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Molecular Insights into Protein-Polyphenols Aggregation:
A Dynamic and Topological Description
André N. Petelski,[a, b] Silvana C. Pamies,[a] Elisa I. Benı́tez,[a, b] Marı́a M. Lataza Rovaletti,[a] and
Gladis L. Sosa*[a, b]

Protein-polyphenols interactions are of greatest interest in
several fields like food technology and leather industry. Also, it
is thought that these interactions are responsible for the
undesired phenomenon of colloidal turbidity. However, there is
sparse information about the molecular implications leading to
this phenomenon. In this study, Molecular Dynamic (MD)
simulations in conjunction with the analysis of the topology of
the electron density are used to study protein/polyphenol
interactions in a model system which consists of a ternary
mixture of water, the flavonoids Catechin and Procianidin B3

and proline pentapeptides. After 50 ns of simulation, root
mean square deviation, root mean square fluctuation and
number of hydrogen bonds were calculated. Information about
the intermolecular interactions that drive the assembly of
colloidal complexes has been obtained by the analysis of the
electron charge density. Results show the formation of a stable
adduct, with a very complex network of conventional and non-
conventional hydrogen bonds. This study has also shown the
significance of C-H···O and C-H···p interactions in the phenom-
enon of colloidal turbidity.

1. Introduction

During the last years, interactions between proteins and
polyphenols have been subject of several researches due to
their biological effects.[1–3] Most of these works aim to clarify
both, the bonding mechanisms and the conditions under
which they are produced.

In production of fruit juices and fermented beverages like
beer, many investigations using experimental techniques have
demonstrated that these interactions are mainly responsible for
the undesirable phenomenon of colloidal turbidity, in which
proline-rich polypeptides and polyphenols combine to produce
a visible haze that causes unpleasant organoleptic sensations
and reduces the lifetime of beverages.[4,5] It has been suggested
that the bonding mechanism is non-covalent, in which proteins
are held together through polyphenolic compounds that act as
bridges,[6,7]the binding is produced through hydrogen bonds
(HBs) in sites where mainly proline 1 (Pro) residues are presents.
In addition, Oh et al. have concluded that hydrophobic
bonding are dominant in protein-polyphenol complexes.[8]Asa-
no and co-workers have shown that peptides with a higher
molar percentage of Pro tend to form more haze (turbidity),

while synthetic polypeptides lacking of that amino acid do not
form haze;[9] in their model, a linear relationship between the
molar percentage of Pro and the haze formation at a constant
concentration of Catechin 2 has been verified. In other model
systems, with different proteins and polyphenolic compounds,
it has also been verified that poly-hidroxyproline do not
produce haze at any concentration, gelatin produces a peak of
haze at low concentrations with tannic acid and practically no
haze with Catechin, while Gliadin (a class of protein present in
wheat) produces more haze with tannic acid than other
polypeptides.[7] The amount of haze formed is a function of
protein and polyphenols concentrations, and the relationship
between them.

In leather industry, interactions between tannins (a poly-
phenols mixture) and skin collagen (a Pro rich protein) have
been to date the basis of tanning techniques, by which animal
skin has been turned into leather since immemorial times.[10,11]

On the one hand, in disciplines related to health, it has
been pointed out that the binding of polyphenols to enzymatic
proteins can induce denaturalization and loss of catalytic
activity.[12–15] It is believed that the binding established has a
hydrophobic nature resulting in the formation of aggregates or
insoluble complexes that finally precipitate.[16,17] By using
docking and molecular dynamic (MD) simulations it has been
shown that the binding to the active site is established by short
HBs and Van der Walls interactions, resulting in the formation
of protein-polyphenol complexes.[18,19] Xuli Wu and co-workers
have indicated the loss of catalytic activity in Lipase by
(-)-Epigallocatechin-3-gallate (EGCG) from Green tea,[20] pointing
out that in a first step the interactions are hydrophobic and
then the complex is stabilized by HBs. These interactions alter
the conformational structure of the protein that may results in
a decrease of catalytic activity.
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On the other hand, flavonoids present in beverages like
wine and tea interact with proteins from saliva secreted in the
oral cavity, which results in the phenomenon known as
astringency.[21,22] Salivary Pro rich proteins form insoluble
complexes with polyphenols that then precipitate, thus reduc-
ing the lubricant properties of saliva,[23] which is felt in a dry
puckering-like sensation. In experimental researches with a
synthetic salivary Pro-rich peptide and different polyphenols,
Baxter and co-workers have concluded that the main forces are
of hydrophobic character, although HBs play a secondary roll.[24]

To date, several researches have argued that polyphenols bind
preferably to Pro amino acids, in different models of proteins,
by means of MD and Docking techniques combined with
experimental techniques. In model complexes formed by
procyanidin B3 3 (PB3) and the human salivary protein
fragment IB7 (aminoacid sequence: SPPGKPQGPPPQGG), Simon
et al.[25] have suggested that the binding of the polyphenol to
the protein reduces their conformational disorder, the complex
is stabilized by HBs between carbonyl groups of Pro residues
and OH groups of procyanidin, although they have pointed out
that the H-bonding pattern is rather complicated. In a model
complex between EGCG and a model Pro-rich peptide, in line
with other hydrophobic interactions mentioned, Charlton
et al.[26] have shown that the main interaction is a face to face
stacking interaction, between the EGCG ring and Pro ring, with
a hydrophobic character, with some possible interactions with
Arginine. A similar model has been studied by Canon et al.[27]

based on IB5 salivary protein and EGCG, in which they have
shown evidences of structural changes in the protein after a
complex formation; initially, the protein adopts an open
conformation (due to Pro residues) then, it binds to at least 5
polyphenols resulting in a more compacted structure. Very
recently, Ferrer-Gallego et al.[28] have concluded the same using
similar systems.

To our knowledge, and until now, the nature of the
interactions has been described as hydrophobic interactions or
contacts that involve stacking interactions between aromatic
rings of polyphenols and Pro residues.[29] Also, it has been
suggested that polyphenols bind to proteins by HBs of O-H···O
type between carbonyl groups of Pro preferably and -OH
groups of plolyphenols. However, hydrophobic interactions
have not been fully described yet, remaining many issues
related to these interactions still unresolved.

The aim of this study is to contribute to the understanding
of the mechanism by which polyphenols bind to proteins and
perform a deeper insight upon the molecular interactions that
conduct to complex formation. For this purpose we studied,
with different theoretical tools, model systems formed by
pentapeptides of Pro 1 (PP) and two polyphenol compounds,
(+)-Catechin 2 (CAT) and procyanidin B3 3 (see Figure 1)
embedded in an aqueous environment. Techniques of MD
simulations were used to study the complexation mechanism.
The interactions involved in the resulting complexes were
studied by the Quantum Theory of Atoms in Molecules (QTAIM)
of Bader[30] after optimizing structures at the semiempirical PM6
method.

2. Results and Discussion

2.1. PP-CAT system

Hydration of the protein

The structure and dynamics of solvent molecules was evaluated
through the Radial Distribution Function (RDF) which calculates
the probability of finding a pair of atoms at a distance r,
compared to an expected probability for a random distribution
to the same density. This statistic tool allows examining the
interactions water-water and water-solute that describe the
hydration of solutes. In several simulations,[31,32] the RDF has
been used to detail the differences between the first and the
second hydration layer of different solute atoms. This is
particularly useful to show both, the hydrophobic behavior of
carbon atoms and hydrophilic behavior of oxygen atoms.[33]

In order to examine the preferred hydration sites on the
peptide and the water-solute interactions involved in the
system, the gij(r) solute-solvent RDFs were calculated for the
solvent atom j (water oxygen atoms) around the i solute atoms
(either the, Pro oxygen or Pro carbon atoms), and they are
shown in Figure 2. In Figure 2a it is observed that four O atoms
of the backbone are hydrated showing a pick at a distance of
2.8 Å. This is referred as the first hydration shell and since a
defined second peak is not observed the interactions are not
enough to maintain a second hydration layer. The fact that O2

of Pro residue (O2-Pro) does not display a peak (red line of Fig.
2a) shows that it is disabled to the access of water, as it will be
discussed later.

In Figure 2b it is evidenced the low occurrence probability
of water oxygen atoms around C atoms, which indicates a poor
hydration. The Cg, which is the furthest away from the

Figure 1. Molecular structures of proline 1, (+)-catechin 2, and procyanidin
B3 3.
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backbone, shows a broad pick at approximately 3.8 Å, which
indicates a little hydration shell.

Intermolecular hydrogen bonds

VMD analysis surprisingly shows that, despite the great number
of -OH groups of CAT, just one interaction between CAT and the
PP is revealed. An interaction is broken and formed continu-
ously at the beginning of the simulation until reaching an
evident stability after 20 ns of production. At this point a
second HB appears but intermittently. The analysis of occu-
pancy and lifetimes during the last nanosecond reveals again
just one HB: O3’B–H···O2-Pro, with an occupancy percentage of
70.9 % and a lifetime of 16.9 ps. These values suggest that this
interaction is relatively stable. With regards to the second HB, it
occurs between CAT –O7A–H group and C=O group of Pro-3
residue. In addition, it was found that both oxygen atoms, O7A

and O3-Pro, are involved in an inter-residue water bridge, in
which a water molecule is positioned between these O atoms
by disrupting the O7A–H···O3-Pro HB. That is, a water molecule
connects both O atoms through two HBs: O7A–H···OW–H···O3-

Pro = C (see Figure 3). This water molecule is exchanged rapidly
with the bulk solvent and since the O7A–H···O3-Pro interaction is
disrupted several times by this interchange; thus, it shows very
low percentages of occupancy and lifetime. However, this fact
reflects how the solvent cooperates with the stabilization of
the complex.

The intermolecular HBs analysis between the peptide and
water molecules is shown in Figure 4. The low occupancy

percentages can be seen if they are compared with the HB
analysis between the CAT and the PP. In line with RDF results, it
is observed that the O2 of Pro does not participate in any
interaction with water because it is involved in the O3’B–H···O2-

Pro HB.
In order to analyze the consistency of HBs between CAT and

PP, the O3’B···O2-Pro interatomic distance as a function of the
simulation time was calculated. The plot (see Figure 5) clearly
shows that after 20 ns of big fluctuations, the formation of the

Figure 2. Radial distribution function of (a) water oxygen atoms around
proline oxygen atoms of each residues, and (b) water oxygen atoms around
proline carbon atoms; calculated for the last 5 ns.

Figure 3. Snapshot of CAT-PP complex showing how the water molecule
disrupt the O7A-H···O3-Pro HB (O7A-H···Ow-H···O3-Pro). The water molecule (TIP3P
model) is represented with ball and sticks.

Figure 4. Average lifetimes and % of occupancy of O-H···O HBs for each
pentapeptide O atom.
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HB with an average distance of approximately 2.69 Å is verified,
in good agreement with a distance of a typical HB. This
distance remains practically constant after 10 ns of the MD with
a very low fluctuation, being a clear evidence of the complex
formation mediated by HB interactions. The analysis of the
occupancy percentage during these 10 ns was calculated in
77.5 % with a lifetime of 22.9 ps.

Finally, a more rigorous analysis of intermolecular inter-
actions was performed with the QTAIM method.[30] This
methodology has been successfully applied in the study of the
properties of a variety of conventional and non-conventional
HBs, and p�p stacking interactions,[34,35] and currently it is
used universally as a test for the existence of bonding
interactions.[36] In the QTAIM context, a bond between two
atoms is described by a line of maximum electron density, the
bond path, which connects the respective nuclei and intersects
the zero-flux surface of the electron density gradient field
(r1(rc)) at the so called bond critical point (BCP). However, a
new terminology was recently proposed: line critical point[37,38]

(LCP), which is adopted herein. In this work, different
topological properties evaluated at the LCPs were used to
characterize the interactions: the electron charge density, 1(rc),
which measures the accumulation of charge between the
bonded nuclei and reflects the bond strength;[39–42] the Lap-
lacian of the electron density r21(rc), that reveals the local
charge concentration (r21(rc) < 0) or depletion (r21(rc) > 0);
the ellipticity e at the LCP, that shows structural and topological
instability[38,43]; and the index jV(rc) j /G(rc), that quantifies the
strength of an HB within three regions[44,45]: an HB interaction is
defined as a weak when jV(rc) j /G(rc) < 1, as closed-shared with
some covalent character when the ratio falls between 1 and 2,
and as strong HBs and covalent bonds when jV(rc) j /G(rc) > 2.[45]

A minimum potential energy structure was extracted from the
production simulations without considering all water mole-
cules, which is shown in Figure 6a. This complex occurs at
23.35 ns of the simulation in line with the stable distance from
Figure 5. The structure was subjected to a semiempirical
optimization and then a wave function was generated at the

w-B97XD/6-311 + + G** level of theory. The results of the
QTAIM analysis are shown in Table 1 and the molecular graph

of the CAT/PP complex is displayed in Figure 6b, in which the
LCPs corresponding to the covalent bonds were omitted in
order to emphasize just the intermolecular interactions.

The QTAIM analysis reveals the existence of several closed
shell interactions. From Table 1 it can be seen just one strong
HB in which the O3’B of CAT is acting as a proton donor, and the
C=O group of the Pro 2 residue acts as the proton-acceptor
counterpart, as was previously observed in the MD results. The
Laplacian is positive and the value falls within the proposed
rang of 0.014 - 0.139 au.[43] Thus, the O3’B-H···O2-Pro interaction
corresponds to a weak HB. In addition, the stability of this HB is
also reflected in its low value of ellipticity. Furthermore, non-
conventional HBs of the C–H···O type between C atoms of Pro
rings and -OH groups of CAT are revealed, that is: Cd2-H···O5A,
Cb1–H···O5A, Cb2–H···O6A, Cd5–H···O1C. The density values at these
LCPs were found to vary from 0.001 to 0.006 au, in agreement
with values reported by other authors[46,47] in which this

Figure 5. Interatomic distance between O3’ of Catechin and O2 of Proline
residue (distance corresponded to the HB O3’C-H···O2-Pro) as a function of the
simulation time.

Figure 6. (a) Snapshot of the lowest potential energy structure, obtained
from the MD step production. (b) Molecular Graph showing the intermo-
lecular interactions, LCPs are colored in red.

Table 1. Local properties at molecular interaction LCPs within a selected
complex.

Interaction 1(rc) r21(rc) jV(rc) j /G(rc) e

Hb1···H4C 0.0010 0.0041 0.5981 0.2054
Cd2-H···O5A 0.0018 0.0067 0.6907 0.4303
Cd4-H···C3’B 0.0023 0.0080 0.7304 0.6594
N2···C2’B 0.0030 0.0086 0.8207 0.3989
Cb1-H···O5A 0.0032 0.0118 0.7579 0.0455
Ca4-H···C2’B 0.0034 0.0106 0.7740 0.5088
C=O3-Pro···C8A 0.0048 0.0151 0.7970 0.3845
Hd5···H8A 0.0053 0.0156 0.8108 0.1609
Cb2-H···O6A 0.0055 0.0152 0.7916 0.4313
Cd5-H···O1C 0.0056 0.0180 0.8431 0.0167
Cb4-H···C5’B 0.0068 0.0200 0.8162 2.4618
O3’B-H···O2-Pro 0.0277 0.1137 0.9011 0.0452

All values are in atomic units.
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quantity was found to vary from 0.002 to 0.034 au. As can be
seen in Table 1, the jV(rc) j /G(rc) and e values obtained for the
Cd5–H···O1C and Cb1–H···O5A interactions would indicate that
these HBs are stronger than Cd2-H···O5A, and Cb2–H···O6A HBs.

As it was previously mentioned, Oh et al.[8] and also Ferrer-
Gallego et al.[28] have claimed that protein-polyphenol inter-
actions are mainly due to hydrophobic contacts. This inter-
action was also described as a stacking interaction between a
polyphenolic aromatic ring and a proline pyrrolidone ring.[29]

This fact is observed here as non-covalent interactions of C–
H···p type: Cd4–H···C3’B, Ca4–H···C2’B, and Cb4–H···C5’B, which occur
between the B ring of the polyphenol and a Pro ring, leading
to a face to face stacking interaction. All values of charge
density at LCPs lay in the order of those reported in
literature.[48,49] It could be pointed out that the Cb4-H···C5’B HB is
the weakest, since it has the greatest value of ellipticity among
all the interactions.

Moreover, the so called dihydrogen bonds, H···H, are
observed. They occur between H atoms of Pro ring and H
atoms of CAT attached to C atoms, i. e., Hd5···H8A, Hb1···H4C. These
interactions have been widely studied in the literature by
theoretical and experimental methods,[43,50] and they were also
observed in other biological systems.[49] The density values of
1(rc) at LCPs (which range from 0.001 to 0.005 au) lay in the
order of the QTAIM criteria to characterize HBs.[46] However, the
Hb1···H4C contact does not fulfill the Laplacian criteria.

Finally, a non-covalent O3-Pro···C8A interaction was revealed.
This type of interaction was also found in p-dimers of catechol
and quinhydrone[35,48] with density values of 1(rc) that vary from
0.004 to 0.006 au. It is also worth highlighting that Mosquera
et al. have found that this interaction is more stabilizing than
the C–H···p HB in catechol dimers.[48] Therefore, these findings
give some relevance to the O3-Pro···C8A LCP.

2.2. PP-PB3 System

Hydration of pentapeptides

The RDFs calculated for each PP molecule are displayed in
Figures 7 a-c. When looking at the height of the picks, it can be
seen from these figures the different behaviors of PP oxygen
atoms which are the same for the previous system. Some
oxygen atoms are more surrounded by water molecules than
others. In fragment 2 and 3 the O2atoms are strongly disabled
to the access of water, probably because they are interacting
with polyphenols as it has been demonstrated in the previous
system. A second peak corresponding to a second hydration
layer is not observed.

Hydrogen bonds

Figure 8 shows a snapshot of the PP-PB3 system, in which a
great agglomeration between PP and PB3 molecules is
observed. Also, it can be pointed out that PPs are probably
interacting with more than one PB3 molecule.

With the collected trajectories from the production step the
temporal evolution of the number of HB was calculated, and

then the lifetimes and occupancy percentages were evaluated
as it has been mentioned above. The analysis shows that the
number of HBs range from 1 to 6, a small number if the
number of OH groups of the polyphenols and the number of
proton acceptors of pentapeptides is considered. However, as it
was pointed out in the CAT-PP system, one HB is sufficient for
the stabilization of the complex. By analyzing water/peptide

Figure 7. Radial distribution function of water oxygen atoms around oxygen
atoms of (a) PP 1, (b) PP 2 and (c) PP 3.

Figure 8. Snapshot of the final structure of complexes. The PB3 molecules
are colored at red, and the PP molecules are colored at blue.
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and peptide/polyphenol interactions, the mean occupancy
percentages of PP-PB3 HBs are higher than the PP-WAT %,
which are practically null. This analysis reveals the greater
affinity of the proteins to polyphenols than to water, and it is
clear that PB3 molecules are bonded to specific oxygen atoms,
which will be discussed in the section hereafter.

Table 2 reports the results of the HB analysis between PP
and PB3 molecules: occupancy percentages, lifetimes, and the

average values of distances and angles. Taking into account
this table, it can be pointed out that the cluster of Figure 8 is
held together only by four HBs; therefore, what is generally
called “hydrophobic interactions/contacts” gain a special value.

In order to analyze the most stable interaction, by taking
into account the higher occupancy and lifetime values of
Table 2, the interatomic distance O3F···O2-Pro as a function of the
simulation time was calculated. The results (see Figure 9) show

again the stability of the complex. The PP and PB3 molecules
are bonded by a HB at 4 ns of the simulation, and then the HB
breaks to be formed again at 21 ns. Almost the same behavior
is observed in the O4’B–H···O1-Pro, O5A–H···O1-Pro and O7A–H···O4-Pro

interactions.
In the same way as in the PP-CAT system, the interactions

involved in the complex were analyzed by the QTAIM method.
For this purpose a dimer of PP/PB3 was randomly extracted
from the production runs and all water molecules were

removed. With this structure a wave function was generated at
the w-B97XD/6-311 + + G** level of theory. The results of the
QTAIM analysis are shown in Table 3. In general, all LCPs fulfill

the 1(rc) and r21(rc) criteria for HBs, except the first five
interactions of Table 3. The topology analysis reveals, again, the
presence of just one HB O–H···O type which is the strongest
according to 1(rc) and jV(rc) j /G(rc) values (see Table 3), as well
as the system PP-CAT. Besides, other less usual interactions
such as C–H···O, C–H···p and H···H have been detected, similarly
to the CAT-PP system. Among these interactions, Cg5-H···O4’E and
Cd5-H···C3’E seem to be the most topologically instable due to
their higher ellipticity values. Hence, the binding mechanism of
PB3 is essentially equal to that of CAT.

Finally, it has been suggested[51] that polyphenols can act as
bridges by linking two chains of proteins at the same time, and
this is the presumed mechanism by which the molecular
aggregates increase in size to reach the size of the colloid. In
order to examine this hypothetical mechanism, we analyzed
the interactions by the QTAIM method using the same strategy
that was used in the previous systems. A structure was taken
from the MD simulation, which includes four molecules, two PP
and two PB3 molecules. After a semi-empirical optimization at
the PM6 level, the wave function was generated at the HF/6-
31G* level of theory. The molecular graph of the complex is
shown in Figure 10. This information is essentially qualitative.

In Figure 10< a xfigr10> it can be clearly seen how the
PB3 molecule (colored in orange) takes place between two
fragments of PP and forms several interactions with both
fragments. Also, a stacking interaction between the polyphe-
nolic ring and the Pro ring is observed. As it has been
previously mentioned, the stacking interaction is a set of HBs of
the C–H···p type, in which C atoms of the polyphenolic ring act
as electron donors whereas the C–H bonds of Pro ring act as
proton donors (electron acceptors). In addition, interactions of

Table 2. Hydrogen bond analysis

Interaction Occupancy % Lifetime [ps] Distance [Å] Angle [8]

O4’B–H···O1-Pro 54.90 13.1 2.72 18.27
O5A–H···O1-Pro 92.10 16.2 2.72 19.29
O3F–H···O2-Pro 92.50 17.1 2.73 17.22
O7A–H···O4-Pro 12.40 3.9 2.77 15.75

Figure 9. Interatomic distance between O5A of PB3 and O1 of Proline residue
(distance corresponded to the HB O5A–H···O1-Pro) as a function of the
simulation time.

Table 3. Local properties at molecular interaction LCPs within a selected
complex.

Interaction 1(rc) r21(rc) jV(rc) j /G(rc) e

Cb1H···O3F 0.0015 0.0068 0.6515 0.3075
Hg2···H3F 0.0021 0.0078 0.7286 0.0549
Hb2···H3F 0.0022 0.0077 0.7385 0.1086
Hb4···H2’B 0.0031 0.0100 0.7693 0.9799
C2F-H···O3-Pro 0.0038 0.0126 0.8101 0.0395
Cg5-H···O4’E 0.0042 0.0161 0.8040 1.8403
Cb5-H···O3’E 0.0047 0.0159 0.8353 0.1809
Hd4···H2’B 0.0052 0.0148 0.8403 0.2195
Hb4···H8A 0.0053 0.0183 0.7320 0.8904
Ha4···H2F 0.0055 0.0164 0.8286 0.2113
Cd5-H···C8A 0.0059 0.0155 0.8362 0.3403
Cb1-H···O4’E 0.0063 0.0211 0.8303 0.5788
Cb2-H···O1C 0.0073 0.0223 0.8728 0.0208
Hd2···H3’B 0.0079 0.0236 0.8296 0.0473
Cd5-H···O3F 0.0079 0.0231 0.8907 0.0412
Cd5-H···C3’E 0.0085 0.0266 0.8233 2.9924
C2’E-H···O3-Pro 0.0096 0.0324 0.8213 0.0613
O3F-H···O2-Pro 0.0291 0.1151 0.9211 0.0537

All values are in atomic units.
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the C–H···O type are observed, in which C atoms of the protein
act as proton donors.

In Figure 10< b xfigr10> it can again be observed a HB of
the O–H···O type between the -OH group of the catechol ring
and the O atom of the peptidic bond, in conjunction with a
second HB C–H···O type. This interaction has a key role in the
mechanism of formation of the complex since it occurs in all
the structures analyzed in this work, and it shows the greatest
value of 1(rc) at the LCP, as it was previously seen. Moreover,
polyphenols access to the active site of proteins through this
interaction, that is, the carbonylic oxygens.

Conclusions

The theoretical results presented here provide a fundamental
description of the molecular interactions involved in protein-
polyphenol complexes by combining Molecular Dynamics
simulations and electronic structures calculations.

MD results show the formation of stable complexes in time.
In the first system, the CAT and PP molecules remain attached
during the last 5 ns of simulation whereas in the second one, a
stable conglomerate is formed. The topology analysis reveals
that the mechanism of interaction relies upon a wide network
of HBs involving: O–H···O type and a vast number of non-
conventional HBs: C–H···O and C–H···p. In addition, other less
usual interactions have been found: O···O, H···H and O···C. The
manifestation of these interactions along the peptide chain

leads to the formation of polyphenol/protein complexes. Thus,
since polyphenols can link at least two peptide chains at the
same time, the complexes grow in size until they reach the size
of the colloidal particles.

Finally, it can be concluded that the necessary condition for
the development of the colloid is the formation of an HB that
involves a carbonylic oxygen of the protein and an –OH group
of the polyphenol.

Supporting Information Summary

This summary contains details of the computational method
followed.
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Molecular Dynamic simulations in
conjunction with the analysis of the
topology of the electron density
were used to study protein/polyphe-
nol interactions. The necessary
condition for the development of
colloidal particles in polyphenol/
protein aggregation is the formation
of a hydrogen bond that involves a
carbonylic oxygen of the protein and
an –OH group of the polyphenol. C–
H···O interactions play a key role in
the stabilization of the aggregate.
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