structure
has four water molecules inside the cavity, defined by a
more precise boundary for the f-CD cavity. From the
simulations, 2-4 encapsulated water molecules are most
probably found. In an ethanol co-solvent system, the 5-CD
cavity is occupied with one ethanol molecule located in
two discrete sites: below and above the O4(n) plane, which
is in agreement with experimental results. In all systems,
the average values of tilt angles of the obtained structures
are higher than the tilt angles of the X-ray structures. The
investigations of the alcohol orientations in co-solvent
mixtures reveal the hydrophobic environment of the cavity
and the hydrophilic atmosphere at both rims of -CD.
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Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides, com-
posed of «-1,4-linked D-glucopyranoside units, forming a
truncated cone shape. CDs with different numbers of glu-
cose units (6, 7, or 8 glucose units) are found naturally, and
they are referred as a-, -, and y-CD, respectively [1, 2].
The orientation of the individual glucose units of CDs
shows that the primary hydroxyl groups at the C6 positions
outline the narrow rim, while the secondary hydroxyl
groups at C2 and C3 positions outline the wider rim of the
truncated cone. Consequently, there is no hydroxyl group
present within this cavity and the walls of the cavity exhibit
mainly a hydrophobic moiety with some potency as
hydrogen bond acceptors. CDs possess therefore a lipo-
philic environment in their cavity and can potentially
interact with guest molecules through van der Waals forces
and hydrogen bonding. Therefore, CDs are well suited for
forming inclusion complexes with a variety of guest mol-
ecules in aqueous solutions [1, 3]. This property of CDs
leads to various applications of CD inclusion complexes in
many fields including pharmaceutical science [4, 5],
catalysis [6], separation technology [7-11], agriculture
[12], and chromatography [13, 14].

Beta-cyclodextrin (f-CD) has been widely used because
of its availability and a cavity size suitable for a wide range
of guest molecules [2]. However, 5-CD has a relatively low
aqueous solubility (1.85 g/100 mL) [5, 15] that limits the
applicability of its inclusion complexes. Various methods
have been introduced to enhance the solubility, including
the addition of urea [16], metal salts [17], ethanol [18], and
2-propanol [19]. Co-solvents are widely used in the for-
mation of cyclodextrin inclusion complexes. Nelson et al.
reported that the contributing of short-chain alcohols in the
pyrene/cyclodextrin inclusion complexes produces a longer
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lifetime of the pyrene complex than free pyrene [20].
Taghvaei et al. has reported the effects of several common
solvents (methanol, dimethylformamide, dimethyl sulfox-
ide, acetonitrile) on the solubility of 5-CD [21]. Chatjigakis
et al. has studied the solubility of f-CD in a series of water/
co-solvent mixtures for compositions between 0 and 100%
mole fraction of the co-solvent [22].

Computational modelling studies on CDs have been
performed for a better understanding of the behaviour of
CDs at the molecular level. Molecular dynamics (MD)
simulations are appropriate to investigate the dynamics of
molecular systems using more realistic boundary condi-
tions that could not be acquired by quantum mechanics
calculations. Many research groups have been using MD as
a main tool for investigating -CD in aqueous solution
[23-26]. However, no systematic simulation study of -CD
in co-solvent systems exists. In this study, MD simulations
of f-CD in water/co-solvent mixtures have been carried
out. We focused on the -CD structures and the interac-
tions between [-CD and solvent molecules. Particularly,
the number of solvent molecules inside the cavity, where
the guest molecule in an inclusion complex resides, was
investigated.

Methodology

The initial molecular geometry of f-CD was obtained from
the Cambridge Crystallographic Database (BCDEXD10)
[27]. Hydrogen atoms were added to §-CD, then optimized
at the HF/6-31G(d,p) level, using Gaussian 03 [28]. The
partial atomic charges for -CD were derived using the
restrained electrostatic potential, RESP [29, 30] charge-
fitting procedure. The ab initio electrostatic potential for
RESP was calculated using the Gaussian 03 program at the
HF/6-31G(d) level of theory. Preparation of S-CD force
field parameters was done by using the Antechamber
module [31] of the AMBER program package.

The MD simulations were performed using the
AMBERI10 program [32]. The AMBER 2003 force field [33]
parameter sets were used for f-CD and all solvent molecules.
The LEaP, SANDER, and Ptraj modules were used for pre-
paring the input data, minimizing and MD simulating, and
for analyzing the MD trajectories, respectively.

In $-CD/water system, ;-CD was immersed in a trun-
cated octahedron box of TIP3P [34] water molecules with a
closeness parameter of 10 A away from the boundary of
any f-CD atoms. A total of 1037 water molecules were
automatically generated in this box. For $-CD in either
water/methanol- or water/ethanol-co-solvent systems, all
concentrations of the solutions are calculated in vol/vol

@ Springer

Table 1 Number of solvent molecules used in the simulations

System No. of water No. of alcohol
molecules molecules
1% MeOH 3,309 15
50% MeOH 1,670 743
Pure MeOH - 427
1% EtOH 3,307 10
50% EtOH 1,670 515
Pure EtOH - 426

The concentrations are given in % (vol/vol)

04(n) plane

Fig. 1 a Schematic representation of CD fragment showing atomic
numbering and torsional angles around glycosidic bonds (¢ and
defined as O5(n)-C1(n)-O4(n — 1)-C4(n — 1) and C1(n)-O4(n —
1)-C4(n — 1)-C5(n — 1), respectively), b and ¢ side and top view
representations of tilt angle, 7 defined as the angle between the
O4(n) mean plane and each least-squares best-fit glucose unit mean
plane  through  Cl(n)-O5(n)-C5(n)-C4(n)-O4(n)-C3(n)-C2(n)—
O4(n — 1) of f-CD
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Table 2 Selected geometrical parameters of f-CD in water
Solution Solid* Gas®
Mean o Mean 4
Distance (A)
04(n)---O4(n — 1) 4.368 0.187 4.364 0.117 4431
04(n)---O4(n — 2) 7.851 0.504 7.854 0.246 7.984
04(n)---O4(n — 3) 9.465 0.841 9.785 0.327 9.956
02(n)--O3(n — 1) 3.171 0.704 2.857 0.066 2.852
d 0.178° 0.604 0.165° 0.193 0
Angle (°)
O4(n + 1)---04(n)---O4(n — 1) 124.0 10.479 128.3 3.688 128.6
T 87.0 26.676 77.8 9.946 79.6
Torsion angle (°)
¢ 120.2 31.486 109.9 6.287 114.7
1] —122.4 29.308 —-112.2 8.903 —112.8
05(n)—-C5(n)-C6(n)-0O6(n) —66.3 10.734 —64.4 4.212 —59.3
65.8 14.717 68.7 3.528 -

d: deviation of O4(n) from the least-squares plane defined by the seven O4(n) atoms; t: tilt angle, defined as the angle between the O4(n) plane
and the glucose unit planes; ¢ and y: torsionol angles around the glycosidic bonds defined as O5(n)-C1(n)-O4(n — 1)-C4(n — 1) and Cl(n)-
O4(n — 1)-C4(n — 1)-C5(n — 1), respectively; o: standard deviation of each parameter

* Selected geometrical parameter of the X-ray crystallographic structure [27]

" Selected geometrical parameter of the C7 symmetry structure of $-CD from calculations [36]

¢ Ts the absolute value of the deviation of O4(n) from the O4(n) mean plane

percents. The details of number of water and alcohol
molecules in all co-solvent systems are presented in
Table 1.

In all cases, the non-bonded cut-off distance was set to
10.0 A. The integration time step was 2 fs and the SHAKE
algorithm [35] was applied to constrain the bonds involv-
ing hydrogen atoms. After initial minimization of the sol-
vent molecules using 5,500 steps of the steepest descent
and then conjugate gradient algorithms, the whole system
of B-CD and solvent was equilibrated, using the Canonical
Ensemble (NVT) for 200 ps with the temperature raised
from O to 300 K. After that, the Isobaric-Isothermal
ensemble (NPT) was performed for 1 ns at 300 K and
1 atm to achieve equilibrium. The simulation was run for
15 ns at 300 K using periodic boundary conditions in the
NPT ensemble. The system coordinates was taken every
1 ps during the last 15 ns of the production period. The
structural variation information during the simulations was
obtained from the root mean square deviation (RMSD).

Results and discussions

f-CD in aqueous solution

The average root mean square deviation (RMSD) of the
MD simulated atomic position from the corresponding

initial atomic positions of S-CD, after equilibration for
15 ns is about 1.19 A, Figure 2a shows the RMS fluctua-
tion of -CD in aqueous solution from the initial structure
that was obtained from the X-ray Crystallographic struc-
ture [27]. For each MD simulation, the RMSD values were
calculated for the position of all backbone atoms of 5-CD,
C1(n)-C2(n)-C3(n)-C4(n)—C5(n)—~04(n)-0O5(n) (see also
Fig. 1a). The Plot confirms the dynamics of 5-CD structure
during the simulation time.

Deviations of all structural parameters of f-CD obtained
from the simulations from the X-ray structure are signifi-
cant (Table 2). These differences emphasize the necessity
of understanding the dynamic nature of -CD in aqueous
solution in addition to the static nature of the [-CD
structure reported in the form of solid phase crystal. The
absolute value of the average torsional angles around gly-
cosidic bonds, ¢ and ¥ in solution are higher than the
torsional angles of $-CD in solid and gas phase taken from
the X-ray crystallographic data [27] and quantum chemis-
try studies [36]. The S-CD structure in solution is less
symmetrical compared with the hydrated 5-CD in solid
state from the crystal structure. The bending of the -CD
structure is caused by the replacement of the intramolecular
hydrogen bond interactions, between the hydroxyl group at
C2 and the adjacent hydroxyl group at C3 positions, by
intermolecular hydrogen bonds with water molecules. At
times, the water molecules act as a hydrogen bond bridge
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Fig. 2 a Plot of RMSD of f-CD in water, compared with the initial
structure as a function of time, for all backbone atoms of 5-CD. b The
orientation of the primary hydroxyl groups relative to the glucose
ring, defined as O5(n)-C5(n)-C6(n)-O6(n) during the MD simula-
tions of -CD in water

between both adjacent hydroxyl groups. The flip-flop
hydrogen bonds can be detected during simulation time and
this is in agreement with experimental studies [37]. The
disruption by surrounding water molecules on the intra-
molecular hydrogen bonds, by forming new intermolecular
hydrogen bonds with f-CD hydroxyl groups were also
reported from Raffaini in 2007 [26]. They showed the loss
of symmetry of f-CD in water compared to the isolated /-
CD molecule.

Moreover, the interaction of f-CD with water molecules
causes the primary hydroxyl groups at the narrow rim to
move away from the initial structure. During the simula-
tions, all primary hydroxyl groups are in both (—) and (4)
gauche orientations, with respect to O5. The probabilities
are 67% for negative and 33% for positive orientations.
The orientations of two representative primary hydroxyl
groups of -CD in water are shown in Fig. 2b. The plot
shows that the primary hydroxyl groups at C6 positions
both point outward and inward from the cavity to form
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Fig. 3 Schematic representation of the inner and outer $-CD cavity:
upper and lower planes are defined as the least square plane of
C6(n) and O2(n),03(n) atoms. The wall of the cavity, defined as all
seven glucose unit planes a side view and b top view

Fig. 4 Using new criteria to count water molecules inside the cavity
of hydrated -CD in the solid state from the X-ray crystallographic
structure [27]: four water molecules are found inside the $-CD cavity

hydrogen bonds with water molecules. In contrast to the
X-ray crystallized structure in solid state [27], only one of
seven primary hydroxyl groups is disordered over these
two orientations. The other four primary hydroxyl groups
are in the favoured (—) gauche orientation, while the other
two primary hydroxyl groups are in the (+) gauche ori-
entation. The flexibility of the primary hydroxyl group
orientation results in a more distorted structure.
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Fig. 5 a Probability distributions of the number of water molecules
presented inside the f-CD cavity during the MD simulations for 15 ns of
f-CD in water. b Superimposition of the snapshot structures of f-CD in
water from MD simulations. The black structure represents the X-ray
crystal structure [27]. The hydrogen atoms of f-CD are omitted

The shape of -CD can also be investigated from the
value of the tilt angle, t (shown in Fig. 1b and c). If
T = 90°, it indicates a perfect cylindrical shape and if
T < 90°, it implies conical shape. The simulated structures
have an average t angle of about 10° more than the tilt
angle found in the X-ray structure. This results in a more
steep structure.

In order to understand the dynamic nature of CD in
solutions, it is critical to monitor the number of entrapped
solvent molecules within the CD cavity. However, the
definition of locations inside or outside of the CD cavity is
not clear. Because the cavity is not a closed space, it allows
a continuous exchange of solvent molecules with the bulk
solvent at room temperature. The interaction of CD with
solvent molecules causes the distortion of CD as shown
above. Consequently, narrow and wider rims do not
become co-planar. Raffaini [26] used MD simulations to
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Fig. 6 a Plot of RMSD of f-CD in solution of EtOH from the initial
structure as a function of MD simulation time for all backbone atoms
of $-CD. b The orientation of one primary hydroxyl group relative to
the glucose ring, defined as O5(n)-C5(n)-C6(n)-O6(n) during the
MD simulations of $-CD in EtOH

study CDs in water. They calculated the pair distribution
function of water molecules around the center of mass of
CDs. Water molecules located at a distance from the center
of mass, which is less than the average distance of the
nearest hydroxyls on both rims, are considered to be inside
the cavity. The molecules inside cavity is usually defined
by the radius from the center of mass of CD. Solvent
molecules that stay within the sphere limited by the radius
are considered to be inside the CD cavity. Because of the
unsymmetrical nature and conical shape of CD in aqueous
solution, some solvent molecules that are actually located
outside the CD cavity are considered to be inside the
cavity. Therefore, the numbers of solvent molecules inside
the CD cavity, measured by the mentioned method, are
over-estimated. In addition, the CD boundary during the
simulation times is distorted and varied. A more precise
definition of space within the CD cavity is necessary.

In this study, in order to monitor the number of solvent
molecules that are only located within the dynamic -CD
cavity, a more flexible conical space of f-CD cavity is
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Table 3 Selected geometrical parameters of f-CD in ethanol systems

Solution X-ray*
1% EtOH 50% EtOH 100% EtOH
Mean o Mean 4 Mean g Mean T
Distance (A)
04(n)--04(n — 1) 4.374 0.178 4.382 0.167 4.397 0.155 4.403 0.041
04(n)--04(n — 2) 7.723 0.443 7.749 0416 7.816 0.334 7.934 0.071
04(n)--04(n — 3) 9.527 0.715 9.559 0.640 9.673 0.513 9.892 0.111
02(n)--03(n — 1) 3.058 0.583 2.980 0.499 2918 0.365 2.837 0.037
d 0.105° 0.600 0.252° 0.541 0.041° 0.508 0.032° 0.038
Angle (°)
O4(n + 1)--04(n)--0O4(n — 1) 124.5 8.904 124.8 8.177 125.7 6.432 128.5 1.379
T 87.0 25.326 87.9 22.967 86.0 22.357 80.9 3.145
Torsion angle (°)
¢ 122.2 27.579 123.4 24.056 122.5 22.734 112.3 2.829
/N —123.0 22.482 —123.5 21.057 —123.1 20.339 —112.6 2.758
12 115.5 30.007 115.0 26.904 115.7 22.306 127.2 2.644
05(n)-C5(n)-C6(n)-06(n) —66.0 10.864 —65.4 10.868 —65.6 12.263 —64.2 4.990
66.3 15.181 67.3 15.993 67.0 15.933 49.8 18.223

d: deviation of O4(n) from the least-squares plane defined by the seven O4(n) atoms; 7: tilt angle, defined as the angle between the O4(n) plane
and the glucose unit planes; ¢, /; and y,: torsionol angles around the glycosidic bonds defined as O5(n)-C1(n)-O4(n — 1)-C4(n — 1), C1(n)-
O4(n — 1)-C4(n — 1)-C5(n — 1) and C1(n)-O4(n — 1)-C4(n — 1)-C3(n — 1), respectively, o: standard deviation of each parameter

* Selected geometrical parameter of the X-ray crystallographic structure [40]

® s the absolute value of the deviation of O4(n) from the O4(n) mean plane

1% EtOH
—— 50% EtOH
100% EtOH

0 3 6 9 12 15
time, ns

Fig. 7 Plot of RMSD of f-CD in system of EtOH from the
equilibrated structure of f-CD in water as a function of MD
simulation time for all backbone atoms

defined to discriminate between the inner and outer cavity
of -CD. The conical shape of the f-CD cavity is com-
posed of planes from each glucose unit present in the
individual CD conformation. This reflects the variations in
shape and size of -CD in the solution phase. All the
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solvent molecules defined by this boundary to be within the
f-CD cavity are actually entrapped inside the cavity.

The space inside the cavity, is defined as the volume that
is confined by nine mean planes, including upper and lower
planes, and seven mean planes of each glucose unit as
shown in Fig. 3. Upper and lower planes are defined as the
least square plane of C6(n) and O2(n)-O3(n), respectively.
Each glucose unit plane is a common plane of O4(n — 1)—
C1(n)-C2(n)-C3(n)-C4(n)—04(n)-C5(n)-0O5(n) atoms. All
seven glucose unit planes make up the wall of the cavity.
Only molecules in the same direction as the direction of all
normal vectors of each plane that point into the cavity, are
counted as encapsulated molecules.

The X-ray spectroscopy study [27] reported that the
hydrated form of -CD crystallizing from water contains
approximately 6.5 water molecules, distributing over 8
sites within the cavity. In the defined boundary mentioned
above, the number of water molecules inside the cavity of
crystallographic -CD is monitored. There are only four
water molecules inside the cavity as presented in Fig. 4.
While the number of water molecules inside -CD cavity
of the crystal neutron diffraction studies [38, 39] are two
and three, based on the newly defined cavity.

In our simulations, all 300 CD structures were analyzed
every 50 ps during the last 15 ns after equilibration for
counting the encapsulated solvent molecules. The highest
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Fig. 8 Probability distributions of the number of a EtOH molecules
and b water molecules inside the S-CD cavity during the MD
simulations for 15 ns of f-CD in an EtOH system

probability of the number of trapped water molecules
shows about 2-4 molecules localized in -CD cavity, as
shown in Fig. 5a. The number of encapsulated water
molecules obtained from the MD simulations agrees with
these experimental data [27, 38, 39].

The superimposition of the snapshot structure of 5-CD
in water from MD simulations with the X-ray crystal
structure [27] is shown in Fig. 5b. The X-ray structure is
similar to the snapshots that are obtained from the simu-
lations (see also Table 2). The orientation of the primary
hydroxyl group is rather flexible in order to interact with
water molecules. The result demonstrates that AMBER
2003 force field can be used to investigate the dynamics of
f-CD in solvent systems.

B-CD in water/ethanol-co-solvent
The average root mean square deviations (RMSD) of the

MD simulated atomic position from the corresponding
initial atomic positions of f-CD, after equilibration for

Fig. 9 Superimposition of the snapshots of an ethanol molecule in f-
CD cavity from 8.2 to 8.7 ns of the MD simulations of -CD in 50%
EtOH. The hydrogen atoms are omitted

15 ns, are about 1.13, 1.15 and 0.97 A for p-CD in 1, 50
and 100% EtOH (Fig. 6a). RMSD values of -CD mole-
cules are smaller for higher ethanol concentration than
dilute concentration.

When the structural parameters of S-CD in different
concentrations of ethanol are compared, we found that the
change of all values is not significant. However, the stan-
dard deviation depends on the amount of ethanol molecules
in the system. The standard deviation decreases when the
EtOH concentration increases (see Table 3). The results
show that the fluctuation of -CD structure in dilute EtOH
solution is higher than that of $-CD in higher EtOH con-
centration solutions.

The orientations of the primary hydroxyl group (O5(n)-
C5(n)-C6(n)—-06(n) torsion angles) in crystal structure at
room temperature [40] are usually in both (—) and (+)
gauche. Five C6(n)-06(n) groups show disorder (—)/(+)
gauche and two groups are oriented only (—) gauche. For
the structure obtained from the simulations, all seven

@ Springer
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Fig. 10 a Plot of RMSD of f-CD in solution of MeOH from the
initial structure as a function of MD simulation time for all backbone
atoms of -CD. b The fluctuations of the orientation of the primary
hydroxyl groups relative to the glucose ring, defined as O5(n)-C5(n)—
C6(n)-06(n) during the MD simulations for -CD in system of
MeOH

C6(n)—-0O6(n) groups are in both (—) and (4) gauche ori-
entations. However, the (-) orientation is more often
observed with 64, 72 and 71% probability for f-CD in 1,
50 and 100% concentrations of EtOH, respectively (see
also Fig. 6b).

The average tilt angle of 5-CD in EtOH systems is about
86-88°, that is approximately 8° more than the X-ray
crystal structure [40]. The results show the same trend
where the simulations give higher tilt angles than are
obtained by X-ray in both aqueous and EtOH co-solvent
systems.

In order to investigate the change of 5-CD structure in
the presence of EtOH, we compared the obtained structure
with the previous -CD structure in 100% water. RMSD
from the equilibrated structure of S-CD in water are about
1.16, 1.19 and 1.59 A for p-CD in 1, 50 and 100% EtOH,
respectively (Fig. 7). The standard deviation o, of all
selected geometrical parameters of 5-CD in the presence of
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ethanol are less than the geometrical parameters of f-CD in
aqueous solution. This shows that $-CD in an ethanol
system is more rigid than f-CD in water. The rigidity is
probably caused by the strain from the interaction between
f-CD and the guest molecule (EtOH) inside the cavity.

The S-CD cavity is occupied with one molecule of
ethanol (58, 86 and 86% probability for 1, 50 and 100%
EtOH, respectively) that show similarity with the experi-
ments [40, 41]. The number of encapsulated solvent mol-
ecules is reported in Fig. 8.

For 1% concentration, the site most frequently occupied
by EtOH molecule is in the lower part (below O4(n) plane)
of the -CD cavity (occupancy 0.9) which is in agreement
with the X-ray crystallographic structure [41]. This EtOH
molecule that is inside the cavity always turns its hydroxyl
group to interact with water molecules outside the cavity.
The ethyl moiety of the ethanol molecule is inside the
cavity. The investigation of the pathway of an ethanol
molecule shows that an ethanol molecule always enter the
p-CD cavity through the C2/C3 rim. Then it stays inside
the cavity for about 2.2 ns and passes through the C6 rim.
In this system, the primary hydroxyl groups are found in
(+) gauche orientation (37%) more often than in aqueous
solution (33%). This C6(n)-06(n) orientation stabilizes the
EtOH inside the cavity.

For 50% concentration, an encapsulated ethanol mole-
cule always turns its ethyl residue into the cavity and points
the hydroxyl outward to form hydrogen bonds with either
water molecules or hydroxyl groups of f-CD at both rims.
The orientation of ethanol molecules is caused by the
hydrophobic property inside the f-CD cavity and the
hydrophilic property at the rims of -CD. The course of
ethanol movement in this system shows two frequently
occupied sites inside the -CD cavity as shown in Fig. 9.
The occupancy factor for an EtOH molecule at the upper
part (above O4(n) plane) of f-CD cavity is about 0.6. The
obtained results are also in agreement with the experi-
mental report from a single crystal neutron diffraction
study of partially deuterated -CD ethanol octahydrate at
295 K, that ethanol molecules are in two different sites in
the cavity [41]. The X-ray crystallographic structure study
by Steiner group at room temperature reported that an
EtOH molecule is located in the lower part of the
O4(n) plane [41], while the other site in the upper part of
the f-CD cavity was reported by Aree [40]. This shows that
the arrangement of solvent molecules can be different in
different crystals. The molecular dynamics study of this
system shows both frequently occupied sites inside the /-
CD cavity. Intramolecular hydrogen bonds are obviously
found during the simulations, and the flip—flop hydrogen
bonds of these adjacent hydroxyl groups were detected.
Ethanol molecules enter the f-CD cavity through the C6
rim. The molecules stay inside the cavity for 500 ps, then
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Table 4 Selected geometrical parameters of f-CD in methanol systems
Solution X-ray*
1% MeOH 50% MeOH 100% MeOH
Distance (A) Mean 4 Mean 4 Mean 4 Mean g
04(n)---04(n — 1) 4.353 0.191 4.385 0.170 4.405 0.159 4.379 0.121
04(n)---04(n — 2) 7.648 0.516 7.771 0.413 7.841 0.347 7.881 0.253
04(n)---04(n — 3) 9.416 0.865 9.600 0.648 9.716 0.516 9.819 0.337
02(n)---03(n — 1) 3.213 0.719 2.988 0.529 2.880 0.336 2.866 0.072
d 0.115° 0.620 0.204° 0.516 0.131° 0.461 0.164° 0.074
Angle (°)
O4(n + 1)---04(n)---O4(n — 1) 123.7 10.766 125.2 8.127 126.1 6.646 128.3 3.772
T 86.3 27.555 87.8 22.961 88.2 20.990 77.7 11.584
Torsion angle (°)
¢ 119.7 32.223 123.2 24717 124.7 20.932 114.0 8.964
V] —122.0 28.153 —123.5 21.655 —124.1 18.459 —112.2 10.085
05(n)-C5(n)-C6(n)-06(n), —66.2 11.063 —65.8 10.812 —65.0 11.657 —63.5 4.759
66.6 15.516 66.1 15.606 67.6 17.933 62.7 -

d: deviation of O4(n) from the least-squares plane defined by the seven O4(n) atoms; 7: tilt angle, defined as the angle between the O4(n) plane
and the glucose unit planes; ¢ and : torsionol angles around the glycosidic bonds defined as O5(n)-C1(n)-O4(n — 1)-C4(n — 1) and Cl(n)-

O4(n — 1)-C4(n — 1)-C5(n — 1), respectively; o: standard deviation of each parameter

* Selected geometrical parameter of the X-ray crystallographic structure [42]

® Is the absolute value of the deviation of O4(n) from the O4(n) mean plane

4
— 1% MeOH
—— 50% MeOH
3 100% MeOH

RMSD

Fig. 11 Plot of RMSD of p-CD in system of MeOH from the
equilibrated structure of S-CD in water, as a function of MD
simulation time for all backbone atoms

leave the cavity. The primary hydroxyl group orientation at
the C6 rim is in (—) gauche more often than 5-CD for 1%
concentration. Due to this orientation, the solvent mole-
cules can easily move through the cavity.

In pure ethanol, the occupancy factor for EtOH mole-
cules in the upper part (above O4(n) plane) of cavity is
about 0.6. The (—) gauche orientation of C6(n)—
06(n) increases C6 rim diameter. Ethanol molecules can
pass through the -CD cavity easily without blockage by
the hydrophilic cluster of water molecules. This has hap-
pened in co-solvent systems. All seven intramolecular
hydrogen bonds are observed in all periods of simulation.

B-CD in water/methanol mixtures

A similar picture of the S-CD structural deviation in a
water/methanol system from the initial structure, to the
deviation found in a water/ethanol system, is observed. The
deviation in the water/methanol system is more pro-
nounced than in the ethanol case. The structural informa-
tion during the simulations obtained from the root mean
square deviation (RMSD) from the corresponding initial
atomic positions of $-CD, after equilibration for 15 ns, is
about 1.26, 1.05, and 0.93 A for p-CD in 1, 50, and 100%
methanol, respectively. In methanol solution, the fluctua-
tion of the f-CD structure in dilute solution is also higher
than that of -CD in high concentration solutions, as shown
in Fig. 10a and Table 4. The degree of the deviation also
depends on the amount of methanol in the system.
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(a) 100 - [ no MeOH molecules found in CD cavity
90 XY 1 MeOH molecule found in CD cavity
EEE 2 MeOH molecules found in CD cavity
80 4 724 3 MeOH molecules found in CD cavity
B 4 MeOH molecules found in CD cavity
S
- 604 60
Z N
=
©
S 40-
o e
20
H H?
0 Hy N2,

1% MeOH 50% MeOH 100% MeOH
concentration of MeOH, %(vol/vol)

[T no water molecules found in CD cavity
(b) 1 water molecule found in CD cavity
80 1 HEHH 2 water molecules found in CD cavity
3 water molecules found in CD cavity
BXXY 4 water molecules found in CD cavity
5 water molecules found in CD cavity

60 4 ¥Z727 6 water molecules found in CD cavity
53

Probability, %

50% MeOH

1% MeOH
concentration of MeOH, % (vol/vol)

Fig. 12 Probability distributions of the number of a MeOH mole-
cules and b water molecules inside f-CD cavity during the MD
simulations for 15 ns of -CD in a MeOH system

The same results as reported in an EtOH system are
found. The average structural parameters of -CD in dif-
ferent concentrations of methanol are not significantly dif-
ferent. However, the degree of the standard deviation,
o depends on the concentration of methanol solution. The
standard deviation decreases when the amount of MeOH
molecules in solvent increases. The orientations of all seven
primary hydroxyl groups (O5(n)-C5(n)-C6(n)—O6(n) tor-
sion angles) are preferred in both (—) and (+) gauche. The
(—) orientation is more often observed, with 75, 64 and 62%
probability for f-CD in 1, 50 and 100% concentration of
MeOH, respectively (see also Fig 10b). The average tilt
angle of 5-CD in MeOH systems is about 86—-88°, which is
approximately 9° more than the X-ray crystal structure [42].
The results show the same trend where the simulations give
higher tilt angle than that obtained by X-ray in aqueous,
EtOH, and MeOH co-solvent systems.

Comparison between the obtained structure with previ-
ous f(-CD structure in 100% water is done in order to

@ Springer

investigate the change of $-CD structure in the presence of
MeOH. RMSD from the equilibrated structure of -CD in
water are about 1.49, 1.26 and 1.67 A with 1, 50 and 100%
MeOH, respectively (Fig. 11). The most interesting point is
the orientation of the primary hydroxyl groups. In dilute
solution (1% MeOH), C6(n)—-O6(n) groups more frequently
face out of the cavity than the C6(n)-O6(n) groups of f-CD
in aqueous solution. Solvent molecules can easily pass
through the cavity without blockage of the primary
hydroxyl group at the narrow rim.

The number of encapsulated solvent molecules is
reported in Fig. 12. In dilute concentration (1% vol/vol),
only one methanol molecule is found inside the cavity with
10% probability. This result supports that methanol does
not possess the same degree of hydrophobicity as ethanol.
In this concentration, the site most frequently occupied by
MeOH molecule is in the upper part (above O4(n) plane) of
B-CD cavity (occupancy 0.6).

In higher concentration (50% vol/vol) and pure MeOH,
the most frequently occupied site inside the -CD cavity of
the encapsulated methanol molecules is below the
O4(n) plane of f-CD with 0.6 and 0.7 occupancy factors
for 50 and 100% MeOH, respectively. This most frequently
occupied site is in agreement with the X-ray crystallo-
graphic structure [42].

Conclusions

The MD simulations on -CD in the water/co-solvent sys-
tems of ethanol and methanol show asymmetric structures
of f-CD during the simulation times of 15 ns. The deviation
of the structure of $-CD depends on the type and the con-
centration of solvent molecules. The structural fluctuation
decreases when the concentration of solvent increases. The
interaction of $-CD with solvent molecules leads to a dis-
tortion of the -CD rim. When the alcohol molecules are
present in the solvent system, the primary hydroxyl groups
face out of the cavity. The solvent molecules can easily
move through the cavity. For all simulations, the obtained
structures have a higher value of the average tilt angle than
the structure obtained from X-ray study.
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