
crystals

Article

Inclusion Complexes of Naringenin in Dimethylated
and Permethylated β-Cyclodextrins: Crystal
Structures and Molecular Dynamics Studies

Andreas Papaioannou, Elias Christoforides and Kostas Bethanis *

Physics Laboratory, Department of Biotechnology, School of Applied Biology and Biotechnology Agricultural
University of Athens, Iera Odos 75, 11855 Athens, Greece; apapaioannou@efet.gr (A.P.); el_chr@aua.gr (E.C.)
* Correspondence: kbeth@aua.gr; Tel.: +30-210-529-4211

Received: 25 November 2019; Accepted: 20 December 2019; Published: 24 December 2019 ����������
�������

Abstract: The crystal structures of the inclusion complexes of naringenin in dimethylated
and permethylated β-cyclodextrin (DM-β-CD and TM-β-CD) were determined and extensively
analyzed. Naringenin is found with its 4-hydroxyphenyl residue fully immersed in the DM-β-CD
cavity and its chromone group protruding from the narrow rim of the open-cone shaped host.
The naringenin/DM-β-CD complex units are packed in a ‘herring bone’ fashion. In the case of
naringenin/TM-β-CD, the complex units are arranged in a cage-type mode, the guest naringenin
is partially encapsulated in the cavity of the closed-cone shaped host, with its chromone group
laying equatorially and its 4-hydroxyphenyl protruding extensively from the wide rim of the host.
Furthermore, the crystallographically-determined coordinates of both complexes were employed
for Molecular Dynaimics simulations in explicit water solvent and in the absence of crystal contacts.
The trajectories showed that naringenin rapidly penetrates the open narrow rim of DM-β-CD but
not the closed narrow rim of TM-β-CD. Thus, in the latter case, the chromone group of naringenin is
accommodated shallowly in the wide rim of the host, tethered via hydrogen bonds to the secondary
methoxy groups of the host. Finally, a significantly higher binding affinity for naringenin in DM-β-CD
than TM-β-CD was estimated by Molecular Mechanics/Generalized Born Surface Area calculations.

Keywords: naringenin; heptakis(2,6-di-O-methyl)-β-cyclodextrin; heptakis(2,3,6-tri-O-methyl)-β
-cyclodextrin; crystal structures; molecular dynamics

1. Introduction

Naringenin ((±)-2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) or
(5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one) (Figure 1a) is the aglycone part of naringin, which
is a flavonoid glycoside mainly found in citrus fruits [1]. Its structure comprises a chromone group
(rings A and C) and a 4-hydroxyphenyl residue (ring B). There is an increased interest in naringenin
in food and drug industry, which is attributed to its anti-inflammatory, anticancer, antiatherogenic,
antitumor, anti-estrogenic, and antioxidant properties [2–5]. Its ability to reduce or block harmful
metabolic procedures [6], like plasma cholesterol levels or the activity of the hepatitis C virus, has also
been demonstrated.

Despite the above benefits, naringenin’s low half-life, water solubility, and stability result in
limited bioavailability and potential uses. One way to overcome these problems is the inclusion of
naringenin in cyclodextrins (CDs) [7,8]. β-Cyclodextrin (β-CD) is a well-known, hollow, truncated,
cone shaped oligosaccharide consisting of seven α-(1−4)-linked D-glucose residues. The shape and
size of the hydrophobic β-CD cavity enables the formation of inclusion complexes with a variety
of suitable guest molecules of food, agricultural, and pharmaceutical interest [9–12]. The low
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β-CD solubility is significantly increased by the methylation of two or three hydroxyl groups of
each glucopyranose unit. The methylated β-CD derivatives—2,6-di-O-methyl-β-CD (DM-β-CD) and
2,3,6-tri-O-methyl-β-Cyclodextrin (TM-β-CD) (Figure 1b)—have, in addition, an increased inclusion
capacity [13].
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Figure 1. Schemes of (a) naringenin and (b) heptakis (2,6-di-O-methyl)-β-cyclodextrin (DM-β-CD) and
heptakis (2,3,6-tri-O-methyl)-β-cyclodextrin (TM-β-CD).

The inclusion of naringenin in native and modified cyclodextrins has been extensively characterized
by UV-Vis, FTIR [14,15], NMR, XRD, DSC/TGA, and SEM [16,17] techniques. Moreover, computational
studies of molecular docking and subsequent MD simulations have been performed [7,18]. However,
no crystal structure of naringenin inclusion complexes in CDs have been reported so far. In this
work, the crystal structures of the inclusion complexes of naringenin in DM-β-CD and TM-β-CD were
determined by X-ray crystallography. The analysis of the crystal structures offers unique information
about the relative atomic positions of the guest and host molecules, revealing the inclusion geometry,
the intra- and inter-molecular interactions, and the molecular arrangement of the complex units in
the crystalline state. Furthermore, the atomic coordinates determined by X-ray crystallography were
employed for molecular dynamics (MD) simulations of these inclusion complexes in explicit water
solvent at 300 K. The simulations were analyzed with the aim to (a) gain insight into the dynamic
behavior and the stability of the inclusion complexes in aqueous ambient and in the absence of
crystal contacts, (b) monitor the main host-guest interactions that are responsible for the binding
modes, and (c) observe any interconversion of inclusion modes in solution. Finally, the stability of the
examined inclusion complexes was assessed by the molecular mechanics/generalized Born surface
area (MM/GBSA) method, calculating the binding affinity of the complexes.

2. Results

2.1. Crystal Structures Description

2.1.1. Naringenin/DM-β-CD Inclusion Complex

The naringenin/DM-β-CD inclusion complex crystallizes in the P212121 space group, its asymmetric
unit containing one DM-β-CD, one naringenin, and 4.6 water molecules disordered over 9 sites.
The 4-hydroxyphenyl residue (ring B in Figure 1a) of naringenin is fully immersed in the host cavity,
forming an angle of 69.31◦ with the mean plane of the glycosidic atoms O4(n) (n = 1–7) of the host. The
hydroxyl group of this ring points towards the wide rim of the host, being at a distance of 1.514 Å
‘below’ the O4(n) mean plane of the host (Figure 2a) and forming a hydrogen bond with the etheric
O5(4) atom of the adjacent host and CH . . . O bonds with the primary methoxy groups of the adjacent
host. Ring B is further stabilized by a CH/π interaction between its π system and the C5(5)−H5(5)
inner hydrogen of the host’s cavity (Supplementary Table S1(a1,2). The chromone ring system of
naringenin (5,7-dihydroxychromone residue; rings A and C in Figure 1a) forms an angle of 77.261(4)◦
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with the phenyl ring B and protrudes extensively from the primary rim of the host. The ring C, which
is closer to the primary rim of the host, forms CH . . . O bonds with the primary methoxy groups of
the host (Table S1(a1)). The ring A is located outside the host cavity in the interspace of neighboring
complex units. Its hydroxyl at position 7 (Figure 1a) is hydrogen-bonded with a water molecule (fully
occupied site Ow1) that bridges the adjacent complex units. Both hydroxyls of ring A (at positions 5
and 7) form CH . . . O bonds with the methoxy groups of neighboring hosts (Table S1(a1)). In addition,
the chromone group of the guest molecule is further stabilized by several CH/π interactions between
the π-system of ring A and the methoxy groups of neighboring hosts (Table S1(a2)). It should be
noted that the inclusion mode observed in the crystal structure of naringenin/DM-β-CD, with the
guest molecule entering from the primary rim of the host, is opposite to that previously predicted
by molecular docking studies [18] or 2D-NMR (ROESY) spectrum analysis from NMR experiments
carried out in D2O [14], which presented the guest molecule inserting from the secondary rim of the
host and its ring B accommodated in the cavity of the host with its hydroxyl pointing towards the
primary rim and its chromone group protruding from the wide rim of the host.
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O4(n) mean plane of the host, whereas the 4-hydroxyphenyl residue (ring B) of the guest molecule 
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The main difference between the two occupied sites of the guest molecule is that the ring B is found 
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about the C1′–C2 axis of the molecule, forming an angle of 83.65(2)° and 69.64(3)° with the mean 
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Figure 2. (a) The asymmetric unit of the naringenin/DM-β-CD inclusion complex crystal structure. One
guest molecule is partially encapsulated inside the host’s cavity with its 4-hydroxyphenyl residue (ring
B) entering from its primary rim; (b) complex units are packed in a ‘herring bone’ fashion along the
a-axis. These columns are deployed parallel along the b-axis (ab-plane projection); and (c) anti-parallel
along the c-axis (ac-plane projection).

The geometric features of the host, summarized in Table S2(a1), indicate, in general, a round
conformation of the macrocycle of DM-β-CD, having the usual torus-like shape. This conformation is
mainly due to the interglucose hydrogen bonds O3(n)-H···O2(n+1) [19], formed between the adjacent
glucopyranose units of DM-β-CD. An exception in the formation of these hydrogen bonds occurs
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between the second (G2) and the third (G3) glucopyranose as the distance between O3(2) and O2(3)
atoms is 3.324(3) Å. This results in a slight deviation from the ideal sevenfold symmetry of the
macrocycle of the host (Dk: distances between O4n atoms and their centroid, range from 4.9230(2)
to 5.3577(3) Å; Φn: O4n−1 . . . O4n . . . O4n+1 angles from 115.895(11)◦ to 140.256(6)◦). It should be
noted that an extra partial methylation (with site occupation factor, s.o.f = 0.7) has been observed in
the O3(2)-H of G2 of DM-β-CD as the commercial product agent used had over-methylated homolog
impurities. In the absence of this methylation, the O3(2)H hydroxyl (s.o.f = 0.3) is hydrogen-bonded
to the OW36 site that is also 30% occupied by the oxygen atom of a water molecule, which, in turn,
is hydrogen-bonded to another water molecule (OW7; s.o.f. = 0.3) (Table S1(a3)). The tilt angles τ,
indicating the inward or outward inclination of the primary methoxy groups of the host cavity, range
from 2.6755(2)◦ to 24.7479(9)◦. The high values of τ angles, which are observed for the G1 and G2 and
their facing G5 and G6 glucopyranoses, indicate a widening of the secondary rim toward the direction
determined by these facing residues that is justified by the arrangement of the adjacent complex unit,
as described below.

Naringenin, inserting from the narrow side of the host, is partially encapsulated in the DM-β-CD
cavity while the interior space of the wide side of the host is essentially empty. This allows complex
units to develop the self-inclusion tendency of the DM-β-CD hosts [20] and, thus, arrange themselves
accordingly in the crystal structure. In particular, adjacent complex units are packed in a ‘herring bone’
mode parallel to the a-axis, inclined at 26.56◦ against the bc plane. The mean O4(n) planes of the adjacent
hosts in this ‘herring bone’, form angles of 53.12◦ between each other. The primary methoxy of the G4
glucopyranose of the host ‘below’ intrudes deeply into the wide rim of the cavity of the host ‘above’,
its O5(4) atom being hydrogen-bonded with the hydroxyl of the ring B of the encapsulated guest
molecule (Table S1(a1) and Figure 2b). The methoxy groups of the neighboring G4 glucopyranoses
(G3 and G5) are also located in the wide rim of the host above. The columns of this ‘herring bone’
arrangement are deployed parallel to each other along the b-axis and are antiparallel, shifted by
5.581(3) Å along the c-axis (Figure 2c), and interconnected via hydrogen bonds with bridge water
molecules (Table S1(a3)). DM-β-CD inclusion complexes with similar packing arrangement also have a
similar degree of hydration (about 4.5 water molecules per asymmetric unit) [21]. The ‘herring bone’
fashion arrangement has been observed in the crystal structure of anhydrous DM-β-CD [22], where a
O6-C8 methoxy group of one molecule is inserted into the next molecule by self-inclusion. Anhydrous
DM-β-CD also crystallizes in P212121 with cell dimensions close to those of the naringenin/DM-β-CD
crystal structure and, similarly, a neighboring O6-C8 methoxy group inserts deeply into the DM-β-CD
cavity, filling the space and closing the wide rim of DM-β-CD.

A thorough search in the Cambridge Structural Database (CSD), using cell check v 1.0, resulted in
two entries for crystal structures of native β-CD inclusion complexes that share similar cell dimensions
(94.5% and 91.4% cell match, respectively) and the same space group. However, both of them—monomer
(2-(2,6-dichloro-3-methylphenylamino)benzoate/β-CD (CCDC code: MANNOE) and monomer
(3-(10,11-dihydro-5H-dibenzo[a,d][7]annulen-5-ylidene)-N,N-dimethylpropan-1-amine/β-CD (CCDC
code: MEJHAN)—form channels along the b-axis.

2.1.2. Naringenin/TM-β-CD Inclusion Complex

The naringenin/TM-β-CD inclusion complex crystallizes anhydrous in the P21 space group.
The asymmetric unit consists of one TM-β-CD molecule hosting one naringenin molecule, which is
found disordered over two close sites (site A and site B) of equal occupancy (s.o.f. = 0.5). The inclusion
mode is similar for both occupied sites: the chromone group of the guest molecule lays equatorially in
the wide rim of the host, with its plane forming an angle of about 80.4◦ (site A) or 88.3◦ (site B) with
the O4(n) mean plane of the host, whereas the 4-hydroxyphenyl residue (ring B) of the guest molecule
protrudes from the wide rim of the host in the interspace of neighboring complex units (Figure 3a).
The main difference between the two occupied sites of the guest molecule is that the ring B is found
slightly shifted by 1.051(2) Å (distance between the centroid of ring B in site A and B) and rotated about
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the C1′–C2 axis of the molecule, forming an angle of 83.65(2)◦ and 69.64(3)◦ with the mean plane of the
chromone ring system for the site A and B, respectively. For both sites, the hydroxyl of the ring B is
hydrogen-bonded with the O3(6) atom of a secondary methoxy group of an adjacent (1+x, y, −1+z) host
(Table S1(b1)). In the case of site A, the O4′ atom of its hydroxyl also participates in CH . . . O bonds
with the methyls of primary and secondary methoxy groups of three adjacent hosts. In the case of site
B, the ring B is further stabilized by CH . . . O bonds between its C2’-H2’ and the O2(1) of the host and
its C3’-H3’ with the O6(6) (x, 1+y, z) of an adjacent host (Table S1(b1)). Moreover, CH/π interactions
are observed between the π-system of the ring B of the guest molecule and methyls of the primary
methoxy groups of adjacent hosts for both sites (Table S1(b2)). The ring system of the chromone group
of the guest molecule (rings A and C) is stabilized by various hydrogen bonds, CH . . . O bonds, and
CH/π interactions with its encapsulating host and the hosts of adjacent complex units. In particular,
a hydrogen bond is observed for both occupied A and B sites between the hydroxyl at position 7 of
the ring A and the oxygen of a secondary methoxy group of a neighboring guest molecule (O7-H7
. . . O3(4) (−x, 1

2+y, 1−z); Table S1(b1)). In the case of the occupied site B, an additional hydrogen
bond is observed between the second hydroxyl of the ring A (at position 5) and the oxygen atom of a
primary methoxy group of the encapsulating host (O5-H5 . . . O6(7); Table S1(b1)). Ring A and ring C
of both occupied sites also participate in numerous CH . . . O bonds with the methoxy groups of the
encapsulating host and the adjacent hosts. Furthermore, CH/π interactions are observed between the
π-system of the ring A and methyl groups of the hosts. All these interactions are given analytically in
the supplementary Table S1(b1,2)

The geometrical features given in Table S2(a2) describe the conformation of TM-β-CD. As it
is indicated by the values in this table, TM-β-CD is severely distorted, lacking the intramolecular
interglucose hydrogen bonds responsible for the round conformation of the host molecule, observed in
the case of the naringenin inclusion complex in DM-β-CD. The deviation in the glycosidic O4(n) atoms
from their mean plane, ranges from −0.805(10) to 0.625(8) Å. The distances between the O4(n) atoms
and their centroid also vary significantly (from 4.398(6) to 5.310(8) Å), indicating a distorted macrocycle
that has the shape of an elliptical heptagon. The long axis of this elliptical shape coincides with the
orientation of the equatorially-accommodated chromone group of the guest molecule in the wide rim of
the host, highlighting the induced-fit mechanism of complexation. The tilt angles of the permethylated
glucopyranose units of the host (τ: tilt angles between the optimum O4(n) mean plane and the mean
plane of the O4(n−1), C1(n), C4(n), and O4(n) atoms) span a wide range from −17.28(16)◦ to 47.61(15)◦,
indicating a closed primary rim and a broad secondary rim for the host molecule (Table S2(a2)). In
particular, five methyl-glucose residues with positive tilt angles incline towards the approximate
sevenfold molecular axis, whereas two residues (G1 and G5) have negative tilt angles. The high τ
values of G3, G6, and especially G7, indicate the formation of the characteristic ‘lid’ in the primary
region of the host molecule commonly observed in TM-β-CD inclusion complexes. Thus, the host has
the shape of a closed cone that the guest molecule cannot penetrate and, therefore, it remains shallowly
accommodated in the secondary rim of the host. The secondary methoxy groups of the G6 and G7
units are significantly lifted above the mean plane of the rest of the secondary methoxy groups, leaving
a space suitable for the protrusion of the 4-hydroxyphenyl residue of the guest molecule (ring B) from
the wide rim of the host molecule. The primary methoxy groups of the host molecule adopt the usual
cyclodextrin gauche-gauche and gauche-trans conformations, except for a partially occupied site with
low occupancy (0.2) that has the rare trans-gauche conformation, as it is indicated by the values of the
O5n-C5n-C6n-O6n torsion angles (t).

In the absence of bridge water molecules, the complex units stack in a head-to-tail mode along the
two-fold screw b-axis with their mean O4 planes slanted at 33.65(2)◦ against the ac plane (Figure 3b).
The complex units of these columns are interconnected via numerous host-adjacent guest molecule and
host-adjacent host molecule CH . . . O and CH/π interactions that have been described above (Table
S1(b1,2)). The columns are deployed along the crystallographic a- and c-axes. However, the complex
units of the columns deployed along the a-axis have opposite inclinations to those of the columns
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deployed along the c-axis. Thus, each column is surrounded by neighboring ones with complex units of
opposite inclination (Figure 3b). In this arrangement, each complex unit is tightly packed in a cage-type
mode, its wide rim blocked by the primary methoxy groups of the adjacent host molecule of the same
column and the secondary methoxy groups of the host molecules of the neighboring columns that
form H-bonds with the hydroxyls of the A and B rings of the encapsulated guest molecule (Figure 3c).
Although similar cage-type packing has been previously reported for TM-β-CD inclusion [23], this is a
unique crystal packing as no isostructural entries were found in CSD by thoroughly searching similar
cell dimensions and same space group.
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Figure 3. (a) The asymmetric unit of the naringenin/TM-β-CD inclusion complex; (b) projection onto
the ac plane. The complex units of the columns deployed along the a-axis have opposite inclinations to
the complex units of the columns deployed along the c-axis; and (c) projection onto the bc plane. Each
complex unit is tightly packed in a cage-type mode with its open wide rim blocked by the primary and
secondary methoxy groups of the adjacent complex units. Hydrogen bond distances (Å) between guest
and host molecules of adjacent complex units are denoted.

2.2. Molecular Dynamics Studies

The structures of the 1:1 guest/host inclusion complexes of naringenin in DM-β-CD and TM-β-CD,
as determined by x-ray crystallography, were subjected to NPT equilibration and subsequent molecular
dynamics simulations at 300 K in explicit water solvent for 12 ns. The root mean square deviation
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(RMSD) for the guest and the host molecules of both inclusion complexes as a function of MD
simulations time is illustrated in Figure 4.
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Figure 4. Root-mean-square deviation (RMSD) vs. time of guest and host molecules of
naringenin/DM-β-CD and naringenin/TM-β-CD inclusion complexes.

In the case of naringenin/DM-β-CD, visual inspection of the simulation frames revealed that
the guest molecule rapidly (in the first nanosecond) penetrates the primary rim of the host and is
accommodated in a new position with its chromone group encapsulated axially in the hydrophobic
cavity of the DM-β-CD and its 4-hydroxyphenyl residue (ring B) protruding extensively from the
secondary rim of the host, exposed to the solvent (Figure 5a). This inclusion mode is retained during
the time frame of the simulation. It has to be noted that, in the aqueous environment, the host
did not maintain its rigid open-cone shape because its intramolecular interglucose hydrogen bonds
net, which is observed in the crystalline state, is disrupted by hydrogen bonds formed between the
secondary hydroxyl or methoxy groups of DM-β-CD and the ambient water molecules. This results
in the distortion of the host macrocycle and the formation (in some time intervals, e.g., 6–7.5 ns and
8–8.5 ns) of a ‘lid’ by its primary methoxy groups (like in the case of the TM-β-CD host) that closes the
primary narrow rim, enforcing the chromone of the guest molecule to move towards the wide rim
of the host. In spite of the variation of its immersion depth in the cavity of the host, the entrapped
chromone group never changes its axial orientation.

In contrast, in the case of the naringenin/TM-β-CD complex, the chromone group of the guest
retains its crystallographically-determined equatorial accommodation in the wide rim of the host for
about 7.5 ns. The characteristic ‘lid’ in the primary rim of TM-β-CD is maintained during the time frame
of the simulation, restraining the chromone ring of the guest molecule to a shallow accommodation
in the secondary rim of the host. However, the hydroxyls of ring A of the chromone are usually
hydrogen-bonded with the secondary methoxy groups of the host molecule (Figure 6a), tethering
the guest molecule to the host even when the chromone group of the guest molecule adopts an axial
accommodation and its C ring protrudes from the wide rim of the host, as observed after 7 ns of
simulation (Figure 5b).
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Figure 6. (a) H-bond monitoring between the hydroxyls of the ring A of the chromone group (atoms O7
and O5) of the guest molecule and the secondary methoxy group of the third glucose unit of TM-β-CD
and (b) dihedral angle C3-C2-C1’-C6’ of naringenin in both hosts.

Thus, by inspecting the MD simulation frames it is clear that naringenin is bound more tightly
in the DM-β-CD than in the TM-β-CD cavity. The 4-hydroxyphenyl residue (ring B) of naringenin
rotates about the C1′–C2 axis of the molecule much more frequently in the case of the TM-β-CD than
the DM-β-CD host molecule, as indicated by the interchanges of the C3-C2-C1’-C6’ dihedral angle of
the guest molecule (Figure 6b).
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These observations were also confirmed by the Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA) estimation of the binding affinities for both inclusion complexes (Table 1). From
the values of the energetic components listed in Table 1, Van der Waals interactions are predominant
in both cases. By comparing the binding affinities of both inclusion complexes and omitting the
entropic term, it is clear that the calculated value ∆G(GB) for naringenin/DM-β-CD is significantly higher
than that of naringenin/TM-β-CD, indicating a more stable inclusion complex. A high ∆G(GB) value
for naringenin/DM-β-CD has also been estimated by Sangpheak et al. [18] although the calculation
was based on a structure model (predicted by molecular docking) in which the orientation of the
guest molecule was opposite to that of the crystal structure. Moreover, Yang et al. have reported
binding affinity values estimated by spectral titration experiments for naringenin/DM-β-CD and
naringenin/TM-β-CD inclusion complexes in a water/alcohol (v/v = 4:1) [14], which also indicate that
naringenin/DM-β-CD is more stable than naringenin/TM-β-CD.

Table 1. Binding free energies (kcal/mole) of the naringenin inclusion complexes with the two
methylated β-CDs calculated by MM/GBSA analysis.

Naringenin/DM-β-CD Naringenin/TM-β-CD

Enthalpic Term

∆EvdW −33.50 ± 2.77 −23.40 ± 4.63
∆Eele −8.07 ± 2.46 −13.09 ± 3.25
∆EGB 21.95 ± 2.11 24.58 ± 3.24
∆Esurf −3.31 ± 0.16 −2.79 ± 0.29
∆Ggas −41.58 ± 3.9 −36.49 ± 6.02
∆Gsolv 18.64 ± 2.07 21.79 ± 3.18

a ∆G(GB) −22.93 ± 2.75 −14.69 ± 3.94

Entropic Term

(T∆S) −18.19 ± 1.16 −17.69 ± 1.71

Binding Energy
b (∆Gbind) −4.74 ± 2.98 3.0 ± 4.29

∆EvdW = van der Waals contribution; ∆Eele = electrostatic energy; ∆EGB = Generalized Born (GB) calculation of the
electrostatic contribution to the solvation free energy; ∆Esurf = nonpolar contribution to the solvation free energy;
a∆G(GB) = ∆Gsolv + ∆Ggas;

b∆Gbind = ∆G(GB) − (T∆S).

3. Materials and Methods

3.1. X-ray Crystallography

3.1.1. Sample Preparation

Naringenin (98% pure), DM-β-CD (with overmethylated homologs impurities), and TM-β-CD
(≥98% pure) as white powders were purchased from Sigma-Aldrich and used as received. The crystalline
inclusion complexes naringenin/DM-β-CD and naringenin/TM-β-CD were prepared by adding isomolar
amounts of host (44.00 mg or 0.033 mmol of DM-β-CD; 44.17 mg or 0.033 mmol of TM-β-CD) and
guest molecule (9 mg or 0.033 mmol of naringenin) in 2 mL of distilled water. The two final mixtures
were stirred vigorously at room temperature for 45 min and subsequently maintained at 321 K for a
period of 2 weeks. Rod-shaped and prismatic crystals suitable for X-ray diffraction measurements
were produced in the case of naringenin/DM-β-CD and naringenin/TM-β-CD, respectively.

3.1.2. Data Collection and Reduction

The crystals were transferred from their mother liquor to a drop of cryoprotectant (paraffin oil)
and picked up with a cryo-loop. They were subsequently exposed to a stream of evaporating N2

at 100 (2) K. Data were collected on a Bruker D8-VENTURE diffractometer with Cu Kα radiation
(λ = 1.54178 Å) and an Oxford Cryosystems low-temperature device. The Bruker SAINT Software
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package [24] was used for the integration of the collected diffraction images and the multi-scan method
for data absorption correction was applied with the program SADABS [25].

3.1.3. Crystal Structure Determination

The structure of the naringenin/DM-β-CD inclusion complex was solved by molecular replacement,
using the atomic coordinates of the DM-β-CD macrocycle of the bithiophene/DM-β-CD complex [26].
The molecular replacement solution was obtained by a Patterson vector search and Fourier recycling
using the DIRDIF99 package [27]. On the other hand, the structure of naringenin/TM-β-CD inclusion
complex was solved by Patterson-seeded dual-space recycling with the SHELXD program [28]. Both
structures were refined by full-matrix least squares against F2 using SHELXL-2014/7 [29] through
the SHELXLE GUI [30]. Soft restraints on bond lengths and angles were applied mainly to model
the disordered guest molecule. The topology of the naringenin was obtained by the PRODRG2
webserver [31]. H-atoms of the host and guest molecules were positioned geometrically and refined
using the riding model with Uiso values 1.2–1.5-times those of their parent atoms.

3.1.4. Crystallographic Analysis and Coordinates Deposition

The geometric analysis and illustration of the crystal structures was made using Mercury [32]
and Olex2 [33] programs. Details of the crystallographic experiments and structures refinement are
listed in Table 2. Full crystallographic information files can be obtained from the Cambridge Structural
Database under the reference numbers of the Cambridge Crystallographic Data Centre (CCDC) 1959194
and 1959196.

Table 2. Experimental details and refinement statistics.

Crystal Data Naringenin/DM-β-CD Naringenin/TM-β-CD

Chemical formula C56H98O35·C15H12O5·4.6(H2O) C63H112O35·C15H12O5

Mr 1687 1701.76

Crystal system, space group Orthorhombic, P212121 Monoclinic, P21

Temperature (K) 100(2) 100(2)

Unit cell parameters a, b, c (Å) 15.531(1), 17.810(1), 30.149(2) 15.758(3), 12.913(2), 22.273(3)
β = 109.936 (1) (◦)

V (Å3) 8340.1 (10) 4260.6 (13)

Z 4 2

Radiation type Cu Ka Cu Ka

µ (mm−1) 0.96 0.90

Crystal size (mm3) 0.5 × 0.1 × 0.1 0.45 × 0.3 × 0.2

Data collection

Diffractometer Bruker APEX-II Bruker APEX-II

Absorption correction Multi-scan SADABS2014/5—Bruker AXS area
detector scaling and absorption correction

Multi-scan SADABS2014/5 - Bruker AXS area
detector scaling and absorption correction

Tmin, Tmax 0.583, 0.752 0.496, 0.753

No. of measured, independent,
and observed [I > 2σ(I)] reflections 65,321, 11,718, 10,457 65,916, 15,008, 14,866

Rint 0.056 0.046

(sin θ/λ)max (Å-1) 0.556 0.596

Refinement

R[F2 > 2σ(F2)], wR(F2), S 0.056, 0.127, 1.05 0.043, 0.110, 1.06

No. of reflections 11,718 15,008

No. of parameters 959 1050

No. of restraints 80 147

H-atom treatment H-atom parameters constrained H-atom parameters constrained

∆ρmax, ∆ρmin (e Å−3) 0.51, −0.43 0.38, −0.35

Absolute structure
Flack x determined using 4169 quotients [(I+) −
(I−)]/[(I+) + (I−)] (Parsons, Flack and Wagner,

Acta Cryst. B69 (2013) 249–259).

Flack x determined using 6895 quotients [(I+) −
(I−)]/[(I+) + (I−)] (Parsons, Flack and Wagner,

Acta Cryst. B69 (2013) 249–259).

Absolute structure parameter −0.04 (6) 0.07 (3)
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3.2. Molecular Dynamics

The 3D models that were employed for molecular dynamics simulations are based on the
high-resolution X-ray crystal structures of the naringenin/DM-β-CD and naringenin/TM-β-CD (1: 1
host/guest ratio) inclusion complexes from the present crystallographic analysis using the Amber12
software package [34]. Both DM-β-CD and TM-β-CD host molecules were prepared using the
q4md-CD force field [35], which is suitable to simulate these kind of modified carbohydrates. Partial
atomic charges and geometrical and topological parameters for naringenin were assigned by the
ANTECHAMBER program [36] using the general AMBER force field (GAFF) parameters and the
AM1-BCC methodology. The xLEaP module implemented in Amber suite was used to add H atoms in
both systems. Consecutively, a periodic, octahedral solvent box around the complexes with a spacing
distance of 10 Å from the solute surface was created using the TIP3P model. Minimization and MD
calculations were performed with SANDER. The particle mesh Ewald approach was used to treat
long-range electrostatic interactions, while the non-bonded cutoff distance was set to 10 Å. All covalent
bonds involving hydrogen atoms were treated by the constraint algorithm SHAKE [37]. The periodic
boundary condition with NPT ensemble (1 atm, 300 K) was applied for both models using a time step
of 1 fs for an additional 12 ns. The detailed simulation protocol has been analytically described in
a previous work [20]. The MD trajectories were processed and analyzed using CPPTRAJ [38] and
VMD [39].

The generalized Born and surface area continuum solvation (MM/GBSA) method [40,41] was
applied to estimate the binding free energy of the given inclusion complexes. The binding free energy
∆G(GB) comprises the terms ∆Ggas, which is the summation of van der Waals and electrostatic interaction
energies, and ∆Gsolv, which is the summation of the polar solvation free energy calculated by a GB
model and the nonpolar contribution to the solvation free energy based on the solvent-accessible surface
area using Linear Combinations of Pairwise Overlaps (LCPO) method. Finally, the conformational
entropy changes (∆S) upon complexation were estimated from the normal mode approximation using
the NMODE module, which is also implemented in the Amber 12 suite. The entropy term was
calculated by extracting snapshots from the MD trajectory every 100 frames and added to the enthalpic
term according to (1):

∆Gbind = ∆G(GB) − T∆S. (1)

The entropy term is needed for the calculation of absolute affinities. However, as the calculation
of a converged entropy value is often dubious [42], it is frequently neglected if only the relative binding
free energy of similar inclusion complexes shall be analyzed. Herein, solely the ∆G(GB) term was used
for comparison between the binding affinities of the inclusion complexes of naringenin in DM-β-CD
and TM-β-CD.

4. Conclusions

The crystal structure of the naringenin/DM-β-CD inclusion complex reveals an inclusion mode
opposite to that previously predicted by molecular docking [18] and 2D-NMR (ROESY) spectrum
analysis [14]. In particular, the guest molecule was inserting from the primary rim of the host
with its 4-hydroxyphenyl residue (ring B) accommodated in the host cavity and its chromone
group protruding from the narrow rim of the rigid, open-cone-shaped host. This accommodation
is probably due to the crystal contacts as MD simulations in aqueous environment, based on the
crystallographically-determined structure of the complex unit, show that the guest molecule rapidly
penetrates the primary rim of the host, adopting a new position with its chromone group encapsulated
axially in the hydrophobic cavity of the DM-β-CD and its 4-hydroxyphenyl residue protruding
extensively from the secondary rim of the host. The guest naringenin retains this inclusion mode
during the time frame of the simulation without changing its orientation. The role of the crystal contacts
is also pronounced in the crystal packing of the naringenin/DM-β-CD complex units: DM-β-CD hosts
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develop their self-inclusion tendency and adjacent complex units are packed in a ‘herring bone’ fashion,
forming columns that are deployed parallel along the b-axis and antiparallel along the c-axis.

On the other hand, in the crystal structure of the naringenin/TM-β-CD inclusion complex,
naringenin is found with its chromone group laying equatorially in the wide rim of the host and
its 4-hydroxyphenyl residue protruding extensively from this wide rim. The TM-β-CD host adopts
the conformation of a closed cone as its primary methoxy groups form the characteristic ‘lid’ in its
narrow region. The severe distortion of the flexible TM-β-CD macrocycle pronounces the induced-fit
mechanism of complexation. The complex units are tightly packed, anhydrous, in a cage-type mode
with the open wide rim of the complex blocked by primary and secondary methoxy groups of the
adjacent host molecules. MD simulations of the naringenin/TM-β-CD in an aqueous environment
show that the chromone group of the guest molecule, accommodated shallowly in the wide rim of
the host, can also adopt an axial orientation, always tethered to the secondary methoxy groups of the
guest via hydrogen bonds.

MM/GBSA calculations of the binding affinities of both inclusion complexes resulted in a
significantly higher ∆G(GB) value for naringenin/DM-β-CD than naringenin/TM-β-CD, indicating a
more stable inclusion complex in the case of naringenin in DM-β-CD. This result was also confirmed
by previously reported binding affinity values, estimated by spectral titration experiments for these
two inclusion complexes [14].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/1/10/s1,
Table S1: Naringenin/DM-β-CD inclusion complex: a1. Guest-host and guest-bridge water molecules interactions,
a2. CH/π bonds between guest and host, a3. Hydrogen bonds between water molecules bridging adjacent
complex units Naringenin/TM-β-CD inclusion complex: b1. Guest-host interactions b2. CH/π bonds between
guest and host; Table S2: a1 Conformational characteristics of the host molecules of the Naringenin/DM-β-CD
complex, a2. Conformational characteristics of the host molecules of the Naringenin/TM-β-CD complex, Video
S1: MD simulation of Naringenin/DM-β-CD inclusion complex in water ambient; Video S2: MD simulation of
Naringenin/TM-β-CD inclusion complex in water ambient.
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