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A B S T R A C T   

The three-dimensional reference interaction site model theory was utilized to investigate cucurbituril–guest 
binding and its corresponding solvation structure. In this study, glycine, tryptophan, phenylalanine and their 
derivatives were employed as representatives of guest molecules. In the case of aromatic amino acids, phenyl-
alanine shows the most significant binding affinity in cucurbit-7-uril, whereas tryptophan provides the highest 
binding affinity in cucurbit-8-uril. Although these guest molecules are very similar in molecular volumes, their 
chemical and physical properties are different. These findings agree well with reports from previous studies. We 
also found that the substitution of the tert-butyl (–C(CH3)3) group at the para-position in phenylalanine provides 
the highest binding affinity gain among all derivatives. Moreover, the unbound state of glycine is pointed out.   

1. Introduction 

The study of molecular recognition of amino acids via supramolec-
ular host–guest chemistry is an essential and challenging task for mo-
lecular sensing of biomolecules and in disease diagnostic fields [1]. 
Molecular recognition is regarded as one of the fundamental processes in 
biological systems, in which a guest molecule binds to a host with spe-
cific nonbonded interactions and relatively high affinity [2,3]. Investi-
gation via a theoretical viewpoint is a promising tool for offering deeply 
insightful perceptions into host–guest interactions and the effects of 
crucial phenomena on binding affinity gains. Not only general ideas can 
be perceived in this study, but these findings will also contribute to 
scientific viewpoints when designing host–guest systems for sophisti-
cated and specific applications [1–3]. 

Cucurbit[n]uril CBn is a member of the macrocycle family synthe-
sized via a condensation reaction of glycoluril with formaldehyde, 
forming macrocyclic molecules containing n glycoluril units (see Fig. 1) 
[2,4,5]. It has identical carbonyl groups around portals with relatively 
high polarity and polarizability. At the same time, its inner cavity is 
hydrophobic, preferably leading to encapsulating neutral or positive 
guest molecules [2,4–6] via noncovalent interactions such as electro-
static interactions and hydrogen bonding. The carbonyl groups around 

the portals can form hydrogen bonding with the solvent water and guest, 
which contributes to the binding affinity gain and stability between host 
and guest molecules [7]. The factor involving the binding affinity of 
amino acids and their derivatives in an aqueous solution can be unclear 
because functional groups in the amino acid structure can form 
hydrogen bonding between the solvent water and CB host [8,9]. With 
tunable sizes in CBs, they provide different binding affinities when 
binding with a guest molecule according to the physical and chemical 
properties of the molecule [2,4–6]. Therefore, to design a complex with 
high affinity and selectivity, we need to exploit these properties between 
host and guest molecules properly and carefully. 

The dominant feature of CBs is their significant selectivity to physical 
and chemical properties of guest molecules when forming complex 
structures, i.e., size, shape, hydrophobic/hydrophilic contribution, 
functional group, binding structure and so on [2,4,6]. These factors are 
crucial to investigate the host–guest complexation and its related 
binding energy. Many studies of a variety of guest molecules binding to 
CBs of different sizes have been reported [1,2,5]. Among these reports, 
CBs with n of 6–8 are mostly examined in terms of experimental and 
computational viewpoints because of their water solubility and low 
toxicity. Accordingly, CB–guest binding systems have attracted much 
interest in various fields, including antiviral [10], drug carrier [5,11–14] 
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and sensor [5,15–17]. However, investigations of amino acids as guest 
molecules have been seldom explored and revealed in detail. 

Amino acids are a fundamental unit of peptides and proteins con-
sisting of 20 different molecular structures. Examining amino acids 
bound with CBs as a host–guest system can provide insightful informa-
tion on selectivity in terms of binding affinity, leading to the design of a 
molecular sensor for diagnostic applications [5,18,19]. Zheng and co-
workers reported that amino acids can provide inclusion, partial inclu-
sion and exclusion complexes with CB7 using traditional molecular 
dynamics simulations [20]. Molecules with relatively small side chains, 
including glycine, alanine, serine and aspartic acid, lead to exclusion 
complexes, whereas the rest form inclusion or partial inclusion com-
plexes. In the case of CB6, Shan et al. shown that glycine can provide 
both inclusion and exclusion complexes, depending on the relative 
amounts of CB6 and glycine [21]. The mole equality between host and 
guest molecules leads to the inclusion complex for this case. According 
to previous reports, aromatic amino acids such as phenylalanine provide 
a greater binding affinity for CBs due to stabilized interactions from 
ion–dipole and van der Waals interactions [1,16,22]. 

Many researchers have attempted to investigate and clarify the role 
of various factors in the complexation process of CBs and amino acids 
[1,16,22]. However, these findings lack universality and do not apply to 
all cases due to differences in the intrinsic properties of the guest 
molecule. The solid evidence to support a greater understanding of high 
binding affinity gain in this system is the release of water molecules in 
the CB cavity, known as “high-energy water” [23–25]. The “high-energy 
water” was regarded in terms of the required energy for breaking 
hydrogen bonds between water molecules inside the CB cavity and the 
CB structure in host–guest complexation processes [6,24]. Such water 
molecules have a higher intermolecular interaction energy compared 
with the water molecules in bulk and have higher solvation free energy 
(SFE). To investigate this phenomenon of changing solvent water, an 
appropriate calculation method should be selected to handle this 
problem. 

To investigate the complexation process of amino acids with CBs in 
detail as well as the influences of surrounding environments in the 
aqueous solution, the three-dimensional reference interaction site model 
(3D-RISM) theory was chosen to achieve our goal. The 3D-RISM theory 
is based on statistical mechanics derived from the molecular Orn-
stein–Zernike equation [3,26,27]. This theory can properly handle sol-
vation properties based on an explicit intermolecular interaction to 
represent the properties and phenomena of a molecular recognition 
system in an aqueous solution [3,6]. The 3D-RISM can calculate the 
partial molar volume (PMV) change (ΔV) and the SFE of the system from 
the reorganization of solvent water, which is crucial for the investigation 
of solute and solvent interactions [28–30]. Recently, we used 3D-RISM 
calculations to show the molecular recognition of small organic 

molecules with CBs of different sizes [6]. We found that the binding 
affinity gains are in line with the results from the available experimental 
reports and conventional Molecular Mechanics/Poisson–Boltzmann 
Surface Area (MM/PBSA). Not only the contributions of direct interac-
tion between the host and guest molecules are obtained from the 
calculation, but corresponding solvation structures due to complexation 
can be determined. 

According to literature reviews, understanding the nature of in-
teractions between host cucurbiturils and amino acid-based guests 
would contribute to a fascinating concept to improve the sensitivity and 
selectivity of molecular sensors for some amino acids, peptides, proteins 
or diseases of interest. To the best of our knowledge, there is no sys-
tematic study on the nature of interactions contributing from amino acid 
guests and their derivatives with cucurbituril hosts of different sizes. 
Therefore, CB6, CB7 and CB8 were selected as supramolecular hosts due 
to their reported relatively high solubility parameters in water. 
Phenylalanine and its derivatives were chosen as representative guests 
because the formal studies provided high binding affinity 
[1,16,19,31,32]. Glycine, the smallest amino acid, and tryptophan, 
which has a molecular volume close to that of phenylalanine, were 
employed for comparison. Representations of the chemical structures for 
all guest molecules are shown in Fig. 2. In this study, 3D-RISM calcu-
lations were used to study CB–guest binding in an aqueous solution. An 
understanding of the complexation in CBs with amino acids has pro-
vided solid evidence of their feasible applications to fields of biological 
interest [5]. 

2. Computational details 

2.1. Preparation of structures and partial charge evaluation 

All initial structures of guest molecules were created using the 
structural amino acid templates available in the GaussView 6.0 program 
[33]. According to previous studies, the amino acids and their de-
rivatives are in the zwitterionic form (see Fig. 2) [34–36]. The initial 
structures of host and guest molecules were first optimized using density 
functional theory (DFT) implemented in Gaussian 16 [37]. All molecules 
were optimized with a calculation level of B3LYP/6-31G in an aqueous 
solution without any symmetry constraints. The conductor-like polar-
izable continuum model (CPCM) was used to include the effect of im-
plicit solvent water in this study [38,39]. 

2.2. Molecular dynamics (MD) simulations 

Before performing an MD simulation, the Antechamber tool [40] was 
used to prepare the potential parameters based on the general Amber 
force field (GAFF) and assign partial charges from the Gaussian output 

Fig. 1. (a) Chemical structures of cucurbituril, where n is the number of glycoluril units, 6–8. (b) and (c) depict the side and top views of CB6 as examples.  
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files to the molecules. The effective point charges based on the 
restrained electrostatic potential (RESP) charge method were also 
calculated using DFT calculations. To represent a host–guest complex in 
the real environment, we used the TIP3P [41] solvent water model for 
explicit water simulations. With this model, 1300–3000 water molecules 
were added to hydrate CBs, guests, and their complexes, resulting in an 
approximate simulation box size between 60,000 and 120,000 Å3. All 
topology and coordinate files for MD calculations were generated using 
the tleap module implemented in the Amber program [42]. 

In this study, MD simulations were carried out using Amber20 soft-
ware [42]. All systems were performed in the same conditions. First, the 
PMEMD.MPI was utilized in an energy minimization step to prepare a 
suitable structure for an MD simulation. A combination of the steepest 
descent and conjugate gradient methods was utilized subsequently, with 
a cycle of 5000 steps in each technique. After that, the iso-
thermal–isobaric ensemble was performed for 2 µs. The Berendsen 
thermostat and barostat were used to control temperature and pressure, 
respectively [43]. The temperature and pressure of 300 K and 1 atm, 
respectively, were used. The SHAKE algorithm was also applied in this 
study [44]. 

2.3. Analysis of internal interaction energy components and system 
properties 

In MD simulations, the CPPTRAJ module [45] was utilized to 
calculate the internal interaction energies from each structure sample. 
This module can also be used to calculate the root-mean-square devia-
tion (RMSD). The RMSD results can be first used to confirm an equi-
librium in each system. In this study, the RMSD profiles indicate that all 
systems reached the equilibrium in a simulation time of approximately 
1 µs (see Figs. S1, S2). The results show that the CB8–1 complex attained 
a stable complex structure after 0.6 µs. Therefore, 1000 sampled struc-
tures from the rest of the 1 µs were used for further analysis and sub-
sequently utilized as input structures for 3D-RISM calculations for all 
systems. 

2.4. 3D-RISM calculations 

Both CBs and hosts were treated as solute molecules, whereas water 
molecules were treated as a solvent in a 3D-RISM calculation. With this 
3D-RISM calculation, the solute molecules are assumed to be in finite 
dilution. Before performing a 3D-RISM analysis, the structure samples 
from an MD simulation need to be manipulated. We stripped the explicit 
water molecules from all structure samples; then, the water was re-
generated by the 3D-RISM method. The KH closure [27,46] was selected 
because of the proven rapid convergence from formal studies [47]. The 
same force field parameters with the MD simulation were employed for 
the 3D-RISM calculation. The number of grid points of 1283 was utilized 
in this study with a grid spacing of 0.5 Å. The 3D-RISM calculations were 
performed using our in-house codes implemented with the reference 
interaction site model integrated calculator (RISMiCal) package 
[48–50]. In the case of a 3D-RISM calculation, no further postprocessing 
is required. All thermodynamic and system properties were printed out 

in the output files for each selected structure sample. 

3. Results and discussion 

3.1. Host–guest binding features 

Before conducting an energy component analysis, a host–guest 
binding feature should be considered to ensure consistent binding 
structures for the subsequent energy component analysis. From MD 
trajectories, we found that almost all complexes have an inclusion 
binding feature; a guest binds inside the CB cavity as depicted in Fig. 3, 
whereas different features show exclusion complexes; a guest binding 
from the outside of the CB cavity (see Fig. 3) has been observed in the 
CB7–1 and CB8–1 complexes. From our results, the inclusion binding 
feature of the CB6–1 complex is in line with the experimental findings of 
aqueous solution and solid–state samples [21]. Shan and coworkers 
reported that a binding feature of the CB6–1 complex could be an in-
clusion or exclusion complex, depending on the amount of CB and guest 
molecules in the solution [21]. In the case of the CB7–1 exclusion 
complex, Ma et al. computationally shown that the side chain of guest 1 
is too small and has a tiny binding entropy gain, leading to a difficult 
encapsulation into the sizeable hydrophobic cavity of CB7 [20]. This 
finding also agrees well with our results. 

The rest of the guest molecules provide inclusion complexes for all 
CBs. Guests 3, 6 and 7 show bridge hydrogen bonding (HB) interactions 
at the two CB portals, whereas guests 1, 2, 4, 5 and 8 form a one-way HB 
interaction with only one portal due to containing the hydrophobic part 
at the end of the substituent group as depicted in Fig. 3 and Fig S3. 
According to binding structures, the protonated amine groups of guest 
molecules are preferentially positioned to form an HB interaction with 
the carbonyl groups of the CB portal. Another end of a hydroxyl group 
also forms HB. This finding is consistent with the study by Bodoor and 
coworkers [7]. They reported that nitrogen atoms of guest molecules are 
closely positioned around a CB portal and form HB with the carbonyl 
groups of the CB portal [7]. It should be noted that we found an unbound 
state in the cases of CB7–1 and CB8–1 complexes. In this unbound state, 
guest 1 and CB structures completely locate far away from each other. 

To provide insightful information about the binding and unbound 
states in the CB7–1 and CB8–1 complexes, we collected sampling 
snapshots of up to 2000 structures to obtain a sufficient number of 
snapshots for each state, which is more than our ordinary method pro-
vided above. In this investigation, these structures were also obtained 
from the last 1 µs in the production stage of an MD simulation. According 
to a trajectory analysis, several binding and unbound states were 
differentiated and are shown in Fig. 4. This figure clearly shows that the 
higher complex energy is in the unbound state compared with that of the 
binding state for both complexes. The number of binding state structures 
is higher than that of unbound state structures. These results partly 
indicate that each complex’s structure in the binding state shows su-
perior stability. However, we cannot make a concrete conclusion about 
the stability until we investigate the energy component analysis in these 
systems. To this end, the structures from both states will be considered in 
further analyses separately, binding and unbound complex structures. 

Fig. 2. Chemical structures of guest molecules and corresponding abbreviations used in this work.  
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Fig. 3. Snapshots of binding states for CBn–1 complexes.  

Fig. 4. Number of snapshots in each energy range and its cumulative number: (a) CB7–1 and (b) CB8–1 complexes. These 2000 snapshots were sampled from the last 
1 µs of MD simulations. The axis of abscissa is depicted as the relative energy of a complex. 

N. Chiangraeng et al.                                                                                                                                                                                                                          



Journal of Molecular Liquids 386 (2023) 122503

5

The obtained results will be later explained in detail. 

3.2. Individual properties of free CBs and guests 

For a CB–guest complex system, various factors mutually influence 
the binding affinity gain [6,11,20,24,25,51–54], and molecular size is a 
typical factor to be considered. We can assess the size fit between a guest 
and a CB cavity using the molecular size [6]. Guests with similar mo-
lecular size and chemical and physical properties are likely to have a 
similar magnitude of binding affinity, e.g., a guest and its derivatives. 

In this study, the molecular volume represented by ΔV can be ob-
tained from 3D-RISM calculation, which is expressed as follows [55]: 

ΔV = kBTχT

[

1 − ρ
∑

γ∈solvent
cγ(r)dr

]

. (1) 

χT is the isothermal compressibility of the solution obtained from the 
site–site correlation function. cγ is the direct correlation function of 
solvent site γ obtained by the 3D-RISM calculation. kB,T, and ρ denote 
the Boltzmann constant, absolute temperature and number density of 
solvent water, respectively. This ΔV is calculated using the Kirk-
wood–Buff equation generalized to the interaction site representation of 
liquid and solutions and well represents the size of a molecule in 
solution. 

The solvation property is a primary property to be considered before 
investigating the binding affinity and its components in detail. This 
property is contributed by interaction energy obtained from a conven-
tional MD simulation and SFE obtained from a 3D-RISM calculation [6]. 

The formalisms relevant to our discussion will be described throughout 
this work, and further detailed information can be found in formal 
studies [3,27,29,56,57]. 

The total free energy G of an individual system is defined as 

G = Emm + Gsolv, (2) 

where Emm and Gsolv are the solute internal potential energy and 
SFE, respectively. 

Fig. 5 shows the molecular volume and SFE of individual CB and 
guest molecules. The CB-size dependence of SFE can be observed in the 
case of CB structures. In contrast, the SFEs of guest molecules are in-
dependent of molecular guest sizes. In Fig. 5d, guests 4 and 6 provide 
highly negative values of SFE due to their positively charged guests. 
Despite guest 1 having the smallest size in this study, its SFE value is 
very similar to those of the other neutral guests (guests 2, 3, 5, 7 and 8). 
Note that guest 7 has different chemical and physical properties from the 
others because it contains a nonaromatic residue (indole ring) but also 
provides consistent SFE values. 

3.3. Energy component analysis and corresponding solvation structures 

The energy component analysis utilizing combined results from MD 
simulations and 3D-RISM calculations can provide insight into contri-
butions that influence a binding affinity gain. According to equation (2), 
the binding free energy ΔGbind of a complex system can be given by 

ΔGbind = ΔEmm + ΔGsolv. (3) 

Fig. 5. V and solvation free energy (Gsolv) of (a, c) CBs and (b, d) guests, respectively.  
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The internal energy change ΔEmm is analyzed from MD trajectories, 
which can be expressed as 

ΔEmm = Ecomplex −
(
ECB + Eguest

)
, (4) 

where ECB, Eguest, and Ecomplex are the internal energies with respect to 
CBn, guest and the CBn–guest complex, respectively. In the calculation, 
the change in SFE ΔGsolv can be written as 

ΔGsolv = Gcomplex
solv −

(
GCB

solv + Gguest
solv

)
, (5) 

where GCB
solv, G

guest
solv , and Gcomplex

solv are the SFEs with respect to CBn, 
guest and the CBn–guest complex, respectively. 

Fig. 6 shows the binding free energy and its components for all 
complexes. Apart from the unbound systems, the ΔEmm has negative 
values, whereas ΔGsolv is positive. The unbound systems show inverse 
trends to this line and provide positive values for the binding affinity 
gain. We found that CB6–1 and CB6–7 also deliver positive binding af-
finities, indicating an unfavorable host–guest binding. This finding 
agrees with the previous experimental report from Buschmann and co-
workers [36]. They reported that the thermal effect of the CB6–1 com-
plex is too small for the calculation of stability constants. In the case of 
binding complexes, two apparent trends of the ΔGbind can be noticed: (I) 
aimed at guests 1 and 7, CB8–guest complexes show superior binding 
free energies, and (II) for guest 2 and its derivatives (guests 3, 4, 5, 6 and 
8), CB7–guest complexes show greater binding affinity gains. According 
to these behaviors, further results and discussion will be made based on 
these manners of binding. The unbound states in the CB7–1 and CB8–1 
complexes will be described separately from other host–guest systems. 

The contributions of components of ΔEmm and ΔGsolv were further 
analyzed to give insightful information on energy components domi-
nating CB–guest binding affinity. The ΔEmm is composed of three com-

ponents regarding the CB–guest interaction energy ΔEinteraction
mm , and 

structural energy changes because of the binding between CB and guest 
molecules that are denoted as ΔEguest

mm and ΔECB
mm, respectively, as follows. 

ΔEmm = ΔEinteraction
mm + ΔEguest

mm + ΔECB
mm. (6) 

These components of ΔEmm are depicted in Fig. 7. 
The ΔGsolv consists of four components [58]: solute–solvent inter-

action energy ΔEuv
interaction, solvent reorganization energy ΔEvv

reorg, solva-
tion entropy change -TΔΔS and an energy correction term ΔEcorrection 
based on the pressure correction method [59,60], which is expressed as 

ΔGsolv = ΔEuv
interaction + ΔEvv

reorg-TΔΔS + ΔEcorrection. (7) 

Here, ΔEcorrection term is evaluated by 

ΔEcorrection = -P
(
ΔVcomplex - ΔVguest - ΔVCB) (8) 

where P and ΔV denote the pressure of the system and the PMV, 
respectively. The P and ΔV were obtained through the correlation 
functions evaluated by the RISM or 3D-RISM theory. These components 
of ΔGsolv are depicted in Fig. 8. 

3.3.1. Unbound structures in CB–1 complexes 
According to previous studies, the size fit between CB and guests is a 

simple and noticeable factor, contributing to a binding affinity gain due 
to the complete dehydration of high-energy water from the cavity and/ 
or possibly incorporating favorable interaction energy between the CB 
and guest molecules [6,24,25,51]. Therefore, the complexes from the 
smallest guest (guest 1) in this study will be first explained. 

From the MD simulations, there are two states found in the guest 1 
complexes: binding and unbound states. We found that the CB7–1 and 
CB8–1 complexes provide the unbound state, whereas CB6–1 formed 

Fig. 6. Binding free energy and its components: (a) binding free energy ΔGbind, (b) internal interaction energy change ΔEmm and (c) solvation free energy 
change ΔGsolv. 

N. Chiangraeng et al.                                                                                                                                                                                                                          



Journal of Molecular Liquids 386 (2023) 122503

7

Fig. 7. Components of ΔEmm: (a) CB–guest interaction energy ΔEinteraction
mm and structural energy changes because of the binding between CB and guest molecules in 

(b) guests ΔEguest
mm and (c) CBs ΔECB

mm. The insets show a zoom-in for values close to zero. 

Fig. 8. Components of ΔGsolv: (a) solute–solvent interaction energy ΔEuv
interaction, (b) solvent reorganization energy ΔEvv

reorg, (c) solvation entropy change -TΔΔS and (d) 
energy correction term ΔEcorrection. The insets show a zoom-in for values close to zero. 
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only the binding state. In the case of the unbound state, both complexes 
provide positive values for ΔGbind, indicating unfavorable interaction in 
aqueous solution as depicted in Fig. 6a. From the energy component 
analysis, the contribution to these positive values in ΔGbind came from 
ΔEmm, whereas ΔGsolv had no significant impact on ΔGbind. We found 
that a change in the internal interaction of CB due to forming a complex, 
ΔECB

mm, plays a dominant role in this behavior. The simultaneous pres-
ence of CB and guest 1 molecules might cause ΔECB

mm gain. The corre-
sponding solvation structures are depicted in Fig. 9. The figure shows 
that the solvation structures around the CB7 and CB8 structures from 
both complexes were very similar to their free structures in water (see 
Fig. S4). The solvent molecules distribute in the cavity and around the 
CB structures. This is the reason why there is no contribution from ΔGsolv 
to ΔGbind. 

3.3.2. Binding structures in CB–1 and CB–7 complexes 
Apart from the unbound state, the binding states in the CB–1 and 

CB–7 complexes show the same CB-size dependence tendency for 
ΔGbind. These complexes gained the greatest binding free energy in the 
case of CB8 and also shown a positive value in CB6. It is worth noting 
that although the same trend can be seen for these complexes, the 
intrinsic properties, those binding structures and solvation structures of 
both guest molecules are obviously different. 

In the case of the CB6 complex, guest 1 shows an inclusion complex 
with C-terminal included inside the CB cavity. By contrast, the C-ter-
minal of guest 7 is located outside of the CB6 cavity, and its substituent 
group is inside the cavity (see Fig. 10). These findings are in line with the 
experimental observation in the case of the CB6–1 complex [21]. Shan 
and coworkers reported that the CB6–1 inclusion complex could be 
achieved, depending on mole equality between CB6 and guest 1 mole-
cules. The solvation structures demonstrate that HB can be formed be-
tween CB–guest, CB–water and guest–water molecules. This 
phenomenon is well-observed in the molecular recognition system in 
aqueous solution, and HB networks also play a crucial role in this field as 
pointed out in various studies [20,51,61–63]. The carbonyl groups 
around the CB portal form HB with the H atoms of water molecules, 
whereas atoms from the C-terminal and N-terminal of the amino acid 
also form HB with H and O of the water, respectively. At the same time, 
the carbonyl groups can form HB with the N-terminal of the amino acid. 
However, CB6–1 and CB6–7 complexes illustrated a similar magnitude 
in ΔGbind with a positive quantity, indicating unfavored binding in this 
study. 

By contrast, CB7–1 and CB8–1 show exclusion complexes with the C- 
terminal located outside the CB cavity as shown in Fig. 10. The binding 
feature of guest 7 complexes is similar to that of CB6–1 complex, 
forming an inclusion complex for all CB sizes. 

CB7–1 and CB8–1 exclusion complexes require relatively low 
dehydration penalty energy to form a complex structure compared with 
the CB6–1 inclusion complex. Even though guest 1 can gain hydro-
phobic–hydrophobic interactions between itself and the CB cavity, 
resulting in lower ΔEinteraction

mm compared with larger CB sizes, the ΔGsolv 
still plays a dominant role in forming this complex, and a positive ΔGbind 
was attained in the CB6–1 complex. This result suggests that forming the 
inclusion complex between CB6 host and guest 1 molecules in water is 
unfavorable due to requiring high energy to dehydrate water molecules 
from the CB6 cavity. The small hydrophobic part in the guest 1 molecule 
cannot stabilize a complex structure effectively. This finding is consis-
tent with the experimental study by Buschmann and coworkers [36]. 
They found that the binding affinity of the CB6–1 complex in water 
solution cannot be measured because of a small heat effect in calculating 
stability constants and reaction enthalpies. Energy component analysis 
suggests that forming this CB6–1 complex requires relatively high en-
ergy to displace water molecules compared with bigger CB cavities. 

In the cases of CB7 and CB8 complexes, CB7–1 and CB8–1 provide 
negative ΔGbind values because the exclusion binding does not need to 
displace several water molecules inside a CB cavity, resulting in a lower 
ΔEuv

interaction energy requirement. From Fig. 8a, partial dehydration is 
required to form these complexes, so the dehydration penalty energy is 
reduced by half compared with forming the CB6–1 complex. Among 
these complexes, CB8–1 shows greater binding affinity due to lower 
ΔEinteraction

mm and ΔECB
mm energies as depicted in Fig. 7(a, c). This finding 

can be clearly explained using the snapshots depicted in Fig. S5, showing 
the elliptical structure of CB8 that can gain more interaction between 
CB8 and guest 1 molecules, and a conformation change in CB8 after 
complexation also contributes to greater stability in this complex. 

For the case of CB–7 complexes, we can describe them in a similar 
way to the CB–1 complex, and internal interaction energy also plays a 
crucial role in binding affinity gain in these complexes (see Fig. 7a). The 
guest 7 complexes provide a superior binding affinity gain compared 
with guest 1 complexes, especially in the cases of CB7 and CB8, due to a 
major contribution of ΔEinteraction

mm in the ΔEmm, indicating favorable in-
teractions between CBs and guest 7. In another way, the large molecular 
size of guest 7 also gains a more repulsive interaction with the smaller 
size of CBs due to cavity size limitation, corresponding to higher 
ΔEinteraction

mm . This fact leads to the unfavorable inclusion binding in the 
CB6–7 complex. Fig. S6 shows that circular and elliptical forms can be 
found in the CB7–7 and CB8–7 complexes. As mentioned, the elliptical 
form can stabilize a complex structure and increase interaction between 
CB host and guest molecules, leading to a lower value of ΔEinteraction

mm . The 
superior binding affinity in the CB8–7 complex came from the bridge HB 
in both circular and elliptical forms (Fig. S7). The CB7–7 complex pro-
vides both bridge and one-way HBs, whereas CB6–7 forms only a one- 

Fig. 9. Solvation structures of hosts and guest 1 in the unbound state. Isosurface plots of three-dimensional distribution functions (3D-DFs) of the water oxygen and 
hydrogen with g(r) = 4.0 are depicted in red and white, respectively. 
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way HB, providing the highest ΔEinteraction
mm among all CB sizes. 

The requirement of a higher dehydration penalty energy for forming 
the CB6–7 complex is relatively demanding; this result can also be used 
to support why the CB6–7 complex provides a positive ΔGbind. For the 
CB7–7 and CB8–7 complexes, the complexation also requires higher 
dehydration penalty energy due to its large molecular size, but it is 
relatively lower than the requirement for CB6–7 complexation. More-
over, the size fit between CB hosts and guest 7 (Fig. 10 and Figs. S6, S7) 
plays a dominant role in the stabilization of these complexes via 
hydrophobic–hydrophobic interactions and HB, leading to the relatively 
low values of ΔEinteraction

mm in CB7–7 and CB8–7 complexes as plotted in 
Fig. 7a, resulting in lower values for ΔGbind. 

According to ΔGbind, we found that guest 7 complexes show more 
stable host–guest binding than guest 1 complexes because of superior 
stabilization energy between CBs and guest molecules. This finding also 
agrees well with the previously reported results [20,31]. 

3.3.3. Binding structures of guest 2 and its derivatives to CBs 
In this part, we have systematically studied the influence of substi-

tution groups at the para-position (see Fig. 2) on the binding affinity 
gain. Guest 2 contains a H atom at the para-position, and it was used as a 
reference structure in the discussion below. Other substituents were 
defined as their derivatives. The substituted groups of guests 2, 3, 4, 5, 6 
and 8 are hydrogen (–H), hydroxyl (–OH), ammonium (–NH3

+), methyl 
(–CH3), methylammonium (–CH2NH3

+) and tert-butyl (–C(CH3)3) 
groups, respectively, sorted by smaller to bigger molecular volumes as 
depicted in Fig. 5. 

According to ΔGbind in Fig. 6, the CB7–2, 3, 4, 5 and 6 complexes 
provide similar magnitude in binding affinity gain, whereas the CB7–8 
complex shows an obviously greater value. Apart from guest 8, the 
substituent groups are similar in molecular volume but have distinct 
chemical properties and/or net charges. Overall, the ΔGbind of CB7 
complexes gives the highest negative values, whereas the CB6 com-
plexes shown the highest positive values. CB8 complexes provide the 
medium in ΔGbind between that of CB6 and CB7 complexes for all cases. 
This is because the CB8 cavity is too large for guest molecules, whereas 
the cavity of CB6 is too small to encapsulate guest segments inside the 
CB cavity properly. It is possible to suppose that the size fit between CB 
and guest molecules might play a major role in binding affinity gain 
because this binding structure can directly affect internal interaction 
energy between CB and guest molecules and contribute to the amount of 
hydration penalty energy requirement when a complex is formed. 

To explain this concretely, considering results from energy compo-
nents can clarify these phenomena. Among the guest 2, 3, 4, 5, 6 and 8 
complexes, CB–2, 3, 4, 5 and 6 complexes provide CB-size dependences 
in ΔEmm and ΔGsolv. The value positively increases when increasing the 

CB size for the case of ΔEmm, whereas ΔGsolv shows the opposite trend. 
On the other hand, guest 8 contributes the greatest value in the CB7 
complex due to a larger substituent group with hydrophobicity, leading 
to a higher value in ΔEmm due to internal interaction energy stabilization 
(Fig. 6b) and a larger value of ΔGsolv because of the high dehydration 
penalty requirement (Fig. 6c). We can confirm this using the solvation 
structures as depicted in Fig. 11. From the figure, only guest 8 can 
completely dehydrate water molecules from inside the CB7 cavity. By 
contrast, other guest molecules can totally displace the water in CB6 and 
partially dehydrate in the case of a bigger CB size. We have to note that 
guests 4 and 6 show relatively greater values of ΔEmm (Fig. 6b) and 
ΔGsolv (Fig. 6c) due to positively charged molecules. However, 
compensation between the two terms can provide reasonable ΔGbind 
values as shown in Fig. 6a. 

4. Conclusions 

In this study, we employed the 3D-RISM theory together with 
traditional MD simulations to investigate the binding affinity and sol-
vation structure in host–guest systems, in which host and guest mole-
cules are CBs with different sizes and amino acids. From our results, the 
binding features of CB–guest binding were first clarified. We found that 
the CB7–1 and CB8–1 complexes provide the exclusion binding com-
plex, whereas the rest of the complexes give the inclusion binding 
complex. Moreover, the unbound states from CB7–1 and CB8–1 com-
plexes, apart from forming typical binding complexes (exclusion or in-
clusion binding), were also observed. This unbound state was obtained 
in a small amino acid, guest 1 in this study. It may be noted that this state 
has possibly been found in the relatively small guest molecules having 
polar properties. Therefore, before investigating the small guest mole-
cules on a CB–guest complex, all structures in a trajectory should be 
carefully checked. 

From the binding affinity gains, we divided complexes into two 
groups: (I) the highest binding affinities were found in CB8 and (II) 
otherwise in CB7. 

Glycine (1) and tryptophan (7) provide the greatest binding affinity 
for CB8 due to stabilization from HB and van der Waals interactions. 
However, CB–7 complexes show higher values owing to the size fit be-
tween the CB cavity and guest 7. In the case of the rest of the guest 
molecules, phenylalanine (2) and its derivatives provide the greatest 
binding affinity for CB7. The substitution of the tert-butyl (–C(CH3)3) 
group at the para-position in guest 2, leading to guest 8, shows an 
outstanding binding affinity gain. This is because full dehydration was 
achieved and van der Waals interactions work well, indicating the size 
fit between the substituent of guest 8 and the CB7 cavity. 

Two host molecules, CB7 and CB8, were employed in this study. The 

Fig. 10. Solvation structures of CB–1 and CB–7 complexes provide the greatest binding affinity gain in the CB8 complex. Isosurfaces of the 3D-DFs of the water 
oxygen and hydrogen with g(r) = 4.0 are depicted in red and white, respectively. 
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only difference between these two host molecules is the number of 
members constituting the CB ring, and there does not seem to be any 
major structural difference. However, as our study revealed, such minor 
differences have a significant impact on the molecular recognition 
mechanism. 

We have to note that the binding affinity can change when consid-
ering peptides or proteins because the sequence of amino acids also 
plays a crucial role in this system [16,17,19,32]. However, we believe 
that our findings can significantly contribute to the field of CB–guest 
binding by providing concrete information computationally, for 
example, how aromatic amino acids, like phenylalanine (guest 2) and its 
derivatives, provide outstanding binding affinity gains with CB7 
compared with the others. This useful knowledge can facilitate various 
applications such as sensors for specific amino acids, peptides and pro-
teins of interest. 
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