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Abstract

lle-Trp (Isoleucine-Tryptophan) dipeptide is a compound with antihypertensive and high an-
tioxidant effects. This is due to its ability to inhibit angiotensin-converting enzyme (ACE),
which plays a role in the regulation of blood pressure. In this research, the geometric and
electronic parameters of the lle-Trp molecule, HOMO and LUMO energies, energy gap, di-
pole moment, and partial charges of atoms were studied by PM3 quantum chemical
method. The initial coordinates of the molecule were determined by the molecular mechan-
ics method. The obtained results can be used in the investigation of the structure-function
relationships and the study of the pharmacological properties of the lle-Trp dipeptide.

Keywords: lle-Trp dipeptide; spatial structure; electronic parameters; HOMO and LUMO orbitals; PM3 quantum-
chemical method; partial atomic charges.
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1. Introduction

Cardiovascular diseases and diabetes are among the leading causes of death
globally. Therefore, the prevention of these diseases is a focus of pharmaceutical
and functional food manufacturers. Bioactive peptides have high potential for use
in therapeutic drug and functional food formulations in cardiovascular diseases and
diabetes. Such peptides have a positive effect on the body by reducing the risk of
certain diseases or certain health-related problems [1, 2].
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Nature has a variety of biologically active peptides that are used as the most im-
portant sources for drug discovery [3]. More than 7000 natural peptides have been
identified and these peptides play important roles in human biological activities
(hormones, growth factors, etc.). Peptides are an excellent starting point for the
design of new therapeutic drugs due to their pharmacological and intrinsic proper-
ties [4]. The increasing interest in peptide-based therapeutics in recent years is due
to advances in drug delivery systems.

Dipeptides are short peptide molecules formed by a peptide bond between two
amino acids and participate in various biological processes such as protein synthe-
sis, nutrient absorption, cellular signaling, and immune response. Due to their bio-
logical compatibility and non-toxicity, dipeptides are widely used in the field of bi-
omedicin [5].

lle-Trp dipeptide is a natural dipeptide found in various food sources, including
milk, eggs, and meat. lle-Trp has been shown to have a number of health-related
activities (angiotensin-converting enzyme (ACE) inhibitory activity - plays a role in
regulating blood pressure, antioxidant activity - plays a role in protecting the body
from chronic diseases such as cancer and heart disease, and antimicrobial activity -
plays a role in protecting against infectious microbes) [6, 7].

In this work, the structural features, electronic parameters, energy contours, and
a number of molecular properties of the lle-Trp dipeptide were investigated using
molecular modeling based on molecular mechanics and PM3 quantum mechanical
calculations.

2. Calculation methods

Quantum chemical calculations are a convenient method for designing new mol-
ecules and studying their structural, molecular, and reactivity properties. The con-
formational structures of the lle-Trp dipeptide have been studied using molecular
mechanics and PM3 quantum-chemical method. The goal of conformational analy-
sis is to elucidate the conformational properties of flexible biomolecules and to un-
derstand the relationship between their flexibility and function. Due to the im-
portance of this approach, conformational analysis plays an important role in many
calculations, from computer-aided drug design to the analysis of molecular dynam-
ics simulations and protein folding. In quantum chemistry, there are various types
of theories such as ab-initio calculations, semi-empirical methods, density func-
tional theory, molecular mechanics, and molecular dynamics methods [8].

Molecular mechanics is a computational scheme that calculates the structure of
a molecule using a force field developed from experimental or ab-initio calcula-
tions. Molecular mechanics (MM) is based on classical physics instead of quantum
mechanics. It does not use wave functions or electron density. The energy of mol-
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ecules can be described by parameters such as bond stretching, bond bending, tor-
sional, Van der Waals forces, electrostatic interactions, and hydrogen bonding [9].
The energies calculated by molecular mechanics are usually conformational ener-
gies. This means that the differences between energies calculated for various con-
formations must be compatible of each other.

Molecular mechanics methods can be parameterized for a specific class of mol-
ecules, such as proteins or nucleotides. Depending on the type of molecules, most
force fields are needed for parameterization. In general, parameterization is per-
formed based on the results of experimental and ab-initio calculations. Force fields
are used to describe the potential energy of a system. Commonly used force fields
include Amber, Charmm, Gromos, MMFF, etc. This method is particularly used in
conformational analysis and is both faster than other methods and can be applied
to very large molecules. Molecular mechanics methods cannot be used to deter-
mine new structures and conformations of molecules outside the parameterization
range [9]. The main advantage of molecular mechanics methods is that they allow
modeling of large molecules, such as proteins and DNA segments.

The study of the spatial structure of the molecule was carried out using the pro-
gram in [10, 11]. This program is based on the matrix method principle of Hermans
and Ferro [12]. The accepted nomenclature and conventions are recommended by
IUPAC-IUB [13].

Semi-empirical methods, like ab-initio methods, depend on the solution of the
Schrodinger equation [9]. However, semi-empirical methods can be derived from
Hartree-Fock or density functional theory by applying systematic approximations,
which makes these methods an efficient computational method that is several
times faster than ab-initio calculations. Such efficiency, together with modern com-
putational tools and algorithms, allows semi-empirical methods to be applied to
very large molecular systems with a large number of conformations. [14]. Semi-
empirical methods use approximations that simplify the HFR equations based on
the most general empirical regularities. Semi-empirical methods are AM1, PM3,
SAM1, INDO, MNDO, MINDQ, ZINDO, etc. methods.

The electronic parameters of the lle-Trp dipeptide (in the zwitterionic form)
were calculated using PM3 quantum chemical method with the HyperChem 8.03
software package (http://www.hyper.com).

PM3 is a semiempirical method used in quantum chemistry for the quantum
calculation of molecular electronic structure, and is based on the method of ne-
glecting the diatomic differential overlap approximation [8].

Parametric method 3 (PM3) uses almost the same equations as AM1, with an
improved set of parameters. PM3 is currently one of the most widely used meth-
ods for organic systems. It provides more accurate values for hydrogen bond an-
gles than AM1, but AM1 is a more accurate method for calculating hydrogen bond
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energies. PM3 and AM1 are more suitable than other semi-empirical methods be-
cause of the availability of algorithms to incorporate solvent effects into these cal-
culations. Another advantage of the PM3 method is that it can calculate energies
and bond lengths more accurately than the AM1 or MNDO methods [9, 14].

PM3 calculations on the lle-Trp dipeptide allow us to obtain information about
its structure, energy, and other properties. By using PM3 method, we can obtain
the values of various electronic properties of this molecule, such as HOMO-LUMO
energies, ionization potential, and electron affinity, as well as insights into the re-
activity and charge transport of the molecule.

3. Results and discussion

First, the conformational proflles of the lle-Trp dipeptide were investigated us-
ing molecular mechanics method. Conformational analysis is a key tool used for
optimization. Furthermore, this method allows us to obtain information about the
structural properties of various drug variants through conformational analysis, even
when the 3D structure of the binding site is unknown. Conformational sampling is
the process used to generate a list of molecular conformations to be analyzed. Ide-
ally, all locally stable conformations of the molecule should be considered for a
complete conformational analysis. However, due to the complexity of proteins and
even relatively small peptides, such a list is not feasible. The number of locally sta-
ble conformations increases so rapidly with molecular size that a complete list be-
comes difficult. It becomes rapidly difficult to map all possible {¢, Y} conformations
of the molecule backbone. Consequently, most conformational studies must rely
on sampling methods. The main requirement of such sampling procedures is that
the final selected conformational sample will characterize the system as a whole
[16].

The computational model of lle-Trp dipeptide is presented in Figure 1. The con-
formations of amino acids are characterized by the angles of the main chain (¢, )
and the side chain (X1, Xz, -....). The main chains of the amino acid residues that make
up the molecule can be in the forms R(¢,y=-180°-0°), B(¢= -180°-0°, y=0°-180°),
L(¢,w=0°-180°) according to the Ramachandran maps. BB was considered for the
extended conformations of the main chain of the lle-Trp dipeptide, and RR for the
folded conformations. The x angles of the amino acid residues were given values
corresponding to the stable states of their side chains. By giving rotational freedom
to the torsion angles ¢, ¥, w, x1, X2,.... of the molecule, the conformations belong-
ing to the extended and folded forms of the main chain were calculated.

The energy parameters of the stable conformations of the lle-Trp dipeptide
were determined and are shown in Table 1. As a result, it was observed that there
is a lot of differentiation in the conformations of the RR shape.
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Fig. 1. Computational model of molecule atoms with numbering (a) and chemical label-

ling (b)

Table 1. Energy parameters of the conformations of lle-Trp dipeptide in the energy range
of 0-3 kcal/mol (kcal/mol)

Shape | Conformation Erel. lle-Trp interaction energy Eny Eel Etors
R2222R11 0.49 -10.06 -6.74 | -0.51 | 1.08

¢ R2222R31 0.42 -10.17 -7.21 | -0.15 | 1.12
R2222R12 0.92 -8.25 -6.66 | -0.23 | 1.15

R2222R32 2.75 -11.13 -4.6 -0.31 | 1.00

B1111B11 0.98 -7.02 -7.83 | 0.68 | 1.46

B1111B21 2.75 -5.27 -6.42 0.90 1.61

B1111Bs1 1.73 -6.88 -7.23 | 0.82 | 1.49

B1111B12 2.08 -5.81 -6.95 | 0.85 | 1.53

o B1111B2 2.77 -5.42 -6.22 | 0.88 | 1.45
B1111B32 0.0 -8.18 -8.64 | 0.68 | 1.29

B3333B11 1.64 -6.90 -7.33 | 0.62 | 1.69

B3333B31 2.4 -6.40 -6.47 | 0.72 | 1.50

B3333B12 2.71 -5.41 -6.22 | 0.76 | 1.51

B3333B32 0.96 -7.92 -7.93 | 0.64 | 1.59

It was determined that the global conformation of the dipeptide B1111B3; (Enis=0.0
kcal/mol) has an extended structure of the main chain. The most stable state of the
main chain of the molecule in the folded structure is the R222R3; conformation
(Enis=0.42 kcal/mol). Compared to the extended conformation, the electrostatic in-
teraction energy of the folded structure is 0.83 kcal/mol, and the torsional interac-
tion energy is 0.17 kcal/mol smaller. The optimal conformations of the main chain
in the folded and extended forms are shown in Figure 2. Table 2 gives the dihedral
angles of these structures.
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As a result of calculations, the formation of intramolecular hydrogen bonds was
determined. Thus, in the extended structure, hydrogen bonds were found between
the hydrogen atom of the amino group of the main chain of Trp peptide and the
oxygen atom of the C-terminal carbonyl group (energy -0.76 kcal/mol, length 2.21
R), and in the folded structure, hydrogen bonds were found between the oxygen
atoms of the C-terminal carboxyl group of this dipeptide and the hydrogen atom of
the amide group (energy -0.14 kcal/mol, length 2.80 A).

(a) (b)
Fig. 2. Optimal folded (a) and extended (b) structures of the lle-Trp dipeptide

Table 2. Geometric parameters of the optimal folded and extended structures of lle-Trp
dipeptide

. . Torsion angles Conformations
Amino acids
(degrees) Folded Extended

¢ -155 -198
U] -67 149
X1 -60 185

lle X2 -175 184
X3 173 170
Xa -171 188
w -176 180
(o) -102 -136
) -51 162

Tre Xi 52 56
X2 108 -101

Since each conformation has its own unique electron density distribution and
electronic parameters, it is important to study the electronic structure of the lle-
Trp dipeptide. For this purpose, a number of electronic parameters, HOMO and
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LUMO energies, energy gap, electric dipole moment, polarization, and partial
charges of atoms were calculated for two characteristic optimal conformations of
the lle-Trp molecule using PM3 semiempirical method (Tables 3 and 4).

Table 3. Electronic parameters of the optimal folded and extended structures of lle-Trp

dipeptide

Parameters Folded structure Extended structure

Total energy (kcal/mol) -86050.99 -86089.30
Binding energy (kcal/mol) -4588.90 -4627.31
Isolated atomic energy (kcal/mol -81461.99 -81461.99
Electronic energy (kcal/mol) -714467.96 -707289.87
Core-Core interaction energy (kcal/mol) 628416.97 621200.57
Heat of formation (kcal/mol) 32.16 -6.16
Dipole moment (D) 22.48 24.14
Enowmo (eV) -7.34 -7.28
Ewumo (eV) -1.98 -1.68
Energy gap, AE (eV) 5.36 5.60
Polarizability (A) 34.70 3.18

As can be seen from Table 3, the total energy and bond energy for folded and
extended optimal structures differ by 38.41 kcal/mol, and the heat of formation by
38.41 kcal/mol. The electronic energy differs sharply by 7178.09 kcal/mol, and the
internuclear interaction energy by 7159.97 kcal/mol.

HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied mo-
lecular orbital) energies are used to obtain information about the chemical reac-
tivity and kinetic stability of a molecule, which play an important role in the quan-
tum chemical calculations [17]. Using the values of HOMO and LUMO energies, pa-
rameters such as chemical potential, chemical hardness, softness, and electrophilic
index are calculated to explain aspects related to chemical reactivity in drug design
studies [18]. Data on the number of occupied molecular orbitals and virtual molec-
ular orbitals for lle-Trp dipeptide were obtained using PM3 method, and the results
are summarized in Table 4. Green lines - represent the energies of the occupied
molecular orbitals, which are the orbitals where electrons are currently present in
the molecule. Pink lines - represent the energies of the unoccupied molecular or-
bitals, which are the orbitals where electrons could potentially be excited to. Energy
gap (AE) is the difference in energy between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). This gap is crucial
for understanding the molecule's reactivity and its ability to absorb light [19, 20].

The energy contours of the ground-state molecular orbitals (MOs) were calcu-
lated using PM3 method. Figure 3 depicts the HOMO and LUMO energy contours
for the optimally folded and extended structures of lle-Trp dipeptide, respectively.
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Fig. 3. The frontier molecular orbitals of the optimal folded (a) and extended (b) structures
of lle-Trp dipeptide
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Table 4. Partial atomic charges for optimized folded and extended conformations of lle-Trp
dipeptide

No of atoms Atoms Atomic charges (e) Atomic charges (e)
in folded structure in extended structure
1 N (NHs") 0.823473 0.820610
2 1H (NHs%) 0.009033 0.022460
3 CAlle -0.323774 -0.322830
4 HA lle 0.143108 0.130168
5 Clle 0.166557 0.162195
6 Olle -0.345184 -0.447091
7 CBlle -0.099764 -0.099958
8 HB lle 0.127744 0.099330
9 CG1lle -0.227870 -0.119615
10 1HG1 lle 0.045105 0.072977
11 2HG1 lle 0.160476 0.016996
12 CG2lle -0.134512 -0.138304
13 1HG2 lle 0.084890 0.072535
14 2HG2 lle 0.056460 0.104472
15 3HG2 lle 0.022546 0.055926
16 CD1 lle -0.114497 -0.110169
17 1HD1 lle 0.066071 0.049472
18 2HD1 lle 0.062324 0.067463
19 3HD1 lle 0.043000 0.050300
20 2H (NH5*) 0.040809 0.041610
21 3H (NHs*) 0.035172 0.023749
22 NTrp 0.060880 0.187467
23 HTrp 0.122392 0.100395
24 CATrp -0.167107 -0.185346
25 HA Trp 0.113282 0.109429
26 C (Co0) 0.406460 0.415187
27 0 (Co0) -0.556768 0.621805
28 CB Trp -0.029871 -0.022080
29 1HB Trp 0.076476 0.073908
30 2HB Trp 0.089131 0.088755

20250201-50



Sara G. Rahimzade, Gulnara A. Akverdieva / Journal of Physics & Space Sciences, 2025, v2(1)

Noofatoms |  atoms | cil I esure | inewended stucture
31 CG Trp -0.105521 -0.111708
32 CD1Trp -0.317106 -0.229743
33 HD1 Trp 0.154468 0.157969
34 CD2 Trp -0.131945 -0.127895
35 NE1 Trp 0.297187 0.312145
36 HE1 Trp 0.064436 0.069917
37 CE2 Trp -0.134135 -0.144087
38 CE3 Trp -0.003914 -0.055099
39 HE3 Trp 0.124429 0.115723
40 CZ2 Trp -0.164173 -0.144229
41 HZ2 Trp 0.108526 0.113958
42 CZ3 Trp -0.160701 -0.197520
43 HZ3 Trp 0.104837 0.098036
44 CH2 Trp -0.054829 -0.089605
45 HH2 Trp 0.095551 0.097697
46 OXT (CO0O) -0.633153 -0.563767

* Note: the atomic numbers and chemical symbols are given according to Fig. 1.

As can be seen, in the folded structure the HOMO contours are localized on all at-
oms of the peptide group, on the CA - CB bond of the Trp residue, and on the C-
terminal carboxyl group, but the LUMO contours, in addition to the indicated areas,
with the exception of the oxygen atoms of the C-terminal carboxyl group, are also
localized on the a-amino group and lle residue. Therefore, it can be stated in the
folded structure the HOMO-LUMO transition is possible on the CA — CB side chain
bond of Trp residue, CA—C(COO-), and C(COO-)- OXT (COO-) bonds. In the extended
structure HOMO contours are localized only on the C-terminal carboxyl group of
the molecule and CB — 2HB side chain bond of Trp residue, but the LUMO contours
are localized on other parts of the molecule, except the C-terminal carboxyl group
and indole ring of tryptophan. We can conclude that the HOMO-LUMO transition
in the extended structure is possible only on the CB — 2HB bond of tryptophane side
chain. The calculated values of the HOMO-LUMO energy gaps for folded and ex-
tended structures are 5.36 and 5.60 eV, respectively (Table 3). The large values of
the energy gap indicate that the molecule is stable in these structures.

Partial charges are created due to the asymmetric distribution of electrons in
chemical bonds. The distribution of atomic charges in a molecule has a significant
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effect on parameters such as electrostatic potential and dipole moment. Table 4
shows the atomic charges for optimal structures of lle-Trp dipeptide calculated by
PM3 method. As can be seen from Table 4, N atom of the a-amino group of the mol-
ecule and the C atom of the carboxyl group, 2HG1 atom of the side chain of lle resi-
due, C atom of the carbonyl group, NE1 and HD1 atoms of the indole ring of Trp res-
idue have a large positive charge. CA atoms of the main chain of lle and Trp residues,
O atom of the carbonyl group, O atoms of the carboxyl group, CG1, CG2 atoms of the
side chain of lle residue, and CD1, CZ2, CZ3 atoms of the side chain of Trp residue
have a large negative charge. When comparing the charge distribution in the optimal
extended and folded conformations of lle-Trp dipeptide, it was found that as a result
of the folding of the peptide chain, the oppositely charged atomic groups of the mol-
ecule come closer in space and a change in the charge distribution occurs at the at-
oms at the N-terminus of the molecule, in the aliphatic chain of the lle residue, and
in the indole ring of the Trp residue. Therefore, in these structures there are notice-
able differences in the charges of H atoms of the a-amino group, HA, HG1 atoms of
the side chain of lle residue, H atom of the amide group of the molecule, and CE3 and
HZ3 atoms of the side chain of Trp residue. Such redistribution of electron density
leads to a decrease in the electric dipole moment by 1.66 D.

4. Conclusions

Molecular modeling of lle-Trp having hypertensive and high antioxidant effects
was carried out. At the first stage of the study the conformational profiles of com-
pound were investigated within molecular mechanics framework. It was found that
this dipeptide can exist in two stable states corresponding to the optimal folded
and extended conformations. Then by the PM3 semiempirical method of quantum
chemistry the electronic structure of the stable conformations of lle-Trp was inves-
tigated. It was revealed that each of these characteristic dipeptide structures has
the specific distribution of electron density, which reflects on the values of effective
atomic charges of the functional groups. It was established that the folded structure
of this molecule has smaller dipole moment, due to the uniformity of distribution
of electron density, of the negative and positive charges.
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