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ABSTRACT. Ab-Initio computational method can be used for simulating reaction mechanisms, such as concerted reaction
mechanism on peptide synthesis. The concerted reaction is one of many possible pathways on how peptide can be synthesized.
The purpose of this study are probing the concerted reaction mechanism and comparing the steric effect to the reaction, given
by different side-chain of alanine (A) and proline (P). Two dipeptides formed from alanine and proline were computed at HF-
SCF/6-31G** theory level: Ac-AA-NH2 and Ac-AP-NH2. The res.lts show the activation energy of Ac-AA-NH2 and Ac-AP-NH:
forming via concerted pathway are 167.541 kJ/mol and 161.044 kl/mol, respectively. The steric difference in side-chain affects

the dihedral angle of the structure, and also gives difference to the entropy value of reaction.
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INTRODUCTION

Condensation of amino acids is a crucial reaction in
profein chemistry as it represents a key reaction for all
life processes. An essential structural element of all
profeins is a peptide bond (C-N), which is formed
because of the conjugation between the a-amino group
of one amino acid and the a-carboxylic group of
another amino acid (Sanfos et al., 2014). The detailed
knowledge of the peptide bond formation mechanism is
vital for understanding of various biological processes,
and it is a subject of intensive investigations as such.

Non-catalyzed reaction of peptide bond formation
has been studied by Bhunia et al. (2016) and Monajemi
et al. (2012). Concerted reaction mechanism is one of
possible mechanism propose. It also has been studied
using molecular dynamics approach by Trobro and
Agqvist (2005) and further by Wallin and Aqvist (2010),
as a process of peptides synthesis occurring af cell level.
Ribosome transforms genetic information, expressing
genes into profeins (Ramkumar & Ramakrishnan, 2010;
Yonath, 2010). Briefly, a peptide formation reaction is a
reaction between two active groups: the amine (-NH,)
group and the carboxylic group (-COOH) from two
different amino acids. The reaction mechanism involves
the nucleophilic attack of the nitrogen atom from amine
group fo the carbon of the carboxylic group.
Furthermore, a hydrogen atom of the amine group will

be aftracted fo the oxygen atom (hydroxyl group of
carboxylic), out in the molecular form of H2O and the
dipeptide will be produced (Anslyn & Dougherty, 2006a;
Konwar et al.,, 2016; Solomons et al., 2014). The
peptide bond forming reaction according to concerted
mechanism shown in Figure 1.

The kind of mechanism in term of the topology of the
potential energy surface, the nature of the transition
states, the presence or absence of intermediates.
Reactants progress over ftransition states on to
intermediates, perhaps through multiple intermediates
and ending af products. This type of scenario analysis
has a long successful story for studying organic reactions
(Dai et al., 2018; Gale et al., 2020; Singh et al., 2020;
Trinchillo et al., 2016).

Besides of only studying the pathway from
thermodynamics and kinetics, the steric effect also
studied as well in some previous studies. It can be seen
from the bulky steric structure, bond torsions, or the size
of atom aftached to the particular chain of organic
compound (Elias et al., 2020; Ghosh et al.,, 2007;
Mukherjee et al., 2019). Steric effect relates on how
electron are occupied in space and reaction mechanism
itself tells how electron go through particular reaction
pathway which we desired. However, steric can affectthe
electron, and finally, can affect on how reaction occurs.
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Figure 1. Concerted

In our previous studies, it has compared the steric
effect on some dipeptides products of two amino acids
with simple side structures, valine (isopropyl side chains)
and glycine (hydrogen atom side chains) by Maftukhah
(2019) and between alanine amino acids (methyl side
chains) and glycine (hydrogen atom side chains) by
Dzikrullah et al. (2019). It has been studied the steric
effect by concerning some parameters i.e. charge
distribution on each atoms, bond lengths, bond angles,
torsions (Dzikrullah et al., 2019; Maftukhah, 2019;
Siahaan et al., 2017; Sichaan et al., 2019). It also
showed there were significant changes in dihedral.

This study will probe the mechanisms of dipeptides
formatfion reactions through concerted reachion
pathways between the amino acids alanine and proline.
Both amino acids were chosen because in previous
studies have been modeled against simpler amino acids
namely glycine and valine. In addifion, proline has a
side chain in the form of a pyrrolidine ring that connects
with its amine group. The structure tends to be rigid and
less flexible, this may be interesting to study and observe
the effect on the geometric changes of its dipeptides
products (Das & Mandal, 2014; El Guerdaoui et al.,
2014; Ramaniah et al., 2011; Santos et al., 2014).

The aim of this study is modelling the reaction
mechanism of peptide formation on two kinds of
dipeptide from alanine (A) series : Ac-AA-NH: and Ac-
AP-NH; concerted pathway, As well as comparing how
different R-groups tends to influence reaction and
structural parameters on products formed. This study
conducted using ab-initioc computational method,
employing HF/SCF theory level and 6-31G** basis set

reaction pathway

as the suitable basis set used for C, H, O, and N atoms
{Cramer, 2013).

EXPERIMENTAL SECTION

In this study, we started the calculation by proposing
reasonable structures for each species involved
reactants, intermediates, transition states, and products
(as may be seen in Figure 1). Basis set 6-31G** was used
according the character of the atoms. This kind of small
basis set can be employed in order to give sufficient
insight info the energy of the molecules. Going along
with the low theory level used, the calculation time can
also be shorter (Valiev et al., 2010). We also computed
the vibrational frequencies analysis at the same level of
theory to verify whether each structure is in a stable or
transition state (James. et al., 2013).

All caleulations were performed using NWChem 6.8
program package, modelled in gas phase. The
calculation was done with "task scf optimize" to optimize
the molecular structure and “task scf freq” to analyze the
vibrational motion. Furthermore, "task scf saddle" was
used to search the transition state molecules. (Dykstra et

al.,, 2011; Freza, 2019) .

RESULTS AND DISCUSSION
As stated in the introduction, two different kinds of
products produced through concerted reaction

mechanisms: Ac-AA-NH; mechanism pathway (denoted
as mechanism I} and Ac-AP-NH; mechanism pathway
(denoted as mechanism Il). In each case, the energy
values, the geometry, and parameters of the stationary
points are successively discussed.
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The amino acids structures were calculated to obtain
stable molecule structures and minimum energy. The
optimized structure of results of alanine (A) and proline
(P) can be seen in Figure 2 below. Symbols r and a are
used for bond length and bond angle parameters.
Optimization of alanine and proline molecules produces
molecular energy of -8,448,105 kJ/mol and
10,473,105 kJ/mol. Reaction begins with the presence

of separated two amino acid molecules as the reactants

Indah Pratiwi, et al.

(R). Reactants in mechanism | consist of two alanine
molecules and mechanism |l consist of alanine and
proline. Those two molecules are attracted by
intermolecular forces and become closer, forming into
first transition state molecule (TS'). In this stage, the
amine group from one alanine (-NH:z) attacks the
carbon atom of the carbonyl group (-COOH) in other
alanine, since -NH; is a good nucleophile. This attack
leads to C5-N4 bond forming.
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f(N4-H8) 1,001 A a(C2-N4-H8) 110°
H(C1-05) 1,188 A a(C2-C1-05) 124¢
H(C1-06) 1327 A a(C2-C1-06) 112°
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(b)
r(N6-H6) 0,998 A a(C2-N4-H10) 110°
1(C1-07) 1,189A a(C2-C1-07) 125°
r(C1-08) 1.329 A o(C2-C1-08) 113°

Figure 2. Optimized structures of alanine (a) and proline (b)
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(a)
1(N4-C5) 1,849 A, a(C5-N4-C2) 116°
1(C5-010) 1,226 A, a(O10-C5-C6) 117°
1(C5-011) 1383 A, a(011-C5-C6) 1120
v=-270 cm'!

%
q
Gl- in /’
vy
2 . 2
L' e @ L
N

(b)
1(N4-C5) 1,839 A, a(C5-N4-C2) 114°
1(C5-010) 1,224 A, a(010-C5-C6) 118°
1(C5-011) 1,380 A, a(011-C5-C6) 115
v=-259 cm'!

Figure 3. First transition state (TS') structures for mechanism | (@) and mechanism Il (b)
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(a)
r(N4-C5) 1,513 A, a(C5-N4-C2) 1160
r(C5-010) 1.273 A, a(010-C5-C6) 116°
r(C5-011) 1,416 A, a(011-C5-C6) 108°
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r(N4-C5) 1,659 A, o(C5-N4-C2) 117°
r(C5-013) 1,254 A, 0(013-C5-C6) 115"
r(C5-014) 1,397 A, 0(014-C5-C6) 110"
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Figure 4. First intermediate (I') structures for mechanism | (a) and mechanism Il (b)
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The structures of TS and I' for each mechanism are
shown above, on Figure 3 and Figure 4. TS' has a
negative frequency along its reaction coordinate, while
I' only has positive frequencies. It implies there is no
electron transferring from N4 to C5 anymore because
the N4-C5 bond is already formed. Negative frequency
implies the structure is in the saddle point (Bachrach,
2014). The negative frequency vibration mode refers to
the part where the bond is formed. C5-N4 bond keep

shortening, increase its peptide bond character during

the reaction. H18-O12 length in mechanism | and H20-
O14 in mechanism Il also get closer. Therefore, the
proton (H*) is transferred to the O atom. As a result,
H>O molecule is formed inside the second intermediate
(I?) structure. Furthermore, H,O also act as the side
product released together with the main dipepfide
product of the mechanisms_ The releasing H:O process
illustrated as the second transition state (TS?) as
elimination of H20. This occurs by breaking of O-C
bond from |2 structure.
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(a)
1(N4-C5) 1.431 A, o(C5-N4-C2) 116°
1(C5-010) 1,250 A, 0(010-C5-C6) 1159
1(C5-011) 1,591 A_a(011-C5-C6) 99°
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*: ¢
(b)
r(N4-C5) 1.429 A a{C5-N4-C2) 116°

1(C5-013) 1,247 A, 0(013-C5-C6) 116°
1(C5-014) 1,605 A, a{014-C5-C6) 98°

‘b

Figure 5. Second intermediate (1) structures for mechanism | (a) and mechanism Il (b)
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(a)
r(N4-C5) 1.404 A, o(C5-N4-C2) 121°
1(C5-010) 1,254 A, a(010-C5-C6) 118"
1(C5-011) 1.733 A, a(O11-C5-C6) 987
v=-138 cm’!
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(b)
1(N4-C5) 1,406 A, a(C5-N4-C2) 120°
1(C5-013) 1,250 A, a(013-C5-C6) 1170
r(C5-014) 1.753 A 0(014-C5-C6) 1007
v=-96cm’!

Figure 6. Second transition state (TS?) structures for mechanism | (a) and mechanism |1 (b)
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(a)
r(N4-C5) 1,362 A
7(C5-N4-C2-C1) -89°
T(N4-C5-C6-N§) 149°
7(C2-N4-C5-C6) 166°
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1(N4-C5) 1.363 A

L]
7(C5-N4-C2-C1) -76°
T(N4-C5-C6-N8) 172°
T(C2-N4-C5-C6) 169°

Figure 7. Structure of Ac-AA-NH;(a) from mechanism | and Ac-AP-NH; (b) from mechanism |I
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The main dipeptide products Ac-AA-NH; and Ac-AP-
NH; are shown in Figure 7. The molecular energy
formation of Ac-AA-NH: is -14,901.10° kJ/mol, while
for Ac-AP-NH; is -16,919.10° klJ/mol, lower than Ac-
AA-NH; energy. We plotted the potential energy surface
from each reaction as shown below in Figure B. X axis
resembles to reaction coordinate, Y axis resembles to
relative pofential energy of each molecule from reactant.
Both mechanisms have TS' as their global maximum
coordinate. As the matter of fact, we assumed TS! is the
step determining the rate of the overall reaction.

Table 1 shows the potential energy corresponding fo
the TS', I, 12, TS?, and product for both mechanisms with
respect those of reactant. It can be observed in all cases
TS! lies higher than TS% In mechanism |, the adivation
energy is slightly higher than mechanism Il. We can

Indah Pratiwi, et al.

imply that mechanism | is not favorable compared to
mechanism 1l. This frend has also been studied
previously by Keresedzile et al. (2014). In the study, a
concerted reaction mechanism with the H;O molecular
catalyst for dipeptides from alanine series (dipeptide in
order Ac-AX-NH2, with X is another amino acid) showed
Ac-AP-NH; mechanism has lower activation energy
compared to Ac-AA-NH,.

Furthermore, the other energy profiles such as
enthalpy, entropy, Gibbs free energy, HOMO-LUMO
gap energy, and reaction rate constant are shown in
Table 2. The activation energy of both mechanisms is
around 40 kJ/mol. The same activation energy range
value was predicted by Bhunia et al. (2016) for the same
mechanism under non-catalyzed reaction condition.
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Figure 8. Potential energy surface (PES) plot from mechanism | (blue) and mechanism Il (red)

Table 1. Summary of energies (kJ/mol) af the HF/6-31G** level of calculation for concerted mechanism

Mechanism Reactant TS! I 12 TS? Product
| 0.000 167.541 166.677 159.216 161.650 -16.372
[} 0.000 161.044 143.046 152.800 153.128 -20.263

Table 2. Summary of energies (kJ/mol) af the HF/6-31G** level of calculation for concerted mechanism

. Ea AH AG AS Eces

Mechanism (ki/mol)  E© (kKal/mol) (kJ/mol) (kK/mol)  (ki/mol)  (kJ/mol)
[ 167.541 40.043 -10.277 -8.110 -0.007 2.473
Il 161.044 38.490 -15.219 -9.636 -0.022 2.487
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Table 3. Dihedral Torsion of mechanism | and mechanism ||

Dihedral () Degree (9
C5-N4-C2-C1 Mechanism | Mechanim Il
Iy -62 -60
l2 -57 -58
Product -86 -76
At 34 20

Table 3. Dihedral Torsion of mechanism | and mechanism I

Dihedral (1) Degree (?)
N8-C6-C5-N4 Mechanism | Mechanim Il
Iy 173 174
I -167 -165
Product 149 172
At 24 16

In the other hand, we observed that the entropy
changes of mechanism | is slightly higher than
mechanism Il.  The differences between these
mechanisms can be afiributed to the differences in
dipeptide (products) conformations. To see how the
conformation changes affect the reaction, we observed
some of important dihedrals in the structures which gives
significant change during the reaction.

During the reaction, dihedral (7) C5-N4-C2-C1
seems very dynamic and changes significantly. In
mechanism |, when |I' underwent proton transfer to form
12, it was able to experience a freer rotation compared
to the two intermediates in mechanism I, seen from the
changes of its intermediates on Ac-AA-NH; mechanism
the dihedral can rotate freer than mechanism II's
intermediates. Effect of the pyrrolidine ring structure also
indicated by the torsion angle changes of N8-C6-C5-
N4 during the reaction. Bulky ring structure of proline
residue inhibits the single bond free-rotation around the
N terminal of the Ac-AP-NH, peptides. As a result, the
angle of dihedral torsion cannot vary that much.

Single bond rotation is @ common phenomenon
occur in peptide chain. This inframolecular movement
does not occur in every bond in the peptide chain, but
only a single bond outside the peptide bonds (Bhagavan
& Ha, 2015). The C2-C1 is one of those single bonds,
ifs rotation cause changes in peptide chain conformation
in the atoms C1-C2-N4-C5. In the course of the reaction
through this concerted pathway, rotation plays a role in
increasing hydrogen binding in the structure of the first
intermediate so that H:O molecules can be formed in
second intermediate and released as a side product.

The limitations of free-rofation are seen from the
entropy change (AS) on each mechanism. When the
ability for free-rotation decreases, the molecular-free

path also decreases, resulting in a low entropy (S) value
(Peter Atkins, 2010). Ac-AA-NH; has a considerable
entropy change value compared fo other mechanisms.
Thus, it can be concluded that the Ac-AA-NH:
mechanism has a larger free path, which is a result of
its more dynamic side chain rotation.

Overall, the dipeptide products have a ftrans
conformation geometry structure, poinfed out as the
dihedral between 2 Ca, indicated by C2-N4-C5-Cé
afoms. These conformations are the most common in
dipeptides bonds. With frans geometry, each side chain
can have the position as far as possible so that the steric
hindrance becomes minimal and provides stable
product geometry (Padmanabhan, 2014).

However, this study was only able to provide rough
estimates on explaining the differenced in side chains of
amino acids can affect the reaction, both in terms of
activation energy and other parametfers such as
enthalpy, entropy, and so on. Further research is needed
to provide more exact values using more expensive
theory level and basis set, as well as calculating other
dipeptide products with the same reaction mechanism
employed.
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CONCLUSIONS

Different side chain of amino acid can affect the
peptide bond formation reaction. The activation
energies of Ac-AA-NH, and Ac-AP-NH; via concerted
pathway are 167.541 klJ/mol and 161.044 kiJ/mol,
respectively. Ac-AA-NH; formation has the highest
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energy. On the structure, the steric difference in side
chains affects the dihedral angle of the structure thus
giving slight difference to the entropy value of reaction.
Intermediates in mechanism | tend to move freer than
mechanism |, the entropy of mechanism | higher than
mechanism II.
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