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ABSTRACT

There is growing interest in large-ring cyclodextrins (LR-CDs) which are known to be good host molecules
for larger ligands. The isolation of a defined size LR-CD is an essential prerequisite for studying their
structural properties. Unfortunately the purification procedure of these substances turned out to be
very laborious. Finally the problem could be circumvented by a theoretical consideration: the highly
advantageous replica exchange molecular dynamics (REMD) simulation (particularly suitable for stud-
ies of conformational changes) offers an ideal approach for studying the conformational change of
e-cyclodextrin (CD10), a smaller representative of LR-CDs. Three carbohydrate force fields and three
solvent models were tested. The conformational behavior of CD10 was analyzed in terms of the flip
(turn) of the glucose subunits within the macrocyclic ring. In addition a ranking of conformations with
various numbers of turns was preformed. Our findings might be also helpful in the temperature controlled
synthesis of LR-CDs as well as other experimental conditions, in particular for the host-guest reaction.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cyclodextrins (CDs) are produced from cyclodextrin glucan-
otransferase or amylomaltase from starch or similar substrates.
They are cyclic «-1,4 linked oligosaccharides of D-glucopyranose
units (Fig. 1a) with a hydrophobic nanoscale cavity and a
hydrophilic outer surface. Generally, cyclodextrins and their
derivatives are used to enhance water-solubility, stability and
bioavailability of compounds of interest in pharmaceutical and
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0144-8617/© 2015 Elsevier Ltd. All rights reserved.

food industries. The regular-ring CDs contain six, seven and
eight a-Dp-glucopyranoside units known as a-CD, 3-CD, and y-CD,
respectively, whereas the large-rings CDs (LR-CDs) are compris-
ing more than eight units. The small-ring CDs prefer the doughnut
shape, whereas LR-CDs may exist in various conformations. For
example, based on the crystal structures e-CD (CD10) (Jacob et al.,
1998, 1999; Ueda, Endo, Nagase, Kobayashi, & Nagai, 1996) and
-CD (CD14) (Harata, Endo, Ueda, & Nagai, 1998; Jacob et al.,
1998, 1999) containing 10 and 14 p-glucose units, respectively,
these CDs are stable in bent forms while CD26 with 26 p-glucose
units shows a somewhat twisted form (Gessler et al., 1999; Nimz,
GeRler, Uson, & Saenger, 2001). For small-ring CDs, the dihedral
angles t(02(;—C1(;—C4(,+1)—03(n+1)) (Fig. 1a), determined for
all glucose units are in the range from —60° to 60°. Contrary to
these findings the 7 angle of some glucose units which are con-
nected in the larger CD moieties is found within much larger
ranges.
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Fig. 1. (a) CD fragment showing the atomic labels and focused structural parameters, d;[02—03'], d;[04—04'], d3[02—O06'], d4[03—06'], d5[03—05’] and
7[02—C1—C4'—03’]. A turn between two glucose units is shown for the left glucose unit, whereas the two other glucose rings are within the band structure in cis position.
(b) A helical band subunit is shown with five glucose rings (from the X-ray structure of CD10).

The crystal structure of CD10, C2 symmetry is observed. Two
slightly twisted band subunits (Fig. 1b) are connected by two flips of
glucose rings leading to a saddle-like conformation of €-CD (Jacob
et al., 1998, 1999; Ueda et al., 1996).

Besides a variety of researches on the physicochemical prop-
erties and host-guest interactions of small ring CDs (Cao & Wu,
2015; Fernandes et al., 2014; Hu, Tang, & Chu, 2014; Khuntawee,
Wolschann, Rungrotmongkol, Wong-Ekkabut, & Hannongbua,
2015; Ogawa, Takahashi, & Yamamoto, 2015; Sangpheak,
Khuntawee, Wolschann, Pongsawasdi, & Rungrotmongkol, 2014),
the studies on LR-CDs (Dodziuk et al., 2003; Larsen, 2002; Larsen,
Endo, Ueda, & Zimmermann, 1998; Wang et al., 2015) have been
less mentioned. The larger ring size molecules are enabled to
be good hosts, thus enhancing the solubility and efficiency of
relatively large ligands (Ueda, 2002, 2004). In order to understand
this behavior more clearly, the physicochemical and structural
properties at a molecular level were investigated. In several
publications, the dynamical behavior was described using MD
simulation techniques starting from the crystal structures of
CD10, CD14, and CD26 (Gotsev & Ivanov, 2007a) and larger
macro-ring sized models (CD27-30, 35, 40, 48, 55, 70, 85, and
100) including intermediate conformations of available X-ray
structures (CD11-13, CD15-18, and CD20-25) in either gas phase
or in solution (Gotsev & Ivanov, 2007b, 2009; Gotsev, Ivanov, &
Jaime, 2007; Ivanov, 2011, 2012; Ivanov & Jaime, 2004; Maestre,
Bea, Ivanov, & Jaime, 2007; Shimada, Handa, Kaneko, & Takada,
1996; Shimada, Kaneko, Takada, Kitamura, & Kajiwara, 2000). The
MD results of CDs with a degree of polymerization higher than 13
support the hypothesis for the existence of more than one cavity
in LR-CDs.

In the process of enzymatic synthesis of CD, the CD confor-
mations could be controlled by the number of glucopyranose
monomers and experimental conditions (temperature and pH).
However, the single conventional simulation of biological systems
at low temperature condition trends toward a larger number of
local minima. To overcome this multiple-minima problem, the
replica exchange molecular dynamics simulation (REMD) which
allows the exchange of non-interacting replicas of the system
at several temperatures has been applied (Cheng, Cui, Hornak,
& Simmerling, 2005; Hansmann, 1997; Nymeyer, Gnanakaran, &
Garcia, 2004; Sugita & Okamoto, 1999). Therefore, to study the con-
formational changes of LR-CDs as well as the temperature effect on
their structures, we apply REMD technique on one representative
of LR-CDs, CD10, which has two flips (antitype) of glucose subunits
at opposite sites in the macrocyclic ring. Additionally, REMD simu-
lations have been carried out using different force fields as well as
various solvation models based on generalized born (GB) implicit
solvent. The replica exchange based conformational study of CD10
affords the instrument to control the physicochemical properties
of this substance and subsequently its application.

2. Methods

A detailed description of the REMD method is given elsewhere
(Sugita & Okamoto, 1999). The structure preparation and REMD
simulations were performed by Amber10 package (Case etal.,2008)
with the carbohydrate force field, glycam06 (Kirschner et al., 2008;
Nutho et al., 2014; Tessier, Demarco, Yongye, & Woods, 2008). In
addition, the glycam04 (Basma, Sundara, Calgan, Vernali, & Woods,
2001; Kirschner & Woods, 2001a,b) and hybrid force field, g4md-
CD (Cezard, Trivelli, Aubry, Djedaini-Pilard, & Dupradeau, 2011)
were also tested for reasons of comparison. The crystallographic
structure of CD10 was taken from the Cambridge Crystallographic
Data Centre CCDC (CCDC) entry code CCDC100656 as the starting
structure (Jacob et al., 1998). For taking into account the sol-
vent model effect, 50 ns REMD simulations were performed under
three different GB implicit solvent models Igb1, Igh2, and Igb5
(Rungnim, Rungrotmongkol, Hannongbua, & Okumura, 2013). The
initial structure of CD10 was fully minimized with 2000 steps of
steepest descent (SD) method, followed by 1000 steps of con-
jugated gradient (CG) method. Here, all REMD simulations were
performed with 16 replicas at temperatures ranging from 300 K
to 600K with interval steps of 20K. This temperature protocol
was found to be the most promising one for the present case. To
equilibrate the systems at the assigned temperatures, a short MD
simulation of 5 ns was performed prior to the REMD simulation. The
REMD simulation was then done for 100 ns using the solvent model
Igb5. Conformations at all temperatures were sampled at every
2 ps. The conformational change of CD10 was monitored through
contour plots of the probability by the distances between the sec-
ondary hydroxyl groups of adjacent glucoses, d;[02;)—03;+1),
and the distances between the glycosidic oxygen atoms,
d>[04(;y—04(+ 1), using the ptraj module in Amber10 package.
In addition the conformational and temperature change corre-
lation was investigated and the probabilities of each state were
calculated.

3. Results and discussion
3.1. Crystal structure analysis

The basic structural properties of CD10 in the crystalline state
are well understood. The distances of adjacent glucopyranose units
d1[02—03'], d,[04—04’], d3[02—06'], d4|03—06'] and d5[03—05’]
as well as the dihedral angles 7(02;)—C1(,)—C4(,+1)—03(,+1)) are
summarized in Table 1. As a consequence of the C2 symmetry the
distances of the second half of the CD rim are identical. The distance
R5-R6 (as well as R10-R1) is much larger because of the flip of the
glucopyranose ring.
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Table 1

The focused structural properties, d1[02—03'], d,[04—04'], d3[02—06'], d4|03—06'], d5s[03—05’] and 7[02—C1—C4'—03'] measured from the crystal structure of CD10

(Jacob et al., 1998).

Ring connecting d; (A) dy (A) ds (A) ds (A) ds (A) 7(°)

R1-R2 2.89 4.60 6.39 7.35 447 -38.1
R2-R3 3.03 4.46 6.01 7.07 442 -39.1
R3-R4 2.88 4.36 5.79 7.62 4.82 -12.9
R4-R5 3.91 448 6.05 6.80 3.97 -75.2
R5-R6 5.53 4.47 3.93 4.79 3.20 143.4

3.2. Replica exchange simulation of CD10

So as to obtain a reasonable replica exchange simulation ini-
tially the temperature distribution and the number of replica were
tested. The potential energy distributions of neighboring replicas
were shown in Fig. S1 of the supplementary materials. It can be
seen that the temperature from 300 K to 600 K with 20 K interval is
suitable for CD10 system. 50 ns REMDs in connection with different
implicit solvent models were conducted.

In order to investigate the conformational changes of CD10, the
distances between the secondary hydroxyl groups of adjacent glu-
cose moieties, dq[02(;)—03,+1)], and the distances between the
adjacent glycosidic oxygen atoms, d[04(;)—04,+1)], are plotted
for all the snapshots which were taken from the simulation at the
lowest temperature. The distance d;[04(,)—04,+1)] is less sensi-
tive for the glucose ring flips and describes the ellipticity of the
rim. The contour lines in the diagrams are giving the probability for
the distance values: the highest probabilities are assigned by the
darkest color (red to blue). Probability diagrams (Fig. 2) are show-
ing an accumulation of the distance pairs around 3.5 A/4.5 A which
are correlating satisfactory with glucopyranose ring connections of
the crystal structure, wherein the 2- and 3-hydroxy groups remain
in cis position (at the same side of the rim). A less populated sec-
ond accumulation point appears at 5.5 A/4.5 A. These distances are

correlated with the turn of the glucopyranose rings from the cis
arrangement to a trans position of the six membered rings. Due
to the flexibility of the ring systems some spreads of the distance
values can be observed.

The results of the different tested carbohydrate force fields
(Fig. 2a) gave rise to the assumption that glycam06 answers best
our purposes. After testing the different solvent modes, Igb1, Igb2,
and Igb5, Igb5 turned out to be the most reliable one which was
used for further investigations.

REMD enables to consider the influence of higher temperatures
during the simulation. In Fig. 3 the related contour plots according
to Fig. 2 are shown for various temperatures. Generally, no prin-
cipal change of the pattern can be observed, but the spread of the
distance distribution increases. This is not unexpected as higher
temperatures will effectuate higher amplitudes of the motion of
the molecule. No additional conformation can be detected, except
for a less pronounced accumulation point at 5.0 A/5.0 A.

3.3. The conformation of CD10

The conformational change of CD10 in aqueous solution is deter-
mined by several processes. First of all, the ring formed by the 04
oxygen atoms is not planar and there are some changes of the geom-
etry of this larger ring system. Secondly, the occurring movements

Fig. 2. Contour plots of the probability distribution of overall snap-shots of CD10 with (a) the three different force fields (glycam04, glycam06 and q4md-CD force fields) and

(b) the three different solvation models (Igb1, Igh2, and Igb5).
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Fig. 3. Contour plots of the probability distribution of overall snap-shots of CD10 at various temperatures using Igb5 solvent model and glycamO06 force field.

of the glucose units against each other, including sudden turns lead-
ing to a trans arrangement can be also seen from the X-ray crystal
structure. Another mode of motion is the conformational change of
the glucose units itself, and at least the formation and the break-
ing of intramolecular hydrogen bonds followed by rotations of the
hydroxyl groups and the carbon—carbon bond attached to the pri-
mary hydroxyl group. These movements are partly concerted and
coupled to a high extent. In particular, the turns of the glucose units
are thoroughly correlated with the conformational changes of the
large ring system.

In order to estimate the number of turns in various confor-
mations, structural parameters have been sampled for 100000
snapshots. The glucose subunit is defined to turn when the
0[C6—C2'—C6’] is larger than 60°. Some selected values are shown
in Table 2. The snapshots for each type of conformation have been
selected randomly. The angle 8] C6—C2'—C6’] proved to be the most
sensitive as well as the most significant parameter for the find-
ings of turns. Values around 90° indicate clearly a turn position of a

Table 2

glucose in the large ring system. Finally, the analysis of the sampled
snapshots according to these parameters show a variety of confor-
mations with different numbers of turns in the macrocyclic ring.

Moreover, the shape of CD10 was investigated in terms of the
radius of gyration (Rg), the cavity area, and the number of 02—03
intramolecular hydrogen bonds as shown in Table 3. The cavity
area (A) was calculated by the equation given below, where r; is
the distance between the center of mass (COM) of CD10 molecule
and each glucose subunit. The number of intramolecular hydrogen
bonds was monitored between the —OH at 2-position and the —OH
at 3-position according to the following two criteria: (i) a proton
donor-acceptor distance <3.5 A, and (ii) a donor—H—acceptor bond
angle >120°. All analyses were computed by the ptraj module in
Amber10.

10
-z 2
A= 15 2
i=1

Structure properties of classified CD10 conformations as considering the number of turn angle (6), the d,[02—03'], d,[04—04’], §[C6—C2'—C6'] and 7[02—C1—C4'—03'] of
each connecting unit are compared with X-ray and also the previous classical MD simulation.

R1-R2 R2-R3 R3-R4 R4-R5 R5-R6 R6-R7 R7-R8 R8-R9 R9-R10 R10-R1

dq1[02—03']
X-ray 2.89 3.03 2.88 3.91 5.53 2.89 3.03 2.88 3.91 5.53
1-Turn 3.90 3.85 3.67 4.85 5.52 3.70 3.65 3.38 3.54 4.77
2-Turn(1-5) 4.00 3.56 5.68 4.03 2.75 3.53 3.91 5.68 3.50 330
2-Turn(1-4) 4.05 4.54 3.87 5.40 4.38 3.89 5.12 5.55 2.94 3.13
3-Turn 4.16 4.34 4.71 5.78 354 3.93 4.18 4.82 5.85 3.29
4-Turn 4.60 4.85 4.83 3.90 3.12 3.77 442 5.88 4.65 3.89
reference 3.9+0.4%

d>[04—04']
X-ray 4.60 4.46 4.36 4.48 447 4.60 4.46 4.36 4.48 447
1-Turn 4.95 4.61 4.49 5.66 443 4.51 4.54 4.66 4.80 5.55
2-Turn(1-5) 4.90 432 493 481 4.69 4,78 4.45 4,73 4.65 4.47
2-Turn(1-4) 5.00 539 4.72 5.54 4.56 4.62 4.73 4.59 4.55 4.67
3-Turn 4.42 4.52 5.60 4.76 4.63 4.58 4.57 5.44 4.55 4.58
4-Turn 5.51 5.51 5.69 4.42 4.25 4.32 5.61 5.04 5.26 4.54
reference 4.5+0.2°

0[C6—C2'—C6']
X-ray 33.0 324 26.6 38.7 88.0 33.0 32.4 26.6 38.7 88.0
1-Turn 35.9 29.3 35.0 38.1 86.1 32.7 33.0 30.6 45.2 50.9
2-Turn(1-5) 30.5 29.7 85.7 32.6 28.7 28.7 35.0 87.6 34.9 25.0
2-Turn(1-4) 30.6 57.8 25.6 95.8 34.9 31.6 56.3 88.9 31.5 333
3-Turn 353 36.0 64.6 88.7 37.0 33.8 449 57.6 93.5 36.1
4-Turn 64.5 66.6 64.7 319 294 349 56.5 105.9 56.3 37.6

7[02—C1—C4'—03']
X-ray -38.1 -39.1 -12.9 -75.2 1434 -38.1 -39.1 -12.9 -75.2 1434
1-Turn -61.8 -64.4 13 -89.8 101.3 -56.9 —60.2 -46.8 14.0 75.0
2-Turn(1-5) -78.0 -51.5 1134 -64.4 -20.5 -53.0 —-644 131.0 -49.3 -313
2-Turn(1-4) -40.1 -87.7 -31.7 1343 -73.8 -69.4 -125.9 145.4 -134 -41.9
3-Turn -81.5 -4.4 -101.4 1222 -58.8 -73.9 16.4 -101.5 131.2 -57.0
4-Turn -94.5 -105.7 -116.5 —68.9 -37.8 -59.8 -86.1 151.3 -88.1 -94

2 MD data of CD10 in solution at 298 K using the force field Glycam04 (Gotsev & Ivanov, 2007a,b).
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Table 3

Radius of gyration, cavity area and number of intramolecular hydrogen bonds of CD10.

Radius of gyration (Rg, A)

Cavity area (A?) No. of intramolecular H-bond

X-ray 7.6
1-Turn 8.0
2-Turn(1-5) 7.9
2-Turn(1-4) 7.8
3-Tturn 8.1
4-Turn 8.3
Reference 11.4°

150.2 ND
171.2 3
160.7 3
166.2 3
179.1 1
194.1 2
ND N

2 MD data of CD10 in solution at 298 K using force field Glycam04 (Gotsev & Ivanov, 2007a).

Fig. 4. Probability of turn rotation of glucose units in CD10 ring.

Fig. 5. Examples for CD10 conformations with different numbers of turns, extracted from REMD simulation at 300 K.

In Tables 2 and 3 the various conformations are classified. For
reason of comparison the X-ray data are given as well. During the
REMD simulation conformations with different numbers of glu-
cose unit flips (turns) can be observed. As already mentioned, two
turns could be observed in the crystal structure, whereas the sim-
ulations show that there are more possibilities for the appearance
of turns. The model 2-turn(1-5) represents a conformation simi-
lar to the crystal structure, whereas the 2-turn(1-4) conformation
shows a larger and a shorter helical band of glucose units which
are located in the macrocyclic ring. Higher numbers of turns are
also found during the simulation and no differences between the
various arrangements could be seen. In Fig. 4 the probabilities of
conformations with different numbers of turns are given both, for
the lowest simulation temperature (300K) as well as for some
higher temperatures. At 300K conformations with 2 glucose flips
are dominating to a high extent followed by 3-turn conformations.
Only a very small number of conformations without a turn as well
as conformations with more than 4 turns can be observed. Thus
obviously it can be assumed that these conformations exist in a
rapid dynamical equilibrium. From Table 3, it can be seen that
the cavity of CD10 was somewhat enlarged at higher number of
turns because of the decreasing number of intramolecular hydro-
gen bonds. Moreover, the radii of gyration of the REMD simulations
are close to the value of the crystal structure (Jacob et al., 1998) in
contrary to the value of the previous simulation (Gotsev & Ivanov,
2007a).

The temperature dependence of the distance probabilities
(Fig. 3) is in accordance with the distribution scattering increase
due to temperature changes. These findings are correlating with
the population of 0- and 1-turn conformations as well as conforma-
tions with higher number of turns. This means that conformations
with other turn numbers than 2 are energetically less favored,
and moreover, higher temperatures lead to higher populations
of these energetically less favored conformations. In Fig. 5 some
examples of snap-shot geometries are given for various types of
turn-conformations. It can be seen that the conformation of a
saddle-point structure, as observed for the crystal structure, is
existing for 1-turn, 2-turn and to some extent for 3-turn geometries,
whereas higher numbers of turns lead to more flat conformations
of the large ring system.

In Table 4 the probabilities of the different conformations
obtained from the snap-shots of the LR-system classified by the
various turns are given. In REMD simulations, we could calculate
differences in free-energy and other thermodynamic properties
among these conformations from these probabilities (Okumura,
2012; van der Spoel & Seibert, 2006). Because the 2-turn model
is the most dominant conformation, the free-energy difference of
other n-turn models from this model is given by

AF = Fyturn — Focturn = —RTIH@

f 2-turn ’
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Table 4

The probability distribution of CD10 conformation with different number of turns and the thermodynamics quantities AF, AE, and TAS at 300K.

Probability AF at 300K (kJ/mol) AE at 300K (kJ/mol) TAS at 300K (kJ/mol)

300K 400K 500K 600K
No-turn 0.001 0.002 0.007 0.010 . 15.4 -1.7
1-Turn 0.026 0.051 0.089 0.111 8.5 9.9 1.5
2-Turn 0.790 0.672 0.552 0.462 0.0 0.0 0.0
3-Turn 0.164 0.227 0.270 0.294 3.9 55 1.6
4-Turn 0.018 0.042 0.070 0.100 9.5 11.2 1.7
5-Turn 0.001 0.004 0.011 0.020 16.9 18.1 13
6-Turn 0.000 0.000 0.001 0.003 24.7 23.6 -1.0
7-Turn - 0.000 0.000 0.000 - -
8-Ture - - - 0.000 - -

where fy_turn is the probability of n-turn conformation and R is the
gas constant: R=8.3145]/(molK). The energy difference is given
from the temperature dependence by

ad (ln(fn-tum /fz—tum ))
a(1/T)

A(AF/T)
a1/T)y —

AE = En-turn — E2—turn =

Energy difference was calculated from linear fitting of the data.
Entropy term TAS can be calculated by

TAS = AE — AF

These thermodynamic quantities are also listed in Table 4. It
should be mentioned that the 7- and 8-turn conformations are only
observed at high temperature with a very small probability. The
corresponding thermodynamic properties were not calculated.

Referring to the 2-turn conformations several arrangements are
possible. The preferred conformation are given by 2-turn(1-5) and
2-turn(1-4) models showing also comparable probabilities. Other
models (e.g. 2-turn(1-3)) show a much less probability with energy
differences around 2 kcal/mol compared with the lowest energy
model.

4. Conclusions

In this study the structural changes of CD10 were simulated by
100 ns REMD. With the glycamO6 force field together with the Igh5
solvent model a good description of CD10 could be obtained. The
advantage of REMD simulations consists in the fact that a complete
picture of the conformational changes of large ring systems with
several coupled modes of motion can be achieved. Additionally, it
is possible to get some insight into the temperature dependence of
conformational changes. In the case of CD10, in turn for which an
X-ray crystal structure exists, several molecular descriptors have
been selected and tested to explain in particular the flip or the turn
of glucose ring subunits within the frame of the macrocyclic ring
system. There is some evidence that geometries with two turns of
glucose subunits are thermodynamically more favored than other
conformations. These findings are in accordance with the crystal
structure of CD 10 which shows two turns and two slightly distorted
band helices. Increase of energy content due to elevated tempera-
tures is tightly correlated with an increase of diversity of various
conformations of the macrocycle. Concluding REMD can be ascer-
tained to give a complete picture of the dynamical behavior of large
ring cyclodextrins.
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Pinostrobin (PNS) is one of the important flavonoids and can be abundantly found in the rhizomes of fin-
gerroot (Boesenbergia rotrunda) and galangal (Alpinia galangal and Alpinia officinarum), the herbal basis
of Southeast Asian cooking. Similar to other flavonoids, PNS exhibits anti-oxidative, anti-inflammatory
and anti-cancer properties. However, this compound has an extremely low water solubility that limits
its use in pharmaceutical applications. Beta-cyclodextrin (3CD) and its derivatives, 2,6-dimethyl-3CD
(2,6-DMCD) and the three hydroxypropyl-BCDs (2-HPRCD, 6-HPBCD and 2,6-DHPBCD), have unique
properties that enhance the stability and solubility of such low-soluble guest molecules. In the present
study, molecular dynamics simulations were applied to investigate the dynamics and stability of PNS
inclusion complexes with BCD and its derivatives (2,6-DMBCD, 2,6-DHPBCD, 2-HPBCD and 6-HPBCD).
PNS was able to form complexes with BCD and all four of its derivatives by either the chromone (C-PNS)
or phenyl (P-PNS) ring dipping toward the cavity. According to the molecular mechanics-generalized
Born surface area binding free energy values, the stability of the different PNS/BCD complexes was
ranked as 2,6-DHPBCD > 2,6-DMBCD > 2-HPBCD > 6-HPBCD > 3CD. These theoretical results were in good

agreement with the stability constants that had been determined by the solubility method.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Flavonoids are a large group of heterocyclic compounds that are
commonly found in fruits, vegetables and herbs as plant secondary
metabolites [1,2]. A fairly diversified range of bioactivities, such as
anti-bacterial, anti-allergic and anti-oxidative activities, have been
reported for flavonoids [3,4]. They are widely used as drug and
dietary supplements due to their potential pharmacological prop-
erties and their rather low toxicity. Pinostrobin (PNS) belongs to
the flavanone subclass of flavonoids (Fig. 1A) and can be extracted
from the rhizomes of Thai galangal (Alpinia rotundra and Alpinia

* Corresponding author. Fax: +66 2218 5418.
E-mail addresses: t.rungrotmongkol@gmail.com, thanyada.r@chula.ac.th
(T. Rungrotmongkol).

http://dx.doi.org/10.1016/j.jmgm.2015.11.005
1093-3263/© 2015 Elsevier Inc. All rights reserved.

officinarum) and Chinese ginger (Boesenbergia rotunda). It has sev-
eral important biological activities, such as an anti-inflammatory
role on the cyclooxygenase activity [5], anti-aromatase activity [6],
decreased growth rate of the MCF-7 breast cancer cell line [6] and
inhibition of HIV-1 protease [7]. Furthermore, the activity of the
[B-amyloid peptide related to Alzheimer’s disease can be inhib-
ited by PNS through reducing the oxidative damage and calcium
overload as well as suppressing the mitochondrial pathway that is
involved in the cellular apoptosis [8]. Similar to many flavonoids,
PNS exhibits a relatively low water solubility leading to a significant
limitation in its use in pharmaceutical applications. Consequently,
suitable drug delivery carriers are of interest to solve this problem.

Cyclodextrins (CDs) are macrocyclic oligosaccharides of a-1,4
linked D-(+)-glucopyranose produced from starch by cyclodextrin
glycosyl transferase catalysis [9]. CD structures have a trun-
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Fig. 1. Two dimensional structures of (A) pinostrobin (PNS) and (B) B-cyclodextrin (BCD) and its derivatives, where —R is —H, —CH3 and —C3sH-O for BCD, 2,6-DMBCD and

2,6-DHPBCD, respectively.

cated cone shape with a relatively hydrophilic outer surface and
a hydrophobic inner cavity. The wider rim of BCD consists of
hydroxyl groups at the 2- and 3-position of each glucose subunit,
while the other narrower rim contains hydroxyl groups at the 6-
position of each glucose subunit.

The inclusion of poorly water-soluble drugs into BCD can be
used to enhance the solubility, stability and bioavailability of these
drugs [10-12], where the hydrophobic drugs prefer to insert their
hydrophobic motif(s) inside the CD cavity [ 13]. Naturally, there are
three major types of small-ring CDs; namely aCD, BCD (Fig. 1B) and
vCD that are composed of six, seven and eight glucose subunits,
respectively [14]. Due to the high yield synthesis and low price of
BCD it has been the main form used in the pharmaceutical, food
and cosmetic industries [15]. Albeit, 3CD shows a relatively lower
water solubility (18.5 mg/mL) than other CDs [16,17], which lim-
its its applications. Derivatives of 3CD, for example 2,6-dimethyl
3CD (2,6-DMBCD) and 2-hydroxypropyl 3CD (HPBCD) that have a
higher water solubility (570 and >600 mg/mL, respectively)[18,19],
have been shown to improve the bioavailability and bioactivity of
the encapsulated molecule in a much more efficient way [20-22].

Experimental studies to determine the stability and phase sol-
ubility of inclusion complexes between CDs and flavonoids have
been reported [23,24], and have shown that a higher solubil-
ity of the CD derivatives and better affinities between host and
guest molecules are advantages for pharmaceutical applications.
For example, phase solubility studies on rutin forming 1:1 molar
ratio complexes with HPaCD, HP3CD and HPyCD revealed that the
complex stability constants with HPBCD and HPyCD were signif-
icantly increased [25]. Accordingly, the solubility of artesunate, a
low water soluble antimalarial drug, can be improved by a 1:1 molar
ratio formation with methyl-3CD more than with HP3CD or CD
[26].

In addition to experimental investigations, computational tools
are useful to determine the preferable binding mode of drugs,
such as flavonoids, and for the prediction of guest-host interac-
tions as well as the stability of inclusion complexes at a molecular
level [27]. For example, the molecular dynamics simulations (MDs)
of quercetin and myricetin complexed with different CD deriva-
tives provided the host-guest orientation in a good agreement
with the TH NMR results [28]. In addition, although there are
various possible inclusion geometries of fisetin/3CD complexes,
it was found by molecular simulations that the insertion of the
phenyl ring inside the cavity of BCD was more favorable [29].
Moreover, the molecular mechanics-Poissan-Boltzmann surface
area/-generalized Born surface area (MM-PBSA/GBSA) and quan-
tum mechanics (QM)-PBSA/GBSA binding free energy calculations

predicted that naringenin would bind to 2,6-DMBCD better than to
natural BCD [30].

To date, theoretical and experimental studies of PNS in inclu-
sion complexes with various BCDs have not been reported. Thus,
the main aim of this study was to predict computationally the
most suitable BCD derivative for PNS encapsulation, and then the
PNS/BCD complexes were formed experimentally for further phar-
maceutical applications. In addition, the molecular details of the
PNS binding mode and orientation, stability and solvation in the
inclusion complex with BCD and its derivatives, 2,6-DM3CD and
the three HPBCDs (2- and 6-HPBCD and 2,6-DHPBCD), were dis-
cussed and compared.

2. Methods
2.1. Computation

2.1.1. System preparation

The optimized structures of 3CD and 2,6-DMPBCD were taken
from our previous studies [31]. For the three HPBCD derivatives,
the structures of 2-HPBCD, 6-HPBCD and 2,6-DHPBCD were pre-
pared by 2-hydroxylpropyl substitutions on all 2-, 6- and both 2-
and 6-hydroxyl positions of the natural $CD, respectively. The PNS
geometry was built and then optimized by the HF/6-31(d) level
of theory using the Gaussian09 program to obtain well-adjusted
bond lengths and angles [32]. The inclusion complex between PNS
and each respective (modified or not) 3CD was constructed by the
CDOCKER module in the Discovery Studio 2.5 (Accelrys, Inc.) with
500 independent docking runs. The complex with the best ranked
interaction energy and highest hydrogen bond (H-bond) formation
at each PNS binding mode, chromone (C-PNS) or phenyl ring (P-
PNS) dipping into the BCD cavity, was chosen as the representative
structure. Where only one binding orientation was obtained by the
docking procedure, another was manually generated for compar-
ison. In total, there were 15 systems for further MD studies; five
free CDs (3CD, 2,6-DMCD, 2,6-DHPRCD, 2-HPBCD and 6-HPBCD)
plus these five different CDs complexed with either P-PNS or C-PNS.
Note that the docking manner was used to determine the starting
position of PNS in 3CDs. Hence, the molecular dynamics (MD) sim-
ulation was performed to clarify the importance of solvent effects
in the forming inclusion complexes.

2.1.2. Molecular dynamics (MD) simulation

The structure of BCD and its dimethyl and hydroxypropyl
derivatives alone and complexed with PNS in aqueous solution
were simulated with three different initial velocities using the
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Amber 12 software package [33]. The parameters of BCD and its
derivatives were taken from the GlycamO06 carbohydrate force field
[34], while the partial charges and empirical parameters of PNS
were obtained by the standard procedures described elsewhere
[35-39]. To relax the structure prior to simulation, the hydrogen
atoms of each system were minimized with 1000 steps of steepest
descents (SD) and continued by 3000 steps of conjugated gradi-
ent (CG). The simple point charge (SPC) water molecules were then
used to solvate around the inclusion complexes with the minimum
distance of 12 A from the system surface. As a result, the truncated
octahedron periodic water box size of the simulated systems was
approximately 45 x 45 x 45 A3 and consisted of 1400 +42 water
molecules. The SD (1000 steps) and CG (3000 steps) minimizing
procedure was applied to the whole system. The periodic bound-
ary condition with NPT ensemble was applied for all simulations.
The cutoff distance for electrostatic interactions was set at 12A
according to the particle mesh Ewald approach [40]. To constrain all
bonds involving hydrogen atoms, the SHAKE algorithm was used.
The systems were heated up to 298K for 100 ps, and then were
continuously held at constant temperature of 289K for 80 ns. The
integration time was set at 2 fs and the MD trajectories were col-
lected every 2 ps. The equilibrium state of simulated systems was
considered by the root mean square displacement (RMSD). The con-
formation changes in $CD and its derivatives in the free form and
when complexed with PNS were discussed in terms of the potential
energy surface (PES). The mobility and water accessibility of PNS
in the cavity of BCD and each derivative were determined by mea-
surement of the distances between PNS and the respective 3CD or
derivative molecule and the radial distribution functions (RDF) of
water around the PNS hetero atoms, respectively. Using the same
trend of binding free energy prediction reported previously using
the MM- and QM-PBSA/GBSA methods in the flavonoid/CD com-
plexes [29,30], the MM-GBSA approach was adopted to estimate
the binding affinity of PNS and BCDs in this study. All structural data
were analyzed by the ptraj module, while the binding free energy
was calculated by MM-GBSA module implemented in Amber pro-
gram.

In addition, to test the simulation convergence, the two starting
structures of C-PNS inserted, (A1) its chromone ring in 3CD cavity
and (A2) phenyl ring in the cavity instead, were separately sim-
ulated for 20 ns. The same procedure was prepared for P-PNS (B1
and B2). The results of distance and distribution plots of the centers
of gravity between pinostrobin and 3CD are newly given in Fig. S1
in supplementary materials. It can be seen that after 2-ns simula-
tion the (A2) C-PNS has changed its position from ~—2A to ~2A
as found for (A1) C-PNS. The similar phenomenon was observed for
P-PNS. This finding indicates the convergence of simulation and the
intermediate position of pinostrobin in the hydrophobic cavity.

2.2. Experiment

2.2.1. Materials

The PNS was extracted from the co-author synthesis, while 3CD
and its derivatives (2,6-DMBCD and HPBCD) were purchased from
Wako pure chemical industries, Ltd. and Sigma-Aldrich, respec-
tively, and were of technical grade only.

2.2.2. Phase solubility study

An excess amount of PNS was dissolved in 0-10 mM 3CD, 2,6-
DMPBCD and HPBCD, respectively. The mixtures were shaken at
25°Cfor 72 h in a water bath. The dissolved PNS concentration was
determined by UV-vis spectrophotometer at 290 nm. Each experi-
ment was performed in triplicate. Additionally, the solubility of PNS
in pure water was also determined in the same manner. The phase
solubility diagrams of PNS in the presence of various concentra-
tions of BCD and its derivatives were obtained using the method of

Higuchi and Connors [41]. The stability constant (K¢) of PNS when
complexed with the different 3CDs was calculated from the slope
data of the phase solubility linear diagrams according to Eq. (1);

Slope

Ke = So(1 — Slope)

(1)

where Sy is the saturation concentration of PNS in water at 25°C.

3. Results and discussion

The three independent simulations on each system provided rel-
atively similar results. Thus, for simplification the data from only
one simulation are presented here.

3.1. System stability

To monitor the system stability, the RMSD with respect to the
initial structure of the free CDs (3CD, 2,6-DMBCD and the three
HPBCDs), and their complexes with PNS (as C-PNS and P-PNS) was
calculated. The results are illustrated in Fig. 2, where, as expected,
the averaged RMSD of the parent BCD was smaller than those of
all the modified BCDs. Among the uncomplexed CDs, a noticeable
fluctuation in the RMSD was observed in 6-HPBCD, which con-
tains the hydroxypropyl substitutions at the 6-position, as found
previously [42]. Complexation with PNS (both P-PNS and C-PNS
conformations) led to a reduction in the RMSD values in all inclu-
sion complexes. For instance, the RMSD of the C-PNS and P-PNS in
complex with 2,6-DHPBCD was observed in a range of 3.0-3.5A,
whilst the RMSD of the free 2,6-DHPBCD was larger than 4 A. The
differences in the RMSD fluctuations between the two relative com-
plexes resulted from the structural and dynamic properties of PNS
binding inside the host cavity (discussed later in Fig. 4). From the
RMSD plots, it seems that all the simulated systems had reached
equilibrium by 40ns (except for the free 6-HPBCD), and so for
each system the MDs trajectories from the 60ns were extracted
for further analysis.

3.2. Conformation of BCDs in free and complex forms

As seen from the RMSD plots, PNS might affect the conforma-
tion of the host 3CDs molecule. To investigate such conformational
changes, the distance between the glycosidic oxygen atoms
(04(ny — 04(;1+1)) and the distances between the hydroxyl groups on
the secondary rim of neighboring glucoses (03;) — 02(;+1)) were
monitored from the last 40-ns snapshots. It has to be noticed that
the second distance related to intramolecular hydrogen bond for-
mation refers to the structural characteristic feature of CDs [43].
Using Eq. (2), the distributions of these two distances were calcu-
lated and are presented in terms of free energy in Fig. 3.

F(x,y) = —ksT log[P(x, y)] (2)

where kg is the Boltzmann constant and T is the absolute tem-
perature. P(x, y) is the probability of the parameters distance
(03(n) — 02(;1+1)) and distance (04(;) — O4(,+1)) as x and y, respec-
tively.

In Fig. 3, the three minima M1, M2 and M3 were detected from
the PES of parent BCD, with a free energy ranked in the order of
M1 <M2 <M3. For the most probable conformation of 3CD (M1),
the 03,y — 02(,+1) distance was distributed in range of 3-5 A with
a possible formation of intramolecular hydrogen bonds on the
wider rim (<3.5A), while the 04,y — O4(+1) distance was likely
presented at ~4.5A. At the same 04(ny — O4(n+1) distance, an out-
spread of the 03,y — 02,1y distance was found for M2. In contrast,
the O4;) — 0441y distance for M3 was lengthened over 5A and
the 03,y — 02(;+1) distance was in between those of M1 and M2.
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Fig. 2. RMSD plots of all atoms for the 15 simulated systems (3CD and its four derivatives alone and each complexed with either C-PNS or P-PNS) versus the simulation time.

Fig. 3. The potential energy surface (PES) plots of the distance between the adjacent glycosidic oxygens, O4(;) — O4;+1), versus the intramolecular hydrogen bond distance,
03(n) — 02(n41), for the different BCDs (top row) alone or complexed with (middle row) C-PNS or (bottom row) P-PNS.

Among all BCD derivatives in free form, only 2,6-DMBCD shared
a similar PES to the unmodified BCD, while the M3 had totally
disappeared within the others. Upon complexation with PNS the
binding of PNS forced the 3CDs structure to adopt the most stable
conformation (a more dominant M1) with stronger intramolecular
hydrogen bonds (higher proportion of 03¢,y — 02,41y with a dis-
tance <3.5 A). In addition, the shape of BCDs also depended on the
PNS binding mode, in particular for 3CD and 6-HP3CD. Both M1 and
M2 were detected in C-PNS/BCD and P-PNS/6-HPBCD complexes,
whereas in the other cases only an M1 conformation was observed.

3.3. PNS mobility and preferential displacement in CD cavity

The dynamic behavior of the C-PNS- or P-PNS binding toward
the five different BCDs were determined by monitoring the dis-
tance from the center of gravity of PNS molecule to the center
of gravity of each different CD without considering the functional

modifications of the respective modified 3CD molecule. The results
of the 10 inclusion complexes were plotted and compared in Fig. 4,
where the horizontal dashed lines at —3.95 A and 3.95 A represent
the positions of the primary and secondary rims of BCD, respec-
tively [44]. It can clearly be seen from the distance plots that PNS
in both the C-PNS and P-PNS orientations can form inclusion com-
plexes well with all five different CDs. The two important factors,
(i) the substitutions on 2- and 6-positions of BCD and (ii) the mode
of PNS binding, are likely to be involved in the mobility and pref-
erential displacement of PNS inside the hydrophobic cavity of CDs.
Where the same substitutions on both 2- and 6-positions of 3CD
(i.e., BCD, 2,6-DMBCD, and 2,6-DHPBCD), the C-PNS stably posi-
tioned nearby the secondary rim (~3A), while P-PNS preferred a
deeper location and showed a higher movement along the simula-
tion due to a reduced fitting of its benzene ring within the cavity.
For 2-hydroxypropyl substitutions on the 2- or 6-position of 3CD
(2-HPBCD or 6-HPBCD), the hydrophilic functional groups signif-
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Fig. 4. Distance between the centers of gravity of PNS and CD excluding the modified functional groups for all systems. Dashed lines represent the cavity height of regular

BCD.

Fig.5. Theradial distribution function (RDF) of water molecules around the PNS oxygen atoms (as defined in Fig. 1A) for (A) C-PNS/CDs and (B) P-PNS/CDs inclusion complexes.

icantly induced PNS displacement to be relatively nearer to the
substituted rim. In 2-HPBCD, the PNS molecule initially moved up
over 4 A and then moved down to be steadily located at ~3 A until
the end of simulations. Although the large fluctuation of both the C-
PNS and P-PNS binding modes were observed in 6-HP(3CD, a more
than 50% occupation of PNS was found at the position below the
center of gravity of 6-HPCD.

3.4. Water accessibility to PNS in complex with CDs

The radial distribution functions (RDFs) were used to ascer-
tain the water distribution around the four oxygen sites on the
chromone ring of the PNS molecule (01, 04, O5 and 07) (Fig. 1A)
in complex with the different CDs. The RDFs of these PNS oxygen
atoms together with the integration number, n(r), for the different
C-PNS/CD and P-PNS/CD inclusion complexes are plotted in Fig. 5.
The n(r) value at the first determined minima was used to estimate
the water accessibility toward the focused oxygen, and the results
are summarized in Table 1. Among the four sites, no peak was
detected within the 3 A sphere of the O1 site in all systems (except
for only a rather small peak found in C-PNS/6-HP3CD). These data
suggested that water hardly solvates these oxygen atoms of the

chromone ring reflecting that it mostly stayed inside the center of
the hydrophobic cavity of the respective CDs. An unpronounced
peak was observed at around 2.7-4.0 A for the 07 methoxy oxy-
gen atom indicating a weak solvation or an O7-water interaction.
In contrast, the two other sites exhibited the first intense peak at
~3 A, corresponding to possible hydration, while the first minima
accounted for a number of water molecules maintained on the first
hydration shell. Since the first minima never reached a g(r) value
of zero, water exchange between the first and secondary hydra-
tion shells was feasible. In C-PNS/CDs inclusion complexes, the 04
oxygen was more accessible to water than the 05 and O7 ones,
in agreement with the C-PNS displacement nearby the secondary
rim where O5 and O7 atoms of the chromone ring were located a
little bit deeper in the cavity than O4. Interestingly, lower water
accessibility was seen in the C-PNS/2,6-DHPCD complex due to
2-hydroxypropyl substitutions on both CD rims. For the P-PNS bind-
ing mode, the chromone ring of P-PNS stayed close to the wider
rim and so a ~two-fold higher water accessibility was observed
(Table 1). Since both C-PNS and P-PNS/CDs complexes with the
different 3CD could be formed (evidently from the distance plot)
with an almost equal binding strength (discussed later in Fig. 6),
the total number of accessible water molecules could be consid-
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Table 1
Integral number, n(r), up to the first minimum (derived from Fig. 5) for the PNS oxygen atoms in the different PNS/CDs complexes.
BCD 2,6-DMBCD 2,6-DHPBCD 2-HPBCD 6-HPBCD
C-PNS P-PNS C-PNS P-PNS C-PNS P-PNS C-PNS P-PNS C-PNS P-PNS
01 - - - - - - - - 0.003 -
04 1.5 2.3 35 14 0.9 1.0 14 13 0.9 1.5
05 0.5 2.5 0.8 2.0 - 2.5 - 0.5 0.9 2.7
o7 - 13 0.3 2.5 - 1.7 0.8 1.1 0.1 1.7
Total 2.0 6.1 4.6 5.9 0.9 5.2 2.2 2.9 1.9 5.8
Average 4.0 5.2 3.0 2.5 3.9

Fig. 6. MM-GBSA binding free energy (AGpinq) in kcal/mol of the different C-
PNS/BCD (black) and P-PNS/BCD (gray) complexes, where the interaction energy
components, AEqe and AE,qw, are given in the inset.

ered for both complexes. Considering the average total number of
water molecules solvating the PNS bound to each respective CD, it
appears that 2,6-DMBCD introduced one more solvated water, but
~1-2 less water molecules approached PNS when complexed with
2,6-DHPBCD and 2-HPBCD compared to when complxed with 3CD.

3.5. Binding free energy of inclusion complex

To estimate the binding free energy or the absolute free energy
of molecules in aqueous solution (AGp;nq) for all PNS/BCDs inclu-
sion complexes, the MM-GBSA approach [45] was performed on
the 30MD snapshots extracted from the last 40ns. It has to be
noticed that four sets of 100, 30, 20 and 10 snapshots were inves-
tigated and the 30 snapshots yielded the relative magnitude of
mean and standard deviation values of the 100 snapshots. Based
on MM-GBSA calculations, AGyp;,g is the summation of the elec-
trostatic (AEee) and van der Waals (AE,qy) interaction energies
in gas phase, GBSA solvation free energy [46], and entropy con-
tribution using normal mode analysis [47]. The AGpind, Eele and
Eyqw values of C-PNS and P-PNS in complex with the differ-
ent BCDs are presented and compared in Fig. 6. Although the
structural and dynamic behaviors, as well as water accessibility,
of the two modes of PNS binding in the cavity were some-
what distinguishable, the difference in their binding free energies
was less than 2 kcal/mol. Importantly, the averaged AGy;yg val-
ues (kcal/mol) suggested that the modification of 3CD by both
methyl and 2-hydroxylpropyl groups could enhance the stability of
inclusion complex in order of 2,6-DHPRCD (-13.86)>2,6-DMBCD
(-12.32)>2-HPBCD (-10.59)>6HPBCD (—9.34)>BCD (-7.90). As
expected for the complex formation of phenolic compounds dip-

Fig. 7. Phase solubility diagram for PNS in various concentrations of (OI) BCD, (O)
2,6 DMBCD and (A) HPRCD at 25°C.

Table 2

Slope, correlation coefficient (2 ) and stability constant (K¢ ) (derived from Fig. 7).
CDs Slope 2 Kc (M)
BCD 0.058 0.999 1710
2,6-DMBCD 0.200 0.994 6944
HPBCD 0.107 0.996 3328

ping into the hydrophobic inner surface, vdW interaction plays an
important role in the complexation process, and they appear to be
much stronger than the electrostatic interaction. It turned out to be
approximately 6-fold in the case of PNS/CDs complexes.

3.6. Experimental phase solubility study

The phase solubility diagram (Fig. 7) revealed the influence of
the different CDs on the solubility of PNS in water, where the
PNS solubility was linearly enhanced with increasing CD concen-
trations. All the PNS/CD complexes were categorized as Ay type
with the formation of 1:1 molar ratio complexes. The slope and
the intrinsic solubility of PNS (Sg) from the diagram were used to
calculate the stability constant (K¢) of each complex by Eq. (1), as
reported previously [41], with the results summarized in Table 2. As
equilibrium constant determined by this method is rather sensitive
to the solubility of PNS in pure water, this was measured indepen-
dently as 3.6 x 10~> mol/L. In case of low solubility of the compound
in pure water the intercept cannot be measured that exactly to
ensure an accurate determination of the equilibrium constants. The
stability constant of the PNS/2,6-DMBCD complex (6944 M~1) was
much greater than the complex constants of HPBCD (3328 M~1)
and BCD (1710 M), respectively. It is worth noting that the sub-
stituted BCD derivatives contained a mixture of various degrees of
substitutions as technical products, while the derivative with full
substitutions is considered in this MD study. However, the experi-
mental equilibrium constants correlated rather well with the MDs.
Thus, this computational tool is able to guide selection of the most
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suitable host CD for complexation with the desired flavonoid prior
to pharmaceutical application.

4. Conclusions

In the MD simulations the stability of simulated systems of
each PNS/BCD inclusion complex reached equilibrium by 40 ns and
was then used to investigate the conformations of 3CD and its
derivatives, the mobility of the host PNS molecule in the differ-
ent PNS/BCD complexes, the water accessibility around PNS and
the binding free energies of each inclusion complex. The results
revealed that the conformation of BCD and its derivatives com-
plexed with PNS is mostly found in M1 structure of the PES. By
means of the PNS mobility, the chromone ring of the PNS molecule
preferably stays nearby the secondary rim of BCD and its deriva-
tives, while another orientation of the PNS molecule the phenyl
ring shows a higher movement inside the hydrophobic cavity. In
addition, the RDF plots show that PNS in the different P-PNS/3CD
inclusion complexes interact with ~two-fold more solvating water
molecules than in the different C-PNS/BCD inclusion complexes. It
could then be assumed that the P-PNS/BCD inclusion complexes
have a better water solubility than the corresponding C-PNS/3CD
ones. According to the binding free energy, van der Waals interac-
tionis the mostimportantinteraction between the PNS and the 3CD
or its derivatives. The PNS complex with 2,6-DHPBCD had the high-
est stability, followed by the inclusion complexes with 2,6-DMBCD,
2-HPBCD, 6-HPBRCD and BCD, respectively. Moreover, experimen-
tal phase solubility studies supported the computational approach
since complexes of PNS/2,6-DM3CD and PNS/HPBCD showed a sig-
nificant higher stability than those with 3CD.
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ABSTRACT. Large ring cyclodextrins have become increasingly important for drug delivery
applications. In this work, we have performed replica-exchange molecular dynamics simulation
to study the conformational diversity of iota-cyclodextrin containing 14 a-1,4 glycosidic linked
D-glucopyranose units (CD14). The new calculation methods are proposed to analyze the
openness and bending conformation of CD14 in terms of circularity and biplanar angle. As a
result, CD14 is mostly opened with average circularity of 0.39 = 0.16 and is slightly bent with
average biplanar angle of 145.5 + 16.0°. In addition, classification of CD14 conformations using
Gaussian mixture model (GMM) shows that 85.0% of all CD14 trgjectories at 300 K are
corresponding to the opened conformation. The GMM clustering also reveals the minority
conformations of CD14 such as 8-shape and U-shape conformations. The obtained results
indicate that CD14 is a suitable candidate for inclusion of drug molecule. This work provides
fundamental insights of CD14 conformation and also proposing the new techniques for

molecular conformation study in the future.



1. Introduction

Large ring cyclodextrins (LR-CDs) are cyclic oligosaccharide of 1-4 linked alpha-D-
glucopyranoses consisting of more than eight glucose subunits. Currently, the severa size LR-
CDs (up to hundreds subunits) have achieved by enzymatic syntheses of amylomaltase, another
4o-glucanotransferase, which their unique loop structure has not existed in small ring
cyclodextrins (SR-CDs) produced by cyclodextrin glycosyltransferase (CGTase). However, only
four crystal structures of 6-CD (CD9),' e-CD (CD10),** 1-CD (CD14),** and ¢-CD (CD26)% ’
were reported. Based on crystallographic studies, these LR-CDs can form into various shapes
such as the bent shape of CD10 and CD14 and the twisted shape of CD26, whilst SR-CDs as
CD6, CD7 and CD8 are found only in a cyclic shape.>™ Mixed sizes of CDs can be synthesized
with the polymerization of CGTase. The synthesis conditions i.e. temperature and concentration
of ethanol in an agueous solution resulting in the increasing chain-length of LR-CDs™ ** To
investigate the structural properties of individual LR-CD, single-size LR-CD purification and
their crystal structures are required via a costly process and sophisticated laboratory anaysis.
Over the last decade, classical molecular dynamics (MD) method has been applied to study the
L R-CDs conformation both in gas and solution phases.”**> The structure stability of LR-CDs has
been discussed in terms of their shape, hydrogen bond formation, as well as their energy. The
larger ring of LR-CDs has more flexible structure, where multiple cavities of LR-CDs could be
frequently observed. Using classical MD simulation of CD14 in solution at room temperature,
the deformed conformation from the crystal structure e.g. open form, twisted shape containing
two loops and dumbbell shape were found.'® Moreover, the CD26 geometry studied by DFT

method in gas phase isin agreement with its crystal structure solvated by waters.™



Although classical MD is a useful method to study conformation of LR-CDs, it requires
long-time dynamics in order to overcome the energy barrier among local minima. In the context
of conformational exploration, replica exchange molecular dynamics (REMD) simulation is a
potentially powerful technique.®®** REMD method can be used to efficiently solve multiple
minima problem using independent MD simulations (i.e. replica) with different temperatures and
temperature exchange among replicas. Nevertheless, a significant challenge from REMD for
conformational searching is the vast amount of conformation data generated from the multiple
REMD trgectories. One way to deal with this issue is to visualize each MD trgjectory and
manually choose “important” snapshots based on visual data and researcher’s experience. This
method might be possible and effective for small trgjectory, however capturing all of the key
snapshots from large trgectory is highly challenging and may introduce sampling bias. In
addition, trajectories generated from REMD are subjected to spontaneous and erratic motion due
to the temperature/trajectory exchanges between different replicas, which might hamper visual
information of CD14 conformation. Therefore, designing systematic routine to quantify
structural properties of CD14 is crucial for analyzing large amount of data from REMD
simulation.

Recently, machine learning and data analytic techniques have become immensely useful
for computational studies.”*** Unsupervised |earning techniques such as clustering can be applied
on large amount of data to discover hidden classes of data.® *® Clustering algorithm based on
principal component analysis (PCA) technique is commonly used to reduce high dimensional
datainto lower dimension but highly significant data, while methods such as K-mean clustering,

DBSCAN, and Gaussian mixture models (GMM) are more suitable for low-dimensional data.



GMM clustering is a method of interest due to its fast, suitability for density estimation, and non-
bias toward zero means and cluster sizes.

In this paper, REMD simulation has been performed to explore the conformational space
of CD14 structure. To efficiently analyze CD14 conformation from REMD results, we have
combined two approaches. (1) development of new LR-CD structural characterizations; and (2)
application of machine learning based clustering algorithm for classification of CD14 structures.
In the first approach, we have developed two new LR-CD characterizations including biplanar
angle and circularity to quantitatively analyze CD14 conformation from REMD simulation.
Here, in-depth computational steps, detailed analysis, and performance evaluation of the new
techniques are thoroughly discussed. In the second approach, GMM clustering agorithm is
applied to systematically identify the groups of CD14 based on their conformations. Finally, the
new characterization techniques are applied on GMM clustering results, revealing the underlying
groups of CD14 conformations. Our new bifurcated approach has provided a systematic way to

analyze complex conformation of LR-CDs, which is beneficial for broad-range of research areas.

2. M ethodology

2.1 Replica exchange molecular dynamics (REMD)

All system preparations and REMD simulations are performed using Amber10.” The
starting structure of CD14 is obtained from the Cambridge Crystallographic Data Centre entry
code CCDC124917.”° To remove steric interactions, the initia structure of CD14 is minimized
by 2000 steps of steepest descent method, continued by 1000 steps of conjugated gradient
method. The glycam06 force field and the GB implicit solvent model, 1gb5, are used where more

details of the force field testing as well as the solvation model effect have thoroughly discussed



in the previous study.”® Based on REMD simulation, CD14 is performed for 16 replicas under
temperature exchanges within the range 300-600 K with 20 K interval. By this REMD condition,
the acceptance ratio is more than 40%. These REMD simulation condition had been validated in
our previous study.® A short MD simulation of 5 nsis performed prior to the REMD simulation
in order to equilibrate the systems at the assigned temperatures. Afterwards, the REMD
simulation is completed for 100 ns using 1gb5 solvent model. CD14 snapshot is taken every 1 ps
from REMD simulation at 300 K for conformation analysis, resulting in 100,000 snapshots of
CD14in total.

2.2 Structural analysis

We proposed two molecular-structure analytical methods, which are biplanar angle and
circularity. The analysis codes were implemented using Python 2.7 incorporated with scikit-learn
machine-learning toolkit 0.15.0,* scipy version 0.14.0 and numpy 1.8.1 for numerical and
mathematical supporting subroutines.

2.2.1. Biplanar angle

Previous study reported that CD14 conformations were found bent ** resulting in a folded
biplanar configuration. In this type of structure, the degree of bending between the two internal
planes significantly affects the inclusibility of drug molecule. Here, biplanar angle, 6;, is
proposed to characterize the bending of internal molecular planes within LR-CD structures, see
Figure 1. This calculation method can be summarized in three steps:

() Clustering of atoms in CD14 into two groups (X; and X;) based on their
coordinates.
(1) Find the internal planes P; and P2, which are the most spatially correlated 2-

dimensional plane of X; and X, embedded in 3-dimensional space.



(111 Calculate 6 from the angle between normal vector of planes P, and P-.

In step (1), atoms of CD14 conformation are clustered into two groups using k-mean
clustering algorithm.”® Let r; be a spatial coordinate of i-th atom in CD14. k-mean clustering
algorithm decides whether r; is belong to X; or X, by minimizing the following objective

function Z:

%
Z =agmin| D dist(c,r)+ D, dist(C,r)| s (2),

X1, X5 8Er!ex1 vrleX,
where dist(a, b) is the Euclidian distance between two points, ¢, and ¢, denoted the centroids of
1

atoms in X, and X, calculated from: ¢ = Z r!. Here, mini-batch k-mean clustering

| vne

algorithm is used due to its highly efficient computation time.*® The parameters of mini-batch k-
mean procedure are as follows. number of clusters (k) = 2, number of mini batches = 100,
number of randomized initialization trials = 10, maximum clustering iterations = 300, and
stopping criteria of smoothed variance-normalized of the mean-center squared position changes
= 10" After the mini-batch k-mean process, two sets of atomic coordinates X, and X, are
obtained.

In step (I1), the most spatially correlated 2-dimensiona plane P, for atoms in X is

computed. Let P, =(pL,p?), where p; Lp? are orthonormal basis vectors spanning plane P..

Here, flll [3,2 are obtained from PCA as the two-most correlated principle components of atomic

coordinate of al atomsin X;. In order to find P,, we performed a principle-component analysis

(PCA) on X;. The two-most correlated orthonormal basis from PCA (i.e. the principle

components 1 and 2) spanning P,. Note that the third orthonormal basis is the normal vector (n,)

of plane P,.



Finally, step (111) is achieved by calculating angle between planes P, and P, based on the

cosine of their normal vectors:

For 6, < 180°, two cosine angles exist, which are 6, and ©-6.. Here, we assume that 6, > 90°
because the steric repulsion would prevent P, and P, becoming too close to each other. Thus, we

considered the biplanar angle as 8, = max(6,, 7 —6,) hereinafter.

Figure 1. Schematic diagram illustrates the internal plane P, for each cluster of atoms. Biplanar

angle is noted as an angle between two normal vectorsn,.

2.2.2. Circularity

Extensive length of CD14 oligosaccharides makes its configuration possibly twisted and
deformed. In order to quantify the twistiness degree of CD14 configurations, circularity (y,) is
defined as a ratio between major and minor diameters in a deformed elliptical configuration of
CD14 (see Figure 2). Circularity is computed in the following steps. First, diameters of CD14 are
calculated as a distance between two oxygen atoms at gyclocidic bond (O4) on the opposite side

of the CD14 ring (i.e. for 14 oligosaccharides, O4 atom of i-th saccharide molecule and the O4



atom of the (i+7)-th saccharide molecule). Circularity of CD14 is defined as the maximum ratio

between the shortest and the longest of CD14 diameter:

emmax|—3 | €}

(i+£) mod L
2

where L denoted the number of sugar molecules presented in the LR-CDsring (i.e. L = 14 for
CD14), d. is the diameter between opposite O4 atoms, and mod denoted the modulo operation.
Note that the value of y, isthe range of 0 < y, < 1, while y, = 1 is perfect circular shape of LR-

CD. Circularity decreases as the structure deformsinto elliptical shape.

Figure 2. Schematic diagram depicting the ratio between the max and min diameters of ellipse

on a2D plane.

2.3) Clustering algorithm

Clustering algorithm is an unsupervised learning algorithm to classify dataset into
multiple classes based on the input properties. Gaussian mixture model (GMM) clustering is an
N-class clustering algorithm based on a set of GMMs {A,, A,, ..., Ay}, Where each GMM is a D-
dimensional weighted sum of M-component normal densities. The mixture density of n-th GMM

is defined as



PRI A) =D WIBN(X) o 4),

i=1
where M is the number of GMM components, w" denoted the mixture weights of i-th uni-
model normal density function p'(X) for n-th GMM 2, where p"(X) is defined as a D-

dimensional Gaussian function centralized at D mean vector 1, with D x D covariance matrix

NIy 1 _1—»_—-nT n—l—»_—»n(y
p(x)_mexpﬁé 2(x 4) (CHY " (X— g )(E ........................... (5).

Thus, a completed description of each GMM is defined as the following

Do =AW CM I =10y MY (6).

Note that GMM clustering utilizes expectation—maximization algorithm® to determine the

most suitable N classes for the dataset.

3. Results and discussion
3.1 CD14 conformational analysis

3.1.1 Biplanar angle
In this section, we analyze CD14 structures in terms of biplanar angle (6,) performed on
each of the 100,000 CD14 trajectories obtained from REMD at 300 K. Figure 3 shows the
superimposition of sample CD14 snapshots in each 6, range. Here, Figures 3(a) — 3(d) show that
CD14 with 6, = 90-130° are clearly bent forming V-shape geometry, as well as the curvature of
V-shape is decreasing from Figures 3(a) to 3(d) corresponding to their increasing 6. For 6, in
the range of 130-150°, CD14 structures are more opened in a wider V-shape or amost U-shape

in some cases, signaling the transition from close to open biplanar angle conformations. Finally

10



for CD14 with high 6, = 150-180°, the conformation are mostly flat with a dight wavy edge
from the side view.

In terms of population, Figure 4 shows the distribution of CD14 conformations based on
their 6.. The distribution of 6, isadightly left-skewed normal distribution with mean 6, = 145.5°
and SD = 16.0°. The most dense CD14 population is in the range of 6, = 140-150°, accounting
for 24.5% of all CD14 structures. Fewer amount of CD14 isfound at low 6, such that only 7.1%

has 6, < 120°, while 18.6% of overall CD14 population has 6,> 160°.

Conformation Sample snapshots

V-shape

Wide V-shape

Wavy flat
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Figure 3. Superimposed CD14 structures with various biplanar angles (6;), extracted from

REMD simulation at 300 K.

Figure 4. Distribution of CD14 conformations in terms of .

3.1.2 CD14 circularity (%%

In this section, CD14 conformational diversity is analyzed in terms of y.2. Figure 5 shows
superimposition of CD14 snapshots based on their measured y.°. Here, we found 3 major groups
of conformation based on circularity, which are: (1) 8-shape; (2) elliptical; and (3) circular. For
7.2 < 0.2 (see Figures 5(a)-(b)), CD14 is formed into an 8-shaped conformation, in which two
sides of the ring are interacted with each other near the center of the ring. Also, two smaller
cavities are presented instead of one large cavity in this case. In addition, both cavities aligned in

the same and perpendicular planes to each other are observed. For 0.2 < y.? < 0.7 (Figures 5(c)-

12



(9)), CD14 are formed in eliptic shape with more band flips observed in 32 = 0.2 - 0.4 range
than in %2 = 0.4 - 0.7 range. Finally, CD14 conformation is aimost circular when 7> > 0.7 (see

Figures 5(h)-(})).

Conformation Sample snapshots

8-shape

Elliptical

Circular

Figure 5. Superimposition of CD14 according to their circularity (%) in the range of 0 to 1 with

0.1 interval.
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Next, we analyze the population CD14 in terms of 5. (see Figure 6). The population of
CD14 for 77 is right-skewed normal distribution with mean = 0.39. The most dense CD14
population in the range of .= 0.3 — 0.4 are elliptical shape (Figure 5(d)), which is accounted for

25.8% of overall CD14 snapshots.

Figure 6. Distribution of CD14 conformation in terms of y.%

3.2 Gaussian mixture models clustering

In this section, we applied GMM clustering method to classify CD14 conformation from
a set of 21-dimension feature vector Y =[d,,...,d;, a,...,a4,] Of each CD14 trgectory. Here, the
first seven elements, d, are the diameters. Since CD14 is cyclic, rotational-invariant ordering of
diameter should be considered for every snapshot. Thisis addressed by defining d, as the longest

diameter and the order from d, to d, is cycled either clockwise or counter-clockwise direction

14



from d; through the shortest-diameter-last direction (i.e. the shortest diameter is d,). To use
simple attribute to characterize open angle of CD14, the last fourteen elementsin Y are the O4-
centroid-O4 angles (o) starting from the O4 oxygen of the longest diameter and rotate
clockwise/counter-clockwise via the shortest-diameter-last algorithm.

One of the key challenges of clustering process is the unknown hidden number of classes,
N. To address this issue, GMM clustering is performed based on the N ranging from 2 to 7
classes. Asaresult, we found that for N = 2, the number of classes tends to be too small since the
variations of y.? are too large. When N = 3 to 6, the variations of y.?> become relatively smaller
than that for N = 2. However, some of the resulting classes are indistinguishable suggesting that
there might be an overfitting for larger N. Although the overfitting is presented for larger N, we
found that some of the less populated and erratic conformations of CD14 could be captured using
the larger N. As aresult, we found that N = 7 is a good compromising value of N, since it affects
only dlightly by overfitting but it is able to include atypical conformations in the result. To keep
the context concise, we focus the discussion on the clustering result of N = 7, while the for
clustering results of N = 2 to 6 are provided in table S1 in the supplementary.

Let C' denoted a resulting class from GMM clustering, where N is the number of
clusters specified in the GMM and k denoted the k-th class in descending order of population
size. Considering the clustering result for N = 7 in Table 1, we found that CD14 conformations
can be classified into 3 categories: (1) circular-opened conformation; (2) elliptical-opened
conformation; and (3) closed conformation. First, 19.01% of CD14 arein C, class, presenting a

wide circular conformation with average 52 = 0.63. Next, C/ and C; classes are opened

conformations but slightly less circular compared to C, . These two classes are almost identical
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in terms of 7. and 6 as the highly resemblance snapshots of both classes also confirmed the
similarity (see Table 1). A combined population of C/ and C; is accounted for 36.3% of all
CD14, the largest population group. For the elliptical-opened conformation, C, and C/ are

amost similar in terms of 2 in the range of 0.26 — 0.27. The snapshots suggest that
conformation in this category appears to be a narrower ring, forming an elliptical shape from the
top view in accordance to their relatively low 52 Due to the lesser cavity presented in this
conformation, elliptical-opened conformation might be suitable for smaller drug molecule
inclusion. On the contrary to the former classes, 8.54% of all CD14 are in 8-shape conformation

of C/, which are clearly closed with average y.” = 0.15. Finally, although the conformation of

C/ tends to be opened based on its 3.2 alone, the narrowest average 6, = 127.6° of C. suggests
that its conformation is formed in a U-shape. The steric hindrance of U-shape CD14 is likely
prevented the inclusion of drug molecule in this conformation. In summary, the populations of
CD14 conformations are (1) 55.3% circular-opened conformation; (2) 29.7% elliptical-opened
conformation; and (3) 15.0% closed conformation. This indicates that CD14 is a suitable

candidate for inclusion of drug molecule.
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Table 1. The population distribution, sample snapshots, 6., and 7.2 of each class for GMM
clustering result with N = 7. Note that each blue band in the top and side views represent one

CD14 snapshot. The numerals after + denote the standard deviation.

Clustering
Distribution (%) Top view Side view
group
C/
(circular)
20.99% ¥ = 0.40 + 0.07 6 = 150.8 + 12.8°
C;
(circular)
19.01% %> =0.63+0.09 6 =148.2 £ 17.5°
C.
(elliptical)
16.11% %>=0.27 £0.05 6 = 146.3 +12.1°

17




C;

(circular)
15.29% %> =0.42 +0.07 6 = 150.0 + 13.5°
C.
(elliptical)
13.60% %> =0.26 £ 0.05 6 = 1435+ 12.7°
Co
(closed)
8.54% %>=0.15+0.05 6 = 133.5+16.3°
C/
(closed)
6.47% %> =0.43 £ 0.10 G = 127.6 £ 19.2°
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4. Conclusion

In this work, we have performed REMD simulation to study the conformational diversity
of CD14. To analyze a large amount of trgectory data from REMD simulation, the newly
proposed CD14 conformation analysis methods were successfully quantified the openness and
the bending degree of CD14 conformations via circularity and biplanar angle. Our analysis
indicated that CD14 is mostly opened with average circularity, 2> = 0.39 + 0.16. In term of
bending degree, biplanar angle analysis suggested that conformation of CD14 is dominantly flat
with 6, =145.5 + 16.0°. In addition, classification of CD14 conformation using GMM agorithm
revealed that 85.0% of all CD14 trgjectory are corresponding to the open conformation, while the
minority closed conformations such as 8-shape and U-shape conformations were aso identified.
To the best of our knowledge, this is the first attempt to systematically classify conformation of
cyclodextrin using GMM algorithm. This work provides fundamental insights of CD14
conformation and also proposing the new techniques for molecular conformation study in the

future.
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