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a Grupo de Investigación en Química Teórica y Experimental (QUITEX), Departamento de Ingeniería Química, Universidad Tecnológica Nacional, Facultad Regional 
Resistencia, French 414 (H3500CHJ), Resistencia, Chaco, Argentina 
b Instituto de Química Básica y Aplicada del Nordeste Argentino, IQUIBA-NEA, UNNE-CONICET, Avenida Libertad 5460, 3400 Corrientes, Argentina   

A R T I C L E  I N F O   

Keywords: 
Hydrogen bonds 
Stacking 
Proline 
Polyphenol 
Protein 

A B S T R A C T   

Molecular interactions between proteins and polyphenols are responsible for many natural phenomena like 
colloidal turbidity, astringency, denaturation of enzymes and leather tanning. Although these phenomena are 
well known, there are open questions about the specific interactions involved in the complexation process. In this 
work, Molecular Dynamic (MD) simulations and the topology of the electron density analysis were used to study 
the interactions between the flavonoid procyanidin C1 and a collagen fragment solvated in water. Root mean 
square deviation; root mean square fluctuation and hydrogen bonds occupancy were examined after 50 ns. The 
interactions were also analyzed by means of the quantum theory of atoms in molecules. Our results show that the 
main interactions are hydrogen bonds between –OH groups of the polyphenol and C––O groups of the peptide 
bond. Stacking interactions between proline rings and phenol rings, that is C–H⋯π hydrogen bonds, also sta-
bilize the dynamic structure of the complex.   

1. Introduction 

Interactions between proteins and polyphenols have been subject of 
several researches in the last decade. [1–3] Their numerous biological 
effects, like antioxidant, [4,5] anticarcinogenic, [6,7] antiviral, [8] 
antiallergic [9] and anti-inflammatory properties, [10,11] are well 
documented in the literature. 

In the technological process of beverages production, proteins and 
polyphenols, when they are combined, are the main precursors of the 
undesirable phenomenon of colloidal turbidity. [12] The visible haze 
not only causes unpleasant organoleptic sensations, but it also shortens 
the shell life of beverages [13–15] Siebert et al. [16] have suggested a 
binding model in which protein chains are interconnected with each 
other through polyphenolic compounds. Polyphenols and proteins are 
thus bound through hydrogen bonds (HB), and mainly hydrophobic 
bindings, [17,18] in sites where the amino acid proline (Pro) is located. 
Additionally, it has been stated that polyphenols have more affinity to 
proteins with a high molar ratios of Pro [19] than polypeptides lacking 
this amino acid. [20] This phenomenon may be attributed to the fact 
that Pro residues promote the exposure of the backbone and thus the 
carbonyl groups are also exposed for hydrogen bonding. 

The protein-polyphenols interactions are also present in the tanning 

processes of the leather industry: a polyphenol mixture derived from the 
collagen of skin, which interacts with synthetic or natural tannins of 
different sources like wood, roots or leaves. Then, after different refining 
processes, the skin is turned into leather. [21,22] In a model system 
formed by a fragment of a collagen triple helix solvated in a mixed 
solvent of water/gallic acid, Bronco et al. [23] have shown that the 
backbone protein is more stabilized in a mixed solvent than in pure 
water. They have also concluded that gallic acid binds with higher af-
finity to Pro and Hyp residues. [23,24] 

Polyphenols also have a demonstrated inhibitory effect on the cata-
lytic activity of enzymes. [25,26] Once inside the pocket, the mechanism 
of binding includes two leading interactions: hydrogen bonds between 
hydroxyl groups and electron donating groups, and stacking interactions 
(hydrophobic) between polyphenol rings and aromatic residues like 
phenylalanine and tyrosine. [27,28] 

On the other hand, the phenomenon known as astringency is due to 
the interactions between Pro-rich salivary proteins and polyphenols 
from beverages like wine and tea. [2,29–31] Through NMR titration 
experiments, Baxter et al. [32] have demonstrated that two adjacent Pro 
residues are preferred binding sites over single ones. In addition, their 
proposed model suggests face-to-face interactions between galloyl rings 
and the Pro residues of the proline-rich peptide. Charlton et al. [33] have 
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also observed face-to-face stacking between epigallocatechin gallate and 
Pro rings. On the contrary, in their model composed by procyanidin B3 
and the human salivary protein fragment IB714 (SPPGKPQGPPPQGG), 
Simon et al. [34] have not observed stacking interactions between Pro 
and phenolic rings, which seems to disagree with the previous discussed 
studies. In a recent work, we have computationally demonstrated how 
catechin and procyanidin B3 interact with an artificial pentapeptide of 
proline. [18] However, it is still unknown whether the same interactions 
will persist within a more realistic protein model. 

According to experimental evidence and simulations, interactions 
between proteins and polyphenols have not yet been fully described at a 
molecular level. Thus, in order to contribute to the comprehension of the 
mechanism by means of which polyphenols bind to proteins, in this 
work, we have combined molecular dynamic (MD) simulations with an 
electronic structure method. A model structure of a complex formed by a 
collagen-like peptide (PDB ID A189) as a haze-active protein, and the 
flavonoid procyanidin C1 (PC1) as a haze-active polyphenol were 
selected; the system was then solvated in water. The mechanism of 
complex formation has been examined by means of MD simulations and 
the interactions involved were studied in the framework of Bader’s [35] 
quantum theory of atoms in molecules (QTAIM). 

2. Computational details 

2.1. Haze-active polyphenol model 

Procyanidin C1 (PC1) is the main trimer found in several foods like 
cocoa, cinnamon, tea, and fruits like apple, litchi, grape, peach, and 
berries. [36] Besides, Procyanidin C2 is found in fermented beverages 
like beer. [37] The PC1 molecule (Fig. 1) was built and optimized at the 
B3LYP/6-31G* level of theory using the Gaussian 03 suit of programs. 
[38] The atomic charges were calculated with the RESP method [39] 
using the Gaussian03 [38] suit of programs. 

2.2. Haze-active protein model 

Models of collagen structures have the [XxxYyyGly]n motif. A short 
segment of 7 amino acids G-(KPG)-(PRG) was extracted from a synthetic 
peptide of Ruggiero et al. [40] as shown in Fig. 2, with both neutral 
terminal groups (C-terminal carboxylate and N-terminal amine group). 
This structure was originally deposited in the PDB Archive (PDBid 1A89) 
and now is deposited in the Modelarchive. Despite the [ProHypGly]n or 
[ProProGly]n motifs are predominantly found in nature, [41] some of 
the sequences of our model can be found in other polypeptides of in-
terest. For instance, the (PRG)10 structure have formed collagen-like 
triple helix structures with other polypeptides. [42] Furthermore the 
(PRG) and (KPG) sequences are also found in bovine type I collagen 
microfibril. [43] The (GKP) unit can also be found in the human salivary 
protein fragment IB7 (SPPGKPQGPPPQGG). [34] In addition, the -P-G- 
P- sequence will be present in collagen polypeptides with the (PPG)n 
motif. We did not include the Hyp reside because it was demonstrated by 
Siebert et al. [16] that synthetic polymers of this amino acid do not form 
haze at any concentration. Therefore, we think our selected model is a 
good representation of several haze active environments. 

2.3. Molecular dynamic simulations 

The PC1 and the PP molecules were randomly placed at a consid-
erable distance to avoid any interaction. The positively charged system 
was neutralized by adding two Cl− charge-balancing counterions. The 
system was then solvated in a truncated octahedral box with 1710 TIP3P 
[44] water molecules. The same fragment of collagen was also simulated 
in pure water in a truncated octahedral box with 1465 TIP3P [44] water 
molecules. 

Molecular dynamic simulations were carried out with AMBER 11 
software [45]. The parametrization was accomplished by adopting the 
GAFF force field for the PC1 and the ff99SB force field for the PP. All 
simulations were preceded by 2 steps of an energetic minimization. The 
first step was performed with harmonic force restraints over the poly-
phenol and the PP; on the second step the whole system was minimized. 
The resulting system of minimal potential energy was subjected to a MD 
of 500 ps under constant volume conditions, to reach a temperature of 
300 K with movement restrictions over the PC1 and the collagen 

Fig. 1. Molecular Structure of Procyanidin C1.  

Fig. 2. (a) Molecular structure of Collagen triple-helix (PDB 1A89). (b) Primary 
structure of a single chain with single-letter amino acid code (c) Molecular 
structure of the selected fragment = 96 atoms. 
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fragment. Then, the step was resumed in the NPT ensemble at 300 K and 
1 atm of pressure, without restraints over the molecules, during 10 ns to 
reach the equilibrium over a reasonable density. The constant temper-
ature was maintained in 300 K using the bath coupling algorithm of 
Langevin [46], and all the bond lengths involving hydrogen atoms were 
restricted with the SHAKE [47] algorithm. To obtain data, a MD of 50 ns 
in the NVT ensemble was performed, with a weak-coupling constant of 
temperature. For long-range interactions the Particle–Mesh Ewald 
(PME) method was employed, while Van der Wall interactions were 
evaluated with the Lennard-Jones potential. The cut-off for non-bonded 
Van der Wall interactions was set at 10 Å. The movement equations were 
integrated with a simulation step of 2 fs. All of the MD results were 
analyzed with the PTRAJ module of AMBER 11. [45]. 

2.4. Topology of the electron density 

Molecular interactions were analyzed over a molecular structure 
taken from the MD runs by a topological analysis of the electron charge 
density with the QTAIM [35] using the programs AIMAll [48] and 
MultiWFN [49]. A wave function was obtained with the Hartree Fock 
(HF) functional and the 6-31G(d) basis set using the Gaussian 09 [38] 
suit of programs. Despite the HF method does not include electron 
correlation, and since the results are qualitatively in agreement with 
those reported by other authors, we could say that calculations at higher 
levels of theory (B3LYP e.g.) would not significantly change our results 
although some minor interactions could disappear. Moreover, valuable 
results about HB have been obtained within this method [18,50]. The 
graphical presentations of the results obtained were prepared using the 
VMD program [51]. 

In order to describe the non-local dispersion interactions, in a more 
detailed way, reduced model systems were also optimized using the 
exchange functional developed by Becke [52], the gradient corrected 
functional of Lee, Yang, and Parr [53] and the DFT-D3(BJ) method 
developed by Grimme and coworkers [54], which contains the damping 
function proposed by Becke and Johnson [55] (BLYP-D3(BJ) func-
tional). These calculations were performed with the 6–311++G(d,p) 
basis set. The interactions were also further analyzed in the framework 
of the QTAIM at the same level of theory. According to the QTAIM, a 
bond between two atoms is characterized by a line of maximum electron 
density, the bond path, that connects the respective nuclei and intersects 
the zero-flux surface of the electron density gradient field (∇ρ(rc)) at a 
topological (3,− 1) critical point, called the bond critical point (BCP). 
Within this approach, different topological properties evaluated at the 
BCP were used to characterize interactions: the electron charge density, 
ρ(rc), which measures the accumulation of charge between the bonded 
nuclei and reflects the bond strength [50,56]; the Laplacian of the 
electron density ∇2ρ(rc), which provides information about the local 
charge concentration (∇2ρ(rc) < 0) or depletion (∇2ρ(rc) > 0); and the 
densities of potential energy, V(rc); and the sum of the total energy, H 
(rc), which is generally used to analyze the covalent character of the 
interactions according to Cremer and Kraka [57] criterion. 

3. Results and discussion 

3.1. Molecular dynamics 

3.1.1. Protein conformational mobility 
In order to compare the relative stability of the isolated PP in water 

and in the presence of PC1, root mean square deviations (RMSD) of the 
PP backbone relative to the initial conformation, as a function of 
simulation time, were calculated and plotted in Figs. 3a, b. The RMSD of 
the isolated PP (Fig. 3a) shows big fluctuations that range from an 
average of 1 to 4 Å suggesting a high flexibility of the backbone. Such 
conformational changes oscillate during all the simulation, and it seems 
that they do not have a tendency to reach a stable value. Regarding the 
system with PC1, the PP backbone oscillates, but it is more stable, with 

values that range from 2.5 to 3.5 Å at 22.5 ns of the simulation, as can be 
seen in Fig. 3b. In the last case the PP also shows two main conforma-
tional transitions at the beginning of the simulation (0–20 ns) but much 
less frequently. In line with MD results reported by Bronco and co- 
workers [23,24], the major changes in the conformation of collagen 
occur when the PP is in water, with reference to the same fragment in the 
presence of PC1. 

All these results suggest that the PC1 affects the conformational 
structure of the PP. The structural flexibility was also explored by 
calculating the average root mean square fluctuation (RMSF) values of 
the PP backbone (N-Cα-C) throughout the 50 ns of the simulation. In 
general, it is accepted that after complex formation the conformational 
mobility of the protein is reduced. This fact is shown in Fig. 4, in which 
the overall fluctuations of the PP in the complex is lower than that of the 
isolated one, and the values range from 1 to 9 Å. However, there is an 
amino acid in the isolated system (Gly) which has lower mobility than 
the PP in the complex system. Interestingly, there is a concave region in 
the complex curve (continuous line) that corresponds to Pro, which is in 
agreement with the findings of Monti et al. [24] for a system of a 
collagen fragment and mixtures of gallic acid. Interactions that strongly 
reduce the PP mobility will be shown below. 

When analyzing the MD trajectories, it could be observed that a 
complex with the minimum potential energy occurs at 32.486 ns of the 
simulation. This structure was extracted from the simulation and then all 
water molecules were removed (see Fig. 5). An observation of Fig. 5 
shows the formation of a complex between both compounds. Despite 
both molecules were randomly positioned and separated from each 
other, the PC1 is closely bound to the peptide. Fig. 5 also shows how the 
PP takes place between two aromatic rings of PC1. It is also observed 
that the polyphenol surrounds a face of the PP. 

Fig. 3. RMSD time series of backbone atoms (C-Cα-N). (a) Isolated PP in water. 
(b) Ternary system. 
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The backbone dihedral angles defining the conformational flexibility 
of the peptide are ϕ (C′-N-Ca-C′), ψ (N-Ca-C′-N), and ω (Ca-C′-N-Ca). 
Table 1 collects the dihedral values of the peptide within the complex of 
Fig. 5, and those values corresponding to the original PDB structure 
(values in parentheses). When comparing both angles, one can notice 
that the amino acids within the (PGP) sequence are the only ones that 
keep the original values of collagen-like structure. In addition, both Pro 
residues exhibit similar dihedral values as that in the polyproline type II 
(PPII) structure (ϕ = − 75◦, ψ =+145◦, ω = 180◦). [58] This polypeptide 
is characterized by an open structure without intramolecular hydrogen 
bonds. Therefore, the fact that Pro residues take dihedral values close to 
the ones found in the PPII might explain why the PC1 binds near the 
(PGP) sequence. 

3.1.2. Hydrogen bonds 
Polypeptide/PC1, PP/water and PC1/water interactions were 

analyzed in terms of occupancy percentages over the simulation time. 
The occupancy percentage is defined as the percentage over the total 
simulation time in which geometrical criteria are satisfied. The cut-off 
for geometrical criteria was established in 3.0 Å for the donor- 
acceptor distance and 120◦ for the D–H∙∙∙A angle (D = donor, A =
acceptor). 

As it can be seen in Table 2A, a small number of HB between the PP 

and the PC1 is formed, and just one of them is present in almost all the 
analyzed trajectory. Despite the great number of –OH groups of PC1 (15 
–OH groups), the polyphenol binds to the PP just through 3 –OH groups, 
that is: –O5AH, –O7DH and –O3FH. Taking into account the number of HB 
and their percentages of occupancy, the most stable interactions are 
those with Lys and Pro residues. Distance and angle values are also in 
good agreement with typical values for HB [59]. These results are 
consistent with experimental studies of Asano et al. [20] and Siebert 
et al. [16]. They have shown that the polyphenol binds preferably where 
the amino acid Pro is present, a key amino acid of the active site. In 
addition, Bronco et al. [23] have found that even a simple phenolic 
compound like gallic acid preferably binds to Pro and Hyp. 

Table 2B shows the time evolution of the number of HB between 
water molecules and PP residues, and Tables 3a and b show the time 
evolution of the number of HB between PC1 and water molecules during 
the MD production runs. In these last cases, the time step of analysis was 
of 500 ps, since the percentages of occupancy were smaller. By analyzing 
the results, it has been observed that there are no major changes in the 
number of water molecules that interact with the PP; just a small 
decrease is evidenced. The same occurs for the PC1 molecule. By 
comparing values of Tables 2B with 3a and b it is shown that PC1/water 
HB are stronger than those of PP/water, since the former exhibit higher 
occupancy percentages. Furthermore, PC1 forms more stable HB as an 
acceptor than as a donor, while it forms a greater number of HB as a 
donor than as an acceptor. The very low occupancy values, without a 
defined trend, indicate there is a constant renewal of the water mole-
cules hydrogen-bonded to the analyzed carbonyls. This is expected if we 
consider that the system is highly diluted with a large number of water 
molecules. 

The interatomic O∙∙∙O distances of the three most stable in-
teractions of Table 2A, that is, those with the highest percentages of 
occupancy were calculated as a function of the simulation time and they 
were plotted in Fig. 6. In accord with a stable donor-acceptor distance of 
a HB [60], after 5 ns of big fluctuations of these distances, PC1 binds to 
the PP through the O3F–H⋯OLYS2 HB that lasts a few nanoseconds before 
breaking it. Throughout the trajectory the O3F–H⋯OLYS2 HB and 
O5A–H⋯OPRO3 (see Table 2A) are formed simultaneously, while O atoms 
of O7D–H⋯OPRO5 HB are far apart to form a stable HB. Fig. 6 also shows 
that HB are interchanged (green plot with black and red) along all the 
simulation. Another interesting point is that the HB corresponding to the 
red line has more fluctuation than the rest of HB, which indicates a less 
stable bond. 

Fig. 4. Root mean square fluctuation of PP backbone atoms.  

Fig. 5. Snapshot of the minimum potential energy structure.  

Table 1 
Backbone dihedral angles of the G-(KPG)-(PRG) structure.  

Amino acid One-letter code ϕa ψb ωc 

Gly G 58.2 − 170.5 − 177.4   
(− 66.5) (146.1) (179.7) 

Lys K − 99.8 168.4 167.7   
(− 66.5) (156.0) (− 179.8) 

Pro P − 73.9 151.4 176.1   
(− 69.7) (154.2) (179.8) 

Gly G − 62.5 157.1 − 177.7   
(− 70.5) (154.2) (179.7) 

Pro P − 72.7 139.1 − 173.09   
(− 71.2) (146.8) (− 179.9) 

Arg R − 105.2 159.4 177.0   
(− 61.9) (156.5) (179.8) 

Gly G 89.0 38.4 –   
(− 76.8) (154.8)  

Values in parentheses correspond to the original PDB structure. 
a ϕ = C′-N-Cα-C′.  

b ψ = N-Cα-C′-N.  

c ω = Cα-C′-N-Cα.  
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Finally, it can be seen that the HB denoted by a green line 
(O7D–H⋯OPRO5) oscillates between two main distances: 2.5 Å (distance 
corresponding to a stable HB) and 6.25 Å, which is a difference of 3.75 Å. 
This means that the PC1 and the PP change conformationally causing 
this elongation of the distance, as shown in Fig. 3b. 

3.2. Topology of the electron density 

The geometrical description of HB is not sufficient to establish the 
presence of an interaction. Since the Bader’s QTAIM [35] unequivocally 
defines a chemical bonding by a bond path between two nuclei [61], this 
method is a powerful tool that has been successfully applied in the study 
of electronic properties of a variety of conventional and non- 
conventional HB [35,62–64], Therefore, to get a better understanding 
of the interactions involved, we applied this methodology over a 
structure taken from the MD simulation. 

Structure of Fig. 5 was used to generate a wave function at the HF/6- 
31G(d) level of theory. Table 4 reports the most studied local topological 
properties calculated at BCP, and some approaches of the molecular 
graph of the complex are displayed in Figs. 7 and 9. Because of the size of 
the structure, BCP of covalent bonds were omitted for a better graphical 
understanding. 

The topological analyses reveal the occurrence of several closed shell 
interactions. There are more non-conventional interactions involved 
than conventional ones. Values of electron density at BCPs lie in the 
order of HB criteria (0.002 to 0.034 a.u.) proposed by Koch and Popelier 
[62]; however, there are three interactions that are below 0.002 au. 
Values of Laplacian range from 0.05 to 0.1 which are in concordance 
with the values reported for similar interactions [62,64,65], In addition, 
the kinetic energy contribution is greater than that of the potential en-
ergy at the BCP, resulting in positive values of the total energy density. 
The presence of several close contacts like O┄O, N┄O and O┄C should 
also be mentioned. 

Stacking interactions between Pro residues and aromatic rings have 
been previously observed [32,33]. They were reported as face-to-face 
contacts between a polyphenolic ring and a Pro ring. They have also 
been referred to in the literature as hydrophobic interactions [66], 
although this term is not well defined. Experimental evidence of these 
interactions have also been reported [67]. In Fig. 7 (insets a and b), 
stacking interactions are clearly observed. This Figure also shows how 
the procyanidin seems to “hug” the protein with its phenolic rings. In 
Fig. 7a this hydrophobic interaction results in terms of HBs C–H⋯π 
type, that is Cβ–H⋯C6A (ρ = 0.0043 a.u.), Cδ–H⋯C5A (ρ = 0.0037 a.u.) 
and Cγ–H⋯π (ρ = 0.0037 a.u.). In these interactions the bridge atom, H 
donor from Pro ring, is engaged to each carbon atom in the benzenic 
ring, except the last one in which the bond path is curved in the vicinity 
of the π-cloud but directed to the C atom. The same pattern is observed in 
Fig. 7b, in which the interactions are the following: Cα–H⋯π (ρ = 0.0059 

Table 2A 
Time evolutiona of the percentages of occupancy of hydrogen bonds between the protein and PC1.  

Time frameb O5A–H⋯OLys2 O7D–H⋯OLys2 O3F–H⋯OLys2 O3F–H⋯OGly1 O7D–H⋯OPro5 O5A–H∙∙∙OPro3 

5 14.04 10.08 – – – – 
10 14.92 – 50.68 21.62 17.08 14.94 
15 – – 86.52 – – 31.28 
20 – – 92.06 – – 25.24 
25 – – 87.00 – – 23.00 
30 – – 19.14 – 85.36 75.96 
35 – – 65.12 – 32.84 46.64 
40 33.36 – 21.70 65.58 44.32 – 
45 25.70 – 32.20 61.44 – – 
50 – – 79.74 – – 36.94 
20 – – 92.06 – – 25.24  

a Analysis time step in every time frame: 500 ps.  

b In nanoseconds.  

Table 2B 
Time evolutiona of the number of hydrogen bonds between water molecules and 
PP. residues, with percentages of occupancy ≥0%, ≥2%, ≥5%, and ≥ 10%.  

Time frameb ≥0% ≥2% ≥5% ≥10% 

5 750 90 17 2 
10 736 104 13 1 
15 706 119 10 1 
20 752 113 13 1 
25 612 87 14 2 
30 862 105 11 0 
35 796 91 13 1 
40 631 89 16 1 
45 604 104 15 5 
50 607 97 21 3  

a Analysis time step in every time frame: 500 ps.  

b In nanoseconds.  

Table 3 
Time evolutiona of the number of hydrogen bonds between water molecules and 
PC1 with percentages of occupancy ≥0%, ≥5%, ≥10% and ≥ 20%.  

Time frameb ≥0% ≥5% ≥10% ≥20% 

(a) PC1 as hydrogen-bond acceptor 
5 453 44 13 2 
10 411 40 14 2 
15 412 32 15 4 
20 415 43 14 2 
25 422 34 19 2 
30 396 36 16 1 
35 382 37 24 0 
40 402 48 14 4 
45 439 37 12 5 
50 380 36 19 5  

(b) PC1 as hydrogen-bond donor 
5 1551 6 0 0 
10 1511 2 2 1 
15 1452 5 1 0 
20 1491 7 1 1 
25 1449 9 1 0 
30 1470 7 0 1 
35 1492 8 2 0 
40 1449 9 0 0 
45 1533 7 1 0 
50 1459 7 1 0  

a Analysis time step in every time frame: 500 ps.  

b In nanoseconds.  
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au) and Cβ–H⋯C5’H (ρ = 0.0070 au). 
In order to find out whether these stacking interactions are system- 

and/or method-dependent, we employed reduced systems based on the 
PC1/PP complex and optimized them at the BLYP-D3(BJ)/6–311++G 
(d,p) level of theory, as shown in Fig. 8. If we compare the insets of Fig. 7 
with Figs. 8a and b, we can verify that the same C atoms of Pro are 
involved in the stacking interactions: Cα, Cβ and Cδ. Since the interaction 
energies are equal for both systems, and they show the same BCP, the 
peptide-like bonds do not influence in the stacking. Values of electron 
density at these BCP lie in the order of HB criteria (0.002 to 0.034 a.u.) 
proposed by Koch and Popelier [62]. Moreover, ρ values of BCP dis-
played in Fig. 7b are almost equal to those obtained in Fig. 8 with a more 
rigorous level of theory (see Table S1 in supporting information). 
Summing up, there are three key interactions in the stacking phenom-
enon: Cα–H⋅⋅⋅C4’, Cδ–H⋅⋅⋅C6’, Cβ–H⋅⋅⋅C3’. Since the other BCP show 
ellipticity (ε) values that range from 1 to 17 (see Table S1 in supporting 
information), they are generally considered as labile or to be associated 

with a tendency to break [63]. 
Another situation is shown in Fig. 9a, in which the O3F–H⋯OLYS2 

interaction, which was found in the MD simulation, is observed with a 
value of ρ = 0.021 au (see also the Supporting Discussion 1 in the sup-
porting information). The multi-center interactions that the carbonyl 
oxygen of Lys can form: O3F–H⋯OLYS2, C4F–H⋯OLYS (ρ = 0.0061 a.u.) 
and a non-conventional interaction OLYS⋯O1I, which was observed in 
other biological systems [65,68] should be pointed out. Besides, the 
oxygen O3F is hydrogen bonded to N–H bond from Lys. This interaction 
should be highlighted since, up to now, it has not been considered in the 
model description of the phenomenon of protein-polyphenol 

Fig. 6. Interatomic distances between O atoms, involved in HB, as a function of the simulation time.  

Table 4 
Local properties (in a.u.) at bond critical points in the complex protein/ 
PC1caption.  

Interaction ρ(rc) ∇2ρ(rc) V(rc) H(rc) 

O5A–H⋯OPro3 0.0001 0.0008 0.0000 0.0001 
C3’H –H⋯OGly1 0.0011 0.0055 − 0.0005 0.0005 
C4F –H⋯NGly4 0.0012 0.0055 − 0.0006 0.0004 
O1I…OLys2 0.0029 0.0163 − 0.0024 0.0008 
CδPro5–H⋯C5A 0.0037 0.0121 − 0.0017 0.0007 
CγPro5–H⋯C6A 0.0037 0.0129 − 0.0019 0.0007 
CγPro5–H∙∙∙O7D 0.0040 0.0173 − 0.0026 0.0009 
CβPro5–H∙∙∙C6A 0.0043 0.0133 − 0.0020 0.0006 
CαGly1–H∙∙∙O3F 0.0046 0.0204 − 0.0030 0.0011 
NLys2∙∙∙O3F 0.0049 0.0213 − 0.0035 0.0009 
CαGly1–H∙∙∙2CE’ 0.0051 0.0174 − 0.0025 0.0009 
CαPro3–H∙∙∙C1’H 0.0059 0.0206 − 0.0032 0.0010 
C4F–H∙∙∙OLys2 0.0061 0.0248 − 0.0041 0.0010 
CβPRO3–H⋯C5’H 0.0070 0.0251 − 0.0040 0.0011 
NLys2–H∙∙∙C1’E 0.0070 0.0247 − 0.0040 0.0011 
CβLys2–H∙∙∙C6’E 0.0088 0.0255 − 0.0045 0.0009 
OLys2∙∙∙C2’H 0.0090 0.0306 − 0.0062 0.0007 
CαGly4–H∙∙∙C5D 0.0095 0.0352 − 0.0057 0.0016 
CαGly4–H∙∙∙O5D 0.0096 0.0382 − 0.0072 0.0012 
CδPro5–H∙∙∙C6D 0.0110 0.0378 − 0.0065 0.0015 
O3F–H∙∙∙OLys2 0.0210 0.0799 − 0.0198 0.0001  

Fig. 7. PC1/PP complex showing the stacking interactions. The protein back-
bone is represented by ribbon model; proline residues and A and H PC1 rings 
are represented by liquorice model (a) Stacking interaction between ring A of 
PC1 and Pro ring. (b) Stacking interaction between ring H of PC1 and Pro ring. 

A.N. Petelski et al.                                                                                                                                                                                                                              



Biophysical Chemistry 276 (2021) 106627

7

interaction. Also, if we consider the C––O bond of Lys2 attached to Pro3, 
some authors have argued that the carbonyl groups preceding Pro res-
idues are more electronegative and therefore they have more tendency 
to form strong hydrogen bonds. [69–71] A more in-depth discussion of 
this hypothesis is given in Supporting Discussion 1 (Supporting 
Information). 

Finally, in Fig. 9b the HB O5A–H⋯OPRO3 is observed, whose value of 
ρ at BCP (0.0001 a.u.) is very low due to the wide interatomic O┄O 
distance. This is in line with the analysis of Fig. 6, in which the inter-
change of HB is evidenced. Regarding the level of theory implemented to 
calculate the wave function, if we applied a higher level to compute it, 
the BCP could disappear. However, this topological analysis was shown 
to be sufficiently useful to describe the interactions at a molecular level. 

4. Conclusions 

In this paper, we have presented an extensive description of protein/ 
polyphenol interactions at a molecular level between the Procyanidin C1 
and a collagen-like peptide. The most significant result of this work is 

the spontaneous formation of a stable complex led by O–H⋯O and 
C–H⋯π hydrogen bonds, being the latter previously called stacking 
interaction. 

The QTAIM results show a wide scene of contributions that are 
relevant to the stabilization of the complex. It is clear that the main 
interaction that binds the compounds is the typical O–H⋯O hydrogen 
bond, between an –OH phenol group and a carbonyl oxygen from the 
peptide bond. Because the PC1 is not in a fixed position of the PP, the 
stacking interactions play a key role to stabilize the complex and to assist 
to its dynamic motion. The polyphenol moves between two main ami-
noacids, which are Lys and Pro. The analysis of interaction sites confirms 
that the PC1 prefers Pro residues, as it has already been mentioned in the 
literature. Therefore, Pro residues not only promote the opening of the 
structures by leaving the C––O groups available, but also, they serve as a 
platform for stacking interactions. The PGP sequence, which can also be 
found in (PPG)n motifs, is a key factor for the bonding mechanism 
because it provides the platform for stacking interactions and hydrogen 
bonding sites near the Pro residues. 

The current study has also found that the polyphenol affects the 

Fig. 8. (a) Molecular interactions between a pyrrolidine ring with a peptide-like bond and benzenediol. (b) Molecular interactions between a pyrrolidine ring with 
two peptide-like bonds and benzenediol. Interaction energies are shown in parentheses (in kcal mol− 1). 
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conformation of the PP. Major fluctuations of PP backbone occur in 
aqueous solution, while in the presence of the PC1 they decrease dras-
tically where the polyphenol is bonded. 

All of these findings open up a new insight into the polyphenol/ 
protein interactions which have not been previously explored, providing 
a better understanding of the phenomena like colloidal turbidity, 
astringency, tanning and the secondary effects of flavonoid compounds 
in enzymatic systems. 
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