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Abstract—Ab initio methods were used to analyze the structure, energetic and binding energy of the five began
dipeptides with methionine, Met-Gly, Met-Ala, Met-Ser, Met-Cys, and Met-Thr dipeptides, in gas phase. The
structures of the dipetides and involved amino acids in them were optimized by using Hartree—Fock and DFT
methods and 3-21G(d), 6-31G(d), 6-311G, 6-311G(d), and 6-311+G(d) basis sets. The effect of basis sets and
electron correlations were analyzed with special emphasis on the calculated binding energies and thermody-
namic functions. All used methods revealed that Met-Thr has the highest binding energy among all of the five
dipeptide molecules. These numerical results suggest that Thr donates the proton easier than other four amino
acids and it has the most tendency to join with methionine and it forms the most strong bond with methionine.
This fact may be the reason behind the obtained high binding energies for Met-Thr at all levels. From compar-
ison of the values of binding energy for dipeptides in different levels of theory, we could identify that the order
of tendency for joint with methionine is Thr > Gly > Ala > Cys > Ser. Also, these data represented that the high-
est binding energy provide in HF/6-311G level for all of the dipeptides (14.4202, 11.2387, 8.3267, 9.8853,
17.3362 kcal mol™! for dipeptides 1-5, respectively). Moreover, natural bond orbital (NBO) analysis demon-
strated that the effect of basis sets and electron correlations on Gy;_c, bonding orbital occupancy is the same as
the basis set and electron correlation effects on binding energy of dipeptides in all cases. The obtained results
from studying the effect of basis sets and electron correlations on binding energy, NMR and NBO properties
showed that the effect of basis sets is almost independent of molecular structure and computational method,
while electron correlation effects are relatively dependent to molecular structure and basis set type. In investi-
gating the effect of basis sets and electron correlations on binding properties, the NBO results are in good agree-

ment with the energetic and thermochemistry data at all levels of calculations.

DOI: 10.1134/S003602440904013X

INTRODUCTION

The formation of peptide bonds is the basic require-
ment for the structure of all proteins and consequently
for the development and continuation of life. Therefore,
the peptide bonds are always a matter of intense inves-
tigation in biology, physics and chemistry. The forma-
tion of a peptide bond between two amino acids is an
instance of a condensation reaction. The two molecules
of amino acids join covalently to form the bond
together and to eliminate a molecule of water.

Since glycine and alanine are the two most simple
amino acids, the peptide bonds containing them are the
most extensively studied by the theoreticians using ab
initio quantum mechanical calculations [1-5 and the
references therein]. Furthermore, solvent effects have
been also studied on dipeptide structures [6—8 and the
references therein].

But also, there is experimental and theoretical pub-
lished data about began dipeptides with methionine.
Methionine is one of only two amino acids encoded by

! The article is published in the original.

a single codon (AUG) in the standard genetic code. The
codon AUG is also significant in protein synthesis. It
carries the start message for a Ribosome to begin pro-
tein translation from mRNA. As a consequence,
methionine is incorporated into the N-terminal position
of all proteins in eukaryotes and archaea during trans-
lation, although it is usually removed by post-transla-
tional modification. Methionine can also occur at other
positions in the protein.

Ivanova has carried out the part of systematic stud-
ies on Met-His and His-Met dipeptides and also Met-
Gly-Gly and Gly-Gly-Met tripeptides in point of view
of structural and IR-spectral characterizations [9, 10].
In addition, Reedjik has investigated Au (III) and Pt (II)
complexes with methionine containing peptides and
proteins arises from their potential antitumor effect
[11, 12].

For above mentioned reasons, in this work, we
investigated the structure and energetic of the dipep-
tides which begin with methionine in gas phase and
neutral form:
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(1) methionyl-glycine (Met-Gly)

NH,—CH (CH,CH,SCH;)-CO-NH-CH,COOH,

(2) methionyl—-alanine (Met-Ala)

NH,—CH (CH,CH,SCH;)-CO-NH—CH (CH;)-COOH,

(3) methionyl-serine (Met-Ser)

NH,—CH (CH,CH,SCH;)-CO-NH-CH (CH,0OH)-
COOH,

(4) methionyl—cysteine (Met-Cys)

NH,—CH (CH,CH,SCH;)-CO-NH-CH (CH,SH)-
COOH,

(5) methionyl-threonine (Met-Thr)

NH,—CH (CH,CH,SCH;)-CO-NH-CH (CH (CHs;)
OH)-COOH.

When methionine combines with other amino acids
to form a dipeptide, donates a hydroxyl group and other
amino acids remove a proton and the releasing water
molecule. In this paper, we used Hartree—Fock and
DFT methods with different basis sets to calculate the
structure and energy of dipeptide molecules. The basic
interest of the present study is to analyze the effect of
basis sets and electron correlations in DFT level on the
structure, binding energy and thermodynamic func-
tions, NBO and NMR properties. In addition, we com-
pared the energetic and thermochemistry results with
NBO (natural bond orbital) data and the agreement
between them. Unfortunately, because of limitation of
computational resources, we could not study the effect
of basis sets and electron correlations using of high
level ab initio quantum mechanical methods.

COMPUTATIONAL DETAILS

Geometry optimizations were performed by using
Hartree—Fock (HF) and Beck’s three parameter hybrid
with the Lee—Yang—Parr correlation functional, B3LYP
[13, 14], methods with the 3-21G(d), 6-31G(d), 6-
311G, 6-311G(d) and 6-311+ G(d) basis sets on Met-
Gly, Met-Ala, Met-Ser, Met-Cys, Met-Thr, Gly, Ala,
Cys, Ser, Thr, Met, and water. Energy minimum molec-
ular geometries were located by minimizing energy
with respect to all geometrical coordinates without
imposing any constraints. The nature of the stationary
points for compounds has been fixed by the imaginary
frequencies. For minimum state structures, only real
frequency values were accepted. The vibrational fre-
quencies of optimized molecules were calculated in
temperature of 298.150 K and pressure of 1.0 atm by
using same method and basis set for optimization. The
binding energies for all of the five dipeptides were cal-
culated at all of the above theoretical methods, with and
without the ZPE. The thermodynamic functions (all
corrected for the zero point energy), i.e., E,, enthalpy H
(sum of electronic and thermal enthalpy), Gibbs free
energy G (sum of electronic and thermal free energy)
and entropy S, were calculated according to the follow-
ing relations:

E= EO + Evib + Erot + Etrans’
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H=E+RT, G=H-TS,

as defined in the output of the frequency calculation in
GAUSSIAN manual. Finally, using the corresponding
calculated thermodynamic data for initial and final
states, AH, AS, AG were also determined.

In [15, 16] nuclear magnetic shielding calculations
were carried out on optimized structures using same
method and basis set for optimization and the values of
symmetric shielding (Ac) and asymmetry shielding (1)
were calculated by below formulas:

Giso = %(511 +0xn+033), (1

Ac = 033—%(511 +0p), (2)
and

N = [0 —6)|/[633 — iy - (3)

NBO analysis was then performed on optimized
structures by using the same method and basis set for
optimization by the NBO 3.1 program [17, 18]. The
natural charges of N1, C2, O4 atoms, the bonding and
antibonding orbital occupancies in the optimized struc-
tures of compounds 1-5, the stabilization energies

associated with Gy;_c —= 6& 045 Oni_ca —> ONiics»

o os — Mgy o4 delocalizations and also Gy;_c, and

Gca_o4 bonds deviation were calculated by using NBO
analysis. In the NBO analysis, the electronic wave
functions are interpreted, in terms of a set of occupied
Lewis and a set of unoccupied non-Lewis localized
orbitals. The delocalization effects (or donor—acceptor
charge transfers) can be estimated from the presence of
off-diagonal elements of the Fock matrix in the NBO
basis. The NBO program searches for an optimal natu-
ral Lewis structure, which has the maximum occupancy
of its occupied NBOs, and in general agrees with the
pattern of bonds and lone pairs of the standard struc-
tural Lewis formula. Therefore, the new orbitals are
more stable than pure Lewis orbitals, stabilizing the
wave function and giving a set of molecular orbital
equivalent to canonical molecular orbital. All calcula-
tions in present work were performed by using the
GAUSSIN 98 program [19].

RESULTS AND DISCUSSION

Hartree—Fock and Beck’s three parameter hybrid
with the Lee—Yang—Parr correlation functional, B3LYP,
methods with the 3-21G(d), 6-31G(d), 6-311G,
6-311G(d) and 6-311+G(d) basis sets were used for
geometry optimizations of dipeptides 1-5 and involved
amino acids in them. Binding energies for dipeptides
were calculated as the difference between the sum of
the equilibrium energies from the two individual amino
acids in the initial state and that from the final state
(dipeptide molecule + water).
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Fig. 1. The structure of the peptide bond taken from consid-
ered dipeptides in present work.

The obtained results demonstrated that Met-Thr has
the highest binding energy and enthalpy among all of
the considered dipeptide molecules at all levels of cal-
culations, (see Table 1, Figs. 1 and 2). These numerical
results suggest that Thr donates the proton easier than
other four amino acids and has the most tendency to
join with methionine and it forms the most strong bond
with methionine. This fact may be the reason behind the
obtained high binding energies for Met-Thr at all lev-
els. From comparison of the values of binding energy
and enthalpy for dipeptides in different levels of theory,
we could identify that the order of tendency for joint
with methionine is Thr > Gly > Ala > Cys > Ser. In
addition, the thermochemistry calculations showed that
Met-Thr has also the highest Gibbs free energy among
these compounds. Hence; the formation of peptide
bond in Met-Thr is the most spontaneity process among
these five processes.

These results also revealed that Met-Ser has the
highest ZPE® of binding and the lowest binding Gibbs
free energy among five considered dipeptide molecules
at all levels of calculations. These results may be
explained based on this fact that there is a hydroxyl
functional group in the structure of serine amino acid.

Furthermore, the energetic and thermochemistry
data represented that the highest binding energy,
enthalpy and Gibbs free energy provide in HF/6-311G
level for all of the compounds 1-5.

The total of the obtained results indicated that the
split valance basis set of 6-311G makes the highest
binding energy, enthalpy, Gibbs free energy and dipole
moment for considered dipeptides in both HF and DFT
level of theory. Now, we investigate the effect of basis
sets and electron correlations on properties of dipep-
tides 1-5.

Corrected zero-point energy. The energy of the
zero-point vibrational frequency is different in the ini-
tial and final states. This difference is termed here as
ZPE°. As it can be seen, Table 1 demonstrated the
basis set and electron correlation effects on ZPE® of
binding of dipeptides. These data reveal that both split
valance (6-311G(d) vs. 6-31G(d) results) and polarized
(6-311G(d) vs. 6-31G results) basis sets increase ZPE®
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Fig. 2. Graphical representation of the binding energies of
the five depiptide molecules calculated at HF and DFT lev-
els with different basis sets; /—Met-Gly, 2—Met-Ala, 3—
Met-Ser, 4—Met-Cys, 5—Met-Thr.

of binding in all cases. While the effect of grown basis
set (6-31G(d) vs. 3-21G(d) results) and diffuse func-
tions (6-311G(d) vs. 6-311+G(d) results) is negligible
on ZPE* of binding. These results recall that electron
correlations in DFT level decrease evidently ZPE® in
these compounds. It is interesting to note that the elec-
tron correlation effect on ZPE® is dependent to dipep-
tide structure in some extent.

Binding energy. Table 1 also allows an analysis of
the influence of basis set at the different levels of theory
on binding energy. As it is observed, the grown basis set
decrease binding energy extremely in these molecules.
This deduction is the more evident in Hartree—Fock
level. For example, binding energy of Met-Thr
decreases from 13.6660 to 7.3164 kcal mol-!. The split
valance of basis set decrease slowly binding energy in
most occasions. Adding polarized functions also
decrease severely binding energy in both HF and DFT
level. On the other hand, additions of diffuse functions
to heavy atoms increase obviously binding energy in
most cases. Furthermore, these results recall that elec-
tron correlations often decrease binding energy. But,
they are almost dependent to dipeptide structure. For
instance, electron correlations cause to sever deduction
of binding energy of Met-Thr in all cases. Contrary,
they cause to increase binding energy of Met-Ser in
most occasions. We point out that the effect of basis sets
and electron correlations on binding E, is the same as
binding energy.

Binding enthalpy. The obtained results reveal that
the grown basis set decrease relatively intense binding
enthalpy in most cases and the most deduction is seen
in Met-Thr. Also, the split valance of basis set decrease
binding enthalpy in these molecules. Moreover, adding
polarized functions decrease strongly binding enthalpy,
while additions of diffuse functions to heavy atoms
increase binding enthalpy in all occasions. At last, the
electron correlations decrease binding enthalpy. How-
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ever, this deduction is comparatively dependent to
dipeptide structure and basis set type. For example, the
electron correlations with 3-21G(d) basis set decrease
binding enthalpy in most occasions, while they with
6-311+G(d) basis set increase binding enthalpy in all
cases (see Table 1).

Binding entropy. As it is observed in Table 1, the
grown basis set often decrease binding entropy in these
molecules. The split valance of basis set hasn’t specific
effect on binding entropy in most cases. Adding polar-
ized functions also decrease binding entropy in both HF
and DFT level. On the other hand, additions of diffuse
functions to heavy atoms increase binding entropy in
most occasions. Contrary, the electron correlations
decrease binding entropy. But, they are almost depen-
dent to dipeptide structure.

Binding Gibbs energy. The table data reveal that
the grown basis set decrease binding Gibbs free energy
in most cases. Also, the split valance of basis set often
decrease binding free energy in these molecules. More-
over, adding polarized functions decrease strongly
binding free energy in all cases. But, additions of dif-
fuse functions to heavy atoms increase binding free
energy in dipeptides. At last, the electron correlations
decrease binding free energy. However, this deduction
is relatively dependent to dipeptide structure. For
instance, the electron correlations decrease binding free
energy in Met-Thr in all cases; while they increase bind-
ing free energy in Met-Gly in most cases (see Table 1).

Dipole moment. We were reported dipole moment
of dipeptide molecules in Table 1 at different levels of
theory. The results of all methods reveal that Met-Ala
and Met-Ser have the highest and lowest dipole
moment, respectively, among these compounds. The
greatest dipole moment also is perceived in HF/6-311G
level of theory for mentioned dipeptides (the values of
7.4480, 8.3067, 2.6769, 6.2632 and 6.0928 D, respec-
tively, for compounds 1-5). The table data demonstrate
that the grown basis set hasn’t main effect on dipole
moment of dipeptides. But, split valance of basis set
often increase dipole moment, while adding polarized
functions to heavy atoms decrease dipole moment in all
cases. In addition, the addition of diffuse functions
increases dipole moment in these dipeptides. Here, it is
pointed out that the electron correlation effects in DFT
level on dipole moment is almost dependent to dipep-
tide structure. For example, the electron correlations
decrease dipole moment in Met-Gly, Met-Ala, and
Met-Cys. However, they increase dipole moment in
Met-Ser.

The peptide bond length. Table 2 shows the effect
of basis sets and electron correlations on peptide bond
length. The table data demonstrate that grown basis set
and adding polarized functions increase peptide bond
length, while diffuse functions decrease peptide bond
length in most occasions. But, split valance of basis set
hasn’t important effect on peptide bond length. Elec-
tron correlations also increase evidently peptide bond
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length in most cases. So, it can be concluded that the
results of basis set and electron correlation effects on
peptide bond length are in reasonable agreement with
energetic and thermochemistry results. In addition, the
results of X-ray crystallographic studies on similar
molecules represent that peptide bond length (N1-C2)
is in range of 1.32-1.33 A [20]. Therefore, the data
deviation of experimental values is in range of 0.01-
0.04 A. These results also indicate that B3LYP method
overestimates the bond distances and HF/6-311 level
makes the most correlation with experimental values.
The above deviations in the geometrical parameters
between the experimental and theoretical values can be
accounted for from the fact that the structure deter-
mined for the solid state involves the intermolecular
interactions whereas the results of the calculations are
applicable to the gas phase.

Atomic charges. Based on calculated charges by
using NBO, can be revealed that the grown basis set
increase positive and negative charges on involved
atoms in peptide bond (N1, C2, O4), while split valance
of basis set decrease negative charge on N1 atom and
increase positive and negative charges on atoms of car-
bonyl group (C, O). It is an interesting point which split
valance of basis set makes differences between atomic
species, on the other hand, adding polarized functions
to heavy atoms increase positive and negative charges
on N1, C2, O4 atoms of peptide bond. But, addition of
diffuse functions increase negative charge on N atom
and decrease atomic charges on atoms of carbonyl
group (C2, O4) in most occasions. So, diffuse basis sets
also make differences between atomic types. Electron
correlations decrease severely positive and negative
charges on involved atoms in peptide bond in all cases
(see Table 2).

Resonance energy. From data of Table 2, we can
conclude that the resonance energy for Gyi_co —
k k *
0¢2-04 > ONI-C2 — ONi-c3» Te-o4 — Mo 04 delocal-
izations often decrease with grown basis set. Contrary,
resonance energy of these elocalizations increase by

increasing of split valance in most cases. Also, adding
polarized functions increase resonance energy for

Oni_c2 — O o4 » Onica — Onij_c3 delocalizations
and decrease resonance energy for Tey g5 —= & o4
delocalization. So, it can be revealed that polarized
functions make differences in influence on delocaliza-
tion. But, addition of diffuse functions to heavy atoms
decrease all of the considered delocalizations in most
occasions.

Moreover, electron correlations result the deduction

of resonance energy for Gy, _c» —= G& 04> Oni_co —=
O c; delocalizations while they result the increase of

resonance energy for T, oy — Mg, o, delocalization.

Consequently, electron correlations also make differ-
ences in influence of resonance energy delocalizations.
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Fig. 3. Calculated binding energies for dipeptides 1-5, plot-
ted as a function of 6y;_c, occupancies in HF level with dif-
ferent basis sets.

So, it is seen that the effect of electron correlations on
resonance energy for 6 — o* delocalizations is in
good agreement with energetic results.

Bonding and antibonding orbital occupancies.
Table 2 shows the effect of basis sets and electron cor-
relations on Oyi_c2, Ocoo4, and Ty o4 bonding and
ONi ca» Oy 04, and &, o, antibonding orbital occu-
pancies of considered molecules. The results reveal that
the considered ¢ and ¢* bonding and antibonding
orbital occupancies decrease with grown basis set. But,
the T_o4 bonding orbital occupancy increases in most
cases. So, these data recall the effect of grown basis set
is specified and make differences between molecular
orbital types. Furthermore, split valance of basis set
often decrease ¢ and © bonding orbital occupancies.
But, they haven’t the important effect on antibonding
orbital occupancies. As it can be seen, adding polarized
functions decrease Gy;_c2» Ogs o4 » and 1, o, bonding
and antibonding orbital occupancies and increase G¢y_q4,

Tesos» and GY o, bonding and antibonding orbital
occupancies in most occasions. But, the addition of dif-
fuse functions increase 6y_c bonding orbital occupan-
cies and decrease G¢y_o4, Ter_os bOnding orbital occu-
pancies, while these functions haven’t often the special
effect on antibonding orbital occupancies.

Also, the electron correlations decrease Oyi_co,
o4, and T,_o4 considered bonding orbital occupan-

cies and increase O3, c,, O¢n o4, and T&, o, antibond-

ing orbital occupancies. However, this effect is mostly
dependent to dipeptide structure. For instance, electron
correlations decrease ¢ and 1 bonding orbital occupan-
cies in Met-Cys, while they increase ¢ and © bonding

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 83

Fig. 4. Calculated binding energies for dipeptides 1-5, plot-
ted as a function of oy;_¢» occupancies in B3LYP level with
different basis sets.

orbital occupancies in Met-Gly in most cases. So, based
on the obtained results it can be revealed that the effect
of basis sets and electron correlations on Gy;_, bond-
ing orbital occupancy is the same as the basis set and
electron correlation effects on binding energy of dipep-
tides in all cases (see Figs. 3 and 4). As it is seen, linear
relation between binding energy and Gy,_c, bonding
orbital occupancy in HF level is more obvious.

Bonds deviation. Data of Table 2 reveal that the
grown basis set decrease Gy;_c, bond deviation and
increase G, o4 bond deviation. But, split valance and
polarized basis sets increase Gy;_c, bond deviation in
most cases. The addition of diffuse functions often
increase On;_c» and G, o4 bonds deviation. Also, the
electron correlations increase Gy;_c, bond deviation in
most occasions. While they haven’t mainly important
effect on 6¢,_o4 bond deviation. So, it can be again con-
cluded that the results of basis set and electron correla-
tion effects on a bonds deviation of 6, o, peptide are
in good agreement with energetic results in most cases.

Ao and 1 values. From data of Table 1 be deduced
that grown basis set often decrease Ac and 7). But, split
valance of basis set decrease A and increase 1) in most
occasions. Then, split valance of basis set makes differ-
ences between shielding tensors. Polarized basis sets
also increase considerably Ac, while they haven’t main
effect on 1 in most cases. The addition of diffuse func-
tions often decreases Ac and n. Moreover, the electron
correlations decrease AG and 1 in most occasions. But,
these effects are dependent to dipeptide structure in
some extent. For example, the electron correlations
with 3-21G(d) basis set increase AG and decrease 1 in
Met-Gly in all cases, while they decrease AG and 1 in
Met-Ala in most occasions.
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CONCLUSIONS

The above reported ab initio MO, DFT calculations
and NBO and NMR analysis provide a reasonable pic-
ture from structural and energetic for the began dipep-
tides with methionine effectively, the results show that:

—NMet-Thr has the highest binding energy and
enthalpy among the considered dipeptide molecules at
all levels of calculations;

—numerical results for binding energy suggest that
Thr donates the proton easier than other four amino
acids and it has the most tendency to join with methion-
ine and it forms the most strong bond with methionine
(This fact may be the reason behind the high binding
energies of Met-Thr obtained at all levels);

—from comparison of the values of binding energy
for dipeptides in different levels of theory was identi-
fied that Thr, Gly, Ala, Cys, Ser respectively have the
most tendency to join with methionine;

—these data represented that the highest binding
energy provide in HF/6-311G level for all of the dipep-
tides;

—the effect of basis set on binding energy and other
properties of dipeptides is independent of computa-
tional methods and molecular structures;

—electron correlations effects are dependent to
molecular structure of dipeptides and basis set type in
most cases;

—the total of the obtained results indicated that the
split valance basis set of 6-311G makes the highest
binding energy, enthalpy, Gibbs free energy and dipole
moment for considered dipeptides in both HF and
B3LYP levels of theory.

In addition, NBO results revealed also that:

—based on the obtained results, it can be revealed
that the effect of basis sets and electron correlations on
Oni_co> bonding orbital occupancy is the same as the
basis set and electron correlation effects on binding
energy of dipeptides in all cases;

—in investigation the effect of basis sets and elec-
tron correlations on binding energy, the NBO results
are in good agreement with the energetic and thermo-
chemistry results for compounds 1-5 at all levels of cal-
culations.
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