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Recently, we have investigated the cucurbit[7]uril (CB7) recognition of the o- and B-
anomers of neutral, protonated, and acetylated forms of glucosamine in water. In the present work,
we employed molecular dynamics (MD) and thermodynamic integration methods (TI) to investi-
gate the recognition of these molecules by cucurbit[6]uril (CB6) and cucurbit[8Juril (CBS). MD
revealed the formation of stable 1:1 inclusion complexes by all studied molecules with cucurbit[n]
urils (CBn), and 2:1 complex by the a-anomer of the acetylated form of glucosamine with the large

homologue CB8. CB6 forms roughly twice as many hydrogen bonds with the guest molecules as
CB8. MM-PBSA results indicated that the electrostatic contribution to the binding free energy
of each guest:CB complex was larger for CB6 than for CB8, and that CB6 and CB8 have lower
affinity toward the different forms of glucosamine compared to CB7. Furthermore, TI was used
to estimate the relative affinities of CB6 and CB8 toward the a- and B-anomers for each form of
the studied glucosamine and compare with CB7.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The molecular recognition of saccharides by synthetic receptors, mim-
icking their complexation with proteins, has potential applications in
drug sensing and delivery (Arnaud, Audfray, & Imberty, 2013;
Mazik, 2012; Davis, 2020). The hydrophilic nature of saccharides com-
plicates their recognition in water. Boronic acid derivatives represent
the most promising receptors for carbohydrates, via covalent bonding
(Striegler, 2003; Williams, Kedge, & Fossey, 2021). Other synthetic
receptors prepared for selective recognition of saccharides showed
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weak to modest binding affinities (Ferrand et al., 2009; Francesconi,
Gentili, & Roelens, 2012; Klein, Ferrand, Auty, & Davis, 2007,
Mazik, Cavga, & Jones, 2005; Palanichamy et al., 2018).

Glucosamine, a naturally occurring amino monosaccharide, is pre-
sent in the connective and cartilage tissues, and plays an essential role
in maintaining their strength, flexibility and elasticity (Matheson &
Perry, 2003). It is also a prominent precursor in the biochemical syn-
thesis of glycosylated proteins and lipids, and is part of the structure
of two polysaccharides, chitosan and chitin (Lopes, Tanabe, &
Bertuol, 2020). The molecular recognition of glucosamine by organic
receptors has been limited to those operating based multi-hydrogen
bonding interactions, and mostly functioning in organic solvents
(Tamaru, Yamamoto, Shinkai, Khasanov, & Bell, 2001).

Recently, cucurbit[n]urils (CBn, Fig. 1) have emerged as molecular
receptors for saccharides, despite their hydrophobic cavity (Bodoor,
El-Barghouthi, Alhamed, Assaf, & Alrawashdeh, 2022; Jang,
Natarajan, Ko, & Kim, 2014; Lee & Kim, 2018; Lee et al., 2016;
Yin and Wang, 2018). CBn are a class of water soluble macrocyclic
hosts that are capable of forming stable host—guest complexes with a
variety of guest molecules through noncovalent interactions, such as
hydrogen bonding, dipole-dipole, ion—dipole and dispersion interac-
tions (Assaf & Nau, 2015; Barrow, Kasera, Rowland, del Barrio, &
Scherman, 2015; Masson, Ling, Joseph, Kyeremeh-Mensah, & Lu,
2012). In addition, their hydrophobic cavity acts as a microenviron-
ment for hydrophobic moieties (Assaf et al., 2017; Assaf & Nau,
2015; Florea & Nau, 2011). In 2014, Jang et al. found that CB7 binds
amino saccharides (in their protonated states) in aqueous solution with
exceptional affinity (K, > 10> M~"), and their '"H NMR experiments
indicated that they are encapsulated inside the hydrophobic cavity of
CB7 (Jang et al., 2014). Other studies showed that CB7 preferentially
binds the a-anomer of D-glucosamine hydrochloride,(Mazik et al.,
2005) which was further supported by single-crystal structure analysis
(Wang et al., 2016). Furthermore, quantum mechanical calculations
and molecular dynamics simulations carried out in gas phase and
water indicated, respectively, preferential binding of CB7 to the f-
and ao-anomer; the latter agrees with experiment and indicates the
importance of solvation effects (Wang et al., 2016).

Recently, we studied the host—guest complexation between CB7
and the o- and B-anomers of glucosamine in its neutral (GN), proto-
nated (GP), and acetylated (GA) forms (Bodoor et al., 2022). Fluores-
cence dye displacement titrations were used to determine the binding
affinities in aqueous solution, which revealed higher binding for the
protonated glucosamine over the neutral and acetylated forms. Molec-
ular dynamics simulations confirmed the formation of inclusion com-
plexes with CB7, and MM-PBSA analysis showed that CB7
preferentially binds the B-anomers of the protonated and acetylated
glucosamine over the a-anomers, and the a-anomer of the neutral form
of glucosamine. In addition, thermodynamic integration analysis indi-
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Fig. 1 Chemical structure of cucurbiturils (glycoluril repeating

unit are highlighted in red) and glucosamine.

cated that CB7 binds the o-anomers of neutral and acetylated glu-
cosamine with higher affinity, while the opposite is true for the
protonated form.

Herein, we extend our previous work(Bodoor et al., 2022) to study
the complexation of a- and B-anomers of glucosamine (protonated and
neutral) and its acetylated derivative with smaller and larger CBn
homologues (CB6 and CBS8) using molecular dynamics (MD) simula-
tions and thermodynamic integration (TI). Our initial evaluation of
the formation of host—guest complexes between GA (in its protonated
form) and CB6/CB8 in aqueous solution was obtained based on dye
displacement experiments, which indicated that GA can form
supramolecular complexes with both hosts, however, with lower bind-
ing affinity compared to CB7.

2. Computational methods

MD simulations were carried out with AMBER 16.0 program,
(Case, 2016) using GLYCAMO6 force field(Kirschner et al.,
2008) for glucosamine and General Amber Force Field param-
eters(Junmei Wang, Wolf, Caldwell, Kollman, & Case, 2004)
for the host molecules. The restrained electrostatic potential
(RESP) charges(Bayly, Cieplak, Cornell, & Kollman, 1993)
were used for CBrn, with their initial structures obtained from
published X-ray(Freeman, Mock, & Shih, 1981; Kim et al.,
2000). TIP3P water model(Jorgensen, Chandrasekhar,
Madura, Impey, & Klein, 1983) was used for solvation of each
system with a spacing of 12 A. Each system was equilibrated
for 20 ns followed by 100 ns production run at 298.15 K and
1 atm. More details on the MD protocol can be found in
our recent work(Bodoor et al., 2022). MM-PBSA(Homeyer
& Gohlke, 2012; Miller et al., 2012) method was employed
to estimate the binding free energies using a procedure
described elsewhere(Dadou, El-Barghouthi, Antonijevic,
Chowdhry, & Badwan, 2020; El-Barghouthi, Abdel-Halim,
Haj-Ibrahim, & Assaf, 2015; El-Barghouthi, Abdel-Halim,
Haj-Ibrahim, Bodoor, & Assaf, 2015; Malhis, Bodoor, Assaf,
Al-Sakhen, & El-Barghouthi, 2015). Thermodynamic integra-
tion (TI) was performed based on the thermodynamic cycle
shown in Scheme 1. A total of 11 values of the coupling
parameter, A, were used. Simulations were carried out for each
A, using 500 ps and 5 ns for equilibration and production,
respectively. TI calculations were carried out via three steps:
decharging of the H;C,0OH moiety of the a-anomer (AG,);
mutarotation of the O;H from o- to B-anomer (AG,), applying
soft-core potentials(Beutler, Mark, van Schaik, Gerber, & van
Gunsteren, 1994); and recharging of the H;C;0,H moiety of
the B-anomer (AG3).

3. Results and discussion

100-ns MD simulations were conducted for the o- and (-
anomers of the studied glucosamines complexes with CB6

AG

a-Glucosamine + CB ——» o-Glucosamine complex

AGC AGD

AAG = AGB - AGA = AGD - AGC

AG

B-Glucosamine + CB ———» B-Glucosamine complex

Scheme 1  The TI cycle used in this work.
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and CB8. The computed average structures of the 1:1 com-
plexes (Fig. 2) revealed that all molecules were encapsulated
within CB6 and CB8 for the whole duration of the simulations,

with some guest molecules exhibiting distorted structures. Sev-
eral dihedral angles were monitored to get a better picture of
the fluctuations of the structures of glucosamines during the

Fig. 2 Average structures of the CB6 and CB8 complexes with glucosamines.
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simulations, and the data for the O,-C;-Os-Cs dihedral angle
are shown in Figure S1 (Supplementary Material). During
the simulations, glucosamines adopt the *C; conformation in
the free and bound states, except for -GN and B-GP in their
complexes with CB6 cavity, in which they adopted roughly
boat conformations, with the O;H group forming intramolec-
ular hydrogen bond (HB) with O¢H group (Figure S2). The
complex of B-GA with CB8 showed ring distortion in 9.0%
of the sampled snapshots. Unlike its complexes with CB7, no
ring-flipping occurred from *C; to 'C, conformation in the
complexes of B-GA with CB6 and CB8(Bodoor et al., 2022).
The distances during the simulation of O;H and O;H
groups from the upper carbonyl portal are shown in Figs. 3

and 4. The two groups in CB6 complexes were encapsulated,
except for OsH in B-GN and B-GP complexes, where it
remained near the portal, probably due to ring distortion.
For CB8 complexes, OH in o-GA and o-GP was included,
but not as deeply as in CB6 complexes; whereas it fluctuated
above and below the portal in the remaining complexes. The
O;H in CB8 complexes appeared to be excluded/included
when OH is included/excluded.

Fig. 5 displays the probability distribution curves for the
distances between the centers of mass of the host and the glu-
cose ring, which revealed limited guest movement within the
cavity in the case of CB6 compared to CBS8, which is expected
due to the smaller cavity size of the CB6.
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a-GA B-GA a-GN —a-GA——(3-GA—a-GN
0.6 B-GN a-GP B-GP 0.6 ——p-GN——a-GP —B-GP
0.5 0.5
0.4 0.4
2 2
Z0.3 =03
© ©
e} e}
20.2 20.2
o o
0.1 0.1
0 0
0 1 2 3 4 0 2 3 4
Distance (A) Distance (A)

Fig. 5 Probability distribution curves for the distances between the centers of mass of CB6 (left) and CB8 (right) and the glucose ring in
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Fig. 6 displays positions of the nitrogen atom in the studied
complexes as extracted from snapshots at 100 ps intervals,
revealing for CB6 complexes limited movement of the nitrogen
atom for a- and B- anomers, with the nitrogen atom sampling
positions similar to those in the corresponding average struc-
tures. The observed lack of rotational symmetry for o-GA

and B-GA around the axis of CB6 may be due to the strong
hydrogen bonds formed between the NH group with the nitro-
gen atoms in CB6 (discussed below). Guests in CB8 complexes
exhibited larger freedom within the cavity, with approximate
rotational symmetry around the axis of CBS8. The neutral glu-
cosamine appeared to undergo flipping within the cavity,

Fig. 6 Top and side views of the positions of the nitrogen atom in the studied complexes with CB6 (first and second rows) and CB8

(third and fourth rows).

Table 1 Average numbers of the intermolecular host—guest, guest-water and host-water HBs".

Guest-Host HBs with water
OH NH Os;H O4H OgH Total Bound Free Guest”
Guest CB

CB6
o-GA 0.01 1.01 0.22 1.10 0.99 3.33 2.41 12.42 10.55
B-GA 1.26 0.27 0.21 1.11 1.06 391 2.48 12.49 10.87
-GN 1.06 0.85 0.26 1.12 0.88 4.17 1.04 12.67 10.52
B-GN 0.01 2.29 0.51 0.88 0.51 4.20 2.26 13.35 10.53
o-GP 1.13 2.03 0.90 0.32 0.29 4.67 1.80 10.95 9.60
pB-GP 0.01 2.22 0.86 1.01 0.35 4.45 1.91 10.68 9.60
CBS8
o-GA 0.12 0.29 0.22 0.51 0.32 1.46 5.68 20.30
B-GA 0.65 0.63 0.41 0.29 0.17 2.15 5.41 20.13
-GN 0.22 1.00 0.19 0.30 0.32 2.03 6.28 19.57
B-GN 0.31 1.03 0.21 0.27 0.23 2.05 6.31 19.68
o-GP 0.00 0.91 0.62 0.27 0.27 2.07 5.84 18.88
B-GP 0.05 1.29 0.06 0.30 0.04 1.74 6.32 19.07

4 Distance and angle cut-off of 3.2 A and 120°, respectively; “Average number of HB of CB6 and CBS with water in the free states are 16.60
and 22.24, respectively.
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switching the position of the amine group from near the upper
to near the lower carbonyl portal during the simulation.

The average numbers of host—guest, guest-water, and host-
water intermolecular hydrogen bonds (HBs) are shown in
Table 1. Upon complexation, a reduction of ~ 8 and ~ 4 in
the guest-water HBs and ~ 4-6 and ~ 2-3 in the host-water
HBs was observed for CB6 and CBS, respectively. CB8 com-
plexes retained ~ 3 water molecules within the CBS8 cavity,
while CB6 retained none; this explained the greater loss of
guest-water HBs in the case of CB6. The total numbers of
HBs for CB6 and CB8 complexes were ~ 3.3-4.7 and ~ 1.5-
2.2, respectively; the smaller number in the case of CBS is
due to the larger donor—acceptor distances. The amine group
and the hydroxyl groups significantly contribute to the HB net-
work in both host molecules. As shown in Table 1, the O;H
group in CB6 complexes, which is encapsulated within CB6,
formed HBs with the nitrogen atoms of CB6. Table 2 shows
that free guest intramolecular HBs were insignificant, but
became substantial when included in CB6, possibly due to
the large extent of desolvation of the guest (and ring distortion
in B-GN and B-GP). The presence of water molecules in the
cavity of CB8 in the bound states interfered with the process
of forming intramolecular HBs, explaining the smaller increase
compared to CB6.

Table 3 shows that electrostatic (AEg; g) and van der Waals
(AE,qw) interactions contribute favourably to complex stabil-
ity. For GP complexes, AEg; g > AE,gw due to ion—dipole
forces in the cationic guest complexes, whereas the opposite
was seen for the neutral guests. Aside from GP, CB6 com-

Table 2 Average numbers of intramolecular HBs in the free
and bound guests.

@-GA PpGA o-GN -GN oGP  p-GP

Free 0.06 0.04 0.06 0.04 0.01 0.02
CB6 1.16 1.07 0.38 1.13 0.60 1.06
CB8 0.30 0.17 0.13 0.06 0.10 0.01

plexes exhibited larger electrostatic interactions compared to
the CB8 complexes, while the difference in AE,qw values was
not significant. The non-polar solvation free energy (AGyp)
was favorable, and more or less close in values for all com-
plexes due to the similarity in size among the studied guest
molecules. The solvation energy (AGy,y, = AGyp + AGpp)
was found to be unfavourable for all complexes, due to the
desolvation of the hydrophilic guest upon complexation. The
AG,., values for CB8 complexes with GA and GN were much
lower than CB6 complexes and this is expected, due to lower
values of AEg g in CB8 complexes. Table 3 indicates that a
strong preference of CB6 for o-GA over its B-GA
(AAG = 5.8 kcal mol™"), while the opposite is seen in the case
of CB8. B-GP seems to interact more favourably with CB6 and
CB8 than o-GP. The small difference in AAG between GN
anomers (~0.5 and 0.0 kcal mol~' for CB6 and CB8, respec-
tively) indicates that the anomeric state of GN has no signifi-
cant effect on its affinity toward CB6 or CBS. Fig. 7 shows
the binding free energies of the studied glucosamines with
CB6, CB7 (computed previously(Bodoor et al., 2022)) and
CB8, which shows that CB7 has the highest affinity toward
the different forms of glucosamine; the trend can be under-
stood in term of size complementarity.

TI was performed to obtain better estimates of the relative
free energies of binding (AAG = AGg — AG,) than those
obtained from the MM-PBSA method. The thermodynamic
cycle employed is shown in Scheme 1 and the results are listed
in Tables 4 and Table S1-2, as well as Fig. 8. CB6 was found to
preferentially bind to B-GA and o-GP anomers, with only a
slight preference for a-GN. CB8 showed a clear preference
only for a-GN. Our previous results for CB7 showed its pref-
erence for a-anomers of GA and GN. AAG,qw for the o — B
mutation was unfavorable(Bodoor et al., 2022), with the values
for complexes of GN and GA with CB6 higher by ~ 2

and ~ 4 kcal mol™!, respectively, than for CB8 complexes.
As shown in Table 4, AAGgg was more significant for CB6
complexes.

We further performed MD simulations to investigate the
formation of 2:1 complexes of glucosamines with CB8, which

Table 3 MM-PBSA estimates of the binding free energies of the complexes and their decompositions, all in kcal mol ™.

AEgLg AEyqw AGnp AGpp AGsoLv AG

CB6

a-GA —20.7 —27.3 -33 35.5 322 —15.8
B-GA —16.0 —22.5 —34 31.9 28.5 —10.0
a-GN —11.9 —24.1 29 24.4 21.4 —14.6
B-GN —17.1 —22.5 -3.0 28.4 25.5 —14.1
a-GP —66.6 —22.7 -3.0 81.7 78.8 —10.5
B-GP =717.5 —19.5 -3.0 84.6 81.6 —15.4
CB8

a-GA =72 —25.7 -33 22.1 18.9 —14.0
B-GA —8.6 —27.2 33 22.5 19.2 —16.6
a-GN —8.7 —24.2 —3.1 20.9 17.8 —15.1
-GN —8.6 —24.7 =3l 21.3 18.2 —15.1
a-GP —65.1 —22.0 —3.1 75.9 72.8 —14.3
p-GP —67.0 —229 —3.1 71.4 74.3 —15.6

AEg1 g and AEypw: electrostatic and van der Waals energies as calculated from the MM force field; AGnp: non-polar contribution to the
solvation free energy. AGpg: electrostatic contribution to the solvation free energy. AGsory: sum of non-polar and polar contributions to

solvation (AGnp + AGpg); AG: estimated binding free energy as sum of the AEg; g, AEypw and AGsory.
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Fig. 7 The binding free energies (AG) of the studied glucosamines with CB6, CB7, and CBS.

Table 4 TI-computed relative binding free energies in kcal mol~".

Mutation AAG, aw AAGere AAG
a-GA — B-GA CB6 5.15 ~7.85 ~2.69
CBS 0.93 ~0.26 0.69
#-GN > -GN CB6 4.05 —4.57 0.52
CBS 2.01 1.80 1.61
4-GP — B-GP CB6 0.13 2.32 2.64
CBS 0.42 ~0.53 —0.11

mCB6 mCB7 =CB8

G (kcal.mol"")
o

a-GA to B-GA a-GN to B-GN a-GP to B-GP

Fig. 8 Relative binding free energies for CB6, CB7 and CB8 complexes.
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Fig. 9  Average structures for 2:1 o-GA/CB8 complexes; anti-parallel (left) and parallel (right) orientations.
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is known to form ternary host—guest complexes, using two ini-
tial relative orientations of the two guests within the cavity of
CBS8 (parallel and anti-parallel). The MD results revealed that
only a-GA ternary complex was stable (for both orientations),
while the rest of the complexes dissociated to 1:1 complexes
and free guests. The average structure with the anti-parallel
orientation revealed both guests were encapsulated and inter-
acted via HBs (Fig. 9). For the parallel orientation, the average
structure exhibited full encapsulation and partial for the other.
MM-PSA results indicated that free energies of binding
were — 32.0 and — 37.1 kcal mol~! for the parallel and anti-
parallel orientations, respectively.

4. Conclusion

We used MD and TI to investigate the encapsulation of the a- and -
anomers of neutral, protonated, and acetylated forms of glucosamine
with CB6 and CBS, extending our previous work with CB7. MD sim-
ulations revealed the formation by all forms of glucosamine of stable
1:1 complexes with CB6 and CBS8 in water, and the formation of 2:1
complex with CBS8 only for the a-anomer of the acetylated form of glu-
cosamine. MM-PBSA estimates of the electrostatic and van der Waals
contributions to the binding free energies were favourable, with the
former making the largest contribution in the case of protonated-
glucosamine. Furthermore, MM-PBSA revealed that CB6 and CB8
had lower affinities for glucosamine than CB7. Finally, TI calculations
were used to compare the selective recognition by the CBs toward the
o- and B- anomers for each form of studied glucosamine.
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