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ABSTRACT: Accurate binding affinities of the cucurbit-7-uril— i
gemcitabine (CB7—GEM) complex in pure water and ethanol/ ﬁu

water-mixed solvents were obtained by combining molecular )
dynamics simulations and three-dimensional reference interaction High stabily ~8L
site model (3D-RISM) calculations. Point charges of CB7 and / CB7-GEM complex
GEM molecules, depending on solvent mixture ratios, were ‘
determined using 3D-RISM self-consistent field (3D-RISM-SCF)
calculations. The calculated binding afinities reveal that the most
preferable CB7—GEM complex forms in the pure water system.
The complexes in the mixed solvents show lower stability at higher
ethanol ratios. Stable conformations at different solvent concen-
trations appear to be a key factor in the obtained trend of binding
affinity enhancement. Conformations in the high-water fractions,
associated with higher complex stability, exhibit lower internal energies than those in high-methanol fractions. Disruption of
hydrogen-bonding formation also plays a crucial role in the solvation free energies. An explicit solvent model is crucial for accurate
calculations of CB7—GEM complexes in these binary mixtures, providing results comparable to the experiments.

Solvent concentration

1. INTRODUCTION deoxy-2',2'-difluorocytidine, has attracted considerable atten-
. : . : tion in recent years.'”'* GEM is used to treat various solid

Cucurbit-[n]-urils (CBn) are synthetic macrocycles with years. s16 " s

carbonyl-rich portals possessing hydrophilic entrances and tumors, including lung, ™ breast, ~ pancreatic cancer, " and

hydrophobic cavities that can encapsulate suitable drug urothelial cancers.'® Extensive research has aimed to improve

molecules. These molecules have played a significant role in GEM and its derivative efficiency in cancer treatments.'”

. 1,2 o S . . .
supramolecular chemistry.”~ Since their discovery, the CB series However, GEM cannot directly diffuse through the human cell

have received significant interest in their use as a host for various
guest molecules through noncovalent bonding interactions.
Neutral or positively charged guests tend to bind with CBs with
high binding affinity due to ion—dipole interactions between the
carbonyl oxygens and guest molecules. A variety of CB types,

membrane without help from the transporters.s’11 Developing
drug carriers offers a solution to overcome the problems
associated with using GEM as anticancer drugs.7’8’l3’l7’20_24

This approach can reduce GEM’s toxicity and enhance its

. 724 . . . 720 .
such as CBS, CB6, CB7, and so forth, have been reported, efficiency”™" by extending its circulation time.”™ The resulting
differing in the number of glycoluril units (n) in their structures.’ drug complex can penetrate the human cell membrane.”’
While structurally similar, these CBs exhibit differences in their Moreover, ethanol has been reported to influence the stability of
physical and chemical properties and, consequently, their the CB7—GEM complex. This effect may not only destabilize
applications.”” Among various types of CBs, the CB7, the complex but also induce adverse effects in the patient.”®

comprising 14 carbonyl groups around both portals, has
received considerable attention due to its outstanding water
solubility and biocompatibility."*> The properties of CB7, -
therefore, make it promising molecular containers for drug Rec?wed: February 6, 2025
molecules, as evidenced by previous research."*~" Revised:  March 31, 2025
CB7 has been used as a host for various anticancer drugs, Acce.Pted’ Mar.ch 31,2025
including 2-[[5-(4-pyridinyl)- 4H-1,2,4-triazol-3-yl]thio]acetic Published: April 10, 2025
acid,® oxaliplatin,7 platinum(II)-based drugs,g’9 mitoxantrone,
and gemcitabine.1 bz Among these, gemcitabine (GEM) or 2'-

Therefore, understanding the influence of ethanol on CB7—
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GEM complex stability is crucial for its potential use in
chemotherapy.

Buczkowski et al. revealed the spontaneous formation of the
CB7—GEM complex in the aqueous solution.'” Their analysis
showed a 1:1 stoichiometry between CB7 and GEM. They also
reported that the CB7—GEM complexes can be affected by pH,
sodium chloride concentration, and the presence of ethanol.' ">’
Low pH can promote the protonation of GEM, which interacts
favorably with negatively polarized carbonyl groups surrounding
the CB7 portal, resulting in increased binding affinity.”
However, the presence of ethanol destabilizes the complex,
leading to a decrease in binding affinity.'' Recently, Venkatar-
amanan and co-workers studied CB—GEM complexes using
density functional theory (DFT) calculations.”® Their results
showed that the CB7—GEM complex exhibited the greatest
binding free energy in the solution phase using the implicit
solvent models compared to CB6—GEM and CB8—GEM
complexes. The CB7—GEM complex has the highest binding
affinity, as indicated by a binding energy of —19.13 kcal-mol ",
compared to —15.25 kcal-mol~" for CB8—GEM and —2.91 kcal-
mol~' for CB6—GEM. Further investigation of the interactions
between CBs and GEM molecules is needed to fully clarify the
effect of this binary solvent system on the complex stability.

The combined use of molecular dynamics (MD) simulations
and the three-dimensional reference interaction site model (3D-
RISM) calculations has proven valuable in studying various
host—guest complex systems, yielding results comparable to
experimental data.””” MD simulations are suitable for
simulating complexes in solution and generating representative
structures for further analysis. At the same time, the 3D-RISM
calculation is a better choice for the calculation of solvation free
energy. Combining the advantages of these approaches leads to
accurate binding affinity. The 3D-RISM theory is based on
statistical mechanics derived from the molecular Ornstein—
Zernike equation.”® This theory is suggested for calculating
solvation properties because it explicitly accounts for solute—
solvent and solvent—solvent interactions through pairwise
intramolecular interactions, and the configurational integral
over solvent molecules is calculated analytically.”" Furthermore,
this method allows the calculation of the solvent reorganization
energies.‘g’29 These reorganization properties are essential for
investigating solute—solvent interactions and can facilitate the
determination of the system’s partial molar volume.”” These
methods have demonstrated accurate binding affinity predic-
tions for CB-guest complexes in aqueous solution compared
with the experimental results.”

Based on previous studies, we will investigate the inclusion
complex between CB7 and GEM using computational
approaches, especially MD simulations and 3D-RISM calcu-
lations. CB7 will serve as the host, and protonated gemcitabine
(GEM) will be the guest molecule, denoted as “GEM”
throughout this work. The chemical structures of CB7 and
GEM are shown in Figure 1. In our study, we will simulate CB7—
GEM complexes in pure water solvent and water/ethanol
(EtOH) mixtures with ethanol weight fractions of 0, 1, 2, S, 10,
and 15%w/w based on the experimental report."' The effect of
solvent concentration on the complex structures and the binding
affinity will be investigated. Given the limited experimental and
extremely scarce theoretical studies on the CB7—GEM complex,
our findings will contribute to its design for drug delivery
applications. We also anticipate that these proposed computa-
tional methods can serve as a reference model for studying other
host—guest complexes in binary solvent systems.
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Figure 1. Chemical structures of cucurbit-7-uril (CB7) and
gemcitabine (GEM).

2. COMPUTATIONAL DETAILS

2.1. Preparation of Structures and Partial Charge
Evaluation. Point charges of each atom for CB7 and GEM
molecules were estimated using the three-dimensional reference
interaction site model self-consistent field (3D-RISM-SCF)
method, which incorporates ab initio molecular orbital.**~*
This method was implemented in the general atomic and
molecular electronic structure system (GAMESS) program
(version 18 August 2016).”” In these 3D-RISM-SCF calcu-
lations, the number density and dielectric constant, correspond-
ing to the ethanol/water weight fractions, were used. The
dielectric-consistent RISM theory was used to obtain the solvent
susceptibility.”® Number density values were directly calculated
from solution densities obtained experimentally,”” while
solution dielectric constants were obtained from the Gaussian
16 library.*® These crucial parameters are summarized in Table
1. The LJ parameters from the general AMBER force field

Table 1. Dielectric Constant, Solution Density, and the
Number Density of Ethanol and Water in Each Percentage of
Ethanol Weight Fraction

number density (molecule/A?)

percentage of solution
ethanol yveight dielectric densit;f
fraction constant  (g/cm’) ethanol water

0 78.40 0.99708 0.0333390769
1 78.14 0.99520 0.0001301692 0.0329434537
2 77.93 0.99336 0.0002598571 0.0325503984
S 77.28 0.98817 0.0006462487 0.0313890980
10 76.13 0.98043 0.0012823737 0.0295041200
15 74.90 0.97334 0.0019096502 0.0276634959

(GAFF) were used. The target molecules were calculated using
the B3LYP functional at 298.0 K. The Kovalenko—Hirata (KH)
closure was used.’”*' The point charges of each atom were
calculated using an explicit solvent model.

2.2. Molecular Dynamics (MD) Simulations. All MD
simulations were performed using AMBER20 software.*”
Potential parameters for CB7 and GEM were taken from the
GAFF library, consistent with the 3D-RISM-SCF calculations.
The point charges of both molecules were obtained from the
3D-RISM-SCF calculations. Initial structures in each weight
fraction were generated using the PACKMOL code.”’ The tleap
module was then used to assign potential parameters to the
PACKMOL generated structures, creating the topology and
coordinate files required for the AMBER program. Explicit water
solvation was modeled using the TIP3P model. The initial
ethanol structure was prepared using Gaussian 16 software.*’
The ethanol molecule was optimized using DFT at the B3LYP/
6—31G level in vacuum and subsequently converted the
Gaussian output file to a tleap input file using the Antechamber
tool.” In this study, the number of water molecules was kept

https://doi.org/10.1021/acs.jcim.5c00225
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were estimated using 3D-RISM-

‘ Point charges of CB7 and GEM
SCF calculations.

and water/ethanol mixtures) were prepared

The solvent parameter files (pure water
using 1D-RISM calculations.

Preparation step

— 1. Point charges
2. Solvent input files

Construct amber inputs using packmol and tleap tools

3. MD input files

Run minimization

Run equilibration using NVT and NPT simulations

LMD simulation

Run production using NPT simulation

Run 3D-RISM calculations
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Figure 2. Scheme of the overview simulation procedure.

} Investigation

constant at 1000 molecules, while the number of ethanol
molecules was varied to match the reported experimental
concentration.'!

All systems were simulated using the same protocol (Figure
2). Energy minimization was performed for 10,000 cycles using
the PMEMD.CUDA in explicit solvent.**”* The steepest
descent was used for the initial 2,500 steps, followed by the
conjugate gradient method for the remaining cycles. Sub-
sequently, the system equilibrated using 125 ps canonical
ensemble (NVT) and 0.5 ns the isothermal—isobaric ensemble
(NPT) simulations. Temperature was controlled using the
Langevin dynamics, and the SHAKE algorithm was used to
constrain all hydrogen atoms.”” The production NPT
simulations were performed for 100 ns. All simulations were
conducted at a temperature of 298.0 K and a pressure of 1 atm.

2.3. Analysis of Structural Properties. Prior to 3D-RISM
calculations, the stability of the simulated complex was assessed
by analyzing the root-mean-square deviation (RMSD) of
atomistic positions from the MD trajectory using the CPPTRAJ
module.* This analysis allows for the evaluation of structural
changes during the simulation. Subsequently, 1,000 frames at
equilibrium will be sampled for further analysis and used as the
initial structures for 3D-RISM calculations.

2.4.3D-RISM Calculations. All 3D-RISM calculations were
conducted using the reference interaction site model integrated
calculator (RISMiCal) package.””” The structures of the CB7
and GEM molecules within the complex, obtained from the MD
simulations without solvent molecules, were treated as solute
molecules in the 3D-RISM calculations. Water and ethanol
molecules, as solvent were regenerated by 3D-RISM code
according to the weight fractions listed in Table 1. In this study,
the solute molecules were assumed to be infinite dilution. The
KH closure was chosen due to the excellent convergence.”">">*
3D-RISM was performed on a grid of 128* points and a grid
spacing of 0.5 A.

2.5. Analysis of Energetic Properties. Internal interaction
and solvation free energies were calculated from MD simulations
and 3D-RISM calculations, respectively. The internal inter-
action energy was calculated from the MD trajectory using the
CPPTRAJ module,*® while the solvation free energy was directly
obtained from the 3D-RISM output files.
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3. RESULTS AND DISCUSSION

3.1. Variation of Point Charges of CB7 and GEM in the
Different Solvents. Prior to the MD simulation and the 3D-
RISM calculation, the point charges for each atom of CB7 and
GEM molecules must be determined depending on the solvent
environments. In this work, the point charges were calculated
using the 3D-RISM-SCF method for CB7 and GEM in binary
solvent systems, as shown in Figure 3 and Figure SlI,

0.740
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Figure 3. (a) Labeled atom types in the CB7 structure and (b)
calculated point charges of each atom type at each weight fraction of
ethanol from 0 to 15%w/w.

respectively. In the case of the CB7 molecule, the point charge
of atoms generally increases as the weight fraction of ethanol
decreases from 15 to 0%w/w. This suggests a slight decrease in
the overall polarization of the CB7 molecule in a higher ethanol
content system, corresponding to a weakening of the electro-
static interactions between the solute and solvent, as ethanol has
lower polarity compared to water. On the other hand, as shown
in Figure S1, there is no significant difference in point charges of
the GEM molecule by changing the solvent fraction.

3.2. Structural Changes of CB7 and GEM in Pure and
Mixed Solvents. RMSD analysis was performed to assess the
complex binding features and stability in different solvent
environments before selecting structures for further analysis and
calculations. RMSD profiles of CB7, GEM, and the CB7—GEM
complex were analyzed from MD trajectories as shown in Figure

https://doi.org/10.1021/acs.jcim.5c00225
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Figure 4. RMSD profiles of (a) CB7, (b) CB7—GEM complexes, and (c) GEM in each weight fraction of ethanol.

4. In the cases of CB7 and CB7—GEM complex, the structures
remained stable throughout the simulation period in all binary
solvent systems. However, for the GEM system, the RMSD
profiles in 10 and 15%w/w ethanol exhibit a discontinuity,
indicating a conformational change as shown in Figure 4c. The
representative structures of both stages are shown in Figure S.
Analysis of the structures revealed that the hydroxy group of the
GEM side chain undergoes conformational change in the
presence of 0%—5%w/w ethanol. In contrast, at higher ethanol
concentrations (10%w/w and 15%w/w), the rotation of the
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pyrimidine membered ring was indicated. These structural
changes resulted in the change of RMSD, as shown in Figure 4c.
3.3. Binding Free Energy of CB7—GEM Complexes.

This work presents a systematic investigation of the CB7—GEM
complexes in ethanol—water mixtures were conducted. The
binding free energy AG,, 4 of a CB7—GEM complex system can
be defined as follows:

solv ( 1 )

https://doi.org/10.1021/acs.jcim.5c00225
J. Chem. Inf. Model. 2025, 65, 4137—4147
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Figure 5. GEM structures at (a) 2%w/wand (b) 15%w/w ethanol. Left
panel: GEM structure obtained from the simulations of the isolated
molecule. Right panel: GEM structure obtained from simulations of the
CB7—GEM complex.

where the internal interaction energy (AE, ) and solvation free
energy (AG,,,), obtained from MD simulations and 3D-RISM
methods, respectively. Figure 6 illustrates AGy,g and its
components (AE,,. and AG,,,). The left panel of Figure 6
shows absolute values obtained from simulations, while the right
panel depicts the relative values for comparison. From Figure 6,
AGy,;,q4 systematically increases with increasing ethanol concen-
tration in the solution, indicating a decrease in the stability of
GEM within the CB7 cavity. This observation is consistent with
experimental findings.'' Binding affinities obtained from
experiment and from this work are compared in Figure 7. Our
computational results overestimate the magnitude of the
binding free energy by approximately 6 kcal-mol™ compared
to experimental values across all ethanol fractions. However, the
trend in response to changes in the ethanol fraction is
reproduced almost quantitatively.

In comparison to other studies, Venkataramanan and co-
workers reported a calculated Gibbs free energy of binding of
—19.13 kcal'mol ™" for the CB7—GEM complex in the solution
phase using DFT calculations with an implicit solvent model.”®
In our study, the calculated binding free energy was —12.48 kcal-
mol™!, which is closer to the experiment value of —5.71 kcal-
mol ™" This improvement in the calculated values is attributed
to the explicit treatment of atomic-level interactions between
solvent molecules. Notably, the trend of AGy,;,4 with increasing
ethanol content is the same as that of AE,, while the AG

solv
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provides the opposite trend, decreasing with increasing ethanol
content. As explained in the methodology, the explicit solvent
model was used consistently throughout the study, including in
point charge estimation, MD simulations, and 3D-RISM
calculations. These realistic models yield calculated binding
affinities that are more consistent with experimental observa-
tions.

3.4. Contributions of Energy Components to the
Binding. The contributions of components of AE, were
analyzed to give insightful details on energy components
dominating CB7—GEM binding affinity. The AE__ is
composed of three components regarding the CB7—GEM

. . interacti
interaction energy AE " *"“°" and structural energy changes

because of the binding between CB7 and GEM molecules that

are denoted as AES"Mand AESY respectively, as follows:

AEpy, = AELT™" + AELM + AELT 2)

The calculated AE™ %% AESEM and AESY are shown in
Figure 8. In this case, no trend was observed for AEt™<n,

Based on AESEM  the complex structures can be classified into
two groups. The first group has lower energy, consisting of 0 to
5%w/w, whereas the second group has higher energy (10 and
15%w/w). In the first group, we found that the small change in
energy between the GEM structure from the isolate simulation
and the GEM structure in the complex is due to the hydroxy
group in the side chain during the simulation, as shown in Figure
Sa. The representative GEM structures from the isolated
simulation and the CB7—GEM complex are depicted on the
left- and right-hand sides, respectively. In the second group, the
large change in energies came from the rotation of the
pyrimidine-membered ring in the GEM molecule (see Figure
Sb). This rotation requires more energy to rearrange the
structure and the difference in the structures between isolated
simulation and from the CB7—GEM complex, resulting in large
energy differences, as demonstrated in Figure 8b. The AE;SEZ
values can be explained in the same manner. Small energy
changes occur at 0 and 1%w/w, with large energy charges
occurring in the remaining systems. The structural difference
between isolate simulation and CB7 structure from the complex
governed these energy changes. The representative structures
are shown in Figure S2.

The contributions of components of AG,

oty Was also analyzed.

. . . 53
These include four contributions,™ as follows:

AGsolv = AEilxll‘tleraction + AEr‘:;rg — TAAS + AEcorrection
()
The AEY AEY ~—TAAS,and AE, are solute—

interaction’ reorg’ correction
solvent interaction energy, solvent reorganization energy,
solvation entropy change, and energy correction term,

respectively. The AE is calculated based on the pressure

‘correction

. 54,55
correction method as

AE — _P(AVC-GEM _ (AyCB7 | ApCEM))

‘correction
(4)

where P and AV are the system pressure and the partial molar
volume (obtained from 3D-RISM calculations), respectively. All
components of AG,,, are shown in Figure 9. The major
and AE

reorg’

are minor contributions. In

came from AE)

contributions for AG, interaction

solv

while the —TAAS and AE

‘correction
: uv . . .
Figure 9a, the AE. . ... Vvalues decrease with increasing
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v
reorg

ethanol content, while AE exhibit the opposite trend.

Solvation structures from the 3D-RISM calculation indicate that
the ethanol and water are well-mixed in the mixture (Figure S3).
The decrease in AE; . (Figure 9a) with added ethanol is
likely due to the loss of hydrogen-bonding (H-bonding)
between CB7 or GEM solute molecules and water solvent
molecules. Higher ethanol ratios weaken the formation of strong
H-bonding between water molecules compared with the pure
water solvent. Consequently, the energy penalty decreases at
higher ethanol content due to the weakening of the water H-
bonds, facilitating solvent displacement from the CB7 cavity
upon complex formation. However, the reorganization energy
AE_ . (Figure 9b) is relatively low in the water-rich systems

reorg
because the displaced solvents can form stronger H-bonds
outside the CB7 host, releasing more energy compared to the
mixtures. Figure 10 depicts the formation of the H-bonding of
oxygen and hydrogen atoms of water and ethanol solvent
molecules outside the complexes. In the case of pure water
solvent (Figure 10a), only the oxygen and hydrogen of water can
form the H-bonds, which are strong and contribute significantly
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to the solvent reorganization energy component. In contrast, in
the mixed solvent, water and ethanol can form weaker hydrogen
bonds (Figure 10b,c). Compared to the pure water system, the
formation of H-bonds among water molecules (Figure 10a,b)
exhibits a similar distribution profile. However, the isosurface
plot of three-dimensional distribution functions (3D-DFs) of
oxygen and hydrogen in ethanol (Figure 10c) indicated that
water—ethanol and ethanol—ethanol interactions occur at the
same interacting positions near the hydrophilic entrances. The
presence of ethanol can weaken H-bonds compared to the pure
water solvent, resulting in higher reorganization energy.

4. CONCLUSIONS

MD simulations and 3D-RISM calculations were carried out to
investigate the binding affinity of CB7—GEM complexes in
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various binary solvents of ethanol and water. Prior to these
computations, the point charges of the constituent atoms of CB7
and GEM were calculated using the 3D-RISM-SCF method at
the actual concentrations of ethanol and water, resulting in
accurate point charges for use in the MD simulations and 3D-
RISM calculations in the mixtures. We found that the calculated
binding affinity decreases with increasing ethanol content. Our
analysis results suggest that the main factors governing this trend
are structural changes and the disruption of H-bonding between
the complex and the solvent. Our findings are also qualitatively
consistent with the experimental results. In the mixed solvent
system, we found that simulations using the explicit solvent
model can provide accurate binding affinities. The more precise
values are obtained by properly accounting for all molecules in
the system, including solute molecules, such as CB7 and GEM,
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Figure 10. Solvation structure of CB7—GEM complexes at (a) 0%w/w and (b, c) 15%w/w. Panels (a) and (b, c) represent the water-rich and ethanol-
rich systems, respectively. Isosurfaces of oxygen (go(r) = 3.0) and hydrogen (g;;(r) = 3.0) are depicted in red and gray colors, respectively. Panels (a)
and (b) show the isosurfaces of oxygen and hydrogen of the water solvent, while the panel (c) depicts the isosurfaces of oxygen and hydrogen of the
ethanol solvent. In the case of ethanol, the isosurfaces of the rest of the ethanol segments (CH;— and CH,—) are omitted for clarity. The zoom-in figure
illustrates the formation of an H-bonding of water outside the CB7—GEM complex as an example.

and solvent molecules using the explicit model with fewer

approximations.
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