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Abstract

The paddy rice degradation remains a concern for research; the chemical phe-
nomena underlying this process persists unknown. This research aims to iden-
tify the mechanism of starch degradation. It determines the nature of the re-
actions between two, three and four synthons of amylose with oryzenin using
theoretical methods. The ONIOM (DFT/B3LYP/6 - 31 + G(d, p): AM1) level
of theory is performed on four monomers and eight complexes. Frequencies
make it possible to obtain energy and spectroscopic quantities. Calculations
after geometry optimization. Following this, a “single point” allows exploiting
the “Natural Bond Orbital (NBO)” analysis. The first three parameters sug-
gest that the main interactions between oryzenin and amylose arise through
O,-Hj...0 6 hydrogen bonds (HB). Furthermore, this result posits that the
length of the amylose doesn’t influence this reaction. The NBO analysis shows
that this component of starch degrades first at the end of the chain to produce
monosaccharides; it can also alter in the middle of the chain to give disaccha-
rides.
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1. Introduction

The article is part of the fight against food shortages. It’s interesting in the factors
likely to limit them [1]. It focuses on those potentially linked to rice post-harvest
losses. It aims to contribute to the debate on the renovation of rice production or

conservation methods. The latter remains a highly strategic, but poorly perform-
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ing sectors [2].

According to [3], rice growing reduced the available irrigated areas by 4 to 5
million hectares per year since the 1970s. At the same time, yields have stagnated
after 1966. These have reached 30% worldwide. For [2] and 24% in West Africa
[4]. According to [3], the sector contributes to water pollution and the risk of
disease; it uses pesticides extensively. Intensive irrigation promotes salinization
and waterlogging of the soil. submersion is a major source of methane emissions
Nitrogen fertilizers have created greenhouse gases that cause global warming.
Debates suggest finding environmentally friendly ways to produce abundantly
and healthily or efficiently conserve rice; its demand continues to grow at the
start of the 21st century [4]. The challenge for the sector is to produce enough
rice while sparing natural resources and reducing post-harvest losses. These refer
to the spoiled quantities between its harvest and its transformation into food
products [4].

Biotechnology offers solutions through various varieties of hybrid rice. Ac-
cording to [5] it transfers gene fragments from other plants or organisms to lan-
draces or primary plant material. It’s based on genomic and transformation
techniques that have been in place for more than twenty years.

Moreover, available hybrid rice receives yields and nutritional quality [4]. They
rarely incorporate a device that delays its degradation. This work proposes to
highlight information likely to preserve it durably. It plans to elucidate the mo-
lecular dynamics underlying the harmful activity of its oryzenin. It wants to spe-
cify the mechanisms by which the latter deteriorates its starch.

Starch represents 90% of rice dry weight [6]. Its storage appears part of its
preservation strategy [7]. However, storage over long periods leads to a change
in its physical properties. It transforms its structure. It modifies its chemical and
biological parameters, rice losses organoleptic characteristics and nutritional val-
ues. Many storage techniques remain being experimented to deal with this prob-
lem [8] [9]. These include the use of chemicals [10], phosphine gas fumigation
[11], low temperature and inert atmosphere storage [12]. All these solutions stay
ineffective; post-harvest losses persist significantly. Several factors cause its dete-
rioration.

Starch deterioration goes related to temperature and humidity [13]. This work
conjectures that its degradation is explained chemical interactions between its
components; specifically, this process concerns those between its starch amylose
or the amylopectin and its oryzenin [14] [15]. The literature doesn’t provide any
mechanism to justify this reaction. This work directs to fill this gap through the
following question:

Through what mechanism does oryzenin degrade amylose in rice starch?

This exploratory research focuses on amyloidosis. It aims to determine the
mode of amylose cleavage. It targets to establish its alteration mechanism. It has
vital challenges; the degradation mechanism of this strategic foodstuff is poorly
documented. The theoretical study of the amylose-oryzenin supramolecular stays

unknown. It argues that the formation of HB between the two molecules explains
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the degradation of the first. These affect the stability of several essential molecu-
lar structures such as water or DNA [16] [17]. They play a key role in a lot of ar-
eas of chemistry, physics, and biology [18] [19] [20]. This research exploits theo-
retical chemistry resources to answer the research question.

Many works describe HB in terms of charge transfer [21] [22] [23]. They dis-
cuss it by employing the Natural Bond Orbital (NBO) analysis [24]. This re-
search involves this theory to elucidate HB of the supramolecular. It’s based on
interactive ones to analyze them. These reveal the interaction sites between two
(AM2G), three (AM3G) or four (AM4G) amylose subunits and oryzenin. These
theoretical and methodological approaches establish that oryzenin degrade starch
by using the hydrogen bond between the oxygen of the osidic bridge (bridges)
and its electrophilic site Hy,. This mechanism explains the abundance of mono-
saccharides and disaccharides, to a lesser extent, in the starch degradation prod-
ucts of rice. The article contains two parts.

The first describes the materials and methods. It portrays the computational
techniques. It presents the electrostatic potential (ESP), geometric, energetic, and
spectroscopic quantities. It also examines NBO analysis. The second section dis-
cusses the results. The following section expounds on the materials and computa-

tional methods.

2. Materials and Calculation Methods

The ONIOM (Own N-layered Integrated molecular Orbital and Molecular me-
chanics) method allows the study of large systems [25] [26]. It provides a sub-
stantial advantage in terms of calculation time because it partitions the study
system into several layers. Different levels of accuracy live used. The amylose-
oryzenin complex is divided in two layers. The inside part corresponds to the
environment where oryzenin interacts with the oxygen of the osidic bridge. The
DFT/B3LYP/6 - 31 + G(d, p) theory deals with it. The rest of the amylose-ory-
zenin system stand carried out by the semi-empirical method AM1 calculation,
which appears less accurate.

The complex and the various fragments are optimized using the Gaussian 09
software [27]. The nature of these structures was assessed through a frequency.
Subsequently, a single point at the same level of theory offers the opportunity to
perform NBO calculation [28].

The interactions are those established between osidic bridge’s oxygen of
amylose (through its subunits) and the donor hydrogen of oryzenin. The atoms
live numbered as automatically generated by the Gauss view 06 software. How-
ever, for AM4G, the numbers 1 and 2 refer to the oxygen of the terminal and
midchain osidic bridge respectively as shown in Figure 1. A red ball labels an
oxygen atom. A big white corresponds to a carbon. A small schematizes hy-

drogen.

2.1. Electrostatic Potential

The electrostatic potential (ESP) stands an effective descriptor for determining
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(a)

Figure 1. 3D structures of AM2G, AM3G, AM4G and ORYZENIN. (a) 3D structures of
AM2G; (b) 3D structures of AM3G; (c) 3D structures of AM4G; (d) 3D structures of
ORYZENIN.
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preferential sites for electrophilic or nucleophilic attack. It helps to identify HB
in organic compounds [29] [30] [31]. Equation (2-2) suggests that this statistic
concern the interaction energy V, on the one hand, between a proton and those

of the nucleus and, on the other hand, with the electrons of a molecule:

v(r)=Y Za - p(f')dr’ (2-2)
|R o r| |r - r|

Z, isthe charge of the nuclei A. R, —r and »'—r are corresponding to the
proton-nucleus and proton-electron distances respectively. p(r') is the electronic
density. The first term represents the repulsion energy between nuclei and pro-
tons. The second reflects that relating to the attraction between them and the
electrons. Furthermore, in regions where the influence of the latter dominates,
the sign of () becomes negative. These sites are around free pairs of heteroa-
toms. An HB donor will be attracted to the point where V{(r) has its lowest V, ..
value on the molecular surface. This latter corresponds to a surface of electronic
“isodensity” [32].

Furthermore, the potential V(r) becomes positive if the influence of the nuc-
leus goes greater. It’s also observed around atoms that behave like Lewis’s acids.

This study exploits the potential V.. to identify sites favourable to oryzenin

,max

HB. These can have their geometric parameters.

2.2. Geometric Parameters of the Hydrogen Bond

HB stands an attractive interaction. The latter arise between the hydrogen of
X-H within a molecule with one or more of their nucleophilic atoms. These are
at the distance d [33] from the hydrogen. The first atom losses associated with
oxygen or nitrogen of the molecule.

Here, it arises from the approach between the hydrogen of oryzenin with the
osidic bridge’s oxygen of amylose. Before the optimization of the complexes, the
linearity angle a goes set to 180°. The hybridization state of the last two atoms
finds sp* S reports 109.5° (Figure 2). The distance d from oxygen to hydrogen
remains identical to 2 A. It corresponds to the minimum approach length of the

two.

Oxygen sp3 Nitrogen sp’
o =180°; B = 109.5° o =180°; B=109.5°

Figure 2. Angles of linearity a, directivity fand the minimum distance d describing the
hydrogen bond.
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According to [34], an HB can exist if d appears smaller than the sum of the
Van der Waals radii of oxygen (1.52 A) and hydrogen (1.1 A) [35]. In other
words, if d< 2.62 A [36] [37], HB becomes strong if d decreases and if the angles
a and g don’t deviate too much from their ideal values. Moreover, its characte-

rization attends clarified by the energy parameters.

2.3. Energy Parameters of Hydrogen Bond

HB formation brings about a change in enthalpy, free enthalpy, and entropy.
These quantities correspond to the differences obtained between the complex form
and the monomer of a molecular entity. For a reaction at 298.15 K, with the con-
tributions of the translational, rotational, and vibrational entropy, the variation

of these can be determined using Equations (2-3):
ASZ‘)SK = z SComplex - z SMonomers (2_3)

Similarly, the free enthalpy or energy of the Gibbs reaction at 298.15 K is ob-
tained from Equations (2-4). More, the present work uses spectroscopic de-

scriptors to characterize HB.
AGoogi = AH o5 =T ASy5x¢ (2-4)

where:

AH,p = AE,oq +AnRT (2-5)

2.4. Spectroscopic Descriptors of Hydrogen Bond

The formation of HB leads to a weakening of the X-H bond, it appears asso-
ciated with its elongation and the simultaneous decrease of its stretching fre-
quency. However, for many examples, this frequency increases with the contrac-
tion of the bond during the formation of the HB [38] [39]; spectroscopic de-
scriptors represent an interesting tool to determine the strength of the HB. The
relative displacement of H about X can be calculated using the following rela-
tionship:

(2-6)

L= Ufrcc -

Ucomp]cx

In practice, the higher the Av variation, the more HB formation is enabled.

Moreover, NBO analysis permits verifying the formation process of HB.

2.5. NBO Analysis

NBO analysis appears a method to study donor-acceptor exchanges for intra-
and intermolecular HB. It also permits the evaluation of charge transfer and con-
jugate interactions in chemical systems [40] [41]. It considers the important role
of atoms free pairs in chemical processes. It allows accessing to the intermolecu-
lar energy of HB associated with the X-H...Y type. It evaluates the stabilization
energy E® between the free doublet o(Y) of the electron donor and the anti-
bonding orbital ¢*(X-H) of the proton (electron acceptor) using the second-order

perturbation theory. For each donor (7) and acceptor (), the stabilization energy
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E? connected with the delocalization (/)->()) is estimated as follows:
F(i,j
E@ _ Mij = %M (2-7)
& .
i)
where Fj j) stands a non-diagonal element of the Fock matrix, g, represents the
electron density in the donor orbital. ¢ and ¢ find the energies of the occupied
(#) and vacant (j) NBO orbitals. The stabilization origin of a molecule comes
from E. The higher this latter, the stronger the interaction is. However, this
study only considers exchanges with an £? value above 1.5 kcal-mol ™. The pre-

sent work reveals the results of the calculations and discusses them.

3. Results and Discussion

This section first focuses on the ESP of the entire oryzenin surface. It reveals its
main donor sites; these can likely to interact with amylose acceptors [42].

3.1. Electrostatic Potential: Sites of Molecular Interaction

Table 1 presents the 1
map of its electrostatic potential. The values of V

of all hydrogen atoms in oryzenin. Figure 3 shows the

,max

varies from -2.9 x 10°

,Inax

kJ-mol™ to —2.5 x 10° kJ-mol™". The largest appears those of H,, and Hj, linked

T I - |

Figure 3. Aspect of oryzenin’s electrostatic interaction potential map.

Table 1. Average electrostatic interaction potential V, (in kJ-mol™) of different oryzenin
donor sites.

Sites Ve Sites Vor1o Sites Vor 1o’
(kJ-mol™) (kJ-mol™) (kJ-mol™)
C,H, -2.7 CoH,, -2.9 C,sHyg -2.9
NyH,, -2.5 C,oH,, -2.9 0,,H,, -2.6
C,H, -2.8 C,,H,, -2.9 C;H,, -2.9
C,H,; -2.8 C,:H,, -2.9 C;;H,, -2.8
C,H, -2.8 C,;H,, -2.9 C;;H,, -2.9
N, H,, -2.7 C,H,, -2.9
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N,-H,, and O,,-H;, bonds respectively. Their V

and -2.6 x 10’ kJ-mol™ in increasing order. These atoms find the potential HB

max TEPOIts —2.5 x 10° kJ-mol™
donor sites. In other words, HB with oryzenin protons is preferably carried out
in the order: H,, then H,, The following sections discuss the interactions of

AM2G-oryzenin complexes.

3.2. Interaction of the AM2G-Oryzenin Complex

Figure 4 illustrate the spatial structure of the complexes after optimization. They
show oryzenin interactions with the proton acceptor site of amylose. More, this
work discusses the geometrical parameters.

Geometric Parameters

Table 2 shows the geometrical parameters of the AM2G-Oryzenin interac-
tion. These are the distance d (A), the linearity angles a and directional angle 4
The approach distances of HB to the osidic bridge are between 1.88 A and 2.48
A. These hydrogen bond lengths are less than 2.62 A as recommended by [36]
and [37]. Generally, the hydrogen bond length between two neutral fragments is
aboutl.5 A to 2.2 A [43]. The O,,-H,,...O,, interaction satisfies this constraint. It
suggests O,,-Hy,...0, is much stronger than NyH,,...O,. The angle a of O,,-
H,,...O4 is the highest (159.8%). Its relative proximity to 180° corroborates the
thick interaction O,,-H,,...O,4. The B angle of 102.9° confirms this result; it re-
mains close to 90°. These geometrical features suggest the strength of HB with
the osidic bridge is preferentially realized with O,,-H,,...O,. A greater length
than 2.2 A indicates a weak hydrogen bond. It’s with a direction angle that devi-
ates from linearity. This is the case for the No-H,,...O,, interaction. The research
also goes interested in the energy parameters.

Energy parameters

Table 3 shows the enthalpies, entropy, and free enthalpies of reaction. These
energy parameters aren’t revised by the basis set superposition error. The en-
thalpies indicated that the O,,-H,,...O,; HB appears the most stable. Its enthalpy

Table 2. Geometric parameters of the AM2G-Oryzenin complex at ONIOM (B3LYP/6 -
31+ G (d, p): AM1).

HB with the osidic bridge d(A) a(’) L)
0,,-Hy,...0, 1.88 159.8 102.9
Ny-Hy...0, 2.48 147.8 108.5

Table 3. Energy parameters of the AM2G-Oryzenin complex at the ONIOM level (B3-
LYP/6 - 31 + G (d, p): AM1).

AH AS AG

HB with the osidicbridge 1 01)  (kealK'mol)  (keal-mol™)

O,9-Hy,...04 -23.160 -0.044 -10.156

Ny-H,,...0, -8.407 -0.037 2.664
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(b)

(©)

Figure 4. 3D structures of optimized AM2G-Oryzenin complexes.
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(—23.160 kcal-mol™) is about that of strong HB. It’s lower than the HB enthalpies
of trichloroacetic acid and triphenylphosphine oxide. These are almost —16
kcal-mol™ [44]. Its free enthalpy of reaction (A,G = —10.156 kcal-mol™) proves
that this interaction occurs normally; the HB establishment goes spontaneously.
The negative value of its entropy reflects the transition from two to a single en-
tity in the gaseous state. They suggest that they not find natural. The No-H,...O
interaction is comparable to the hydrogen bond in the phenol-triethylamine in-
teraction (—8.85 kcal-mol™) [45]. Spectroscopic descriptors can also characterize
HB.

Spectroscopic parameters

Table 4 shows the O-H and N-H elongation frequencies of non-complexes
and complex oryzenin. Av indicate their difference. The vibrational frequencies
of O-H (3839 cm™) and N-H (3591 cm™) of oryzenin are comparable to those
calculated for uracil. In principle, their HB are of the same nature. The O-H
elongation frequencies of this compound vary from 3901 cm™ to 3882 cm™
while those of N-H are between 3585 cm™ and 3631 cm™. The O-H stretches of
oryzenin differ by 62 cm™ to 43 cm™' from those of uracil. Those of N-H move
from —6 cm™ to 40 cm™. The v (OH) and v (NH) of oryzenin are overestimated
on average compared to the experimental v (OH) and v (NH) of free uracil.
These quantities equal 3727 cm™ and 3343 cm™'. The complexation lowers vi-
brational frequencies. The variation depends on the strength of the HB. The
variation of Av = 232 cm™ in the O,,-H,,...0,, interaction exceeds that of
NyH,;...04 (Av = 65 cm™). It reflects the relatively strong attraction exerted by
the oxygen of the saccharide bridge (O, acceptor) on the hydrogen of the probe.
Under these conditions, O,,-H,,...0,s HB becomes stronger than NyH,,...O
one.

For AM2G, the breakdown of amyloidosis takes place mainly through HB
O,-Hy... Oy In other words, it occurs at the level of the osidic oxygen at the
end of the amyloidosis chain. It promotes the presence of monosaccharides in
the amylose’s degradation products. This research is also interested in the

AM3G-oryzenin interaction.

3.3. Interaction of the AM3G-Oryzenin Complex

Figure 5 shows the optimized structures of the AM3G-oryzenin complex. They
show the main interactions between these two molecules. This work details their

geometrical parameters.

Table 4. Elongation frequency and its variation.

Free Oryzenin Complex Oryzenin Variations Av
HB AM2G-Oryzenin
O-H N-H O-H N-H O-H N-H

0,,H,,...0, 3839 3607 232

Ny-Hy...0, 3591 3526 65
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(b)
Figure 5. 3D structures of the optimized AM3G-ORYZENIN complexes.

Geometrical Parameters

The geometric analysis of HB associated with the interaction of AM3G with
the oryzenin molecule is based on the recommendations of [37]. Table 5 shows
the HB lengths (d), their linearity (a) and directional angle (/) established with
osidic bridge. The HB lengths d of O,,-Hj,...0,, and Ny-H,,...O,, find 1.93 A
and 2.19 A respectively.
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Table 5. Geometrical parameters of the AM3G-Oryzenin complex at the ONIOM level
(B3LYP/6 - 31 + G(d, p): AM1).

HB with the osidic bridge d(A) a(®) L)
0,,-Hy,...0, 1.93 179.3 102.2
N,-Hy...0,6 2.19 161.8 110

They suggest that the first interaction appear the thickest. Moreover, its pa-
rameters reveal its stability. The linearity a = 179.3° and the angle £ = 102.2° sit
close to the ideal values (a = 180° and S = 90°). These parameters indicate that
the O,-H,,...0,s HB reports stronger than those of N,-H,,...O,. The energy
factors help to classify the HB of this complex.

Energy parameters

Table 6 shows the enthalpies, entropy, and free enthalpies of reaction O,,-
H,,...O4 and Ng-H,,...O,. The first quantities reach A /= -21.037 kcal-mol™ and
A H = —2.309 kcal-mol™" respectively. These data prove that the O,,-H,,...O,, HB
represents more stable of the two. This enthalpy is slightly higher than its cor-
respondent in AM2G. The negative evolution of the free enthalpy during the
0,5-Hy,...0,4 approach (A,G = —7.143 kcal-mol™) indicates that this is achieved
suddenly in contrast to its counterpart (A,G = 8.600 kcal-mol™). The energy
characteristics reflect a stronger interaction of O,,-Hj,...O4. Spectroscopic pa-
rameters explain the elongation of HB.

Spectroscopic Parameters

Table 7 shows the elongation frequencies vy and vy of free and complex
oryzenin when OH or NH approaches the osidic bridge. Its last column displays
the frequency gap. This stands strong for the O,-H,,...O, interaction. Its rela-
tive value Av =161 cm™" becomes higher than the second interaction one (N,-
H,...O4: Av=107 cm™). The spectroscopic parameters confirm the greater sta-
bility of the O,,-Hj,...0,, HB. However, this variation in elongation frequency is
small compared to that of AM2G. It reflects the fact that the dominant interac-
tion of oryzenin with AM3G is weaker than that with AM2G.

For AM3G, the degradation is mainly related to the formation of HB O,,-
H,,...O4. It involves the atom of the osidic bridge at the end of the AM3G chain.
It promotes the presence of monosaccharides in the amylose’s degradation
products. Moreover, this result indicates that the elongation of a unit doesn’t
modify the mechanism of its degradation. This research also focuses on the

AMA4G-oryzenin complex.

3.4. Interaction of the AM4G-Oryzenin Complex

The molecular structure of AM4G has three saccharide bridges. Their interac-
tion with the two HB sites of oryzenin leads to four cases. Figure 6 shows the
geometries of the AM4G-oryzenin complex. The osidic oxygen at the end of the
chain is called O (1) and that of the middle O (2). The geometric parameters

make it possible to identify these interactions.
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Figure 6. 3D structures of the optimized AM4G-ORYZENIN complexes.

Table 6. Energy parameters of the AM3G-Oryzenin complex at the ONIOM level (B3-
LYP/6 - 31 + G (d, p): AML1).

HB with the osidic bridge AH AS A5G
wi 1dicbrics (kcal-mol™) (kcal- K™ '-mol™) (kcal-mol™)

0,,-Hsy...0, ~21.037 -0.047 ~7.143

Ny-H,,...0, ~2.309 ~0.037 8.600

Table 7. Elongation frequency and variation of elongation frequencies in cm™ of free and
complex Oryzenin O-H and N-H in the AM3G-Oryzenin interaction.

Free Oryzenin =~ Complex Oryzenin  Variations Av

HB AM3G-Oryzenin
O-H N-H O-H N-H O-H N-H

O, H,,...0, 3839 3678 161

N,-H,,...0, 3591 3484 107

Geometrical Parameters

The geometry optimization is performed at the DFT/B3LYP/6 - 31 + G(d, p)
level of theory. It provides access to the structural features of the AM4G-oryzenin
complex.

Table 8 presents its HB lengths (d) and its alinearity and fS-directional angles.
The strongest HB corresponds to the O,,-H,,...O (1) interaction. Its HB length
(d=1.88 A) remains the smallest. Its angle a = 164" and g = 106.4" finds closest
to their ideal values. The geometrical parameters indicate that HB O,,-H;,...0

(1) stays the most probable. They provide evidence that under the action of
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Table 8. Geometric parameters of the AM4G-Oryzenin complex at the ONIOM level
(B3LYP/6 - 31 + G(d, p): AM1).

HB with osidic bridges d(A) a(’) pC)
0,,-Hs,...0 (1) 1.88 164 106.4
0,-H,,...0 (2) 1.91 160 107.5
N,-H,,...0 (1) 2.19 148.9 112.9
N,-H,,...0 (2) 4.07 112.1 92.1

oryzenin the degradation of amylose starts at the end of the chain. The distance
d = 191 A proves that this process continues in the middle. The products of
amylose degradation represent mainly monosaccharides and secondary disacc-
harides. The latter also deteriorate as AM2G-oryzenin. This result agrees with
the observation of [46]. These authors mention that the rice degradation is ma-
terialized by a decrease in disaccharides and an increase in monosaccharides.
The following section focuses on the energy parameters of these interactions.

Energy Parameters

Table 9 shows the enthalpy, entropy and free enthalpy of reaction variations
related to AM4G-oryzenin interaction. The first (A, H = —35.413 kcal-mol™) es-
tablishes that O,,-H,,...O (2) HB stands the most stable. Moreover, its formation
lives natural; its free enthalpy goes negative (A, G = —18.291 kcal-mol ™) like other
interactions. The entropy varies only slightly.

The energy parameters suggest that this bond appear the most favoured. Oth-
erwise, the dissociation of this amylose starts in the middle of its chain. It con-
tinues at its end; the HB (O,-H,,...O (1)) is the second most stable (A,H =
—26.410 kcal-mol™). The spectroscopic parameters allow dealing with this con-
tradiction. In this case, the geometrical and energetic characteristics lead to a
controversial conclusion. The former assert that AM4G degradation starts at the
end of the chain as a matter of priority, while the latter considers it to be in the
middle at the start. Spectroscopic parameters could help to resolve this contra-
diction.

Spectroscopic parameters

Table 10 contains the elongation frequencies ¥(O-H) and v(N-H) of free and
complex oryzenin when the OH or NH hydrogen approaches the osidic bridge.
Its last column shows their variations.

There is a decrease in the elongation frequencies of O-H and N-H when ory-
zenin sits complex. HB leads to an elongation of the O-H and N-H lengths. This
represents the effect of charge transfer, which causes a drop in vibrational fre-
quencies.

This decrease is observed in the AM4G-Oryzenin complex. Besides, it’s 287
cm™ for the strongest O,,-Hj,...O (1) interaction. This result goes compatible
with the one generated by the geometrical parameters. It establishes that this HB

predominates for the AM4G-oryzenin complex.
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Table 9. Energy parameters in kcal/mol of the AM4G-Oryzenin complex at the ONIOM
level (B3LYP/6 - 31 + G (d, p): AM1).

HB with the osidic bridge AH . A_rIS . A.G .
(kcal-mol™) (kcal-K™*-mol™) (kcal-mol™)
0,,-Hy,...0 (1) ~26.410 ~0.052 ~10.864
0,,-Hs,...0 (2) -35.413 -0.057 ~18.291
N,-H,,...0 (1) -14.813 -0.045 -1.278
N,-H,,...0 (2) ~15.004 ~0.040 —2.944

Table 10. Elongation frequency and variation of elongation frequencies in cm™ of free
and complex Oryzenin O-H and N-H in the AM4G-Oryzenin interaction.

Free Oryzenin =~ Complex Oryzenin Variations Av
HB AM4G-Oryzenin
O-H N-H O-H N-H O-H N-H

0,,-H,,...0 (1) 3839 3552 287
0,,H,,...0 (2) 3839 3589 250
N,-H,,...0 (1) 3591 3509 82
N,-H,,...0 (2) 3591 3378 213

For AMAG, the degradation is based on the probable formation of O,,-H;,...O
(1). It continues with that of O,,-Hj,...O (2). This result provides evidence that
under the action of oryzenin, the alteration of amylose starts at the end of the
chain’s amylose. It lives secondary to its middle. Besides, the AM2G elongation
of two units modifies the mechanism of amylose’s transformation. AM4G de-
grades it at its extremities and its middle. More, NBO analysis offers another way

to understand the oryzenin’s action of amylose.

3.5. NBO Analysis

Lone pairs of electrons play an important role in chemical processes. NBO analy-
sis provides access to the HB intermolecular energy of X-H...Y type. It proceeds
by evaluating the stabilization energy £? as illustrated in materials and calcula-
tion methods section. Tables 11-13 collect the stabilization energies £, the en-
ergy differences of NBO electron donors (7) and acceptor one (;) and the Fock
matrix elements 7,

The NBO analysis data show a strong stabilization of the delocalization en-
ergy related to the interactions for the single pairs of the chloride ion Cly.
Specifically, the dominant interactions in the complexes report HB linked to
the ”(CAL)(, — 04, m,, transition (E® = 35.76 kcal-mol™), for AM2G-Oryzenin
complex, ng})é — 04, m,, (E? = 2558 kcal:mol™) for AM3G-Oryzenin com-
plex, and ng) —>0'(*)120_H]21 (£ = 33.02 kcal-mol™) for the AM4G-Oryzenin

36
complex. After these, follow the interactions established with O,,-H,,. Their
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Table 11. Stabilization energy of the second order E? perturbations in the AM2G...

ORYZENIN complex.
. Charge
» 2 E)-E) Ri) s
Transitions transfer
Kcal/mol (a.u) (a.u)
(me)
nl) oy . 2.30 0.95 0.043 4.10
ni >0 . 3.07 0.83 0.045 5.88
n) —>op 7.70 0.63 0.062 19.37
Clyg Cyo-Hap
s >0 . 5.81 0.71 0.058 13.35
0,H,, s >0 . 35.76 0.75 0.145 74.76
n) >op . 7.84 1.05 0.081 11.90
46 2971130
ns) > oy 433 0.82 0.054 8.67
o
) >0l . 1.60 1.00 0.036 2.59
ns) >0 1.76 0.74 0.032 3.74
) >0, 1.60 1.01 0.036 2.5
N9'H10 .
n ol 2.64 0.77 0.040 5.40
48 9-t10

Table 12. Stabilization energy of the second order £? perturbations in the AM3G...OR-

YZENIN complex.
. Charge
» ) E)-B) Ri) S
Transitions transfer
Kcal/mol (a.u) (a.u)
(me)
) >0y 1.62 0.80 0.032 3.20
) —>op 2.51 1.14 0.049 3.69
) = oo . 12.26 0.68 0.082 29.08
o >on 7.08 0.69 0.063 16.67
0,,H,, ) =00 . 19.06 0.81 0.112 38.24
s >on 25.58 0.82 0.130 50.27
) >0y 5.20 1.01 0.065 8.28
) ol 5.87 0.83 0.063 11.52
46 2971130
) >0, . 2.57 1.01 0.046 4.15
Og6 Cio-Hyy
N,H,, ) = oy 4.62 1.02 0.061 7.15
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Table 13. Stabilization energy of the second order £ perturbations in the AM4G...OR-
YZENIN complex.

B B)-B)  Rip e

Transitions transfer
Kcal/mol (a.u) (a.u)
(me)
nl oy . 1.86 1.16 0.042 2.62
nt) >o 2.97 0.67 0.040 7.13
Clsg C39-Hsy
i >0 . 5.55 0.71 0.056 12.44
) = oo u. 2.94 0.73 0.042 6.62
) =0y 491 0.73 0.053 10.54
0,,H,,...0 (1)
nd) ol 19.76 0.79 0.113 40.92
Clyg Osp-Hs3
) >0y L. 15.90 0.81 0.102 31.71
noy = Go 5.43 0.99 0.066 8.89
n) = Go 9.32 0.84 0.080 18.14
@ 5
s >0y 3.18 0.75 0.044 6.88
0
) o . 3.27 1.05 0.052 491
) >oh . 3.12 0.85 0.046 5.86
29 12074121
0,0H,...0 (2) \ *
Ry = Gy 2.80 1.04 0.048 4.26
nh = o, 6.34 0.82 0.065 12.57
nl o 1.56 1.12 0.038 2.30
0]
nll o 2.58 1.10 0.049 3.97
no o 16.11 0.68 0.094 38.22
nS >0y 1.92 0.65 0.032 4.85
N,H,,...0 (1)
) son 33.02 0.76 0.142 69.82
36 1207H121
Ry = O, 4.40 1.03 0.063 7.48
| .
) —>op 1.57 1.04 0.036 2.40
S >0 3.46 0.73 0.045 7.60
NyH,,...0 (2) ) >0y 3.51 1.14 0.057 5.00
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stabilization energies correspond to 7.84 kcal-mol™ for the ngzﬁ - G:)zg w,, tran-
sition in AM2G-Oryzenin complex, 5.87 kcal-mol™ in AM3G-Oryzenin complex
and 9.32 kcal-mol ™" for the AM4G-Oryzenin complex.

The NBO analysis corroborates that the main HB of the amylose-oryzenin
complexes results from the interaction between O,,-H;, and the oxygen of the
osidic bridge. Furthermore, for AM4G-oryzenin complex, the strongest HB is
established with this latter at the end of the chain. This result confirms that the
products of amylose degradation find predominately monosaccharides; it subs-
tantiates the experimental observation of [46]. This last discussion leads us to

conclude this work.

4. Conclusions

Rice, which has 90% starch, tends to degrade during storage. Efficient processes
limit post-harvest losses; these are related to external factors such as humidity,
temperature, fungi, such as. Internal causes contribute to it; oryzenin alters its
amyloidosis. Chemistry misunderstood its mechanism. Its theoretical aspect of-
fers a way to explore it.

This work exploits the quantum computing resources of the ONIOM strategy
(DFT/B3LYP/6 - 31 + G(d, p): AM1) in this viewpoint. It demonstrates that
oryzenin associates with amyloidosis through a strong HB. The latter is prefera-
bly established between an oryzenin’s hydroxyl group and the osidic bridge’s
oxygen of the amylose. This atom is at the end of the chain.

This mechanism accounts for the abundance of monosaccharides observed in
the starch’s degradation products. It also explains the occasional presence of di-
saccharides in these products; oryzenin begins to act on the oxygen in the osidic
bridge in the middle of the chain. This reactive attack pattern promotes the
presence of disaccharides in the rice starch’s degradation products. More, knowl-
edge amylose’s degradation mechanism by oryzenin provides a first avenue for
listing the molecular processes likely to hinder it in hybrid rice. The latter can be
stockpiled longer than its counterparts. It leads to reduced post-harvest losses.
For [3], this variety is becoming a lever in the fight against poverty in poor coun-
tries; stored rice surpluses fuel the creation of jobs in milling, marketing, or trad-
ing. Besides, this exploratory research provides a partial understanding of the
oryzenin action on starch. This also contains amylopectin; its reaction with
oryzenin represents the team’s next work. More, ESP favours the Ny-H, site
over O,o-H;, while the data relating to intermolecular interactions prefer the lat-
ter. This apparent contradiction can be explained by the small difference in their
potential energies; these are equal to (—2.6 x 10° k] mol™) for O,-H;, and (-2.5
x 10° k] mol™) for Ny-H,,.
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