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ABSTRACT

The crystal structure of the inclusion compounds of citral (cr) isomers in native «- and B-Cyclodextrin
(«-CD and B-CD) as well as in heptakis(2,6-di-O-methyl)-B-cyclodextrin (DM-£-CD) and heptakis(2,3,6-
tri-O-methyl)-B-cyclodextrin (TM-S-CD) have been explicitly investigated by X-ray crystallography and
molecular dynamics (MD) simulations.

The cr/a-CD complex unit, with a 1:2 guest:host stoichiometry, consists of a head-to-head type «-CD
dimer encapsulating either an E- or a Z-citral isomer with occupancy of 0.4 and 0.6 respectively. In the
case of the cr/B-CD, head-to-head B-CD dimers are also formed, hosting two highly disordered guest
molecules, both being E-citral isomers (2:2 guest:host stoichiometry). MD simulations based mainly on
the determined crystal structures, show that the formed inclusion complexes are stable in a simulated
aqueous environment and that Z-citral has the tendency to adopt a more ‘bent’ conformation than E-
citral upon encapsulation in the hydrophobic CD cavity. MM/GBSA-calculations clearly indicate a higher
binding affinity in the case of the cr/a-CD than the cr/B-CD inclusion complex.

The inclusion complexes of citral in DM-B-CD and TM-B-CD both crystallize with a 1:1 guest:host sto-
ichiometry. Only the E-citral isomer is found inside the DM-B-CD with its aldehyde group protruding
from the narrow rim of the host, whereas both E- and Z-citral isomers, with occupancy of 0,7 and 0,3
respectively, are present in the TM-B-CD accommodated with different modes inside the host’s cavity.
MD simulations in aqueous environment reveal a stable inclusion complex of citral in DM-S-CD and a
rather unstable in TM-S-CD, the ascending order of the binding affinities of these inclusion complexes as
estimated by MM/GBSA calculations being: Z/TMBCD < E/TMBCD < E/DMpBCD.

It is noticed that in the crystalline state, the rigid cavity of B-CD and DM-B-CD favors the inclusion of
the E-citral which adopts an extended conformation and is accommodated ‘axially’ in it, whereas the Z-
citral isomer, that adopts a more bent conformation upon encapsulation in the hydrophobic CD cavity,
is found only in the case of the cr/o-CD where the 1:2 guest:host stoichiometry provides the space to
accommodate the bent Z-citral and in the case of the cr/TM-B-CD complex, where the bent Z-citral is
found accommodated ‘equatorially’ near the wide secondary rim of the distorted host.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

that are well known for their pharmacological properties includ-
ing antifungal, antibacterial, antioxidant and anticancer activities

Plant terpenoids, which are the main components of many nat-
ural herbal aromatic essential oils, comprise a class of isoprenoids

Abbreviations: citral (cr), alpha-cyclodextrin (a-CD); beta-cyclodextrin, (-
CD); heptakis(2,6-di-O-methyl)n, -S-cyclodextrin, (DM-8-CD); heptakis(2,3,6-tri-O-
methyl)-8-cyclodextrinn, (TM-S-CD); Site occupancy factor, (sof); inclusion com-
plex, (IC); molecular dynamics, (MD).
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[1]. Citral (3,7-dimethyl-2,6-octadienal, cr) is a mixture of two ge-
ometric isomers (E-citral or geranial and Z-citral or neral, Fig. 1a),
which provides an intense lemon odor during its application and
is reported to have antimicrobial activity [2]. It is usually found
in lemongrass oil, which has also been widely reported due to
its microbicidal action that highlights it as a very useful “natural
tool” with many applications in food and pharmaceutical indus-
tries [3-5]. Citral is a highly hydrophobic molecule and unstable


https://doi.org/10.1016/j.molstruc.2021.130169
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130169&domain=pdf
mailto:kbeth@aua.gr
https://doi.org/10.1016/j.molstruc.2021.130169

K. Fourtaka, E. Christoforides, P. Tzamalis et al.

E-citral Z-citral
a) or or
geranial neral
o] &/0
RO
Ee)
oRe Ry
R
o V2
Rs
o
Ry
o Rs Rs Jx
OR,

OH
HO O 0
o
oH Pgéﬁ
OH
[¢)
HO

o

&9 HO OH
[

o
oH
HO i o

o ol
OH

o OHn OH OH
%o !
HO

Journal of Molecular Structure 1234 (2021) 130169

b) alpha-Cyclodextrin

p-CD:  R,=Ry=R,=-H

DM-A-CD: R, =R, =-CHz, Ry = -H

|

c) beta-Cyclodextrin and methylated derivatives

TM--CD: R, =Ry =R, =-CH,

Fig. 1. Schematic representation of chemical structures of (a) E-citral and Z-citral isomers, (b) alpha-cyclodextrin («-CD) and (c) beta-cyclodextrin (8-CD), heptakis(2,6-di-
0-methyl)-B-cyclodextrin (DM-f-CD) and heptakis(2,3,6-tri-O-methyl)-8-cyclodextrin (TM-S-CD).

under normal storage conditions thus it can easily lose its activity
[6]. Moreover, Adukwu et al have reported some concerns about
the cytotoxicity of both pure citral and the lemongrass essential oil
from Cymbopogon flexuosus [7]. An effective way to overcome these
drawbacks is the formation of inclusion compounds of citral in Cy-
clodextrins (CDs), the well-known oligosaccharides composed of o-
(1,4)-linked glucopyranose subunits (Fig. 1b and c), having the abil-
ity, due to their conical shape and amphiphilic nature (relatively
hydrophilic external surface and hydrophobic interior cavity), to
encapsulate a wide range of hydrophobic molecules (or molecules
with hydrophobic parts) of appropriate size and scheme [8]. a -
cyclodextrin (a-CD) and B-cyclodextrin (8-CD) are the well-known
native CDs composed by 6 and 7 glucoses respectively (Fig. 1b and
¢), while the heptakis(2,6-di-O-methyl)-8-cyclodextrin (DM-5-CD)
and heptakis(2,3,6-tri-O-methyl)-8-cyclodextrin methylated (TM-
B-CD) are methylated derivatives of the parental 8-CD (Fig. 1c).
The inclusion of citral isomers in native and modified CDs has
been extensively characterized by various methods including 'H-
NMR, FT-IR, UV-Vis spectrophotometry, circular dichroism spec-
troscopy, XRD, DSC, TG/DTG, phase solubility (Higuchi-Connors),
static headspace gas chromatography [9-17], and further stud-
ied by molecular modelling (Molecular Mechanics calculations and
molecular dynamics simulations based on models constructed by
docking with varying mole ratios) [16-18]. The morphology of the
freeze dried solutions of the citral/CD inclusion complexes has
been observed by TEM and SEM [12,14]. The general conclusion of
all these studies is that the inclusion of citral in various CDs exerts
beneficial effects on its physicochemical properties, namely: it pre-
vents heat degradation of citral, improves its stability during long
term storage and provides slow release that can be controlled by
choosing appropriate native CDs or CDs derivatives. Moreover, re-
cent studies have demonstrated important applications of citral/CD
inclusion complexes: the anti-hyperalgesic, anti-inflammatory ef-
fects of citral/CD in mice [14] is of interest for the pharmaceutical
industry; a new technique to produce aromatic cotton with control
fragrance release by loading citral/CD in fibers [15] for the textile
industry; the facile production of citral/CD nanofibers offering en-
hanced water solubility of citral along with high-temperature sta-
bility and longer shelf-life [19] which is of interest for the food
(or related bio applications) industry. However, no crystal struc-

ture of any citral/CD inclusion complex has been reported so far.
The crystal structure determination and analysis of these inclusion
complexes offers unique information and resolves any ambiguity
about the exact host:guest stoichiometry, the inclusion geometry,
the intra- and inter-molecular interactions and the molecular ar-
rangement of the complex units in the crystalline state.

In an ongoing investigation of cyclodextrin inclusion complexes
with linear monoterpenoids [20,21], we present here the crystal
structures of the inclusion complexes of citral in native «- and -
CD (cr/a-CD and cr/B-CD), and in methylated DM-$-CD and TM-f-
CD (cr/DM-B-CD and cr/TM-B-CD) as determined by Single Crystal
X-ray Diffraction (SCXRD). The four new structures are described
in detail and they are compared with previously reported crystal
structures of inclusion complexes of linear monoterpenoids like 8-
citronellol (cl), geraniol (gr) and linalool (In) in similar CDs [20-
22]. Moreover, based mainly on the crystallographically determined
stoichiometry and atomic coordinates, we investigate, by molecu-
lar dynamics (MD) simulations of 12 ns, the dynamic behavior of
these four inclusion complexes in an aqueous environment and in
the absence of crystal contacts. With this in silico investigation we
aim to inspect the role of the conformational flexibility of the guest
and the type of the host (cavity size, rigidity of the macrocycle,
substituent groups) in the stability of these inclusion complexes.
The binding affinities are also estimated by MM/GBSA calculations.
Our understanding of the structural details and dynamic behavior
of the linear monoterpenoids upon complexation with CDs may be
also useful in the engineering of modified guest-host systems with
optimized properties and future practical applications.

2. Materials and methods
2.1. Materials

Citral as a clear yellow liquid mixture of geranial and neral (95%
pure, d = 0.888 g/mL) was purchased from Sigma-Aldrich Co. LLC.
«-CD and B-CD of pharmaceutical grade quality were obtained
from Cyclolab (Budapest, Hungary), while DM-8-CD and TM-8-CD
(>98% pure) as white powders from Sigma-Aldrich Co. LLC. Abso-
lute ethanol (EtOH, > 99.8%) and distilled water were also obtained
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from Sigma. All chemicals were used as received without further
purification.

2.2. Preparation and crystallization of citral inclusion complexes in
«-CD, B-CD, DM-B-CD and TM-B-CD

42uL of citral ethanolic solution (10% v/v) and 5mL of an
equimolar aqueous solution of «-CD (0.25 mmol, 0.05M) were
mixed and the mixture was stirred in a tightly sealed glass vial
for 1 h at 70°C. Similarly, 13uL of citral and 5mL of an equimo-
lar aqueous solution of B-CD (0.08 mmol, 0.016M) were mixed
and the mixture was also stirred for 1 h at 70°C. The two mix-
tures allowed to cool gradually to room temperature over a period
of one week, according to the slow cooling crystallization tech-
nique, until colorless transparent prismatic crystals in both cases
were formed. Crystals of citral/ DM-8-CD and citral/TM-8-CD inclu-
sion complexes were prepared by adding isomolar amounts of host
(44.00 mg or 0.033 mmol of DM-S-CD; 44.17 mg or 0.033 mmol
of TM-$-CD) and guest (125 pL of citral) in 2 mL of distilled water.
The two final mixtures were stirred vigorously at room tempera-
ture for 45 min and subsequently maintained at 321 K for a period
of two weeks. Rod-shaped and prismatic crystals suitable for X-ray
diffraction measurements were produced in the case of cr/DM-S-
CD and cr/TM-B-CD, respectively.

2.3. X-ray data collection, structure solution and refinement

Intensity data for all complexes were collected on a Bruker
D8-VENTURE diffractometer, using Cu Ka radiation (A = 1.54178
A) and deduced with the program SAINT [23]. Absorption correc-
tion was performed with SADABS [24]. The structures of the citral
inclusion complexes in native CDs and in TM-B-CD were solved
by Patterson-seeded dual-space recycling with the SHELXD pro-
gram [25]. The structure of the citral/DM-B-CD inclusion com-
plex was solved by molecular replacement, using the atomic co-
ordinates of the DM-S-CD macrocycle of the 2,2’-bithiophene/DM-
B-CD complex [26]. The molecular replacement solution was ob-
tained by a Patterson vector search and Fourier recycling using
the DIRDIF99 package [27]. The refinement of all crystal struc-
tures was performed by full-matrix least squares against F2 us-
ing SHELXL-2014/7 [28] through the SHELXLE GUI [29]. Soft re-
straints on bond lengths and angles, as provided by the PRO-
DRG2 webserver [30], were applied only to model the disordered
guest molecules. Anisotropic displacement parameters for citral
atoms were refined with both soft (SIMU) and enhanced rigid bond
(RIGU) restraints implemented in the SHELXL program [31]. All H-
atoms of the host molecules were placed geometrically and al-
lowed to ride on the parent atoms. Uiso(H) values were assigned
in the range 1.2-1.5 times Ueq of the parent atom. In order to
maintain a high (>7.0) data/parameters ratio, anisotropic thermal
parameters were imposed to selected, non-H atoms of the host
molecules. Mercury 4.1.3 [32] and Olex2 v1.2 [33] were used for
geometrical analysis and to produce figures illustrating the crys-
tal structures. Experimental details along with refinement statistics
are quoted in Table 1. Crystallographic information files with em-
bedded structure factors have been deposited into the Cambridge
Structural Database (CSD).

2.4. Molecular dynamics

The MD simulations were based on the following initial mod-
els: For the citral/a-CD inclusion complex, the crystallographically
determined atomic coordinates of the w-CD dimer and the sites
occupied by the E- and Z-citral were used to comprise two dis-
tinct initial sets: E-citral/o-CD (E/aCD) and Z-citral/c.-CD (Z/aCD),
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both of 1:2 guest:host stoichiometry. For the citral/8-CD inclu-
sion complex, the crystallographically determined structure (2:2
guest:host stoichiometry), that consists of a -CD dimer hosting
two E-citral guests (EE/BCD) was used as an initial set of atomic
coordinates. However, in order to examine the stability of possible
dimeric B-CD inclusion complexes (of 2:2 guest:host stoichiome-
try), hosting a Z- and an E-citral (EZ/8CD) or two Z-citral guests
(ZzZ|BCD), two more initial sets, obtained by molecular modelling
using Autodoc Vina [34], were used. For the inclusion complexes
of citral in methylated CDs, based on the crystallographically de-
termined atomic coordinates of the hosts and the found guests,
the three initial models (all with an 1:1 guest:host stoichiometry)
of E-citral/DM-$-CD (E/DMBCD), E-citral/TM-8-CD (E[TMBCD) and
Z-citral/TM-B-CD (Z/TMBCD) were used.

All computations were performed using the Amber12 soft-
ware package [35]. The Clycam06 [36] or the g4md-CD force field
[37] were used to generate the correct native and modified CD
topologies, respectively. The MD calculations were performed on a
24 core Intel Xeon 2.8GHz workstation with 32 GB internal mem-
ory.

Partial atomic charges and geometrical and topological param-
eters for citral were assigned by the ANTECHAMBER program
[38] using the general AMBER force field (GAFF) parameters and
the AM1-BCC methodology. Each complex was solvated in a peri-
odic, 10-A truncated octahedron simulation box consisted of TIP3P
waters with the minimum distance of 10.0 A from the system sur-
face. All hydrogen atoms added by the XxLEaP module were equi-
librated by energy minimization of the system with 500 steps of
the steepest descent method followed by 1000 steps of the conju-
gated gradient method to release the bad contact. Both minimiza-
tion and MD calculations were performed with SANDER. The Par-
ticle Mesh Ewald method was employed to account for long range
electrostatic interactions, while the nonbonded cutoff distance was
set to 10 A and all covalent bonds involving hydrogen atoms were
treated by the constraint algorithm SHAKE [39]. Finally, a 12 ns MD
production run with constant pressure of 1 atm and temperature
of 300 K (NPT ensemble) was performed for all IC models using a
time step of 1 fs. The detailed simulation protocol has been ana-
lytically described in a previous work [40]. The programs CPPTRA]
[41] and VMD [42] were used for data handling, processing, ana-
lyzing and visualizing.

The well-known MM/GBSA method [43] is a post-processing
approach to estimate the binding free energy of molecules in
solution, which combines the molecular mechanical (MM) ener-
gies (force fields) with continuum solvation models (Generalized-
Born model and surface area continuum solvation method (GBSA)).
Thus, this method was adopted here for calculating the binding
free energy AGgp) of the inclusion complexes as the energy differ-
ence between the bound and unbound state of the solvated CD and
citral molecules. The entropic penalty (AS) incurred upon guest
binding is calculated by extracting snapshots from the MD trajec-
tories every 100 frames using the NMODE module of AMBER and
added to the enthalpic term according to (1):

AGying = AG(gy —T - AS (1)

3. Results and discussion
3.1. Description of the crystal structures

3.1.1. The structure of citral/o.-CD inclusion compound

The citral/o-CD inclusion complex crystallizes in P1 space
group. Its asymmetric unit contains two «-CD host molecules (host
A and host B), one citral guest molecule, nine waters and one
ethanol molecule. The two host molecules are arranged co-axially
forming a head-to-head dimer via a hydrogen bond net between
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Table 1
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Crystallographic data and structure refinement parameters for the citral/or-CD, citral/B-CD, citral/DM--CD and TM-B-CD inclusion complexes.

citral/a-CD citral/8-CD

citral/DM-B-CD citral/TM-8-CD

Crystal data

Chemical 2(C36Hgp030)®C1oH1600C,HsO®9(H,0)

formula

M; 2287.97 2787.21

Crystal system, Triclinic, P1 Monoclinic, C2

space group

Temperature 100 293

(K)

a, b, c (A) 13.8115 (19), 18.892 (4),
13.8652 (16), 24.452 (4),
15.648 (2) 15.662 (5)

o, B,y (°) 85.177 (12), 110.748 (15)
88.117 (10),
60.169 (10)

V (A3) 2590.2 (6) 6766 (3)

V4 1 2

Radiation type Cu Ko Cu Ko

4 (mm-1) 113 1.05

Crystal size 0.35 x 0.2 x 0.1 0.3 x 0.22 x 0.15
(mm?)

Data collection
Diffractometer Bruker APEX-II
0.444, 0.754

96926, 19920, 19719

Bruker APEX-II
Tinins Tmax 0.621, 0.752
No. of
measured,
independent
and observed [I
> 20(I)]
reflections

Rine 0.040
(sin @/X)max 0.626
(A1)
Refinement
RIP > 20(F2)],
WR(F?), S

No. of
reflections

No. of 1452 928
parameters

No. of 44 108
restraints
Apcmaxv APmin
(e A3)

CCDC
deposition
number

0.035
0.588

0.042, 0.115, 1.05 0.053, 0.148, 1.02

19920 11318

0.51, -0.44 0.42, -0.29

1854912 1831155

C42H700359CqoHi6® 6.65(H,0)

38253, 11318, 9902

Cs6HggO35¢C1oHa00® 0.6(H20) Ce3H1120359C19Hz00® 1.2(H,0)

1491.57
Orthorhombic, P2:212,

1599.94
Orthorhombic, P2:212;

100 100

11.2400 (6), 14.659 (2),
14.9344 (8), 21.404 (3),
45.211 (2) 27.887 (4)
7589.2 (7) 8750 (2)

4 4

Cu Ka Cu Ko

0.90 0.82

0.8 x 0.4 x 0.2 0.8 x 0.4 x 0.2

Bruker APEX-II
0.582, 0.753
67543,10479, 10055

Bruker APEX-II
0.243, 0.753
68931, 15345, 13185

0.042
0.562

0.070
0.596

0.085, 0.235, 1.24 0.109, 0.267, 1.09

10479 15345

912 1214

42 175

0.51, -0.60 0.57, -0.65
2019612 2022366

their secondary hydroxyl groups as the wide rim of the one faces
the wide rim of the other. Inside the formed dimeric cavity, a citral
molecule is encapsulated, therefore the guest:host stoichiometry of
the inclusion complex in the crystalline state is 1:2. In about 60%
of the inclusion complex units, the Z-isomer of citral (Z-citral or
neral) is found encapsulated, whereas in the rest 40% of the in-
clusion complex units, the E-isomer of citral (E-citral or geranial)
is hosted in the «-CD dimer. The inclusion mode is the same for
both E- and Z-citral guests: The alkenyl group (atoms C6, C7, C8,
C10; see Fig. 1a) of both isomers occupies the same atomic posi-
tions, located inside the hostA cavity. Two hydrogens of the C10
methyl group and the hydrogen of the C6 atom form closed shell
interactions with the inner H3 atoms of the hostA hydrophobic
cavity (Supplementary Table S1-I). The rest of the aliphatic tail
of the guest is extended axially towards the interface of the a-CD
dimer and the encapsulated citral isomers are further stabilized by
CH ... O bonds formed with the secondary hydroxyls of the hostA
and closed shell interactions with the inner H3 and H5 atoms of
both hosts (A and B) which form the dimer (Supplementary Table
S1-1). The aldehyde group of both encapsulated E- and Z-isomer
is hydrogen bonded with an ethanol molecule that is found dis-

ordered over 3 sites and it is accommodated in the interspace of
the adjacent «-CD dimers that form channels along the crystallo-
graphic c-axis as described below (Fig. 2a and b; Supplementary
Table S1-1). The nine water molecules of the asymmetric unit (one
of them is found disordered over two sites) are located around
the «-CD dimer, close to the primary and secondary rims of the
cyclodextrins, bridging via hydrogen bonds the adjacent complex
units along the a- and b- crystallographic axes (Fig. 2b).
Geometrical features defining the conformation of the a-CD
molecules are listed in the Supplementary Table S2-1. The glu-
cosidic 04n atoms in both host molecules form nearly regular
hexagons which are essentially planar as indicated by the distances
of the O4n atoms from their approximate centroids and their de-
viations from the O4n mean plane. The glycosidic residues have
positive tilt angles indicating that their primary sides incline to-
wards the approximate sevenfold axis of the cavity. All the primary
hydroxyl groups of the host have the gauche-gauche (gg) conforma-
tion pointing outwards the cavity and being hydrogen bonded with
the surrounding water molecules. These water molecules are also
hydrogen bonded with the primary rim of the consecutive dimer
along the c-axis, bridging the complex units that stack in a chan-
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P

Host A

Host B

Fig. 2. (a) The asymmetric unit of the citral/a-CD crystal structure comprises of a head-to-head «-CD dimer encapsulating a citral molecule (1:2 guest:host stoichiometry).
Both E- and Z-citral isomers (depicted as green and yellow, respectively) are present as distinct sites of one disordered citral guest molecule with occupancy factors of 0.4
and 0.6 respectively. An ethanol molecule disordered over 3 sites is also located near the primary rim of host B, hydrogen bonded with the aldehyde group of the citral and
(b) citral/a-CD complex units form channels along the c-axis (left) and layers on the ab plane (right). Only one citral isomer guest is depicted for clarity.

nel mode. The shift between successive dimers along the c-axis is
2.05 A while their approximate six-fold axis form an angle of 8.5°
with the c-axis. The adjacent «-CD dimers on the ab plane form
layers, as they are also interconnected either directly via hydrogen
bonds between their secondary hydroxyls or indirectly via hydro-
gen bonds with bridge water molecules close to their primary and
secondary rim (Supplementary Table S1-I, Fig. 2b).

A Cambridge Structural Database (CSD) [44] search based on
similar cell dimensions resulted in 9 isostructural inclusion com-
pounds and 2 clathrates of w-CD that crystallize in the triclinic
space group and in the same molecular packing. Specifically, the
inclusion complex of diethyl fumarate/o-CD (CIGLAG) [45] and
butyl-isothiocyanate/o-CD (XIGBOE) [46] form alternatively head-
to-head and tail-to-tail dimers (clathrates) as the guest molecule is
located in the interspace between two adjacent tail-to-tail «-CDs.
All the other structures form head to head dimers (inclusion com-
plexes), the guest molecules of the inclusion complexes being fully
encapsulated inside the dimeric cavities as in the present case of
the citral/o-CD inclusion complex.

3.1.2. The structure of citral/B-CD inclusion compound

The citral/8-CD inclusion complex crystallizes in C2 space group
and its asymmetric unit contains one 8-CD host molecule, one cit-
ral guest molecule and 7 water molecules distributed over 19 sites.

The guest citral molecule is encapsulated axially in the host’s
cavity with its aldehyde group protruding from the primary rim of
the B-CD. The guest is found highly disordered in the S-CD cav-
ity, occupying three sites, noted as cr1, cr2 and cr3 with occupancy
factors of 0.3, 0.3 and 0.4 respectively. All three occupied sites cor-
respond to the E-citral configuration and they form closed-shell in-
teractions with the inner H3 and H5 atoms of the host’s cavity.
Moreover, in the case of cr1, CH...O bonds between the hydrogens
of C4 of the guest and the glycosidic oxygen 04 of the 7t glucopy-
ranose unit (G7) of the B-CD is observed, whereas in the case of
cr3, the aldehyde oxygen of the guest forms a hydrogen bond with
a primary hydroxyl of the 5-CD (Supplementary Table S1-II). The
twofold symmetry-related molecular complexes form head-to-head
dimers via the usual intermolecular hydrogen bonds between the



K. Fourtaka, E. Christoforides, P. Tzamalis et al.

Journal of Molecular Structure 1234 (2021) 130169

Fig. 3. (a) The citral/8-CD inclusion complex forms head-to-head dimers with a guest:host stoichiometry of 2:2 surrounded by a disordered water network. Only the E-
configuration of citral is found inside the B-CD cavity. The guest is disordered over three sites (crl, cr2 and cr3). Hydrogen atoms of the guest molecule are omitted for
clarity. (b) (left) projection of the crystal packing along c-axis and (right) projection of the crystal packing along a-axis. 8-CD dimers form channels along the c-axis and

layers along the ab plane.

03nH secondary hydroxyl groups of the twofold symmetry-related
B-CDs. The two E-citral molecules hosted inside the dimeric cav-
ity, are accommodated with the alkenyl group of their aliphatic
tale located in the interface of the dimer, facing each other and
forming closed shell interactions between each other. Due to steric
reasons, the guest-duets existed in the dimeric cavity are: crl-crl,
cr1-cr2, cr1-cr3 and cr2-cr3. In any case, the actual guest:host stoi-
chiometric ratio of the inclusion complex in the crystalline state is
2:2 (1:1) (Fig. 3a).

The conformation of the host 8-CD molecules is described by
the geometrical features listed in the Supplementary Table S2-II.
The reference glycosidic O4n atoms of the host form nearly planar
and regular heptagons whereas all the glycosidic residues incline
towards the primary rim. The primary hydroxyl groups of the host
have the gauche-gauche (gg) conformation pointing outwards the
cavity and being hydrogen bonded with bridge water molecules.
However, three of them, which are disordered over two sites each,

also adopt the gauche-trans (gt) conformation as they are hydro-
gen bonded with the guest or a primary hydroxyl of the adjacent
dimer. Specifically, gt conformation is observed for the partially oc-
cupied site2 of the primary hydroxyl of the G5 glucopyranose unit
which is hydrogen bonded with the O1 atom of the guest occupy-
ing the cr3 site, and for the partially occupied sites of the primary
hydroxyls of the G2 and G6 glucopyranose units that form hydro-
gen bonds between each other in the shifted adjacent dimers that
are piled up to columns along the c-axis (Supplementary Table
S1-I1).

Each dimeric unit is replicated by twofold rotation symme-
try along the b-axis and thus the dimers are arranged accord-
ing to the Channel (CH) packing mode [47] as their approximate
seven-fold axis forms an angle of 89.95(15)° with the c-axis and
the shift between successive dimers along the c-axis is 2.82(9) A
(Fig. 3b). The host S-CD molecules of consecutive dimers in the
channel are interoconnected directly via hydrogen bonds formed
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Fig. 4. (Left) Superpose of B-citronellol/-CD (yellow) and geraniol/-CD form I
(magenta) inclusion complexes, reveals a relatively high protrusion of the guests
from the narrow CD rims that inhibits the formation of channels in the crystalline
state. (Right) Guests in geraniol/-CD form II (cyan) and citral/$-CD (green) are en-
capsulated deeper in the CD dimers aiding the formation of channels.

between their primary hydroxyls or indirectly via hydrogen bonds
with bridge water molecules. The guest E-citral molecules of con-
secutive dimers in the channel, accommodated with their aldehyde
group protruding from the primary rim of the hosts as mentioned
above, form CH ...0 bonds between each other, namely: the O1
of the site cr1 (x, y, z) with the H-C2 of the site cr2 or H-C10 of
the site cr3 occupied by the guest of the consecutive dimer (1-X, y,
1-z). Any other combination of occupied sites of guests in consec-
utive dimers is sterically forbidden. The neighboring channels are
bridged directly or indirectly (via bridge water molecules) via hy-
drogen bonds forming layers of dimeric inclusion complexes along
the ab crystal plane (Fig. 3b).

A CSD [44] search for crystal structures of similar cell dimen-
sions, revealed 37 isostructural inclusion complexes and clathrates
of B-CD. By limiting the survey to inclusion complexes of lin-
ear terpenoids in B-CD, we found that the crystal structures of
linalool/B-CD [48], B-citronellol/8-CD [20] and geraniol/8-CD form
I [49] and form II [21] have been previously reported. The guests
in all these inclusion complexes are encapsulated in S-CD dimers
with the same stoichiometry and inclusion mode as the one ob-
served in the citral/8-CD structure presented here, highlighting
the tendency for the formation of linear monoterpenoids inclusion
complexes in S-CDs with an 2:2 guest:host.soichiometry and in a
specific inclusion mode.

However, an intermediate (IM) mode of crystal packing is ob-
served in the cases of B-citronellol/8-CD and geraniol/8-CD (form
I) inclusion complexes, whereas citral/3-CD, geraniol/8-CD (form
1) and linalool/B-CD form channels (CH packing mode) in the crys-
talline state. This is due to the different degree of protrusion of the
guests from the narrow B-CD rims that inhibits or allows the for-
mation of channels by the dimeric complex units in the crystalline
state [21] (Fig. 4).

3.1.3. The structure of citral/DM-B-CD inclusion complex

The inclusion complex crystallizes in the orthorhombic space
group P212;2 and its asymmetric unit contains one host molecule,
one E-citral guest molecule and a half-occupied water molecule
disordered over two sites. The water occupied sites are located at
H-bond distances from the hosts of adjacent complex units (Sup-
plementary Table S1-III). The encapsulated E-citral is found inside
the DM-B-CD cavity with its aldehyde group protruding from the
narrow rim of the host and its lipophilic chain extending through-
out the cavity towards the wide rim of the host (Fig. 5a). The oxy-
gen atom of the E-citral forms a CH ... O bond with a disordered
methoxy group of the host of the adjacent complex unit whereas
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the aliphatic part of the guest is stabilized by closed shell inter-
actions with the inner hydrogen atoms of the host’s hydrophobic
cavity (Supplementary Table S1-III).

The summarized in Supplementary Table S2-III geometric fea-
tures of the host, indicate a torus-like shape and a round con-
formation of the CD macrocycle that resembles a canonical hep-
tagon, similar to that of 8-CD in its complex with citral. Among
the 4 fully occupied primary methoxy sites, 2 of them are found
to have the gt and 2 the gg conformation, while the 3 disordered
methoxy groups adopt both conformations (Supplementary Table
S2-1II). Thus, the host adopts an open cone conformation, which
allows the entrance and exit of the guest molecules from both its
wide and narrow rim.

The inclusion complex units are arranged according to a cage-
type mode in the crystal, satisfying the self-inclusion tendency of
the host DM-B-CD (Fig. 5a). The mean plane of the 04n atoms of
the host forms an angle of 36.18(9)° with the crystallographic bc
plane and an angle of 72.36(16)° with the O4n atoms mean plane
of the host of an adjacent (-0.5+X%, 0.5-y, -z) complex unit. The
wide rim of the host is intruded by two secondary methoxy groups
(those of the 15t and 7th glucopyranose units) of this adjacent com-
plex unit and by two primary methoxy groups (of the 6t and 7th
glucopyranose units) of the host of the neighboring complex unit
along the a-axis (-1+x, y, z).

A CSD search for crystal structures of similar unit cell, re-
sulted in two DM-B-CD inclusion complexes (refcodes: XIXKUL
and COFLOY) that crystallize in the same space group (P212121).
The XIXKU structure is a clathrate of 2,2’-bithiophene with DM-
B-CD [26] crystallizing with the similar cage-type crystal pack-
ing, whereas no crystal packing information could be found for
the COFLOY structure which is the acetate-meta-toluene inclusion
complex in DM-B-CD [50].

3.1.4. The structure of citral/ TM-B-CD inclusion complex

The citral/ TM-B-CD inclusion complex crystallizes in the or-
thorhombic space group P2;2¢2;. The asymmetric unit consists of
one TM-B-CD encapsulating one citral molecule. E-cital is found
with an occupancy factor of 0.7 whereas Z-citral with 0.3. E-cital
is accommodated almost axially inside the hydrophobic cavity of
the host with its aldehyde group towards the rim of the primary
methoxy groups of TM-8-CD and its aliphatic tail protruding from
the secondary methoxy rim of TM-B-CD. On the other hand, Z-
citral is found in a rather bent conformation, equatorially oriented
along the wide rim of the host. The aliphatic tail and the aldehyde
group of the Z-citral both protrude from the secondary methoxy
rim of the host, the latter being hydrogen bonded with a water
molecule located in the interspace of the complex units. This wa-
ter molecule, having the same occupancy with Z-citral (0.3), par-
ticipates in a network of 4 partially occupied water molecule sites
(s.0.f = 0.3 for each one) that bridges the adjacent complex units
(Fig. 5b). In any case, the guest occupying either the E- or the Z-
citral site, it is stabilized by closed shell interactions and CH ... O
bonds with the encapsulant TM-8-CD, and by closed shell interac-
tions with the host of the consecutive complex unit (1-x, -0.5+y,
0.5-z) in the formed column (described below) along the crystallo-
graphic b-axis (Supplementary Table S1-1V).

As it has been observed in almost all the structures of inclusion
complexes in TM-8-CD reported so far, the macrocycle of the host
molecule in cr/TM-B-CD is severely distorted due to the absence
of intramolecular hydrogen bonds between the secondary methoxy
groups of the host and the induced-fit mechanism for the inclusion
complex formation. According to the geometrical features given in
the Supplementary Table S2-IV (see also Supplementary Figure
$1), the etheric O4n atoms that link the cyclodextrin residues with
each other form an elliptical heptagon with its long axis in the di-
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Fig. 5. (a) (Left) The inclusion complex of cr/DM-B-CD forms monomers with guest:host stoichiometry of 1:1. Only the E-citral isomer (green, sof 1.0) is present inside the
CD cavity. (Right) Crystal packing projection along the a-axis. Inclusion complex units are arranged according to a cage-type mode satisfying the self-inclusion tendency
of DM-S-CD and (b) (left) the inclusion complex of cr/TM-B-CD forms monomers in a guest:host stoichiometry of 1:1. The E-citral isomer (green, sof 0.7) has an ‘axial’
orientation, whereas the Z-citral isomer (yellow, sof 0.3) is accommodated ‘equatorially’ inside the cavity hydrogen bonded with bridging water molecules. (Right) The
crystal packing of the cr/TM-B-CD complex: inclusion complex units form columns along the b-axis and antiparallel columns are packed along the c-axis.

rection of the equatorially accommodated Z-citral. Five out of the
seven glucose units of the host illustrate positive tilt angles (dihe-
dral angle between the O4n mean plane and the mean plane of the
04(n-1), C1n, C4n and O4n atoms) pointing towards the interior of
the cyclodextrin macrocycle, while the other two point towards its
exterior. The conformation of the primary methoxy groups of the
host, as it is indicated by the 05n-C5n-C6n-O6n torsion angles, is
gauche-gauche (gg) for all residues, except for those of G1 and the
partially occupied sites of G5 (sof = 0.5) and G7 (sof = 0.5) which
adopt the gauche-trance (gt) conformation. The primary methoxy
groups of G1, G5 and G7 form the characteristic “lid” at the pri-
mary rim of TM-B-CD that has been observed in the vast major-
ity of TM-B-CD inclusion complex structures, forbidding the guest
penetration through the primary rim and constraining its accom-
modation towards the secondary rim of the host [51].

The complex units of citral/TM-B-CD related by the crys-
tallographic symmetry of the twofold screw axis parallel to
the crystallographic b-axis are arranged in a head-to-tail mode
forming columns (Fig. 5b). Parallel columns are packed along
the direction of the a-axis whereas antiparallel columns are
packed along the direction of the c-axis. This crystal pack-
ing is not rare for TM-B-CD inclusion complexes. A search in
the CSD [44], based on unit cell similarities, resulted the fol-
lowing four entries of permethylated B8-CD inlusion compounds
that crystallize in the orthorhombic P2;2;2; space group form-
ing columns along the b-axis: (i) 2-Chloro-N-(ethoxymethyl)-N-
(2-ethyl-6-methylphenyl)acetamide/TM-8-CD (CIJVIC) [52], (ii) p-
iodophenol/TM-8-CD (CAMPIP) [53], (iii) (S)-p-methoxyphenyl/TM-
B-CD (SIBSIG) [54] and (iv) 3-cyclooctyl-1,1-dimethylurea/TM-8-CD
(OYAPIO) [55]. The cases of CAMPIP and OYAPIO resemble that of
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Fig. 6. (a) RMSD over time for the two citral isomers in two distinct simulations (E/«CD and Z/«CD) and (b) the distance plot between the O and C7 atoms of the guest

molecule in both E/aCD and Z/aCD inclusion complexes.

cr/TM-B-CD as the asymmetric unit of both crystal structures con-
sists of one host, one guest and four water molecules bridging the
adjacent complex units.

3.2. Molecular dynamics

3.2.1. Trajectory analysis for the citral/native-CD inclusion complexes

Based mainly on the crystallographically determined atomic co-
ordinates, five independent simulations with different initial struc-
tures of citral/native-CD inclusion compounds were carried out at
300 K and in explicit water solvent for almost 12 ns as described
in paragraph 2.4. More specifically, the cases of the inclusion com-
plexes of E/aCD and Z/aCD with guest:host stoichiometry 1:2 and
EE/BCD, EZ|BCD and ZZ/|BCD with guest:host stoichiometry 2:2,
were studied.

In the cases of the E/aCD and Z/wCD inclusion complexes, the
starting models correspond to head-to-head «-CD dimers encapsu-
lating E- or Z-citral guest molecules respectively. MD simulations
showed that, in both cases, the guest remains encapsulated inside
the dimeric cavity without changing its orientation. By tracking the
position and orientation fluctuations of the two isomers, E-citral
seems slightly more stable inside the cavity. The root mean square
deviations (RMSDs) over time from the crystallographically deter-
mined initial pose, are presented for the two guests in Fig. 6a.
Moreover, the plot of the distance between the aldehyde group (01
atom) and the isobutylenic group (C7 atom) of the guest in both
E/aCD and Z/aCD complexes (Fig. 6b), indicates that, over the time
frame of the MD simulations, Z-citral adopts a more bent confor-
mation than E-citral inside the apolar environment of the dimeric
a-CD cavity.

In order to estimate the binding affinity of the inclusion com-
plexes, we assigned the two «-CD hosts as the receptor of the sys-
tem and the citral isomer as the ligand. The results given in Table 2
indicate the formation, mainly via van der Waals interactions, of
equally stable inclusion complexes in both cases.

For the inclusion complex of citral in native B-CD, although
the crystallographic studies revealed the encapsulation of solely E-
citral isomers inside the formed B-CD dimeric cavity with a 2:2
guest:host stoichiometry (EE/BCD), we also investigated by MD
simulations dimeric 8-CD complexes hosting two Z-citral (ZZ/8-
CD) as well as one E-citral and one Z-citral guest (EZ/B8CD).

In the EE/BCD case, the examination of the dynamic behavior
of the guests revealed their tendency to rotate about the seven-
fold molecular axis of the hosts retaining their initial ‘axial’ ori-
entation in a stable B-CD dimer during the 12 ns simulation
(Fig. 7a). This dynamic behavior does not differ from that observed
for citronellol/8-CD [20] and geraniol/8-CD [21] dimeric inclusion
complexes. However, a totally different situation has been recorded
in the other two cases: The Z-citral in the EZ/BCD inclusion com-

Table 2

Binding free energies and their standard deviations (kcal/mole) resulting from
MM/GBSA analysis of the inclusion compounds of E-citral and Z-citral isomers
in native o-CD (guest:host stoichiometry 1:2).

ElaCD ZJaCD
N 345 + 1.7 342 + 17
AE.e 28 +26 36 +22
AEgy 16.5 + 2.3 169 + 1.8
AE ¢ 3.8+ 0.1 -3.8+0.1
AGgs -37.2 £29 -37.7 £ 25
AGyy 127 £ 2.3 13118
AG(cp)* 246 + 20 =246 + 2.0
T-AS -17.0 £ 3.8 171 + 21
AGpind! 7.6 4.3 75 +28

AE,qw = van der Waals contribution from molecular mechanics
AEqe = electrostatic energy as calculated by the molecular mechanics force
field
AEgp = the electrostatic contribution to the solvation free energy, calculated by
Gg model
AEg,s = nonpolar contribution to the solvation free energy, calculated by an
empirical model

i AG(GB) = AGsctlv + AGgas

b AGying = AGgpy + T-AS

plex, flips over and it is found with its aldehyde group near the
secondary rim of the respective host, adopting an ‘equatorial’ ori-
entation. Similar behavior is observed for the one of the two guests
in the ZZ/BCD inclusion complex (Fig. 7a). This dynamic behavior
is a result of the ability of Z-citral to adopt, unlike E-citral, bent
conformations inside the hydrophobic environment of the B-CD
cavity as in the case of the @-CD dimer (Supplementary Figure
$2). The RMSDs from the first frame over time for the two guests
in the three simulations were plotted and given in Fig. 7b. The ob-
served variety of inclusion modes of Z-citral in the $-CD dimeric
cavity probably explains why neither EZ/8CD nor ZZ/BCD inclu-
sion complexes were found in the crystalline state: the presence
of different building blocks may hinder the formation and growth
of such crystals.

MM/GBSA analysis of the citral/8CD inclusion complexes was
performed as follows: the system consisting of the two BCDs of
the dimeric host and one of the two guests was used as a receptor,
whereas the other encapsulated guest was used as a ligand, in each
one of the EE/BCD, EZ|BCD and ZZ/BCD cases. The results indicate
the formation of stable inclusion complexes mainly via van der
Waals interactions in all cases as the AG values are similar within
the error margin of the method (Table 3). By comparing these val-
ues with those reported for the cases of S-citronellol/$-CD and
geraniol/$-CD (form II) 2:2 inclusion complexes [20-21], we end
up with the following ascending order for the stability of these in-
clusion complexes: citral[3-CD < geraniol/3-CD < B-citronellol/S-
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CD. Moreover, we notice that the absolute values of AG estimated
for the inclusion complexes of citral in 8-CD (Table 3) are signif-
icantly lower than those estimated for the inclusion complexes of
citral in o-CD (Table 2) clearly indicating a more stable cr/aCD in-
clusion complex under the guets:host stoichiometries revealed by
the determined crystal structures.

3.2.2. Trajectory analysis for the citral/methylated-CD inclusion
complexes

The crystallographically observed E/DMBCD, E/TMBCD and
Z|ITMBCD inclusion complexes were subjected to minimization and
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subsequent MD runs in order to examine the dynamic behavior of
the E-citral in two different hosts (DM-S-CD and TM-$-CD) and
the dynamic behavior of the E- and Z-citral isomers in the same
host (TM-B-CD). The RMSD plot for the guest obtained by these
simulations (Fig. 8a, left) indicates a higher mobility of the E-citral
in the TM-B-CD than in the DM-B-CD cavity. Visual inspection of
the trajectories shows that the guest E-citral remains encapsulated
‘axially’ inside the hydrophobic cavity of both hosts. However, DM-
B-CD host retains always its open cone conformation, due to the
intramolecular hydrogen bonds formed between its secondary hy-
droxyls and methoxy groups of the adjacent glucose units. The lack
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Fig. 7. (a) Representative snapshots at 0 and 10ns for EE/SCD, EZ/SCD and ZZ/BCD inclusion complexes (E-citral green; Z-citral yellow) shown as CPKs (guests) and paper
chain (hosts), and (b) time evolution of RMSD for all non-H atoms of the two encapsulated citral isomers in each one of the three inclusion complex cases.
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Binding free energies and their standard deviations (kcal/mole) resulting from MM/GBSA analy-
sis of the inclusion compounds (guest:host stoichiometry 2:2) of i) EE/$-CD dimer (model deter-
mined by X-ray crystallography experiments), ii) EZ/8-CD dimer and iii) ZZ/8-CD dimer (models
generated by Docking analysis).

EE/BCD EZ|BCD ZZ|BCD

E-citral_1 E-citral 1 E-citral Z-citral Z-citral_1 Z-citral_2
AEyqw -284 £23 -278 +£24  -27.0+£26  -283+26  -27.5£2.8  -28.0+£3.2
AEee =27 £23 -2.7 £3.0 -2.842.5 -5.94+4.6 -2.3+1.9 -4.343.6
AEcg 144 + 24 141 +£29 13.54+2.8 17.5+4.3 13.04£2.5 15.7+3.4
AEgy¢ -3.7 £ 0.2 -3.6 £ 0.2 -3.5+0.3 -3.6+0.2 -3.54+0.2 -3.6+0.2
AGgs -31.1 £33  -306 £39 -29.7+4.0 -34.2+52  -30.0£3.8 -31.9+44
AGgoy 10.7 £ 2.2 104 + 2.8 10.0+£2.6 13.9+4.3 9.5+2.3 12.243.3
AG(gg) -204+£21 -201+22 -19.7£24  -203+£23  -20.6+£2.3  -19.84£3.0
T-AS 172 £19  -169 £2.7 -17.0£29 -17.7+£2.1 -17.2+£23  16.4+2.1
AGping -3.2 +28 -3.2 +35 -2.7+3.7 -2.6+3.2 -3.4+3.3 -3.3+3.6

n
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Fig. 8. (a) RMSD over time for all non-H atoms of the encapsulated citral isomers (left) and the respective hosts (right) in each one of the three inclusion complexes
(E/DMBCD, E[TMBCD and Z/TMBCD) and (b) representative snapshots of E/DMBCD, E/TMBCD and Z/TMBCD inclusion complexes at Ons, 5ns and 10 ns during the 12 ns
simulation. E-citral (green) and Z-citral (yellow) are shown as CPKs and methylated CDs as paper chains. Images were rendered with VMD.
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Table 4

Binding free energies and their standard deviations (kcal/mole)
resulting from MM/GBSA analysis of the inclusion compounds
of citral isomers with methylated cyclodextrins (guest:host sto-
ichiometry 1:1).

E/DMBCD E/TMBCD Z/TMBCD
AEgqw 2517 £2.09 -2348 £541  -1546 + 9.19
AEge  -0.16 £238  -442 £430 147 £2.17
AEg 692 +2.69 12.61 £ 410  3.68 + 2.66
AEgy  -335+020  -321+£054  -2.08 + 1.1
AGgs  -2533 +£353  -27.90 £ 577  -13.99 + 8.50
AGyy  3.58 + 2.61 9.40 +4.13 1.61 + 2.13
AGgp —-21.75+2.09 -1849 +479 -1238 + 7.74
T-AS  -1639+ 142 -1687 +1.85 -11.71 + 7.79
AGpng  -536+253  -162+513  -0.67 £11.09

of these intramolecular hydrogen bonds in the case of the perme-
thylated TM-8-CD results to a higher host macrocycle distortion
as it is shown in the RMSD plot for the host molecules (Fig. 8a,
right). The rigid form of DM-S-CD facilitates the ‘axial’ accommo-
dation of the E-citral with the aldehyde group of the guest project-
ing always through the primary rim and its aliphatic end located
in the secondary rim of the host. Similar accommodation and dy-
namic behavior has been observed for the inclusion complexes of
B-citronellol and geraniol in DM-S-CD [20-21]. On the other hand,
the E/TMBCD inclusion complex is much less stable. The depth of
immersion of the encapsulated E-citral inside the flexible host cav-
ity varies significantly during the MD simulation and although the
guest retains its axial accommodation, after the 10t ns, it escapes
from the hydrophobic cavity through the secondary rim of the host
entering in the aqueous environment (Fig. 8b). An even less sta-
ble inclusion complex is observed in the case of Z/TMBCD. Z-citral
is found crystallographically with an occupancy factor of 0.3, in a
bent conformation, partially encapsulated in the TMBCD cavity and
accommodated ‘equatorially’ in the secondary rim of the host. MD
simulations have shown that this inclusion mode is not stable as
Z-citral abandons completely the host’s cavity from its wide rim
after the 8™ ns (Fig. 8b).

The estimated binding affinities by MM/GBSA analysis (Table 4),
for the three inclusion complexes with 1:1 guest:host stoichiome-
try, indicate that the stability of the inclusion complexes clearly
follows the order: E/DMBCD > E[TMBCD > Z/TMBCD.

4. Conclusions

The crystal structures presented in this work confirm the inher-
ent tendency of citral to form inclusion complexes in native «-, -
and methylated 8-CDs similar to the previously reported inclusion
complexes of other linear monoterpenes, like geraniol, citronellol
and linalool, in CDs [20-22].

The inclusion complex of cr/a-CD crystallizes in the P1 space
group forming channels along the c-axis. The cr/o-CD complex unit
reveals the encapsulation of an E- or a Z-citral isomer (with oc-
cupancy of 0.4 and 0.6 respectively), which is accommodated axi-
ally in the interface of the formed head-to-head o-CD dimer (1:2
guest:host stoichiometry). The inclusion complex of cr/8-CD crys-
tallizes in the C2 space group also forming channels along the c-
axis. Two highly disordered guest molecules, both being E-citral
isomers, are found axially accommodated inside a head-to-head S-
CD dimeric cavity, with their aldehyde group located in the pri-
mary rim of the hosts (2:2 guest:host stoichiometry).

MD simulations based mainly on the determined crystal struc-
tures of the examined inclusion complexes, show that in a simu-
lated aqueous environment, stable inclusion complexes of citral in
both native - and B-CD are formed. Interestingly, in both cases
the encapsulated Z-citral seems to adopt a more bent conforma-
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tion than E-citral and thus it has the ability to alternate its ori-
entation in the wider B-CD cavity. MM/GBSA-calculations clearly
indicated a higher binding affinity in the case of the cr/o-CD than
the cr/B-CD inclusion complex. By comparing the binding affinities
of the inclusion complexes of linear monoterpenes in $-CDs, that
have been estimated by MM/GBSA calculations and for the same
2:2 guest:host stoichiometry revealed by crystallography [20-21],
the ascending order of the AG values is: citral/ 3-CD < geraniol/-
CD < citronellol/ 8-CD.

Regarding the citral inclusion complexes in methylated B-CDs,
both examined cr/DM-B-CD and cr/TM-8-CD crystallize in the or-
thorhombic P2;2;2; space group with 1:1 guest:host complex
units arranged in a “head-to-tail” fashion forming antiparallel
columns. Only the E-citral isomer is found inside the DM-8-CD
with its aldehyde group protruding from the narrow rim of the
host, whereas both E- and Z-citral isomers are present in the TM-
B-CD having different occupancy factors, location and accommo-
dation mode inside the host’s cavity.

A structural comparison between citral inclusion complexes in
native («¢-CD and B-CD) and methylated (DM-S-CD and TM-f-CD)
cyclodextrins reveals that in the crystalline state, the rigid cavity
of B-CD and DM-B-CD favors, in a 2:2 and 1:1 host:guest stoi-
chiometry respectively, the inclusion of the E-citral which adopts
an extended conformation and it is accommodated ‘axially’ in it.
On the other hand, the Z-citral isomer, that adopts a more bent
conformation upon encapsulation in the hydrophobic CD cavity, is
found only in the case of the cr/w-CD where the 1:2 guest:host
stoichiometry provides the space to accommodate the bent Z-citral
and in the case of the cr/TM-B-CD complex, where the bent Z-
citral is found accommodated ‘equatorially’ near the wide sec-
ondary rim of the distorted host. MD simulations in aqueous en-
vironment reveal a stable inclusion complex of citral in DM-8-
CD and a rather unstable in TM-B-CD, the ascending order of
the binding affinities of these inclusion complexes as estimated by
MM/GBSA calculations being: Z/TMBCD < E[TMBCD < E/DMpBCD.
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