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Abstract In this work, molecular dynamics (MD)

simulations have been conducted to study the inclusion

complexes between cucurbit[7]uril (CB7) and b-cyclo-

dextrin (b-CD) with N-methyl-4-(p-methyl benzoyl)-

pyridinium methyl cation, and N-methyl-4-(p-methyl

benzoyl)-pyridine in aqueous solutions to gain detailed

information about the dynamics and mechanism of the

inclusion complexes. The obtained MD trajectories were

used to estimate the binding free energy of the studied

complexes using the molecular mechanics/Poisson Bolz-

mann surface area (MM–PBSA) method. Results indicate

preference of CB7 to bind to the cationic guest more

than the neutral guest, whereas b-CD exhibits more or

less the same affinity to complex with either species.

Furthermore it was interesting to note that b-CD forms

more stable complexes with both guests than CB7.

Average structure of each complex and the distances

between the center of masses of the guest and the host

were also discussed.
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Introduction

Cucurbiturils (CBs) are a macrocyclic molecules consisting

of glycoluril repeated units. CBs are the product of the

acidic condensation reaction between glycoluril unit and

formaldehyde. They are barrel-shaped hosts with a hydro-

phobic cavity and a hydrophilic two oxygen-crowned

portals [1–4]. Due to these structural features, CBs form

inclusion complexes with a variety of guest molecules [5–

14]. One of the important features of CBs is that the

electrostatic potential (ESP) at both rims of CB is negative.

The inner surface of the cavity shows also negative ESP

whereas the outer surface is positive [15]. These features

make CB as a suitable host candidate for cationic guest

molecules.

In general, the forces involved in the binding of

molecular guest by (CBs) are believed to be of van der

Waals types, hydrophobic interactions, ion-dipole and

hydrogen bond interactions [4, 8].

Rawashdeh et al. studied the guest–host interactions in

aqueous solutions between CB7 and a family of guests

based on the N-methyl-4-(p-substituted benzoyl)-pyridini-

um cation. They found that the studied guest molecules

form 1:1 inclusion complexes with CB7 and that the guest

molecules included into the hydrophobic cavity from pro-

ton NMR studies [3].

Molecular dynamic simulations of guest–host interac-

tions are now being used as tools for understanding the

complexation process, particularly the driving forces for

complex formation as well as the optimal geometries of the

resulting complexes. Up to our knowledge there are no

detailed studies in the literature concerning the use of

molecular dynamics simulations in studying the inclusion

complexes for any member of cucurbiturils family. In this

work, molecular dynamics (MD) simulations will be
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conducted to study the inclusion complexes between

cucurbit[7]uril (CB7) and N-methyl-4-(p-methyl benzoyl)-

pyridinium cation (CAT) and its neutral analogue

N-methyl-4-(p-methyl benzoyl)-pyridine (NEU) (Scheme 1)

in aqueous solutions to gain detailed information about the

structure and dynamics of the inclusion complexes.

Moreover, MM–PBSA will be used to estimate the binding

free energy of each guest/CB7 complex. The components

of the binding free energies will be also estimated and used

to explore the type of guest/host interactions responsible

for complex formation, which may provide further insights

into the inclusion phenomenon. Also, MD simulations will

be carried out for the same set of molecules but included in

b-cyclodextrin (b-CD) which has more or less similar

cavity volume as CB7 to understand more about the nature

of the guest–host interactions between the two macrocyclic

compounds. Keeping in mind that although CB7 and b-CD

have similar size hydrophobic cavities, the different nature

of interaction at the cavity entrance may results in large

difference in their guest–host behavior.

Computational methods

The initial molecular geometry of CB7 was obtained using

X-ray diffraction data [16]. AM1-BCC charges were used

for CB7 [17]. Detailed preparation procedure of b-CD is

given in earlier study [18].

The AMBER 8 program was used throughout this work

[19] using param 99 [20] (for b-CD) and the general force

field parameters sets (for CB7 and the guest molecules)

[21]. The electrostatic potential of the guest molecules

computed using ab initio HF/6-31G* calculations using the

Gaussian 03W package [22]. Atomic charges for guest

molecules reproducing these electrostatic potentials were

obtained using RESP methodology [23]. All molecules

were solvated by a cubic box of TIP3P water molecules

[24] with a closeness parameter of 10 Å. Cl- ions was

added when needed to neutralize the system. Periodic

boundary conditions were adopted and the particle mesh

Ewald method (PME) was used for the treatment of long

range electrostatic interaction [25]. The non-bonded cutoff

was set to 10.0 Å. Energy minimization was performed

for each solvated complex using the conjugate gradient

algorithm, heated up to 298 K for 60 ps, followed by

200 ps for achieving equilibration at 298 K and 1 atm.

Production runs were carried out for 5 ns; the system was

coupled in the NPT ensemble to a Berendsen thermostat at

298 K and a barostat at 1 atm. A 2 fs time step with a

saving of the structure every 2 ps was used and the non-

bonded pair list was updated every 25 steps. Visualization

of the obtained trajectories was done using the VMD

program [26]. To obtain average structures, cluster analysis

was performed with a high rmsd cutoff (to ensure that all

snapshots belong to the same cluster) using the kclust

program of the MMTSB package [27], then the structure

that corresponds to a conformation closest to the cluster

centroid was considered as the average structure.

For MM–PBSA methodology, snapshots were extracted

at 2 ps time intervals from the corresponding 5 ns MD

trajectories, the explicit water molecules and added ions

were removed. Snapshots of the unbound guest molecules,

b-CD or CB7 were also taken from the corresponding

complex trajectories.

The binding free energy DGbind was estimated as given:

DGbind ¼ DEgas þ DGsolv � TDS ð1Þ

where DEgas is the interaction energy between the guest

and host in the gas phase and is given by:

DEgas ¼ DEelect þ DEvdW ð2Þ

while DEelect and DEvdW represent the guest–host electro-

static and van der Waals interactions, respectively.

The solvation free energy DGsolv was estimated as the

sum of electrostatic solvation free energy DGPB and apolar

solvation free energy DGNP:

DGsolv ¼ DGPB þ DGNP ð3Þ

DGPB is computed in continuum solvent using PBSA

program of AMBER 8, while the DGNP was calculated

from the solvent-accessible surface area (SASA). A probe

radius of 0.14 nm was used to determine the molecular

surface. MSMS program was used to calculate the solvent

accessible surface area (SASA) required for the estimation

of DGNP [28] given by:

DGNP ¼ c SASAþ b ð4Þ

where c = 0.00542 kcal/(mol Å2) and b = 0.92 kcal/mol.

The change of solute entropy upon complexation,

TDSconf, was estimated from normal mode analysis using

the NMODE module of the AMBER 8 program.

Since prediction of solute configurational entropy con-

tribution (TDSconf) computed by the normal-mode analysis

of the NMODE module in the AMBER 8 is associated with

a relatively large error [18, 29], two values of the binding

free energies of the complexation process were calculated

in this work: DG which is the complexation free energy
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Scheme 1 The studied guest molecules
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excluding the solute configurational entropy contribution

(TDSconf), and DG* which includes the solute configura-

tional entropy contribution (TDSconf).

Results and discussion

Two initial orientations of both guest molecules within the

b-CD cavity were considered (Fig. 1) in which the pyrid-

inium (or pyridine) ring situated near the narrow rim of

b-CD (orientation A) or situated near the wide rim of b-CD

(orientation B) while one initial orientation of the guest

molecule inside the CB7 was considered since the two rims

are equivalent.

Molecular mechanics versus quantum mechanics

In order to examine the applicability of amber parameters

used in this study; guest–host binding energy has been

calculated using molecular mechanics (MM) and quantum

mechanical (QM) calculations. Recent study on b-CD/

spironolactone inclusion complex revealed that high level

QM method such as B3LYP/6-31G(d,p) should be used to

obtain a reliable binding energies [30]. The MM aqueous

optimized structures of the complexes were used after

removing the solvent molecules. Table 1 shows the binding

energies of the studied complexes obtained from MM and

B3LYP/6-31G(d,p) methods. Although the obtained values

are not close, both methods were able to predict more or

less similar affinity for the two host molecules toward the

studied guest molecules. Plot of the binding energies

obtained from MM versus the values obtained by QM is

shown in Fig. 2. The plot is linear with r2 = 0.9931

indicting a high correlation between the two methods. It

should be noted here, that only quantum mechanical single

point calculations not geometry optimization were carried

out. Moreover, the MM optimized geometries obtained in

solvent were used to estimate the guest–host binding

energies in vacuum. Thus, the values of binding energies

obtained in this section will not be discussed to gain

information about the inclusion mechanism. Instead, MM–

PBSA method was used to estimate binding free energies

based on the analysis of the 2,500 snapshots extracted for

each system from their MD trajectories. The results are

presented later in this article.

Molecular dynamics

The average structures of the corresponding 1:1 complexes

obtained from the 5 ns MD trajectories of the complexes

are shown in Fig. 3. The average structure of CB7/CAT

complexes showed that molecule CAT is included within

the hydrophobic cavity with the cationic group interacts

with the carbonyl portal in CB7 even if this location of the

cationic group leads to a just partial inclusion of the

hydrophobic toluene group. The case is changed with the

corresponding neutral compound (NEU) where the hydro-

phobic toluene group is totally inside the cavity leaving the

pyridine ring and the guest carbonyl group exposed to the

bulk water molecule. The average structure of b-CD/CAT

for orientation A involves the penetration of the toluene

group into the b-CD cavity, where the pyridinium cation

interacts with the surrounding water molecules and the

hydroxyl groups at the wide rim of b-CD. The corre-

sponding average structure for orientation B shows that the

pyridinium ring is totally immersed in bulk water. Com-

pared to CB7/NEU complex, b-CD/NEU complex shows

that the pyridine ring is less exposed to water and included

more into the cavity especially in orientation A.

Figure 4 shows plots of the distribution of the distance

between the center of mass of the guest and the center of

mass of the host. Moreover, the distance as a function of

simulation time is superimposed in each plot. Also, the

MD-averaged values (and the corresponding standard

deviations) for the distance are given in Table 2. Pyridi-

nium or pyridine group moving away from the rim of CB7

to the surrounding water corresponds to the positive axis

and moving into the cavity corresponds to the negative

axis. For b-CD, guest moving to the wide rim corresponds

to the positive axis while moving toward the narrow rim

corresponds to the negative axis. It is obvious that in CB7/

CAT complex, results show large fluctuation around the

average value of distance (standard deviation = 1.8 Å)

compared to CB7/NEU complex which shows small

N

O

+ N

O

+ N

O

+

β-CD/guest Orientation A β-CD/guest Orientation B        CB7/guest 

Fig. 1 The initial orientations

of the b-CD/guest complexes

and CB7 complexes
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fluctuations (standard deviation = 0.44 Å). Thus most of

the sampled complex geometries for CB7/NEU resemble

the complex average structure (Fig. 3). This can be

explained by the fact that the pyridine and the carbonyl

groups in the neutral guest molecule are just hydrogen

bond acceptor thus they don’t interact via hydrogen bond

with CB7 (hydrogen bond acceptor). Thus, it’s reasonable

that these groups remains in contact with the bulk water to

interact via hydrogen bonds letting the hydrophobic tolu-

ene reside in the hydrophobic cavity explaining the narrow

range of distances sampled. Returning to CB7/CAT com-

plex, the distributions for the distance values (Fig. 4)

shows that, as expected, high percent of the sampled dis-

tances correspond to the cationic group interacts with CB7

carbonyl portal. Also, it seems that a complex geometry

related to distance larger than *?2 Å, which corresponds

to the cationic group interacting with the surrounding water

molecule, has a significant probability. Another significant

probability but to a lower extent is when the distance is

smaller than *-2 Å, which is related to the inclusion of

the cationic group inside the cavity, and the fact that the

ESP of the inner surface of the CB cavity is negative [15]

can explain the deep inclusion of the cationic group.

In regards to b-CD/CAT complex, Fig. 4 shows that

mainly negative distances were sampled for orientation A

and positive distances for orientation B, which correspond

in both cases to the cationic group interacting with the

surrounding water molecules. However some distances

related to the cationic group interacting with b-CD

hydroxyl groups rim were observed more for orientation A

(distance larger than *-1 Å).

For b-CD/NEU complex, the majority of the sampled

complex geometries represent the pyridine group

Table 1 Binding energies (kcal/mol) of the studied complexes

obtained from molecular mechanics (MM) and quantum mechanical

calculations

Complex MM B3LYP/6-31G(d,p)

CB7/CAT -72.5 -44.5

CB7/NEU -11.9 2.59

b-CD/CATa 27.6 30.7

b-CD/CATb -15.1 1.91

b-CD/NEUa -13.3 3.95

b-CD/NEUb -23.6 -3.19

a Orientation A
b Orientation B
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Fig. 2 Plot of the binding energies obtained from QM versus the

values obtained by MM

Fig. 3 Average structures of the studied complexes, a CB7/CAT, b
CB7/NEU, c b-CD/CAT (orientation A), d b-CD/CAT (orientation

B), e b-CD/NEU (orientation A) and f b-CD/NEU (orientation B)
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interacting with the cavity and the hydroxyl groups of

b-CD at the narrow rim for orientation A. While in orien-

tation B, the significant population corresponds to the

pyridine group interacting with the bulk water and to a

much lower extent to the cavity and the secondary

hydroxyl groups of b-CD (distance smaller than *-1 Å).

This can be explained by the smaller size of the narrow rim

of b-CD compared to its wide rim which allows closer

contact of the pyridine group with the atoms constituting

the narrow rim of b-CD in orientation A.
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Fig. 4 Distribution functions for the distances between the center of

masses of the guest and the host a CB7/CAT, b CB7/NEU, c b-CD/

CAT (orientation A), d b-CD/CAT (orientation B), e b-CD/NEU

(orientation A) and f b-CD/NEU (orientation B). The distance as a

function of simulation time is superimposed in each plot

J Incl Phenom Macrocycl Chem (2009) 64:357–365 361

123



Figure 5 shows superposition of six snapshots extracted

from the MD trajectory for each complex superimposed on

a representative host structure. Aside from the translational

motion discussed above, it seems that the guest molecules

exhibit rotational motion inside the cavity of the host.

Aside form CB7/CAT complex, Fig. 5 shows tilting of the

plane of the guest molecules with respect to the plane of

the host. The favored interaction of the cationic groups in

CAT with both CB7 rims may explain the lack of tilting

movement of CAT inside CB7.

MM–PBSA results

Table 3 lists the binding free energies (kcal/mol) resulting

from the MM–PBSA analysis upon the 5 ns MD trajecto-

ries for the studied complexes. Results in Table 3 reveal

that CB7 forms more stable complex with the cationic

guest molecule (CAT) than the neutral molecule (NEU)

[DDG = -8.73 kcal/mol and with including the configu-

rational entropy became -8.56 kcal/mol (DDG*)]. This

reflects the importance of ion-dipole interactions in CB7

inclusion complexes. Inspection of the binding free energy

components reveals that the major contribution is the host–

guest electrostatic interactions while it is a minor factor in

CB7/NEU complex formation (DDEelec between the two

complexes = 65.65 kcal/mol). Above results indicate

clearly the tendency of CB7 which bear a negative charged

carbonyl portal to interact with cationic guest via electro-

static interaction. Moreover, van der Waals interactions do

also contribute to the complex stability for both CB7/CAT

complex and it’s the dominant stabilizing interactions in

the case of CB7/NEU. DGNP values are negative for both

CB7 complexes indicating that the non polar surface term

contributes positively to complex stability, though to a

much lower extent compared to the electrostatic and van

der Waals interactions. Results also indicates unfavorable

electrostatic solvation energy (positive DGPB) resulting in

an overall positive values of the solvation free energy

(DGsolv = DGPB ? DGNP) for both CB7 complexes with

much more positive value in the case of CB7/CAT

Table 2 MD-averaged values (and corresponding standard deviations) for the distance between host–guest center of masses

Complex CB7/CAT CB7/NEU b-CD/CATa b-CD/CATb b-CD/NEUa b-CD/NEUb

Distance (Å) -0.40 3.51 -2.30 2.77 1.20 0.54

Standard deviation (Å) 1.81 0.44 1.14 1.15 1.47 1.6

a Orientation A
b Orientation B

Fig. 5 Dynamics of the 1:1

complexes shown as a

clustered molecular display for

a CB7/CAT, b CB7/NEU,

c b-CD/CAT (orientation A),

d b-CD/CAT (orientation B),

e b-CD/NEU (orientation A)

and f b-CD/NEU (orientation

B). Only one conformation of

the host molecule is shown for

clarity purpose. The drawings

include only six structures that

refer to the time interval of

simulation from 1 to 5,000 ps in

1,000 ps step
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complex. This indicates the remarkable reduction of elec-

trostatic interaction of the CAT molecule and the host with

the solvent upon complexation leading to unfavorable

electrostatic solvation energy (DGPB). Examining the

average structure in Fig. 3 shows the interaction of the

cationic group with the carbonyl groups at CB7 rim and

hence less interaction with the surrounding water mole-

cules compared with CB7/NEU complex where the

pyridine ring interacts with water molecules explaining the

more positive value of DGPB in the case of CB7/CAT

complex.

For b-CD/CAT complex, results show that orientation B

is more favored than orientation A; however the difference

between both orientations is so small (DDG* = 0.14 kcal/

mol) indicating formation of isomeric complexes. Although

there is 10 kcal/mol difference in host–guest electrostatic

interactions which favored orientation A, but the change is

negligible in the estimated binding free energy. This can be

explained by looking to the DGPB which favors orientation

B by around 10 kcal/mol, which is in accordance with the

average structures obtained where the pyridinium ring is

interacting with the hydroxyl groups of b-CD in orientation

A more than B and thus less interaction with the water

molecules compared to the free state leading to higher

positive value for electrostatic solvation energy.

The differences in binding free energy was found

1.6 kcal/mol between both orientations for b-CD/NEU

complex in which orientation B is the most stable.

It is worth noting that unlike CB7 complexes in which the

preference of CB7 to bind with the cationic guest molecule

is much higher than the neutral guest (DDG* = -8.56 kcal/

mol), b-CD does not show that remarkable preference (less

than 1 kcal/mol favored to the b-CD/CAT complex). This

indicates that the selectivity of CB7 toward cationic guest

over neutral compared to b-CD. Kim et al. studied the

interactions between CB7 with N,N0-dimethyl-4,40-bipy-

ridinum (MV2?) using electrochemical method. They

showed that CB7 forms more stable inclusion complexes

with the charged species [MV2? and the cation radical

(MV?)] than the fully reduced neutral MV0 species. The

preference of CB7 to bind with the cationic guest molecule

led to design molecular switches. For example, CB6 was

found to shuttle along a triamine string by changing the pH

value [31]. Also, an electrochemically switchable CB7

based pseudorotaxanes have been synthesized, in which the

binding location of CB7 can be controlled via redox con-

versions [32].

NMODE calculations for both types of complexes, pro-

duce negative values of DSconf for all studied compounds

thus indicating a reduction of guest and host freedom upon

complexation. However, NMODE calculations over-esti-

mate the entropy loss upon complexation [18, 27] making

the obtained binding free energies (DG*) more positive.

Conclusion

Molecular Dynamics simulations and MM–PBSA results

indicate the preference of Cucurbit[7]uril to bind to the

N-methyl-4-(p-methyl benzoyl)-pyridinium methyl cation

than its neutral analogue, whereas b-CD exhibits more or

less the same affinity to complex with either species.

Moreover, b-CD forms more stable complexes with both

guests than Cucurbit[7]uril. Average structure of each

complex indicate that the pyridinium group of the guest

molecules interacts with oxygen-crowned portal of

Cucurbit[7]uril while pyridine group interacts more with

bulk water molecule. The situation is opposite regarding

b-Cyclodextrin with the cationic guest molecule in which

the pyridinium group interacts mainly with bulk water;

Table 3 Binding free energies (kcal/mol) resulting from MM–PBSA analysis of the studied complexes

Energy (kcal/mol) CB7/CAT CB7/NEU b-CD/CATa b-CD/CATb b-CD/NEUa b-CD/NEUb

DEelec -68.25 -2.6 -13.25 -3.39 -2.74 -4.02

DEvdW -32.89 -26.08 -24.64 -24.78 -25.93 -25.85

DGNP -2.48 -2.15 -2.40 -2.33 -2.33 -2.36

DGPB 90.3 26.24 24.37 14.29 14.48 16.86

DGsolv 87.82 24.09 21.97 11.95 12.15 14.50

DGc -13.32 -4.59 -15.92 -16.21 -16.52 -15.37

TDS -15.24 -15.07 -16.03 -16.18 -15.76 -16.18

DG*d 1.92 10.48 0.11 -0.03 -0.76 0.81

a Orientation A
b Orientation B
c DG = DEelec ? DEvdW ? DGNP ? DGPB

d DG* = DGa - TDSconf

J Incl Phenom Macrocycl Chem (2009) 64:357–365 363

123



while the neutral pyridine group interacts with bulk water

molecules and hydroxyl groups of b-cyclodextrin.
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