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Abstract In this work, molecular dynamics (MD) simulations and time-dependent density func-

tional theory (TD-DFT) calculations were applied to study the formation of binary and ternary

complexes between cucurbit[8]uril (CB8) and three tryptophan-containing tripeptides (WGG,

GWG, and GGW), as well as heteroternary complexes of the tripeptides in the presence of methyl

viologen (MV) as an auxiliary ligand. All complexes were stable in water, and exhibited encapsula-

tion of the indole moiety of W. Analysis of the MD trajectories of the homoternary complexes

revealed p-p stacking within the CB8 cavity between the indole rings. MM-PBSA analysis indicated

higher binding energy for tripeptides containing W residue at the N-terminus. The heteroternary

complexes showed two binding modes, one with MV fully included (and p-p stacked with the indole

ring) and the other with MV mostly excluded. The computed UV–Visible spectra of the free guests

and their heteroternary complexes exhibited new bands emerged in the spectra of the complexes,

which resulted from the transitions from HOMO and HOMO–1 to LUMO related to W–MV

charge transfer (CT) complexes.
� 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

Peptides are biomolecules that play central roles in many physiological

processes. They act as neurotransmitters, neuromodulators, hormones

and are involve in reproduction, metabolism and immune response

(Sewald and Jakubke, 2009). Recognition of peptides by synthetic

receptors has been studied, with implications for protein recognition

and modulation and drug delivery (Broza et al., 2019; Das et al.,

2019; Kubota and Hamachi, 2015; Smith et al., 2020; Smith and Royal

Society of Chemistry (Great Britain), 2015). Several synthetic macro-

cyclic receptors with high affinity and selectivity toward amino acids

(AAs), peptides and proteins have been studied, including cavitands

(Pinalli et al., 2016), cyclodextrins (Buschmann et al., 2003), pil-

lararenes (Duan et al., 2017; Li et al., 2013), calixarenes (Beshara

et al., 2009; Da Silva and Coleman, 2003; Douteau-Guével et al.,

2002, 1999; Mutihac et al., 2011; Nimse and Kim, 2013; Selkti et al.,

2000), and cucurbiturils (Buschmann et al., 2003; Chinai et al., 2011;

Gamal-Eldin and Macartney, 2013; Heitmann et al., 2006; Hirani

et al., 2018; Rekharsky et al., 2008).

Cucurbit[n]urils (CBn, n = 5–8, 10, and 13–15) are a family of syn-

thetic macrocycles receptors, where n represents the number of gly-

coluril units that are linked together by 2n methylene bridges. CBn

homologues (n = 5–8) are known for their highly symmetrical struc-

tures, featuring a hydrophobic cavity and two polar portals, while lar-

ger homologues are folded into twisted shapes (Cheng et al., 2013; Li

et al., 2016). CBn interact with cationic and neutral guest molecules via

hydrogen bonding, ion–dipole and dipole–dipole interactions with the

polar carbonyl rims, as well as the hydrophobic interaction within the

cavity (Assaf and Nau, 2015; Biedermann et al., 2014, 2013, 2012).

CBn bind AAs (Bailey et al., 2008; Buschmann et al., 2003; Gamal-

Eldin and Macartney, 2013; Lagona et al., 2006; Lee et al., 2015;

Rajgariah and Urbach, 2008), peptides (Bush et al., 2005; Heitmann

et al., 2006; Hirani et al., 2018; Rekharsky et al., 2008), and proteins

(Chinai et al., 2011; Lei et al., 2010; Nguyen et al., 2010). Due to its

small cavity size, CB6 can only form exclusion complexes with AAs,

dipeptides, and tripeptides (Buschmann et al., 2005, 2003). In contrast,

the cavity of CB7 was found to be more suitable to form inclusion

complexes with AAs and peptides (Bailey et al., 2008; Lee et al.,

2015; Rekharsky et al., 2006). Recognition of peptides by CB7 was

found to be sequence selective; CB7 binds dipeptides containing aro-

matic residues more strongly when the residue is at the N-terminus

than when it is at the C-terminus (Rekharsky et al., 2008). CB8 was

found to bind aromatic AA and N-terminal aromatic peptides

(Heitmann et al., 2006; Rajgariah and Urbach, 2008). Wu et al. studied

the possible binding modes of peptides to CB8 by using diffusion-

ordered NMR spectroscopy (DOSY) and demonstrated that dipep-

tides YL and FL can bind with CB8 in 1:1 and 2:1 stoichiometries

based on the peptide to CB8 molar ratio (Wu et al., 2019). The 1:1

binding affinity of CB8 to methionine-terminated peptides was found

to be affected by the neighboring AA (Hirani et al., 2018). The com-

plexation of CBn with AAs and peptides was also studied by molecular

dynamics (MD) simulations and quantum chemical calculations, pro-

viding additional structural and dynamic information (Bodoor et al.,

2022, 2021; El-Barghouthi et al., 2022; Ma et al., 2021a, 2021b).

Heteroternary complexes were reported between CB8 and an AA

or short peptide as one guest and an auxiliary ligand (AL), methyl

viologen (MV) or tetramethyl benzobis(imidazolium) (MBBI), as the

other (Biedermann et al., 2010; Bush et al., 2005; Ling et al., 2007).

CB8:MV was found to bind tripeptides containing tryptophan (W)

when W was at the N-terminus (WGG) more strongly than when W

was in the middle or at the C-terminus (Bush et al., 2005). The binding

of W-containing peptides to CB8:MV complex resulted in a strong

charge transfer absorbance band (Bush et al., 2005). In order to further

explore the effect of AA positions adjacent to W on the binding

propensity of peptides to the CB8:MV complex, a library of

104 W-containing peptides (35 N-terminal W tripeptides and 69

non-terminal W pentapeptides was used (Ali et al., 2013). Results
demonstrated a little or no effect on the identity of AA adjacent to

W. A study on the complexation of tripeptides bearing N-terminal aro-

matic AA with CB8:MBBI was conducted, and results showed that

peptides containing an N-terminal W bind to CB8:MBBI (forming het-

eroternary complex), while phenylalanine (F) peptides displace MBBI

from the CB8 cavity (Smith et al., 2015a, 2015b). Most recently, using

MD simulations CB7 was found to bind N-terminal leucine-containing

tripeptides in aqueous solution more strongly than the corresponding

N-terminal isoleucine-containing tripeptides (Zhao et al., 2023).

In this work, we employ MD simulations and time-dependent den-

sity functional theory (TD-DFT) calculations to computationally

investigate for the first time the formation of binary and ternary com-

plexes of CB8 with three W-containing tripeptides (WGG, GWG, and

GGW). We also study the complexes of CB8 with the three tripeptides

in the presence of MV. The Molecular Mechanics Poisson-Boltzmann

surface area (MM-PBSA) method was used to calculate the non-

covalent interactions between the host and guest(s) and evaluate the

binding free energies, and to estimate the contribution of each AA

to the binding energy. Conformational changes of the tripeptides upon

complexation were inferred from their Ramachandran plots. TD-DFT

calculations were utilized to study the charge-transfer (CT) interac-

tions between the tripeptides and AL within CB8 and their effect on

the UV–Visible absorption spectra.

2. Computational methods

MD simulations were performed using the pmemd.CUDA
module of AMBER 16.0 (Case et al., 2016; Götz et al., 2012;

Le Grand et al., 2013; Salomon-Ferrer et al., 2013), with the
initial geometry of CB8 obtained from its X-ray structure
(Kim et al., 2000). The force field used for the peptides was

ff14SB (Maier et al., 2015), while for the for the ALs and
CB8 it was General Amber Force Field (Wang et al., 2004).
The RESP charges (Bayly et al., 1993) used for the MD simu-
lations of CB8 and MV were computed to reproduce their elec-

trostatic potentials, estimated using ab initio HF/6-31G* level
of theory as applied in GAUSSIAN 16 software (Frisch et al.,
2016). The TIP3P water model was used to solvate each system

in a truncated octahedral periodic box (Jorgensen et al., 1983).
The nonbonded interaction cutoff distance was set to 10.0 Å
and the long-range electrostatic interactions were treated using

the Particle Mesh Ewald (PME) method (York et al., 1993).
The time step was set to 2 fs and SHAKE was applied to all
bonds involving hydrogen atoms (Ryckaert et al., 1977). Top

scoring complex geometries obtained using AutoDock Vina
(Trott and Olson, 2009) were selected for a series of 40-ns
MD simulations, which revealed that stable complexes for all
tripeptides involved inclusion of W inside the CB8 cavity.

Those stable complexes at the end of their 40 ns simulations
were subsequently used as starting structures for simulations
lasting 300 ns at 298.15 K and 1 atm. The average number

of hydrogen bonds (HBs) was estimated using a cutoff
distance � 3.2 Å and a donor-hydrogen-acceptor cutoff
angle � 120�. Binding free energies (DG) were estimated using

MM-PBSA (Homeyer and Gohlke, 2012) method via the
MMPBSA.py script (Miller et al., 2012), according to the pro-
tocol described elsewhere (Dadou et al., 2017; El-Barghouthi
et al., 2015, 2010).

DFT was used for geometry optimization of the heterotern-
ary complexes in water, employing the Minnesota M06-2X
functional (Mardirossian and Head-Gordon, 2016) and

6-31G(d,p) basis set (Becke, 1993; Lee et al., 1988) and the
implicit universal solvation model based on density (SMD)

http://MMPBSA.py
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(Marenich et al., 2009). Vibrational frequency calculations
were conducted and resulted in no negative eigenvalues. The
time-dependent density functional theory (TD-DFT)

(CASIDA, 1995; Runge and Gross, 1984) was used to calcu-
late the lowest 20 singlet-to-singlet excitation energies.

3. Results and discussion

3.1. Binary and homoternary complexes

The average structures of the binary and homoternary com-
plexes of the studied tripeptides with CB8, as computed from

their 300-ns trajectories, are shown in Fig. 1. All binary com-
plexes, irrespective of the position of W within the sequence,
revealed the encapsulation of the hydrophobic side chain of

W within the CB8 cavity (Fig. 1). The carboxylate group
was excluded in the complexes of WGG and GWG, while in
the complex of GGW, which exhibited two binding modes, it
was included in one with a probability of 0.67 and excluded

in the other with a probability of 0.33. Furthermore, the
ammonium group in WGG complex was found to be in prox-
imity to the CB8 portal, included in GWG complex, and in the

bulk water away from the portal in GGW complex (Fig. 1).
Similarly, the indole ring of W in the homoternary complexes
of the tripeptides was encapsulated by CB8. The average

numbers of water molecules within the CB8 cavity during
the simulations of the binary complexes were 3, 0.5 and 2 for
WGG, GWG and GGW, respectively. The largest desolvation

of the CB8 cavity occurred for the binary complex of GWG,
due to the inclusion of N-terminal G in addition to W
(Fig. 1). Homoternary complexes exhibited complete expulsion
of water from the cavity of CB8. Fig. 2 displays the probability

distributions and density plots of the angle between the two
planes of the indole rings within the homoternary complexes
and the distance between their geometric centers. Evidence

for p-p stacking comes from the averages for all complexes
of the angle and distance (around 11�and 3.8 Å, respectively),
which is further confirmed by the density plots. To form a

qualitative picture of the favorable and unfavorable ion–dipole
interactions of the above groups with the carbonyl portal,
Fig. 1 Average structures of binary (A), homoternary
Fig. 3 depicts the positions sampled by the NH3
+ and COO�

groups of the tripeptides in binary and ternary complexes.
The NH3

+ appears to be positioned for favorable ion–dipole

interaction with the portals of CB8 in the complexes of
WGG and GWG, and is expected to be largest for WGG
due to its proximity to the carbonyl portal. In GGW, the

NH3
+ sampled positions far away above the carbonyl portal.

As for the COO�, in GGW it appeared to sample positions
above the portal and within the cavity; in WGG and GWG

it is above the portal, sampling further distances from the por-
tal in WGG. The situation for the homoternary complex of
WGG for both groups is qualitatively similar to its binary
complex. As for the ternary complex of GWG, COO� samples

positions similar to those in the binary complex, whereas NH3
+

is not included. For the ternary complex of GGW, COO� is
not included and NH3

+ samples positions similar to those in

the binary complex.
Fig. 4 displays the probability distributions of the end-to-

end distance of each tripeptide in the free and bound states.

The distributions are bimodal and very similar for the free
tripeptides, irrespective of the amino acid sequence. In con-
trast, the tripeptides in the binary complexes sample conforma-

tions in which they are more extended: GWG and GGW the
distance is largely constrained between 8 and 10 Å, while
WGG samples a wider range of distances. Similarly, the two
curves for the tripeptides in each ternary complexes display

more extended conformations, which are nearly identical for
WGG and GGW but shifted by � 1 Å for GWG.

Further insight into the conformational changes of the

tripeptides associated with complex formation can be gained
from Ramachandran plots (Fig. 5, and Fig. S1), which
revealed that such changes are more pronounced for the com-

plexes of GWG, since the position of W in the tripeptide in this
case requires such changes for inclusion of W within the cavity
of CB8.

The average numbers of HBs formed by each peptide in the
free and bound states with water and the carbonyl portals of
CB8 are shown in Fig. 6. and Fig. S2 and Table S1-S3. Com-
pared to their free states, CB8 and tripeptides experienced a

reduction in the number of HBs with water upon forming
(B) complexes of the studied tripeptides with CB8.



Fig. 2 p-p stacking of the homoternary complexes. Probability distributions of the angle between the two indole planes (A), Distances

between centers of mass for the indole rings of the tripeptides in the homoternary complexes (B) and their density dot plots (C).

Fig. 3 Side views for the positions of the nitrogen atom in the N-terminus, and the carbon atom of carboxylate group in C-terminus

(represented by dots colored with blue and red, respectively) within the binary (A), and homoternary (B) complexes (as extracted from

1000 equally spaced snapshots).
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binary and ternary complexes; this reduction was partially
compensated by new HBs formed between the terminal

NH3
+ and the side chain of W with CB8, with the numbers

ordered according to WGG > GWG > GGW.
Table 1 displays the MM-PBSA estimates for the binding

free energies and Fig. 7 (and Table S4) displays the contribu-
tion of each AA to the free energy. The van der Waals interac-
tion for each complex (DDEvdW), was favorable and mostly

due to inclusion of W, as demonstrated by the free energy
decomposition analysis (Fig. 7). The complex of WGG had
the lowest vdW contribution among the binary complexes,
since in the GWG and GGW complexes there were additional

contributions from the inclusion of G and the COO� group,
respectively. The vdW contribution for the ternary complexes
did not differ significantly. The electrostatic interaction

(DEELE) to the binding free energy was favorable for all com-
plexes, except for the homoternary complex of GGW, and
appeared to be associated with the N-terminal residue

(Fig. 7). The DEELE value for WGG was roughly twice that
of GWG for both the binary and homoternary complexes.



Fig. 4 Probability distributions of the distance between the N-terminus and C-terminus in free peptides (A), binary complexes (B),

homoternary complexes (C).

Fig. 5 Ramachandran distributions for the central residue in the A) free tripeptide B) tripeptide in the binary complex.

Fig. 6 Average numbers of HBs formed by peptides with water (A) and with CB8 (B).
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While for GGW, the interaction had small favorable (unfavor-
able) contributions to the binary (homoternary) complexes.

These contributions come from the interactions of NH3
+ and

COO� with the carbonyl portal of CB8 and depend directly
on the positions sampled by these groups (Fig. 3). The trend

in the free energy of solvation (DGsolv) for the binary and tern-
ary complexes appeared to be correlated with the extent of
inclusion of NH3

+ and COO� and their interactions with
CB8 (Fig. 3). The free binding energies (DG) were favorable
for all binary and ternary complexes, with the trend for com-
plex stability given by WGG > GWG > GGW; the differ-

ences were more pronounced for the ternary complexes,
indicating a clear preference for CB8 to bind favorably with
the tripeptide having an N-terminal W.

Comparing the values obtained in this work for the binding
free energies of the (binary and ternary) complexes
of CB8 with WGG and the previously obtained values
(El-Barghouthi et al., 2022) of the corresponding complexes



Table 1 MM-PBSA estimates of the binding free energies (kcal�mol�1) of binary and homoternary complexes.

DEvdW DEELE DG gas DGPB DGNP DGSOLV DG

Binary WGG �26.8 �39.3 �66.0 47.3 �3.7 43.5 �22.5

GWG �37.9 �20.1 �57.9 41.0 �4.1 36.9 �21.0

GGW �33.0 �4.7 �37.7 21.5 �3.8 17.7 �20.0

Homoternary WGG �57.2 �75.6 �132.8 96.1 �7.1 89.0 �43.8

GWG �54.7 �38.9 �93.6 66.1 �7.0 59.1 �34.4

GGW �53.1 9.7 �43.5 18.9 �6.6 12.3 �31.2

DEvdW and DEELE: van der Waal and electrostatic energies as calculated from the molecular mechanics force field; DGgas = DEvdW + DEELE;

DGPB: electrostatic contribution to the solvation free energy; DGNP: non-polar contribution to the solvation free energy; DGSOLV = DGNP +-

DGPB; DG: estimated binding free energy as sum of the DGgas, and DGSOLV.

Fig. 7 van der waals and electrostatic contributions by each AA residue to the binding free energy in binary and homoternary

complexes.
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with the zwitterionic W, we see that the binary and ternary

complexes of the WGG were more stable by � 7
and � 13 kcal�mol�1, which might be due to the greater
distance between COO� and the carbonyl portal in the

former.

3.2. Heteroternary complexes

MD simulations were also carried out for each tripeptide in
complex with CB8 and the auxiliary ligand MV. Cluster anal-
Fig. 8 Average structures of the ternary com
ysis of the trajectories revealed two binding modes for each

complex (Fig. 8), with the average structure for each mode
exhibiting complete inclusion of the side chain of W, while
MV appears encapsulated in one mode and almost excluded

in the other. The heteroternary complexes of WGG, GWG
and GGW had binding free energies of � 33.2, �30.1
and � 29.9 kcal�mol�1, respectively. The above trend in the

binding free energies agrees with the experimental one for
the binding free energies of the corresponding tripeptides to
the MV:CB8 complexes (Bush et al., 2005).
plexes of tripeptides with CB8 and MV.
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The formation of CT complexes can be studied using UV–
visible spectroscopy (Khan et al. 2020; Zulkarnain et al. 2017).
Complex formation between W-containing peptides with CB8

in the presence of an auxiliary ligand (e.g., MV) resulted in the
appearance of a charge-transfer band in the visible region
(Bush et al., 2005; Ko et al., 2007). Therefore, TD-DFT calcu-

lations were performed to compute the UV–Visible spectra of
the free tripeptides and MV and their ternary complexes with
CB8. The input structures for the TD-DFT calculations were

obtained from optimizing with DFT the MD-average struc-
tures of each binding mode (Fig. 8). The results (Table 2)
revealed the appearance of two new transitions
(HOMO ? LUMO and HOMO � 1 ? LUMO) for the
Table 2 New transitions for the heteroternary complexes as obtain

Complex Wavelength (nm) O

WGG:MV:CB8 (A) 421 0.

365 0.

WGG:MV:CB8 (B) 389 0.

340 0.

GWG:MV:CB8 (A) 418 0.

358 0.

GWG:MV:CB8 (B) 380 0.

332 0.

GGW:MV:CB8 (A) 453 0.

370 0.

GGW:MV:CB8 (B) 377 0.

330 0.

Fig. 9 Isodensity plots of HOMO � 1, HOMO and LUMO orbital

removed for clarity).

Fig. 10 Computed UV–Visible spect
tripeptide heteroternary complexes. For orientation-A com-
plexes, the oscillator strength was larger for
HOMO ? LUMO than in the case of WGG, and for HOMO

� 1 ? LUMO for GWG and GGW. Oscillator strengths for
the of the new transitions of orientation-B complexes were
generally smaller in comparison with orientation A, because

in the latter the orientation of the indole ring in the tripeptide
with respect to MV is optimal for p-p stacking interaction.

The isodensity surface plots for HOMO � 1, HOMO and

LUMO for the two orientations of the homoternary complexes
are presented in Fig. 9 and Fig. S3. Contributions to HOMO –
1 and HOMO orbitals were mainly from the p orbital of the
indole ring, with minor contribution from MV and G amino
ed from TD-DFT.

scillator strength (f) Major contribution

0234 HOMO ? LUMO (98%)

0103 HOMO � 1 ? LUMO (99%)

0010 HOMO ? LUMO (98%)

0211 HOMO � 1 ? LUMO (99%)

0019 HOMO ? LUMO (98%)

0353 HOMO � 1 ? LUMO (98%)

0099 HOMO ? LUMO (94%)

0081 HOMO � 1 ? LUMO (95%)

0003 HOMO ? LUMO (99%)

0492 HOMO � 1 ? LUMO (99%)

0010 HOMO ? LUMO (97%)

0054 HOMO � 1 ? LUMO (97%)

s for WGG heteroternary complex in orientations A and B (CB8

ra of the heteroternary complexes.
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acids in the case of HOMO – 1, while LUMO was found to be
formed from the p* orbital of MV. Therefore, the new transi-
tions found correspond to a charge-transfer band. The com-

puted UV–Visible spectra are shown in Fig. 10 and Fig. S4,
with kmax for the CT bands of orientation A of WGG,
GWG and GGW complexes at 420, 370 and 380 nm, respec-

tively; the intensities of the new bands for orientation-B com-
plexes were significantly lower.

4. Conclusion

MD simulations conducted in water in the presence and absence of

MV revealed the formation of stable binary and ternary complexes

between CB8 and three W-containing tripeptides, with the side chain

of W encapsulated within the cavity of CB8. Ramachandran plots

revealed conformational changes for the tripeptides upon complexa-

tion, especially for GWG. MM-PBSA results showed significant

sequence-dependent variation among the binary and ternary com-

plexes in the electrostatic contribution to their binding free energies,

showing a preferential binding by CB8 to N-terminal-W tripeptide.

Two modes of binding were found for the heteroternary complexes

with an auxiliary ligand, in which the MV was included in one mode

and mostly excluded in the other. TD-DFT calculations revealed

new bands corresponding to charge transfer between the tripeptide

and MV inside the cavity of CB8.
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Salomon-Ferrer, R., Götz, A.W., Poole, D., Le Grand, S., Walker, R.

C., 2013. Routine Microsecond Molecular Dynamics Simulations

with AMBER on GPUs. 2. Explicit Solvent Particle Mesh Ewald.

J. Chem. Theory Comput. 9, 3878–3888. https://doi.org/10.1021/

ct400314y.

Selkti, M., Coleman, A.W., Nicolis, I., Douteau-Guével, N., Villain,
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