Comparative Study of Epicatechin—Phenylalanine and
Epicatechin—Alanine Interactions Using Quantum Chemistry
Methods

ABSTRACT

Aims: This research aims to analyze the interactions within Epicatechin...Phenylalanine
complexes and compare them to those in Epicatechin...Alanine complexes through
theoretical chemistry calculations.

Methodology: The interactions between Epicatechin and Phenylalanine, an amino acid,
are evaluated using theoretical chemistry methods. Calculations performed at the
DFT/B3LYP/6-31+G(d,p) level are used to characterize the complexes and their individual
monomers. Geometric, energetic, and spectroscopic parameters, along with QTAIM
(Quantum Theory of Atoms in Molecules), NBO (Natural Bond Orbital), and NCI (Non-
Covalent Interaction) topological analyses, provide insights into the nature and type of these
interactions.

Results: The interaction energies of Epicatechin-Phenylalanine complexes exceed those of
Epicatechin-Alanine complexes. Unlike the Epicatechin-Alanine complexes, the formation of
Epicatechin-Phenylalanine complexes is non-spontaneous. NBO analysis reveals that
Epicatechin-Alanine complexes exhibit a greater number of interactions compared to
Epicatechin-Phenylalanine complexes, including repulsive interactions attributed to the
phenyl group. Moreover, the total stabilization energies of Epicatechin-Phenylalanine
complexes are higher than those of their Catechin-Alanine and Epicatechin-Alanine
counterparts.

Conclusion: The non-covalent bonds formed in epicatechin-phenylalanine complexes are
stronger and more numerous than those in catechin-alanine and epicatechin-alanine
complexes.
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1. INTRODUCTION

Plants produce numerous secondary metabolites, including terpenoids, alkaloids, and
polyphenols. Polyphenols are present in all parts of plants (roots, stems, flowers, leaves).
They are found in the composition of the most common consumer products, particularly fruits
and vegetables, as well as derived products like chocolate, tea, and red wine. [1-4]. By
consuming these food products, humans benefit from antioxidant properties[5-9] notably
delaying cell aging and combating certain chronic diseases, including cardiovascular and
neurodegenerative diseases [5, 6, 10-12]. Polyphenols are highly reactive compounds.




Indeed, once in the body, polyphenols interact with the compounds present there. These
interactions lead to the formation of more or less stable complexes. Several studies,
particularly the theoretical studies conducted on epicatechin...alanine complexes, have
shown that the interactions occurring in these complexes are non-covalent. The main non-
covalent interactions are moderate hydrogen bonds with a partially covalent character [13].
The effects of the presence of other groups in the structure of alanine, particularly the phenyl
group, could help to better understand the interactions between polyphenols and proteins.
This research aims to identify the interactions that occur within the
epicatechin...phenylalanine complexes and then compare them with those that take place in
the epicatechin...alanine complexes [13], using theoretical chemistry calculations at the DFT
level with the B3LYP functional and the 6-31+G (d, p) basis set. This study also combines
NBO (Natural Bond Orbital) and QTAIM (Quantum Theory of Atoms in Molecules)
calculations to account for electronic displacements within molecules as well as the
formation of intermolecular hydrogen bonds that reflect the stabilization of structures.

2. MATERIAL AND METHODS

The structures of epicatechin, phenylalanine, and alanine used in this study are represented
in Figure 1. Phenylalanine is distinguished from alanine by the presence of a phenyl group in
its structure. Figure 2 presents the epicatechin...phenylalanine complexes. These
complexes are formed by the proximity of the hydroxyl group 028-H29, which is one of the
most reactive hydroxyl groups of epicatechin [14] ,and the heteroatoms Nsp3, Osp2, and
Osp3 of phenylalanine.

Phenylalanine Alanine
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Figure 1: Structures of epicatechin, alanine and phenylalanine.

Complexe Epicat 0,5 — Hyg - Phe Nsp? Complexe Epicat 0,3 — Hyg -+~ Phe Osp?



Complexe Epicat 0,5 — H,g - Phe Osp3

Figure 2 : Optimised structures of the complexes Epicat 0,3 — Hyq --- Phe Nsp?, Epicat
0,5 — Hyg - Phe Osp? and Epicat 0,5 — Hyq -+ Phe Osp3.

These structures were optimised at the b3lyp/6-31+G(d,p) level of theory using Gaussian 09
ref software in order to approximate the ground state structure. The optimised structures
were subjected to frequency calculations and various quantum chemical analyses. The
frequency calculations were used to determine the spectroscopic and thermodynamic
parameters, in particular the interaction energy of each complex. This interaction energy is
refined by the ZPE (Zero-Point Energy) and the BSSE (Basis Set Superposition Error). [15,
16]. NBO (Natural Bond Orbital) analysis is used to determine electron delocalisation
between atoms in the same molecule or between atoms in different molecules. It is used to
list intermolecular interactions, assess their energy and identify the main interactions in the
complex formed. QTAIM analysis is used to identify the interactions taking place in the
complex, to determine their nature and to establish the strength of the hydrogen bonds. The
NCI analysis specifies attractive interactions, repulsive interactions (steric hindrances) and
van der Waals interactions.



2.1 Standard Enthalpy of Formation and Standard Gibbs Free Energy of
Formation

The standard enthalpy of formation AH{ and the standard free enthalpy of formation AG? are
used to assess the exothermicity and spontaneity of the reaction to form a molecule,
respectively. Conversely, these values can be used to characterise the relative stability of a
series of molecules. These two thermodynamic quantities, AHf and AG{ are determined
according to the formulae of Ochterski et al. [17].

2.2 Interaction Energy

The interaction energy was determined after an optimisation followed by a frequency
calculation. This energy represents the difference between the total energy of the complex
and the energies of the monomers. To determine the interaction energy, the ZPE (Zero-Point
Energy) and the BSSE (Basis Set Superposition Error) are used to correct the excessive
stabilisation of the complex [15, 16, 18]. In the complex, each molecular orbital is developed
in a larger base than that of the monomers, which leads to excessive stabilisation of the
complex. The expression for the interaction energy E_(int) then becomes :

Eint = Ecomplex - Z Emonomers + EBSSE + AZPE
With

AZPE=ZPE°°mPIGX_Z ZpEMmonomers

2.3 NBO Analysis

NBO (Natural Bond Orbital) analysis is a technique used to determine the charge transfer
properties of molecules. It offers a comprehensive insight into the nature of intra- and
intermolecular orbital interactions, with a particular focus on hydrogen bonds (both intra- and
intermolecular) between occupied NBO donors and empty NBO acceptors [19, 20] . A
charge transfer is the movement of electrons from an electron donor site (Lewis-type orbital:
Lone pair (LP), natural bond (o and )) to an electron acceptor site (anti-Lewis orbital: :
o* and t*). The electron delocalisation is accompanied by a decrease in the electron density
of the donor and an increase in the electron density of the acceptor. This occurs when a lone
pair (LP), natural bond (o and ) is transferred to an electron acceptor site (anti-Lewis orbital
: 0* and 1*). The stabilisation energy E? is used to evaluate the electron delocalisationi — j :

F2(ij)

Ej-si
Where q; is the electron density in the donor orbital, F (i,j) is a non-diagonal element of the
Fock matrix , ¢; et ¢; are the energies of the occupied i and vacant j orbitals respectively.

E(z) =AEij=qi



The higher the E®, the more stable the redistribution of electrons between the donor and
acceptor.

2.4. AIM Topological Analysis

Bader's Quantum Theory of Atoms in Molecules (QTAIM) is a highly useful method for the
topological analysis of chemical bonds [21, 22]. In this theory, the presence of chemical
bonds between two atoms or interatomic interactions is determined by the existence of a
bond critical point (BCP).The characteristics of bond critical points allow the description of
the covalent or non-covalent nature of intermolecular interactions, particularly hydrogen
bonds. The most commonly used characteristics of bond critical points include the electron
density p(r) and its Laplacian V2(p(r)), the total electronic energy density H(r), the
potential electronic energy density V(r), and the kinetic energy density G(r). These
parameters enable the classification of hydrogen bonds based on their strength. According
to the work of Rozas et al. [23], the following classification is established at different bond
critical points: For strong hydrogen bonds V2(p)<0, H(r)<0 ; For medium hydrogen bonds

V2(p)>0, H(N<0 ; For weak hydrogen bonds V?(p)>0, H(r)>0. The ratio % is also used to

determine the nature of the interaction at different BCPs [24]. When -i:))>1, the bond is

V(
considered non-covalent. If 0,5<%<1 the bond exhibits partial covalent character. For -
%<0,5 the bond is purely covalent. The energy of the hydrogen bond is evaluated using the

relation EHB=—%V(r) according to the work of Espinosa [25].

2.5. NCI Analysis

NCI (Non-Covalent Interaction) Analysis is a theoretical method used to study and
characterize non-covalent interactions. This analysis highlights the distinction between
attractive interactions (hydrogen bonds), repulsive interactions (steric effects), and Van der
Waals (VDW) interactions [26, 20, 27]. Through a 3D graphical visualization of NCI
isosurfaces, different interactions are represented by specific colors: blue for hydrogen
bonds, green for Van der Waals interactions, and red for repulsive interactions. Additionally,
a 2D graphical representation of the reduced density gradient as a function of sign (A2) x
p(r), helps associate each type of interaction with its corresponding region [27, 20, 26] .
Peaks appearing in regions where sign (A2) x p(r) < 0 correspond to attractive interactions
(hydrogen bonds) ; signe (A2) x p(r) = O indicates Van der Waals interactions ; sign (A2) X
p(r) > 0 is associated with repulsive interactions.

3. RESULTS AND DISCUSSION
This section presents the obtained results and their corresponding interpretations.
3.1. Thermodynamic Parameters and Interaction Energy

The thermodynamic parameters and interaction energy values of the complexes Epicatechin
... Phenylalanine and Epicatechin ... Alanine are summarized in Table 1. The complexation
enthalpy (AH) values for the complexes EpicatOZB-Hzg---PheNsps, EpicatOZS-Hzg---PheOspz

and EpicatOZS-Hzg---PheOspa range from -11.09 to -4.11 kcal/mol. These values are higher
than those for the complexes EpicatOza-Hzg-'AlaNSps, EpicatOZB-HzgmAlaOsz et EpicatOyg-
H29"‘A|aosp3 which range from -19,30 to -14.83 kcal/mol[13]. These results indicate that



the formation of these complexes is exothermic. However, the formation of Epicatechin ...
Phenylalanine complexes is less exothermic than that of Epicatechin ... Alanine complexes.
Among the Epicatechin ... Phenylalanine complexes, EpicatO,g — Hyg - PheNg,s is more

exothermic compared to EpicatOyg — Hyo - PheOg,2 and EpicatO,g — Hyq - PheOgy3. The

same trend is observed for the Epicatechin ... Alanine complexes, where EpicatOog-
Hag---AlaNg s is more exothermic than EpicatOoyg-Hyg::-AlaOg 2 and EpicatOzg-Hag-*AlaOg 3.

The free enthalpy of complexation (AG) values for EpicatOzs-Hzg---PheNSps, EpicatO,g-
Hzg---PheOsz and EpicatOzg-Hzg---PheOsps are positive , whereas those for EpicatOyg-
Hzg"'AIaNSPS, EpicatOZS-Hzgu-AlaOsz and EpicatOZS-Hzg---AIaOSps are negative [13]. These

values suggest that the interactions between Epicatechin and Phenylalanine are
non-spontaneous under the calculated conditions, whereas the interactions between
Epicatechin and Alanine are spontaneous. The phenyl group in Phenylalanine disrupts the
spontaneity of interactions with Epicatechin.

The interaction energies for Epicat Oy5-Hyg---Phe Nsps, Epicat O,5-Hyg::-Phe Ospz and Epicat
Oy5-Hyg::-Phe Osps complexes are negative, ranging from — 10.01 to — 3.74 kcal/mol. The
ranking of interaction energies with the Nz site is as follows : Ej,;(Epicat O3 — Hyg -+ Phe
Ngp3) < Einc(Epicat Oz5 — Hyg -+ Phe Og,2) < Ejpc(Epicat  Oz5 — Hyq -+ Phe Og3). These
values are higher than those for Epicat O,5-Hyg::-Ala Nsps, Epicat Oyg-Hyg---Ala Ospz and
Epicat Oyg-Hyg::-Ala Osp3, indicating that the interactions between the hydroxyl group Oo,g-
Hzo of Epicatechin and the heteroatoms N3, Og,2 and Og,: in Phenylalanine are weaker

than those with the corresponding heteroatoms in Alanine. The presence of the phenyl group
in Phenylalanine weakens the complexes Epicat Oyg-Hyg:-:Phe Nsp3, Epicat Oyg-Hyg:--Phe

OSp2 et Ep|Cat 028-H29"'Phe OSp3'

Table 1. Energetic Parameters of the Epicatechin ... Phenylalanine and Epicatechin ...
Alanine Complexes Studied

Eint AH AG
Complexe

(Kcal/mol)
Epicatechin...Phenylalanine
Epicat Oy — Hyg -+ Phe Nsp? -10.01 -11.09 0.21
Epicat O, — Hyg -+ Phe Osp? -8.82 -9.43 1.12
Epicat O, — Hyg -+ Phe Osp? -3.95 -4.38 5.00

Epicatechin...Alanine [13]

Epicat Opg — Hpg -+ Ala Nsp? -19.30 -20.12 -10.99



Epicat O35 — Hyg «++ Ala Osp? -18.36 -18.73 -9.19

Epicat Oz — Hyg -+ Ala Osp? -14.83 -14.88 -6.78

The NBO and AIM analyses will determine the nature of the interactions occurring in the
complexes Epicat Oy5-Hyg::-Phe Nsps, Epicat O,5-Hyg::-Phe Ospz and Epicat Oyg-Hyg:--Phe

Osp3 particularly those influenced by the phenyl group.

3.2. NBO Analysis

The parameters of the NBO analysis are presented in Tables 2 to 7. In the complex
Epicat O5-Hze-Phe N 3, the total stabilization energy 3, E®is 32.31 kcal/mol, compared to
31.09 kcal/mol in the complex Epicat Oyg-Hyg:--Ala Nsp3[13]. The interactions present in the
Epicat Oyg-Hyg---Phe Nsp3 complex include the hydrogen bonds O,g-Hyg::*N3g, Cos-Hog::-Oyg,
C47-Hsy:-:O5g along with other interactions such as Oyg-Hog:-*Nag-Has, Coo-Hog:+:C38=0yg.
These interactions are more numerous than those found in the Epicat Oyg-Hyg::-Ala Nsps.

The hydrogen bond O.g-H,g:--N3g arises from the electronic delocalization of the nitrogen

atom's lone pair Njq (LP,%)Q) toward the anti-Lewis orbital 6g,5_p29- This delocalization is

represented by the electronic transition LP,(\EQ—» Oposte. During this electronic
delocalization, 56.28 me of charge is transferred, corresponding to a stabilization energy of
28.64 kcal/mol (88.7 % of X E®) in the Epicat O-Hpe-Phe N3 complex, compared to
29.9 kcal/mol in the Epicat Oyg-Hyg::-Ala Nsps complex. The stabilization energies of the
other interactions are relatively low. Hence, the hydrogen bond Oyg-Hyg::-Ns3g is the primary
interaction in both EpicatOzg—Hzg---PheNsps and Epicat Oyg-Hyg---Ala Nsp3-

Table 2: Stabilization Energies E@ |, Total Stabilization Energies Y E® , and Charge
Transfers (CT) of the Complex Epicat O,5-Hyg::- Phe Nsp3

Epicat 028'H29"‘ Phe Nsp3

E® Y E®  cT
Contact Electronic Transition
(kcal/mol)  (gcal/mol) (Me)
(€] *
LPg28 = Oca7-ns2 0.41 0.60
C47 = Hgz o+ Ogg
ch()?s — 0C47-Hs2 0.06 0.11
C36 —Hyz - Oz Lpé?s — OC36-H43 0.20 0.44
32.31
028 = Hzg+* N3 LP,\%)9 = 0028-H29 28.64 56.38
LY o ot 0.77 1.02
040 C22-H25
Ca2 — Has - Oyp
LPéi)O — 0C22-H2s 0.47 0.90



Coo-Has--049=Csg Tic38-040 — OC22-H25 0.41 0.67
Og8-Hag **Hys5-N3g ON39-H45 — 0028-H29 0.63 0.93

O28-Hag**Hag-N3g ON39-H46 = 0028-H29 0.72 1.01

Table 1: Stabilization Energies E® |, Total Stabilization Energies ZE(Z) and Charge
Transfers (CT) of the Complex Epicat Opg-Hag--- Ala Ny 3 [13]

Epicat 028 — Hzg --- Ala Nsp3

E® YE® et

(kcal/mol) (kcal/mol) (M)

Contact Electronic Transition

O2¢ — Hpg -- N39

1 *
LP(25 = 0528129 29.9 56.64

N39

C3g — Haq -+ Ogg LPSY: - 6381141 0.09 0.16
Ogg- Hag ++ Haq — C37 0¢37-H44 > 0028—H29 0.12 31.09 0.20
Ogg - Hyg =+ N3g — C37 0(37-N39 = 0028-H29 0.36 0.45
Ogg - Hyg - Hys — N3 ON39-H45 = 0028—H29 0.62 0.86

The total stabilization energy of the Epicat Oyg-Hyg:--Phe Osp2, complex is equal to 30.55
kcal/mol (table 4). This energy is 23.97 kcal/mol in the Epicat Oyg-Hyg:--Ala Ospz complex
(table 5). In the Epicat Oyg-Hyg:--Phe Ospz complex, the interactions observed are Ogg-
Hog*O49 , Os7-Hsg:+:Ogg, Ogg-Hog-+:049=Csg and Ogg-Hyg:::C35-Cs7. The hydrogen bond
Oy8-Hyg-:0O4¢  results  from the electronic delocalizations LP820—> 0*028_,_'29 and

LP§3220—> Oozs.ro9- FOr these two delocalizations, the charge transfers and stabilization
energies are 36.16 me and 19.06 kcal/mol respectively. Similarly, the hydrogen bond Os;-
Hsg::Oog is described by two electronic delocalizations : LP82)8—> 0057158 and
LPg2)8—> Oos7.nss- The CT and E® values for these electronic delocalizations are 21.32 me
and 10.86 kcal/mol respectively. The stabilization energies of the hydrogen bonds O.g-

Hyg::-O49 and Os7-Hsg:--O5g account for more than 90% of the total stabilization energy of the
EpicatO28—H29~~PheOsz complex. These two hydrogen bonds are the main interactions in

the Epicat028-H29"'Pheosp2.

Table 2: Stabilization Energies E® | Total Stabilization Energies Y E?® and Charge
Transfers (CT) of the Complex Epicat O,5-Hyg::- Phe Ospz complex.

Epicat 028 — Hzg --- Phe OSPZ

(kcal/mol ) (keal/mol) (me)

Contact Electronic Transition




1 *
LPéz)g — 0058-H57
Os7 — Hgg -+ Ogg

(2) *
LP5;s = O0ss-Hs7
(€] *
LP540 = 0028-H29
028 - H29 040
LP(Z) S ot
040 — 9028-H29

*
028 - H29 C38 - C37 0c37-c38 — 0028-H29

—_ *
Cog — Hag '+ 049 = C3g Tlc3g—040 — 0028-H29

2.38

8.48

5.85

13.21

0.24

0.39

30.55

3.80

17.52

8.00

28.16

0.32

0.41

Table 3: Stabilization Energies E®® |, Total Stabilization Energies ZE(Z) and Charge
Transfers (CT) of the ComplexEpicat Og-Hog - Ala Ospz [13]

Epicat 028 — H29 --- Ala Ospz

E® Z E# cT
Contact Electronic Transition
(kcal/mol)  (kcal/mol) (M)
(L ; 8.7 11.31
LPy4o = 0028-H29 : :
028 — Hag -+ Og0
LPZ), = 65281120 11.51 23.11
) \ 0.64 0.92
LPy28 = ON39—Hae . :
N39 — Hye -~ O2g
LP(OZZ)S — ON39-H46 1.81 3.52
C38 - 040 028 LP(012)8 - 1-[238—040 0.1 0.16
* 23.97
N3g — Hae = Hz9 = O28  O028-H29 = ONzo-nas 0,28 0.37
Cz — Has + Oy LPSY) = 6%y s 0.13 0.17
O2¢ — Hzg - O40 —C3g  Oc38-040 = O028-H29  0.38 0.38
Caz — Hazs =+ 040 — C33 Tc3-040 = OCo2—pzs  0.12 0.20
O2¢ — Hzg - 047 —C3g  Oc38-047 = O028-n29  0.18 0.19
O28 — Hzg - Hge —N39  ON39—Ha6 = Op2-H29  0.12 0.16

The stabilization energy is 11.59 kcal/mol in the EpicatOag-Hzo---PheQg 3 complex,
compared to 11,86 kcal/mol in the EpicatOza-HzgmAIaOSps complex (Tables 6 and 7). In the



EpicatOzs—Hzg---PheOspz complex, the hydrogen bond Ojg-H,q--:Os7 is characterized by

electronic delocalizations LPS),—0ps 1 and LPZ) —000s 120 The charge transfers
associated with these electronic delocalizations are 16,33 me, and the E® value of the
hydrogen bond O,g-Hyg-+:Os7 is 11.09 kcal/mol (95.7 % of Y E®). The hydrogen bond
Oy-Hyg-::O57 is the main interaction in these complexes. In addition to this primary
interaction, other interactions such as Cgzg-Hp:-:Ogg, Coyy-Hos:::O57, Csq-Hyz:--Oog €t Csy-
Hy4::-C19=Cy, also occur in this complex.

Table 4. Stabilization Energies E® , Total Stabilization Energies ¥ E® and Charge
Transfers (CT) of the Complex Epicat O,5-Hyg::- Phe Osps
Complexe Epicat Ogg-Hze - Phe O3
E@ Z E@ CT
Contact Electronic Transition
(kcal/mol ) (kcal/mol ) (me)
(€3] *

LP52g = Ocae-naz 0.06 0.09
Ca36-Ha2:+*Ozs

LPZ), = 6%36_tas 0.16 0.33
C51_H56"'028 LPég - GESI—HSG 017 036

11.59

LPSsy = Oza-t2o 9.79 13.84
O2g-Hag+++Os7

ch()?7 = 0028-H29 1.30 2.49
Cap-Has++Os7 LPég = O(22-H25 0.11 0.22

Table 5: Stabilization Energies E® , Total Stabilization Energies YE® and Charge
Transfers (CT) of the Complex Epicat Oy5-Hyg-- Ala Ospa [13]

Epicat 028 — H29 --- Ala Osp3

B SED o

(kcal/mol) (kcal/mol) (M)

Contact Electronic Transition

1 *
LP(()4)7 = 0028-H29 10.31 14.43
O28 — Hpg *++ 047 »
LPg47 = 0028-H29 0.64 11.86 1.22

C36 — Hyp - Ogg LPY): = 6%36_ a1 0.37 0.72



Ca2 = Has ++ Oy LPE), = 65915 0.13 0.22

C3g — 047 - Hz9 — 029 O028-H20 = OC3g—047  0.15 0.21
Oz — Hpg - Ha1 — C36  Oc36-H41 = O028-m29  0.14 0.20
Oz — Hpg - Ha7 — O4g  O0ag—H47 = O028-nz9  0.12 0.15

This analysis indicates that the complexes EpicatOZS-Hzg---PheNSps, EpicatO,g-
Hag---PheQy 2 et EpicatOag-Hyg--:PheQg s exhibit several interactions of different types.
These interactions include: O-H--:N, O-H.--O, C-H:-N, C-H:--O, N-H..-O, O-H.--C=0,
C-H..-C=0, O-H:--C=C, C-H.--C=C, N-H---C=C, O-H::-H-0, O-H::-H-C, O-H---H-N and others.
As is the case in the Epicatechin...Alanine complexes, the main interactions in the
Epicatechine...Phenylalanine complexes are hydrogen bonds O-H:::N, O-H:--:O; with the
hydrogen bonds involving the Nsp® and Osp? heteroatoms of Phenylalanine being more
intense than those with the Osp3 site. The total stabilization energies of the
Epicatechin...Phenylalanine complexes are higher than those of their Epicatechin...Alanine
counterparts. These results are consistent with the structure of Phenylalanine, as its
aromatic ring allows for additional interactions with Epicatechin and Catechin.

3.3 Geometric and spectroscopic parameters

Tables 8 and 9 present the geometric and spectroscopic parameters of the hydrogen bonds
in the Epicatechin...Phenylalanine and Epicatechin...Alanine complexes studied. In all
hydrogen bonding interactions O-H:--:O, O-H:::N et N-H---O, the variations in the lengths of
the O-H and N-H groups are positive (Ad(O-H)>0, Ad(N-H)>0). The O-H et N-H groups
elongate. Their elongation frequencies decrease (Av(O-H) < 0, Av(N-H)<0). The hydrogen
bonds O-H:--O, O-H:-:N et N-H:--:O in the complexes EpicatOzg-HzngheNsps, EpicatO,g-

H29---PheOSp2 and EpicatOzB-Hzg---PheOspa are proper hydrogen bonds. The intermolecular

distances and linearity angles of the O-H---O et O-H--:N hydrogen bonds range from 1.8 to
1.9 A and from 139° to 170°, respectively. These intermolecular distances are between 1.5 A
and 2.2 A, while the linearity angles are between 130° and 180°. Thus, the O —H--0, 0 —
H---N hydrogen bonds occurring in Epicatechin...Phenylalanine complexes are medium to
moderate hydrogen bonds. For N-H:---O hydrogen bonds, intermolecular distances range
from 2.18 A to 2.78 A, and linearity angles from 94° to 163°. These hydrogen bonds are
weak. For the C-H---:O and C-H---N interactions, the C — H bond contract (Ad(C-H)<0) while
their stretching frequencies increase (Av(C-H)>0). These interactions are improper or
unconventional hydrogen bonds. In addition, for these hydrogen bonds, the intermolecular
distances and linearity angles are between 2.52 A and 3.15 A and then between 102° and
165°, respectively. These unconventional C—H:--0 and C—H:--N hydrogen bonds are
weak.

The intermolecular distances of the hydrogen bonds Ogg-Hyg:::N3g, Oog-Hog::Oy4 et
Oy5-Hyg-::047 are higher. These bonds have lower linearity angles in the EpicatO,s-
Hag-+-PheN 3, EpicatOZB-Hzg---PheOspz and EpicatOZS-Hzg---PheOsps complexes than in
EpicatOzs-HzgmAlaNsps, EpicatOzg-HzgmAlaOsz and Epicat028-H29~~AIaOSp3 complexes.
This indicates the hydrogen bonds of Epicatechin ...Phenylalanine are weaker than those of
Epicatechin ...Alanine complexes.



Table 8: Geometric Parameters of X — H --- Y Interactions (Distance in A, Angle in Degrees)
and Stretching Frequency Shifts Au (cm-1) of X — H Bonds in the Epicatechin --
Phenylalanine Complexes

Ad(X—H); Avyx_y;
Complexes Interactions d(H---Y) 2zXHY
Ad(C—H) Ave_y
Cu47-Hgo:--Ogg 2.76106 140.8 0.71415 29.8
Cag-Hyz:--Ogg 3.01159 1215 -0.00089 30.1
Epicat 028'H29"' Phe Nsp3
Oy5-Hog:+*N3g 1.80202 169.2  0.03136 -640.8
Coo-Hyz+:O4g 253187 162.6  -0.00199 28.1
Os57-Hsg:+-Oog 1,94960 150.8 0.01051 -200.8
Epicat 028-H29"' Phe Osp2
Oyg-Hog+-O4q 1.82509 147.1  0.01921 -380.8
Cag-Hyo:-Ogg 2.93600 136.3  -0.00368 29.3
Csq-Hgg:--Oqg 3.05389 150.1  0.00029 -1.3
Epicat Ozg-Hzg“' Phe OSp3
Oy-Hyg:+:O57 1.93723 170.4 0.00738 -145.5
Coo-Hys:--O57 3.07497 123.4  -0.00103 12.1

Table 6 : Geometric Parameters of X — H --- Y Interactions (Distance in A, Angle in Degrees)
and Stretching Frequency Shifts Au (cm-1) of X — H Bonds in the Epicatechin --- Alanine

Complexes [13]

Ad(X—H) X AVX—H X
Complexes Contact d(H---Y) £ZXHY
Ad(C—H) AVC—H
Epicat Ogg — Hyo - Ala 028 — HzoNyg 179761 1711  0.03092 -634.8
N
sp? Cag — Hyq -+ Opg  2.96005 1237  -0.002 92.8
O — Hyg -+ 049 1.80454 168.2  0.01523 -299.1
Epi — Hyg -+ Al
Op':at O28 29 & Njg — Hys -~ 05 236187 147.3  0.00096 -8.8
sp
Cyp - Hps - 043 2.85709 1232  -0.00157  20.5
Epicat Oyg — Hyo - Ala 028 — Hzo 047 193377 1726 0.00702 -138.7
0
sp? Cag - Hyq -+ Oy 285381 1507 -0.00274  19.6



Cyy - Hps -+ 047  3.04357 1242  -0.00103 126

AIM molecular graphs of the EpicatOzg-Hzg---PheNSps, Epicat028-H29---PheOsz et EpicatOog-
Hzg"‘PheOSpS complexes are shown in Figure 3. The parameters of the AIM analysis are

listed in Tables 10 and 11. The electron densities p(r) of the BCPs of the intermolecular
contacts established between X-H groups (X = O, N, C) and the Y heteroatoms (Y = Nsp?,
Osp? et Osp?) of Epicatechin and Phenylalanine range from 0,001753 to 0,044983 eaj3. The
Laplacians V?p(r) of all these interactions are positive. They range from 0.006272 to
0.099029 eay°. The X-H--Y interactions are hydrogen bonds. The total electronic energy
densities H(r) of most of the O-H:--Y et N-H---Y interactions are negative. Also the ratios —

s@ ranging from 0.901 to 0.999, satisfy the criterion 0.5 < —% < 1. The O-H:--Y and

V()
N-H---Y interactions are moderate hydrogen bonds with partial covalent character. The
interaction Ogg-Hyg:--Os57, in the EpicatOzg-Hzg---PheOsps complex has a positive H(r) value,
with a — % ratio close to 1. This interaction is a moderate hydrogen bond with partial
covalent character. . The hydrogen bond energy Ens values range from 5 to 10 kcal/mol.
These values confirm that the O-H---Y and N-H---Y contacts are moderate hydrogen bonds

because 4 kcal/mol < Enxg < 15 kcal/mol. The AIM parameters of the C-H...O and C-H...N
contacts are such that: V2(p(r) >0, H(r) >0, — % > 1 et Eyg < 4 kcal/mol. Thus, the
C-H:--:O and C—-H::-N interactions are classified as weak hydrogen bonds. AIM analysis

indicates that the complexes EpicatOzg—Hzg---PheNSps, EpicatOZS-Hzg---PheOsz and
EpicatOzs—Hzg-uPheOSps are formed through moderate hydrogen bonds of the types O —

H...Y and N — H...Y alongside which exist weak hydrogen bonds C — H...O and C — H...N.
Other weak interactions, includingC—-N ...C=C,C-H...C=CetC-H ... H-C, are
also present.

EpicatO,g-Hyg---PheO
EpicatOgg-Hao -PheN picatOzg-Hag so?



Epicat028-H29 . 'Pheosp3

Figure 3: AIM Molecular Graphs of the Complexes EpicatOZB-HzguPheNsps, EpicatO,g-
H29~-F’heOSp2 and Epicat028-H29“'PheOSp3

Table 10: Topological Analysis of Bond Critical Points (BCP) of
Epicatechin --- Phenylalanine Interactions

X-H .- Y Contacts in

G

Contact p(Dx—p..y (€ag3) VZp(Dyx_p.y (€ap®) V(r) (u.a) G(r) (u.a) H() (ua) — Vo Eyg (kcal/mol)
EpicatO,g — Hzg ---PheN,s
Cypy — Hyg -+ 04 0.007749 0.026616 -0.005114 0.005884 0.00077 1.151 1.60
0,5 — Hyg -+ N3g 0.043047 0.092126 -0.028724 0.025878 -0.002847 0.901 9.01
Cy47 — Hgy =+ Oyg 0.004765 0.017933 -0.002862 0.003673 0.000811 1.283 0.90
EpicatO,g — Hzg - Phe0y,2
0,5 — Hyg -+ Oy 0.034632 0.099029 -0.026296 0.025527 -0.000769 0.971 8.25
057 — Hgg +++ O,g 0.025396 0.070728 -0.019068 0.018375 -0.000693 0.964 5.98
EpicatO,g — Hyg --Phe0y s
C47 — Hgy =+ Oyg 0.003825 0.015396 -0.002036 0.002943 0.000906 1.445 0.64
0,5 — Hyg -+ Og 0.024092 0.071913 -0.017965 0.017971 0.000007 1.000 5.64
Cgy — Hgg =+ Oyg 0.003055 0.011493 -0.001505 0.002189 0.000684 1.454 0.47




Table 11: Topological Analysis of Bond Critical Points (BCP) of X-H .- Y Contacts in
Epicatechin --- Alanine interaction [13]

G(D)

Contact P()x-n-y (€a5") V2p(D)x-n.y (ea5®) V(1) (ua) G()(ua) H(r)(ua) —g= Eyglkeal/mol)

EpicatO,g — Hyg --*AlaNg,3

0,5 — Hyg -+- N3 0.043552 0.093384 -0.029193 0.02627 -0.002923 0.900 9.16
EpicatO,g — Hyg +-Phe0g,2

0,5 — Hyg - 049 0.032866 0.101413 -0.024061 0.024707 0.000646 1.027 7.55

N3 — Hyg -+ Oog 0.010796 0.036099 -0.007924 0.008474 0.000550 1.069 2.49
EpicatOzg — Hyg --Phe0,s

0,5 — Hyg - 045 0.024023 0.072554 -0.017924 0.018031 0.000107 1.006 5.62

Cg6 — Hyq o+ Oy 0.004408 0.017568 -0.002366 0.003379 0.001013 1.428 0.74

3.4 NCI-RDG analysis

The 3D graphical visualization of the NCI isosurfaces and the 2D visualization of the reduced
density gradient (RDG) as a function of sign (A2) x p(r) of the complexes EpicatO,g-
Hag:--PheNg s, EpicatOgqg-Hag...PheOg 2 and EpicatO,g-Hyg:-PheOg 3 are shown in Figure 4.

The 2D visualization of the reduced density gradient (RDG) as a function of sign (A2) x p(r)
reveals peaks at -0,040 a.u.<sign(A,)*p(r)<-0,010 a.u. These peaks indicate the presence
of attractive interactions, in particular hydrogen bonds. The blue colour of the isosurfaces
between the hydrogen atoms of the groups O — H, N — H, C — H and the heteroatoms O and
N confirm the presence of the hydrogen bonds O-H:--O, O-H--:N, C-H---O and N-H---O.
Peaks at 0,010 a.u.<sign(A,)xp(r)<0,020 a.u. show the presence of repulsive interactions
(steric hindrances). These repulsive interactions take place between the O and O atoms, O
and N atoms and within the aromatic rings. Red isosurfaces appear between these atoms
and within the aromatic rings. In the complex Epicat O,5-Hyg::-Phe Osps, the presence of

green isosurfaces reveals the existence of van der Waals (VDW) interactions. The peaks
corresponding to these interactions are observed at sign(A,)*xp(r)=0.



Epicat 028'H29"'Phe OSp3
Figure 4 : NCI Isosurface and Reduced Density Gradient (RDG) Plot as a Function of
sign(Ay)xp(r) for the Complexes EpicatOzg—Hzg---PheNspg, EpicatOZS-Hzg---PheOspz and
EpicatOzs-HzngheOSpa



4. CONCLUSION

We performed a detailed theoretical analysis of the complexes EpicatOzg—Hzg---PheNsps,
EpicatOzs-Hzg...PheOsz and EpicatOzB-Hzg---PheOSps. The structures of these complexes

were optimized, and harmonic frequency analyses were performed. The structure of
Phenylalanine is equivalent to that of Alanine, with a hydrogen atom on the {3-carbon
replaced by a phenyl group. This structural difference is also reflected in the complexes
formed. Indeed, the interaction energies of the Epicatechin...Phenylalanine complexes are
higher than those of the Epicatechin...Alanine complexes. Additionally, the formation of
Epicatechin...Phenylalanine complexes is non-spontaneous, unlike the
Epicatechin...Alanine complexes.

The NBO analysis reveals that the interactions in the Epicatechin...Alanine complexes are
more numerous than those in the Epicatechin...Phenylalanine complexes, particularly due to
repulsive interactions caused by the presence of the phenyl group. The total stabilization
energies of the Epicatechin...Phenylalanine complexes are higher than those of their
Catechin...Alanine and Epicatechin...Alanine counterparts. However, the stabilization
energies of the primary interactions in the homologous complexes are of the same order.
Thus, complexes formed with proteins composed of low-molecular-weight amino acids
(notably alanine) will be more stable than those formed with proteins composed of high-
molecular-weight amino acids or those containing aromatic rings (notably phenylalanine). In
contrast to the complexes formed with low-molecular-weight amino acids, those formed with
high-molecular-weight proteins are unlikely to be found in large quantities in stools and urine.
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