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Abstract

Molecular dynamic simulations have been performed for investigation of the
stability of heterocyclic peptide nanotube composed of 1,4-disubstituted-1,2,3-
triazol e-amino acid. 45 ns MD simulations on the cyclic peptide nanotube (CPNT)
and cyclic peptide dimer in methanol, chloroform and water reveal that these
structures are more stable in the nonpolar solvents. MM-PBSA and MM-GBSA
calculations have been employed to analyze the solvent effect on the stability and
length of CPNT. These calculations showed that CPNT in chloroform was more
stable and longer that other solvents. Effect of Guest molecule (ethanol) inside the
dimer and CPNT was investigated, too. Obtained results confirmed that guest
molecule(s) stabilized the dimer and CPNT in all solvents. Quantum chemistry
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calculations on the cyclic peptide dimer have been performed at the M06-2X/6-
31G(d) level in the gas phase and three solvents. Obtained results from quantum
chemistry study were in good agreement with the MD simulation results. DFT
calculations showed that guest molecule stabilized the dimer structure and has
electrostatic interaction with cyclic peptide dimer. Finally, for investigation of the
solvent effects on the hydrogen bonds of cyclic peptide dimer NBO and AIM

analysis have been performed.

Keywords: Peptide nanotube; Molecular dynamics; Quantum mechanics;

Stability; Hydrogen bond; Electron localization function
Introduction

Cyclic peptides (CPs) have been considered in recent years as a remarkably
versatile approach to the formation of organic nanotubes. These cyclic peptides
consist of 6-10 alternating D- and L-o-amino acid residues,' cyclic B-peptides >
and cyclic peptides containing alternating o- and y- or o- and e-residues *°.
Nanotechnology concerns the preparation and characterization of the structures on

the nanometer scale and the use of such systems as novel functional materials and

.7
devices.

Nanotubes are particularly interesting structures because of their many

applications in different fields such as molecular separation and transport,

Page 2 of 36



Page 3 of 36

Physical Chemistry Chemical Physics

catalysis, optics, electronics, chemotherapy and drug delivery.® For example
Subramanian and co-workers investigated the ability of some CPNTs for
transportation of the antitumor drug (5-fluorouracil) across the lipid bilayer,
theoretically.” solvents and amino acid composition are important parameters
involved in the stability of CPNT structures. Previous theoretical studies indicate
that these structures are more stable in nonpolar solvents.'”'' Some materials such
as zeolites, graphite, inorganic complexes, lipids and cyclodextrins can make nano
tubular structures.’> Covalently bonded nanostructures have been thoroughly
studied in past few decades but today, non-covalently bonded nanotubes are in

attention because of their many applications in different fields. "

There are many different routes by which hydrogen bonds can be used to
self-assemble nanotubes. Gramicidin A is perhaps the first and well-known
structure of the coiling of the linear peptides which has a tubular structure and

: 14,15
known as PB-helices, ™

although there are many others that have since been
discovered including forty eight residue polytheonamides.'®'” Another example is

the assembly of lanreotide peptides into nanotubes assembly, producing tubes

which has larger internal diameters.'®

Nanotubes can also be assembled from sector-like molecules, as in the case
of the tobacco mosaic virus (TMV), which consists of a tubular structure of

unimeric coat proteins that undergoes self-assembly around a single strand of
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RNA." But the cyclic peptide nanotubes have better efficiency than gramicidin A
or other structures for transporting molecules and ions. The ion transport rates of
the self-assembled peptide channels are greater than those of the very efficient and

widely-studied gramicidin A channel.*’

In this paper we investigate the stability of a heterocyclic peptide nanotube
and its dimer consist of 1,4-disubstituted-1,2,3-triazol e-amino acid (Scheme 1), in
methanol, water and chloroform. Additionally, the effect of ethanol as a guest
molecule on the stability of cyclic peptide nanotube (CPNT) and its dimer was
investigated. Tubular ensemble made up of eight cyclic peptides (CPs) was chosen
for this study as cyclic peptide nanotube because of long length (42 A). Here, we
present the results of 45 ns molecular dynamic simulation (MD) on the dimer and
CPNT in water, methanol and chloroform. Finally quantum mechanics studies such
as, DFT calculations, natural bond orbital analysis and quantum theory of atom in

molecule (QTAIM) on the dimer of cyclic peptide have been performed.
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Scheme 1. Single heterocyclic peptide consist of triazol amino acid.

Methods

Molecular dynamic simulations details

The simulated systems will be donated as CPNT and D for the cyclic peptide
nanotube and dimer, respectively. The atomic coordinates for the dimer and CPNT
were obtained from a previous X-ray crystal structure, which was synthesized by
Ghadiri and co-workers.® MD has been started on the dimer and CPNT
(with/without ethanol as a guest molecule) by energy minimization in an implicit
solvent environment to reduce unfavorable short contacts. Each structures (D and
CPNT) were solvated with cubic box of water, methanol and chloroform molecules

extending 15 A away from the solute atoms. Water was simulated using the TIP3P
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model. Chloroform and methanol models were taken from AMBER parameters.”"”
** Then energy minimization for each structures has been performed for 30000
cycles. After this, each system was heated from 0 to 300 K for 200 ps in a NVT
MD simulation (with typical values of restraining force constant of 1000 kJ.mol
' nm? for solute structures). The results of this step were used to start equilibration
step for 2000 ps in the NPT ensemble (at 300 K and 1 bar) in the absence of any
positional restraints. MD simulation of the products has been performed for 45 ns
in the NPT ensemble using a 2fs time step. The Particle Mesh Ewald method
(PME) * coupled to periodic boundary conditions was used for calculating the
long range electrostatic interaction with 8 A direct space cut-off. In the NPT MD
simulation steps, Langvin thermostat ***’ for controlling the temperature of the
system with a collision frequency 2 ps” and pressure relaxation time of 1 ps was
used. Time step of 2 fs was used throughout with SHAKE constraint on all bonds

involving hydrogen atoms.*®

All MD calculations were carried out using AMBER 12.0 simulation
software package *° employing ff12SB force filed *° and general amber force filed
(GAFF) parameters °' for cyclic peptide derivatives and ethanol as guest

molecules, respectively.

MM-PBSA and MM-GBSA calculations
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The free energy of binding of each cyclic peptide (CP) unit in a CPNT was
calculated using the molecular mechanics-Poisson-Boltzmann surface area (MM-
PBSA) and molecular mechanics-Generalized-Born surface area (MM-GBSA)

0.113235 Bor calculation of the free

methods as implemented in AmberTools 13
energies of binding for each CP unit to CPNT, production MD simulation has been
performed for 10 ns with the time step of 2 fs for the CPNT with 2 to 8 units of
cyclic peptide (minimization, heating and equilibration steps for these CPNTs are

as same as conditions that were reported in the simulation details section). The free

energy of subunit CP in CPNT was calculated using the equation 1:
AG pinding= AEmm + AGsory, “TASgo1ee (1)
Where
AEmv= AEinteral T AEvaw + AEge 2)

Where in equation 2, AE; a1, AEvqw and AE. represent the internal, vander
Waals and electrostatic contribution of molecular mechanics energy, respectively.

The solvation energy was calculated by equation 3:
AC}Solv. = AC}pol + AC}np (3)

Where AG,, and AG,, are the polar and nonpolar contributions of the
solvation free energy, respectively. Nonpolar contribution of the solvation free

energy was calculated by nonpolar solvation term based on the solvent accessible
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surface area (SASA).'" The harmonic approximation of the translational,
rotational and vibrational conformational entropies was done using the normal-

mode analysis program of MM-PBSA package.”
DFT calculations details

The structures of the monomer and dimer of the cyclic peptide, with/without
ethanol as guest molecule have been optimized using the M06-2x functional ** by
employing 6-31G(d) basis set *’ as implemented in Gaussian 09 series of program
3 In order to provide an estimation of the zero point vibrational energies (ZPVEs)
as well their corresponding thermochemical parameters, frequency calculations
were performed. Since the solvent-solute interactions are more considerable than
gas phase, conductor like polarizable continuum model (CPCM) ** has been
applied in the presence of methanol, chloroform and water. For investigation of the
electronic charge distribution and hydrogen bond (H-bond) formation between the
CP units in the dimer structure, natural bond orbital (NBO) analysis was applied.*’
Through the NBO analysis, donor-acceptor interactions between the CP units of

42,43

the dimer have been studied. Finally, the topological properties, electron

location function (ELF) ***°, localized orbital locator (LOL)’'"* and atoms in

molecules (AIM) * analyses were performed using the MultiWEN 3.1.>

Results and discussion
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MD simulation results

Dynamical properties of the dimer

The stability of the dimer is determined by the intermolecular H-bond
interaction between NH and CO (NH O=C) groups. The nature of the solvents
from the molecular view point can influence the power of H-bond interaction
between the CP units of the dimer. For this purpose, the effect of water (polar),
methanol (medium polarity) and chloroform (nonpolar) was studied. Root mean
square deviation (RMSD) values of the heavy atoms of CP untints were calculated,
with respect to the initial geometry from the MD trajectories (Figure 1-A).
According to RMSD values, it reveals that the dimer is lees stable in water because
the maximum of the RMSD is in water. Moreover, dimers in the polar and medium
polar solvents have more fluctuations in comparison to nonpolar solvent. Analysis
of the radii of gyration (Rg) of the CP units (Figure 1-B) in different solutions,
shows that distances between the CP units of dimer in chloroform is lower than
water and methanol. Because larger Rg shows that dimer structure is lees compact
in water and methanol. The average distance between N and O atoms of CP units
after 45 ns of the MD simulations, in water, methanol and chloroform are 3.04,

3.03 and 2.84 A, respectively. Dimer structures after 45 ns of the MD simulation
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are shown in Figure 2. According to Figure 2, the dimer in chloroform has

cylindrical structure, which is not true in water.

According to calculation, there are six hydrogen bonds between the two
monomers of CP in chloroform with is higher than methanol and water (Figure
S1). Average hydrogen bond length of (NH "O=C) is 1.9 A in chloroform which is
slightly smaller than in water (2.10 A) and methanol (1.98 A). Larger number of
the H-bond and its shortness in chloroform, are reasons for lower RMSD value of
the dimer structure in this solvent. Higher RMSD values of the dimers in methanol
and water, may be interpreted by the competition between the NH of the CP and
OH of the waters and methanol molecules with C=0O groups of the CP monomers
for the H-bond formation. The competition between intersubunit H-bonding and H-

bonding with water molecules has also been reported, previously.™
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Figure 1. Calculated RMSD (A) and Rg (B) values in (A) of the dimer as a function of

time during 45 ns MD simulations in water, methanol and chloroform.
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Figure 2. Obtained dimer structures after 45 ns of the MD simulation in chloroform,

methanol and water (from the left to right).

Figure 3 represents the partial radial distribution function of O "H pairs
(C=0O""HN) of the dimer in chloroform, methanol and water. This figure shows the
probability of finding a pair of O""H atoms in term of intermolecular distances.
According to Figure 3, the behavior of the dimer in the studied media is completely
different. The first peak in chloroform and methanol is at r=1.85 A. This peak is
related to the O "H distance and confirmed the H-bond formation between the CP

monomers of dimer.
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Figure 3. RDFs between the O and H atoms of the CP dimer in different solvents.

Dynamical behavior of the CPNT in methanol, Chloroform and water

In order to investigation the studied parameters on the length of the cyclic
peptide nanotube, MD simulation on CPNT consist of eight monomers in
methanol, chloroform and water have been performed. Figure 4-A shows the
corresponding calculated RMSD values of the CPNT in different solvents.
Although RMSD values are enough low, showing the stability, but RMSD values
were increased in comparison to the Dimer. CPNT-solvent interaction as a function
of the solvent polarity is similar to the dimer. Analysis of Rg of the CPNT (Figure
4-B) reveals that the CPNT in water is more compact than chloroform and
methanol, which is in contrast to dimer. Considering the number of intermolecular
H-bond (Figure S2), reveals that CPNT in chloroform has the maximum number of

H-bond (42) in the most snapshots obtained of the trajectories of 45 ns in the MD
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simulation. Since there are number of the H-bond in chloroform, it has the lowest

value of RMSD and more stable in this solvent.

7
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Figure 4. Calculated RMSDs (A) and Rg (B) of CPNT in chloroform, methanol and

water.
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The effect of the guest molecule on the stability of the dimer and CPNT

Obtained X-ray crystallography data on the CP structure by Ghadiri and co-
workers ° in ethanol indicated that the peptide subunit adapt the expected flat ring
shape conformation and stack in parallel fashion in to tubular assemblies with
ordered ethanol molecules filling the channel pores.® Therefore, the investigation of
ethanol effects as a guest molecule on the stability of dimer and CPNT structures is

of importance from the molecular approach.

To investigate the effect of guest molecule, one and seven ethanol molecule
in the cavity of dimer and CPNT are inserted, respectively and these structures
were immersed in the box of water, chloroform and methanol during the MD
simulations, described previously. Calculated RMSD values (Figure 5-A) for the
dimer including ethanol the presence of three solvents is lower than dimer without
ethanol indicating that the guest molecule makes the dimer stable in polar and
nonpolar solvents. Rg analysis confirms the results of RMSD, too (Figure 5-B)
confirming lower fluctuation in comparison to dimer without ethanol. In these
conditions, the number of H-bonds is increased (7 in chloroform and 6 in water and
methanol) according to figure S3, makes the CP more stable. Figure 6 shows the

obtained the dimer structures with e guest molecule from 45 ns MD simulations.
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Figure 5. RMSD (A) and Rg (B) of the dimer with a guest molecule of ethanol in water,

chloroform, and methanol.

\

Figure 6. Obtained dimer structures after 45 ns of MD simulations with guest molecule in

chloroform, methanol and water (from left to right).
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Figure 7-A shows the calculated radial distribution function for C=0""HO
pair (O atom of CP unit and H atom of ethanol molecule inside the dimer).
According to this figure, the first sharp peaks observed in methanol and chloroform
being centered at r=1.85 and 1.75 A, respectively, confirming H-bond formation
between the CP units of the dimer and guest molecule. Figure 7-B represents the
calculated radial distribution function for HO "“HN pair (O atom of ethanol and H
atom of CP units of the dimer). According to this figure the first sharp peak
obtained in water and methanol at 2.05 A, reveals that the H-bond formation
between O atom of CP and H atom of guest molecule is more stable than H-bond
formation between the O atom of guest molecule and H atom of CP. There are two
remarkable points: firstly interaction between O atom of ethanol and H atom of CP
has not been observed in chloroform according to Figure 7-B and the second,
comparison of Figures 7-A and B reveals that the solvents affect the interactions of

CP units of the dimer by the guest molecule.
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Figure 7. Calculated RDF of O 'H pair in water, methanol and chloroform. (A) O atom of

CO group of CP with H atom of OH group of ethanol and (B) O atom of OH group of ethanol

with H atom of NH group of CP units of dimer.

Seven ethanol molecules inserted in the CPNT, one ethanol for two CPs and
immersed into the boxes of methanol, water and chloroform. RMSD values (Figure
S4-A) of the systems at this conditions reveal that the CPNT is more stable with

guest molecules (1.5 1.6 and 1.8 A in chloroform, methanol and water,
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respectively) than pure CPNT. Rg analysis (Figure S4-B) confirms the results of
the RMSD calculations. Figure 8 shows the CPNT with guest molecules after 45 ns
of MD simulations in water. Radial distribution function analysis of O "H pair of
the guest molecules and CPNT shows that the guest molecules have different

behavior in CPNT structure in comparison to the dimer.

Figure 9-A shows the radial distribution function (RDF) of O H pair (O
atom of ethanol and H atom of CPNT). According to this figure, O atom of OH
group (in ethanol) is 2.25 A far from H atom of NH groups (in CPNT) in methanol
and water, while this distance in dimer is 2.05 A. Calculated RDF for O"H pair (O
atoms of CPNT and H atom of OH group of ethanol) in Figure 9-B shows that the
corresponding distance is 2.15 A in all solvents. These results indicate that solvents
do not affect the interaction between guest molecules and CP units of the CPNT.
More analysis shows that ethanol molecules have intermolecular hydrogen bond
with other ethanol molecules inside the CPNT. H-bond formation between the
guest molecules and CP unites of the CPNT have not been observed in these
solvents. It confirms that behavior of guest molecule in the dimer is completely

different in comparison to the CPNT.
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Figure 8. CPNT with guest molecules after 45 ns of MD simulations in water.
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Figure 9. RDF diagrams of O H pair in different solvents. (A) H atom of the CPNT (NH
groups) with O atom of the ethanol (OH group) and (B) H atom of the ethanol (OH group) with
O atom of the CPNT (CO groups).

Calculated free energy of binding

Calculated contributions of the free energy of binding from Poisson-
Boltzmann (PB) method are reported in Table 1. According to Table 1, Van der
Waals energy of the self-assembling process is the highest in chloroform, the
solvent which has the highest hydrophobic interactions with CPNT. The
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contribution of the electrostatic energy (AE..) in water is more than chloroform

and methanol, because of many H-bond interactions with CPNT. Polar solvents

such as water and methanol reduces the nonpolar contributions of the free energy

of binding. Calculated total entropies confirmed the self-assembling process in

different solvents. Data analysis reveals that increase in the length of the CPNT in

Chloroform elevates the solvation Gibbs free energy (AGs,)).
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Table 1. Calculated contributions of the energy components (kcal.mol™)

addition PB method in different solvents.

AEVdW
AE ele
AE,,
AGgys
AGsol
AStot

AEvdW
AE ele
AEPB
AE,,
AGgys
A(;sol
AStot

AEVdW
AEele
AE,,
AGgys
AGsol
AStot

CP2
-22.41
-4.63
8.19
-18.89
-27.04
19.13
-20.39

CP2
-22.32
-6.26
8.36
-18.97
-28.58
19.24
-20.32

CP2
-23.58
-6.38
6.24
-19.76
-29.96
16.94
-19.70

CP3
-24.99
-5.26
9.05
-19.69
-30.25
21.13
-20.20

CP3
-23.15
-6.96
9.47
-19.19
-30.10
21.41
-20.14

CP3
-26.02
-6.93
6.70
-20.01
-32.95
18.69
-20.46

Water
CP4 CP5
-26.46 -25.06
-8.45 -7.73
11.04 10.38
-20.47 -20.07
-34.91 -32.80
23.17 22.32
-20.05 -18.99
Methanol
CP4 CP5
-23.26 -23.69
-7.74 -6.98
9.75 9.64
-19.72 -19.84
-31.00 -30.67
21.61 21.36
-19.73 -19.28
Chloroform
CP4 CP5
-25.43 -25.06
-6.70 -8.06
6.74 7.10
-19.91 -19.68
-32.12 -33.12
18.52 19.21
-19.56 -20.08

CPé6
-25.43
-7.41
10.16
-20.01
-32.84
22.23
-19.89

CPo6
-23.50
-7.09
9.67
-19.51
-30.59
21.62
-19.11

CPo6
-26.78
-8.58
7.25
-20.84
-35.36
19.25
-20.14

for step by

CP7
-25.18
-7.11
10.19
-19.61
-32.29
22.55
-20.19

CP7
-22.02
-7.42
9.81
-18.54
-29.44
22.12
-20.01

CP7
-24.91
-8.04
7.37
-19.74
-32.95
19.41
-20.36

step CP

CP8
-24.17
-7.51
10.31
-19.29
-31.69
22.40
-19.92

CP8
-22.44
-8.10
10.32
-18.88
-30.54
22.24
-19.92

CP8
-24.62
-7.76
7.22
-19.49
-32.39
19.26
-19.34
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Calculated total free energies of binding by PB and GB methods with their
standard deviation (SD) for the self-assembling process were reported in Table 2.
According to data, the length of the peptide nanotube can be controlled by the
solvent polarity. Calculated total free energy of binding in chloroform is more than
in methanol and water, because the highest number of the H-bonds in CPNT are in
chloroform. Linear correlation of the number of CP and total free energy are
depicted in Figure 10. According to this figure, hexamer of the CPNT in

chloroform is the most stable tube at the both methods of PB and GB.

Table 2.Calculated total free energy of binding (kcal.mol™) for addition of CP unit to other CP
units in different solvents by PB and GB methods.
PB method
Water Methanol Chloroform
Number of CP units AG SD AG SD AG SD
2 -7.91 2.16 -9.34 2.18 -13.03 2.39
3 -9.12 2.35 -8.69 2.33 -14.26 2.13
4 -11.74 3.03 -9.40 2.25 -13.61 3.53
5 -10.48 2.40 -9.31 2.92 -13.91 2.96
6 -10.60 1.97 -8.96 2.34 -16.11 2.88
7 -9.74 2.12 -7.31 2.52 -13.54 2.40
8 -9.29 1.95 -8.31 2.67 -13.13 1.87
GB method
Water Methanol Chloroform
Number of CP units AG SD AG SD AG SD
2 -23.21 2.27 -23.65 2.20 -24.76 2.35
3 -25.89 2.13 -24.38 1.88 -27.45 1.99
4 -27.93 2.82 -24.64 2.62 -26.68 3.00
5 -26.34 2.19 -24.97 2.88 -26.32 2.65
6 -26.60 1.77 -24.66 2.37 -28.35 2.74
7 -26.31 2.16 -23.20 2.52 -26.36 1.98
8 -25.34 2.05 -23.68 2.45 -26.10 1.90
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Figure 10. Relationship between the number of CP and calculated total free energy of

binding by the PB method (A) and GB method (B).

Structural, IR vibrational frequencies and energy analysis by DFT method

Optimized structures of the CP monomer, dimer and dimer/guest molecule,
with atom numbering are shown in figures S5, S6 and S7. Structural parameters
obtained from theoretical and experimental results are summarized in Table SI.
According to Table S1, theoretical results are in good agreement with the
experimental dada.® C=0 and N—H bond lengths in the dimer structure are bigger
than monomer because of H-bond formation (C=0O""H—N). Moreover, calculated

O 'H distances are lower than experimental data. Average calculated angle of
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NCO is around 123’ and the experimental value is 125, showing that for the current

purposes, the results derived from the M06-2X/6-31G(d) level will be suffice.

Electronic density of states (DOS) for the monomer and dimer of CP and the
corresponding band gaps were depicted in Figure S8. Comparison between the
calculated band gaps of the monomer and dimer reveals that dimerization process
reduces HOMO-LUMO energy level (Figure S9). Nonpolar solvent decreases the
band gap both of the monomer and the CP dimer. Band gap of this cyclic peptide
system is greater than the standard semiconducting materials. However the features
of an open-ended hollow tubular structures, implies that this material can be
packed inside to obtain a variety of molecular electronic devices.” In addition to
self-assembling, inclusion complex of the guest molecule (ethanol) reduces the
band gap. For example the band gap of the dimer in the gas phase and water are
8.36 and 8.79 eV, while for the inclusion complex in the gas phase and water are

8.26 and 8.76 eV, respectively.

Calculated IR vibrational frequencies of C=0O and N—H bonds of CP
monomer and dimer are reported in Table S2. N—H vibrational stretching modes
of the monomer are 3641 and 3633 cm™ and of dimer structure are 3565, 3650,
3497 and 3529 cm” in the gas phase. These fluctuations are due to hydrogen
bonding in CP dimer. C=0 stretching modes of the CP monomer in the gas phase

are 1845 and 1815 cm™ while for the CP dimer are 1818, 1850, 1754 and 1773 cm
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'. Calculated vibrational frequencies of N—H and C=0 bonds of monomer show
blue and red shift, respectively, in methanol, chloroform and water in comparison
to gas phase. The effect of solvents on the IR vibrational frequencies, based on the
solvent polarity, have been observed in our previous studies.”®’ According to
Table S2, calculated IR vibrational frequencies for the dimer of N—H bond have
both red and blue shift while for C=0 bonds only red-shift have been observed in

solution in comparison to gas phase.

Gibbs free energies of dimerization have been calculated in the gas and
solution phases. Calculated Gibbs free energies by DFT method are higher than
those of the molecular mechanics method. Gibbs free energies of dimerization are -
33.67, -18.80, -18.53 and -19.16 kcal.mol™, in gas phase, water, chloroform and
methanol, respectively. Each H-bond (C=0O""H—N) has interaction energy, 35.21,
19.66, 19.38 and 20.04 kJ.mol”, in the gas, water, chloroform and methanol,
respectively. Which are close to the commonly accepted value (20 kJ.mol™) for a

typical hydrogen bond in solution.

Although the calculated value in the gas phase (35.21 kJ.mol) is higher
than 20.00 kJ.mol" but the obtained data in solutions are close it. These results
strongly confirm the formation of C=O""H—N hydrogen bond in the dimer which
is the primary driving force in stabilizing the CP dimer. Moreover Gibbs free

energy of formation for the inclusion complex in the water and gas phase have
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been calculated. Inclusion of ethanol molecule inside the CP dimer increases the
Gibbs free energy of formation by -8.63 (-27.43) and -9.71 kcal.mol™ (-43.38) in
the gas and (water), respectively. This means that ethanol stabilized the CP dimer,

which is in agreement with the MD simulation results.
AIM analysis

Quantum theory of atoms in molecules (QTAIM) analysis on the CP dimer
for investigation H-bond interaction was performed at the M06-2X/6-31G(d). In
this analysis, chemical bonding can be characterized by a so-called bond critical
point (BCP). BCP properties of O""H in the CP dimer have been calculated in the
gas and solution phases and reported in Table 3. The electron density (p) of the
BCP shows the bond strength, because larger value of electron density reveals

grater interaction energy.

According to Table 3, calculated values of p for O "H bond shows that the
O"H interaction in the solution is more than gas phase. According to Table 3,
calculated values of V?(p) for O126°"H82 and O78 “H172 are negative in
different solvents, showing the H-bond formation. Also, the ratios of —G/V for all
O"H interactions are more than 1.0 showing the non-covalent character. Analysis
of the H (G+V) values, shows that total energy density of O126 " "H82 in the gas

phase and O78 “H172 in chloroform are positive, confirming O H interaction has
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electrostatic character. Moreover electron location function (ELF) and localized-
orbital locator (LOL) of O "H bonds have been analyzed and shown in Figure 11.
A large value of ELF means that electrons are greatly localized, indicating covalent

bond, alone pair or inner shells of an atom involved.

According to Figure 11 the values of ELF and LOL in the regions between
the O and H atoms in the gas phase are low, showing the electrostatic interactions
between these atoms in the CP dimer. Similar calculations on the inclusion dimer
with ethanol show that the guest molecule introduces electrostatic interactions with

CP dimer, in the gas phase and water.

Table 3. Calculated topological properties of O ""H bonds at the BCP in the gas phase and
different solvents for the CP dimer.
bond parameters Gas Water Methanol Chloroform
p 0.0193 0.3110 0.3193 0.3102
0126"HS82 VZ(p) 0.0702 -0.8447 -1.6026 -0.8448
-G/V 1.0232 0.2432 0.0835 0.2431
p 0.0277 0.2375 0.2679 0.0052
078 H172 VZ(p) 0.1043 -0.5190 -0.8920 0.0170
-G/V 1.1953 0.2309 0.1258 1.3475
p 0.0181 0.4038 0.0069 0.0262
0146 "H48 V2(p) 0.0670 0.3323 0.0245 0.0880
-G/V 1.0271 0.5289 1.2686 0.9754
p 0.0264 0.0182 0.0030 0.0182
O1"H100 VZ(p) 0.0877 0.0666 0.0132 0.0667
-G/V 0.9728 1.0220 1.5352 1.0240
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N171-H172--078

ELF Index

LOL Index

Figure 11. Electron location function (ELF) and localized orbital locater (LOL) of O""'H

bonds of the CP dimer in the gas phase.

NBO analysis

Natural atomic charges through the NBO analysis have been calculated and
reported in Table 4. According to this, table negative electronic charge of O atoms
and positive character of H atoms have been increased during the dimerization.
These changes show O "H interaction between the CPs in the dimer. Comparing
the atomic charges in the gas phase and different solvents, reveals that solvents

affect the H-bond formation between the two CPs in the dimer.
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In order to have a comprehensive understanding of the interactions during
the dimerization, donor-acceptor orbital interactions have been calculated and
reported in Table 5. In this table, large stabilization energies is due to the strong
orbitals interactions between the lone pair of O atoms and antibonding molecular
orbitals of N—H bonds (c*y_y). Water and methanol reduce the interactions
between the lone pairs of O78 and Ol atoms with 6*N;7;_n172 and 6™*noo 1100,
respectively. While the interaction energy between the lone pairs of O126 and
0146 atoms with 6™\g;_pg» and o*n47_peg are increased respectively. According to
> E(2) values, there are highest perturbation effects in chloroform between the two
CPs of the dimer in comparison to other solvents. Therefore, the CP dimer is more
stable in the nonpolar solvent than methanol and water. This result is accordance to

MD simulations.

Table 4. Natural atomic charges of some atoms involved in O""H bond of CPs monomer and
dimer in the gas phase and different solvents.
Atoms Structures Gas Water Chloroform Methanol
01 Monomer -0.6668 -0.6859 -0.6824 -0.6856
Dimer -0.7232 -0.7186 -0.7204 -0.7188
H48 Monomer 0.4416 0.4535 0.4505 0.4533
Dimer 0.4578 0.4652 0.4612 0.4624
078 Monomer -0.6665 -0.6856 -0.6820 -0.6853
Dimer -0.7307 -0.7276 -0.7291 -0.7777
HS82 Monomer 0.4416 0.4536 0.4506 0.5433
Dimer 0.4485 0.4526 0.4514 0.4525

Table 5. Significant natural bond orbital interactions between the two CPs in the gas phase and
different solvents and their second-order perturbation stabilization energies E(2) (kcal.mol’l).

Gas Water Chloroform Methanol
Lp0126—> G*NSI—HSZ 8.79 9.01 8.96 9.01
Lp078—> G*N171—H172 14.69 14.50 14.56 14.51
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Lp0146—> G*N47—H48 5.18 5.33 5.28 5.31

Lp01—> G*N99—H100 13.26 12.95 13.03 12.96

> E(2) 7352.40 7024.18 7598.07 7024.23
Conclusion

45 ns molecular dynamic simulations on the CPNT and cyclic peptide dimer
in methanol, water and chloroform shows that these structures are more stable in
nonpolar solvent. Rg and RMSD calculations of these structures reveal that CPNT
and cyclic peptide dimer in chloroform have the lowest fluctuation showing its
stability. Additionally, the competition between intersubunit H-bonding and H-
bonding with molecules of water and methanol destabilized the CPNT and CP

dimer in polar solvents.

MM-PBSA and MM-GBSA data reveal that the CPNT composed of 6 CP
units is the stable in chloroform. Calculated step by step free energy of binding for
CP addition confirmed that all CPNTs composed of 1 to 8 units are stable in
chloroform in comparison to other solvents. This means that solvents have key role
on the stability and the length of the CPNT. Analysis of intersubunit H-bonds of
the CP dimer and CPNT shows that there are highest numbers of H-bond in

chloroform which in turn stabilizes the CPNT.

NBO analysis of the H-bond between two units of the dimer, reveals that
two CPs have the highest interactions in chloroform. According to calculated

Gibbs free energies, CP dimer is more stable in the gas phase than in different
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solvents. AIM analysis confirmed that guest molecule inside the dimer stabilized
the CP dimer by electrostatic interactions with CP dimer in the gas phase and

water.
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