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Polyphenols are plant secondary metabolites commonly present in the human diet that possess the
ability to bind and inhibit digestive proteins. In the present study, kinetic measurements of porcine
pancreatic elastase (PPE) activity were determined using Suc-(Ala)s-p-nitroanilide as substrate and
polyphenolic compounds as inhibitors. A positive relationship between the degree of polyphenol
polymerization and the capacity of the polyphenols to inhibit PPE was observed. Procyanidins with a
molecular weight of at least 1154 Da were necessary to observe a significant inhibitory ability. Kinetic
parameters were also calculated and confirmed that the inhibition is reversible and competitive.
Molecular docking and dynamics simulations demonstrated that the tetramer structure has a higher
affinity to the enzyme due the establishment of more contact points with the amino acids present in its
active site. Hydrogen bond interactions and hydrophobic effects established between the polyphenol
groups and the side chain of residues stabilize and favor the binding mode of this procyanidin. This work
is relevant to the study of the antinutritional effects caused by dietary tannins on the digestive enzymes’
activity, reducing food digestibility and the absorption of nutrients. In general, the elastase model studied
herein allows a better understanding of the inhibitory ability of polyphenol compounds.
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INTRODUCTION

Some beverages such as wine, tea and berry juices are the main
dietary sources of polyphenols with reported health benefits (7). It
is known that these compounds possess many biological and
pharmacological properties, such as reducing the risk of cancer
and heart diseases, and acting as natural antioxidants in the food
industry (2—4). Some authors have studied these properties using
computational methodologies (5, 6).

Dietary polyphenols show a wide diversity of structures sub-
divided in two broad classes of tannins: condensed tannins
(proanthocyanidins, which are flavan-3-ol units with various
degrees of substitution and polymerization) and hydrolyzable
tannins (gallic or ellagic esters of glucose) (/). As condensed tannins
are large polymeric structures, they are poorly absorbed in the
intestine and remain in the digestive tract for a long time (7).
Moreover, various studies show that these polyphenol complexes
can react and/or bind proteins, acting as complexation or precipita-
tion agents with biological activity in the digestive tract (§—10).
Thus, it was suggested that the binding of polyphenols could
denature enzymes and lead to the loss of their catalytic activity.
These interactions have a hydrophobic and hydrogen bonding
nature and could result in insoluble aggregates that precipitate (/7).
Therefore, this complexation ability can result in the inhibition of
digestive enzymes such as lipases, glycosidases and proteases,
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reducing food digestibility. Taking into account the reduced
absorption occurring in polyphenol-rich diets, the interest in study-
ing the inhibition of digestive enzymes by these compounds has
increased in the past few years.

It is well-known that some polyphenols may inhibit the activity of
proteolytic enzymes, which have crucial biological effects on disease
processes, such as bacterial colonization, tumor invasion, and
metastasis (12). Green tea (—)-epigallocatechin-3-gallate (EGCG)
has been found to be responsible for growth inhibition and regres-
sion of human prostate tumor in athymic nude mice (). Catechins,
the polyphenolic compounds most abundant in tea leaves and grape
seeds, have already been found to inhibit various metallo- and
serine-proteases crucial for some processes like inflammation,
angiogenesis and cancer survival, such as leukocyte elastase and
gelatinases (/3). Moreover, it has also been reported that some
phenolic compounds possess the ability to inhibit the proteasome, a
multicatalytic protease responsible for the degradation of most
cellular proteins. Tea polyphenols (—)-epigallocatechin gallate and
(—)-epicatechin-3-gallate have been pointed out to greatly inhibit
the proteasomal chymotrypsin-like activity (14).

Although various studies have shown that polyphenols can
prevent disease, the exact mechanism by which this occurs is not
well understood. Polyphenol complexation with proteins has been
studied in solution by NMR spectroscopy (I5—17), microcalori-
metry (/8), enzyme inhibition (/9), protein precipitation (/7), turbid-
ity (20), nephelometry (/) and fluorescence quenching (8, 10).
Elastases are serine proteases that degrade a wide variety of protein
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Figure 1. Representation of the dimer B3 (A), trimer C2 (B) and tetramer (C) structures.

substrates including the connective tissue protein elastin (27).
Human neutrophil elastase (HNE) and porcine pancreatic elastase
(PPE) represent two of these elastin-cleaving enzymes. PPE is
secreted into the small intestine and is essential for digestion of
proteins rich in connective tissues, while HNE is involved in
phagocytosis and defends against infection. HNE also participates
in the controlled proteolysis of elastic fibers during normal growth
and remodeling (/2). However, under certain pathological condi-
tions the activity of these enzymes can lead to major, uncontrolled
destruction of structural proteins and to severe diseases like pulmo-
nary emphysema, acute pancreatitis, rheumatoid arthritis, throm-
bosis and stroke (12, 13). Bearing their crucial therapeutic impor-
tance, the high structural similarity of both enzymes, and the fact
that PPE is directly accessible to polyphenols due to its action in the
digestive tract, the inhibitory ability of procyanidins on pancreatic
elastase should be explored. PPE (E.C. 3.4.21.36) is a multispecific
serine protease composed of 240 amino acids in its active state. As
all serine protease family members, it has a conserved active site
catalytic triad formed by serine, histidine, and aspartate resi-
dues (22). Porcine and rat elastases cleave substrates at peptide
bonds involving a small hydrophobic amino acid (preferentially
Ala) and another residue of any kind (Ala—X bonds) (27). Some
authors have studied the inhibitory effects on mouse, porcine
and human pancreatic elastase of structurally different inhibitors,
such as soybean trypsin inhibitor, lima bean trypsin inhibitor,
ovomucoid, serine proteinase inhibitor phenylmethanesulfonyl
fluoride, elastatinal, benzamidine, bovine pancreatic trypsin in-
hibitor, leupeptin and human f-casomorphin-7 (21, 23, 24). In a
previous work, procyanidin complexation with PPE has been
studied by fluorescence quenching, circular dichroism, nephelo-
metry, and dynamic light scattering, as well as computational
methodologies (25).

This work aims to study the effect of procyanidins dimer B3,
trimer C2, a tetramer and an oligomeric fraction of procyanidins
(OFP) on the hydrolysis of Suc-(Ala);-p-nitroanilide by PPE.
Figure 1 shows the structures of the dimer B3, trimer C2 and a
tetramer. The inhibition constants (K;) for procyanidins trimer
C2, tetramer and OFP were determined. Computational calcula-
tions, namely, molecular docking and molecular dynamic simula-
tions, with the substrate, trimer and tetramer molecules bound to
the active site of the enzyme were also performed.

MATERIALS AND METHODS

Materials. Porcine pancreatic elastase and Suc-(Ala)s-p-nitroanilide
substrate were obtained from Sigma Aldrich and stored at —20 °C. Both
elastase and substrate were dissolved at room temperature in phosphate
buffer (0.1 M, pH 7.0) and frozen.

Synthesis of Dimeric, Trimeric and Tetrameric Procyanidins. The
synthesis of procyanidin dimers, trimers and tetramers followed the proce-
dure described in the literature (26, 27). For the synthesis of dimers, taxifolin
(200 mg) and catechin (575 mg) were dissolved in ethanol under argon
atmosphere (taxifolin/catechin ratio 1:3). The mixture was then treated by
dropwise addition of sodium borohydride (in ethanol). The pH was then
lowered to 4.5 by slowly adding 50% aq CH;COOH, and the mixture was
allowed to stand under argon atmosphere for 30 min. The reaction mixture
was extracted with ethyl acetate. After evaporation of the solvent, water was
added and the reaction mixture was passed through reverse-phase C18 gel,
thoroughly washed with water and eluted with methanol. The obtained
fraction, after evaporation of methanol, was passed through a TSK
Toyopearl HW-40(s) gel column (300 mm x 10 mm i.d., with 0.8 mL min~'
methanol as eluent) coupled to a UV—vis detector. Several fractions
corresponding to the eluted peaks in Figure 2 were collected and analyzed
by ESI-MS infusion in the negative mode (Finnigan DECA XP PLUS)
yielding procyanidin dimer B3 ((M — H] ™~ atm/z = 577); procyanidin trimer
C2([M — H] ™ atm/z = 865) and procyanidin tetramer ((M — H] ™~ atm/z =
1153). For the production of trimer and tetramer the ratio of taxifolin to
catechin were changed to (1:1) and (1:0.5) respectively to favor the more
polymerized products (trimers and tetramers).

The identity of both dimer B3 and trimer C2 was confirmed by
NMR (28, 29). Regarding the tetramer its characterization by NMR has
proven to be difficult due to the presence of several rotamers that
complicate signal attribution. However the tetramer used was the more
abundant that probably corresponds to the fully C4—C8 linked isomer
since this interflavanoid linkage is more likely to occur than C4—C6.

Oligomeric Procyanidin Fraction. Oligomeric procyanidins were
obtained as described in the literature (30). Briefly, Vitis vinifera grape
seeds were extracted in ethanol/water/chloroform (1:1:2). The hydroalco-
holic phase was extracted with ethyl acetate and evaporated yielding a
residue composed of monomeric and oligomeric procyanidins (OFP). In
order to obtain a purified fraction corresponding to the oligomeric
procyanidins, the residue was fractionated through a TSK Toyopearl
HW-40(s) gel column (100 mm x 10 mm i.d., with 0.8 mL min~"). Fraction
I corresponding to catechin monomers and low M,, procyanidins was
eluted with methanol for the first 6 h; fraction II containing more
polymerized procyanidin oligomers (OPF) was obtained after elution with
methanol/CH;COOH (95:5, v/v) during the next 14 h; more polymerized
procyanidins were not eluted. Fractions were mixed with deionized water
and freeze-dried. The procyanidin composition of each fraction was
determined through ESI-MS (Finnigan DECA XP PLUS) as described
elsewhere (37). Fraction I1, the one used in the study, contains procyanidin
oligomers up to hexameric molecules: dimer (MW = 578); dimer gallate
(MW = 730); trimer (MW = 866); trimer gallate (MW = 1018); tetramer
(MW = 1154); tetramer gallate (MW = 1306); pentamer gallate (MW =
1595); hexamer gallate MW = 1882).

Enzymatic Activity Assays. Elastase activity was assayed using
Suc-(Ala)s-p-nitroanilide as substrate. This substrate was chosen because
it is specific to the proteolytic activity of pancreatic elastase, and it was
used in similar works present in the literature (21, 23, 32). After protease
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Figure 2. Chromatogram (280 nm) obtained from Toyopearl HW-40(s) gel column chromatography of the reaction products corresponding to the
hemysinthesis of procyanidins. Values above representative peaks correspond to the molecular mass of the compound as determined by ESI-MS.

action this substrate releases p-nitroaniline, which is detectable by spectro-
photometry at 405 nm using a UV—vis microplate reader (Biotek Power-
wave XS) and appropriate data processing software (KC4). The kinetic
parameters K, and V., of the enzyme were determined using the same
substrate. Several concentrations of the substrate, from 10 to 900 M, were
tested at 0.8 uM of elastase. This range of concentrations has proven to be
appropriate to calculate the initial rate from the graphs of AAbs = f{time)
in the experimental conditions used. In each well of a 96 well (300 uL)
microreader plate 20 uL of elastase working solution was mixed with
different volumes of procyanidin solution (phosphate buffer 0.1 M, pH
7.0); the total volume before substrate addition was adjusted to 280 uL
with phosphate buffer. Previous studies have shown that the optimal pH
values of PPE activity vary between 7.0 and 8.8 depending on the buffer
used (21). Therefore, the assays were conducted at physiological tempera-
ture (37 °C) and at the optimal pH (7.0) of elastase in phosphate buffer.
After 5 min, a blank was measured and 20 uL of substrate was added to
each well. ICs, values and the inhibition constants were calculated and
used to compare the inhibitory ability of different procyanidins. The
Lineweaver—Burk graphs were plotted in the absence and presence of the
oligomeric fraction of procyanidins as inhibitor.

Statistical Analysis. All assays were performed in triplicate. The
statistical differences were evaluated using analysis of variance (ANOVA);
the mean values were compared using a Tukey test, and all statistic data were
processed using the SPSS software, version 15.0 (SPSS Inc., Chicago IL).

Computational Studies. The X-ray crystallographic structure of
porcine pancreatic elastase was obtained from the database protein
databank (1QNJ code at 1.1 A resolution) (22). Various studies have
shown the existence of conserved waters in the elastase structure (33 —35).
In order to include these conserved crystallographic water molecules in the
system, any buried water molecule and the ones forming at least one H
bond with the enzyme were maintained. This procedure led us to keep 80 of
the water molecules of the crystallographic file and delete 413 water
molecules. All hydrogen atoms were added taking into account all residues
in their physiological protonation state. In order to release the bad
contacts in the crystallographic structure, the protein was minimized in
three stages during the initial geometry optimization. First, only the
hydrogen atoms were minimized; in a second stage the backbone was also
minimized; and finally, the entire system was minimized. About 1500 steps
were used for each stage, with the first 500 steps performed using the
steepest descent algorithm and the remaining steps carried out using
conjugate gradient. A substrate or polyphenolic molecule (depending on
the particular case under study) was initially docked into the structure of
the unligated protein, simulating the biological complex enzyme:substrate
orenzyme:polyphenol. The docking procedure was made with GOLD (36),
a program that predicts the binding modes of small molecules into protein
binding sites. The program is based on a genetic algorithm that is used to
place different ligand conformations in the protein binding site, recognized
by a fitting points strategy. Three scoring functions are a posteriori
available to rank the obtained solutions. As the docking accuracy obtained
with all scoring functions is similar, and the ChemScore is up to three times
faster when compared with the other, we have been used this scoring
function (37). Taking into account the lack of information about the
polyphenol-binding mode to the active site of elastase, the docking

protocol was performed with some distance constraints between crucial
catalytic atoms and atoms of the substrate or polyphenols. An important
distance constraint (2.0—3.0 A) was introduced between the hydrogen
atom of the hydroxyl group of the catalytic serine and the carbon atom of
the substrate where the cleavage should occur (34). The best docking
solutions were taken as starting structures for the subsequent minimization
and Molecular Dynamic (MD) simulations. To calculate the optimized
geometries and electronic properties of the substrate and the different
polyphenols, to be used later in the parametrization of these compounds,
we have used the Gaussian03 suite of programs (38) and performed
restricted Hartree—Fock (RHF) calculations, with the 6-31G(d) basis set.
The atomic charges were further calculated using RESP (39). This
methodology was chosen to be consistent with that adopted for the
parametrization process in Amber 8.0 software (40). Molecular dynamics
(MD) simulations were performed for each compound, with the param-
etrization adopted in Amber 8.0 using the Amber 1999 force field
(parm99) for the protein and the GAFF force field for the substrate and
polyphenols. In these simulations, an explicit solvation model with pre-
equilibrated TIP3P water molegules was used, filling a truncated octahe-
dral box with a minimum 12 A distance between the box faces and any
atom of the protein. Each structure was minimized in two stages: first, the
protein was kept fixed and only the position of the water molecules and
counterions was minimized; in the second stage, the full system was
minimized. Following a 500 ps equilibration procedure, 5 ns MD simula-
tions were carried out, starting with the optimized structures. The
Langevin thermostat was used, and all the simulations were carried out
in the NPT ensemble with periodic boundary conditions (¢7). All MD
simulations were carried out using the Sander module, implemented in the
Amber 10.0 simulations package (42), with the Cornell force field (43).
Bond lengths involving hydrogens were constrained using the SHAKE
algorithm (44), and the equations of motion were integrated with a 2 fs
time step using the Verlet leapfrog algorithm. The nonbonded interactions
were truncated with a 10 A cutoff. The temperature of the systems was
regulated to be maintained at 310.15 K. All of the MD results were
analyzed with the Ptraj module of Amber 10.0 (42).

The MM_PBSA script (45) implemented in Amber 8.0 was used to
calculate the binding free energies for all complexes. A postprocessing
treatment of the complex was performed by using its structure, and
calculating the respective energies for the complex and all interacting
components. The binding free energy difference between the elastase:
substrate complex and elastase:polyphenol complexes is defined as

AAGhindging = AGhinding (Substrate) — AGupinding (polyphenol)

In each calculation, 100 snapshots of the complexes were extracted
every 100 steps for the last 10000 steps of the run. Electrostatic and van der
Waals interactions were calculated using the Cornell force field with no
cutoff (43). The electrostatic solvation free energy was calculated by
solving the Poisson—Boltzmann equation with the software Delphi
v.4 (46,47). The accuracy of this method depends on the self-consistency
of the model parameters used to solve the finite difference method
implemented in Delphi. The key parameters used were based in a detailed
study that correlated the effect of the variation of key parameters in several
systems with the correspondent computational time (48). The nonpolar
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Figure 3. (A) Variation of the relative enzymatic activity of porcine
pancreatic elastase at 37 °C as a function of Suc-(Ala)s-p-nitroanilide
concentration. (B) Lineweaver—Burk graphic calculated with the same
conditions.

contribution to solvation free energy due to van der Waals interactions
between the solute and the solvent and cavity formation was modeled as a
term that is dependent on the solvent accessible surface area of the mole-
cule. It was estimated using an empirical relation: AGnonpotar = 0’4 +
where A is the solvent-accessible surface area that was estimated using the
molsurf software (49). o’ and § are empirical constants, and the values
used were 0.00542 keal A2 mol ™" and 0.92 keal mol ™, respectively. The
entropy term was not calculated because it was assumed that its contribu-
tion to AAGyinding becomes negligible (45). The values of the external and
internal dielectric constants used were 80.0 and 1.0, respectively.

RESULTS AND DISCUSSION

Enzymatic Properties of Elastase. The kinetic properties of
elastase were already determined in various studies (27, 23,50), and
it is well-known that this enzyme follows the Michaelis—Menten
kinetics. However, it was observed that K, (Michaelis constant)
and V. (maximal velocity) greatly depend on the experimental
conditions used, i.e., buffer, pH and temperature. Davril and
colleagues obtained a K, value of 2.0 mM using Suc-(Ala)z-p-nitro-
anilide as substrate in 50 mM Hepes buffer, pH 7.0 and 25 °C (50).
In this present work, an enzymatic assay based on the hydrolysis of
the same substrate was performed, in which the release of p-nitro-
anilide group after hydrolysis was followed over time at 405 nm.
The experiments were conducted in 0.1 M phosphate buffer, pH 7.0
and 37 °C. Figure 3 shows the increment of porcine pancreatic
elastase activity with increasing substrate concentrations, as well as
the Lineweaver—Burk plot calculated with the same data. A rela-
tionship between higher substrate concentrations and larger enzy-
matic activity was found. The K, and V., parameters were
calculated from the Lineweaver—Burk equation, and the values
obtained were 2.09 mM £ 0.46 and 68.25 mM/s £ 13.50, respec-
tively. The kinetic profile was similar to another one obtained in
comparable experimental conditions (50).

Inhibitory Effect of Polyphenols in Elastase Activity. In order to
study the inhibitory effect of procyanidins on elastase activity,
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Figure 4. Kinetics activity of elastase (0.8 «M) with increasing concentra-
tions of tetramer procyanidin. Assays were conducted in 0.1 M phosphate
buffer (pH 7.0) at 37 °C. The substrate concentration (Suc-(Ala)s-p-
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analysis.
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Figure 5. Relative rate of elastase activity (R/R.) at pH 7.0, as a function
of procyanidin concentration: a trimer C2, @ tetramer and B OFP. Each
equation is an average of the triplicate analysis.

assays with different volumes of condensed tannins (dimer B3,
trimer C2, tetramer and an oligomeric fraction of procyanidins
(OFP) with a higher average molecular weight) were performed.

Figure 4 shows the influence of the tetramer on the protease
activity of elastase. In general, the hydrolytic activity decreased
with procyanidin concentrations in the case of tetramer, trimer
C2 and OFP. However, the procyanidins with lower molecular
weight (dimer B3) did not significantly inhibit the activity of
elastase (data not shown). The slope of each curve in Figure 4
corresponds to the hydrolytic rate in the absence of procyanidins
(R., control assay) and in the presence of several concentrations
of procyanidins tested (R;).

For trimer C2, tetramer and OFP, a plot of relative hydrolysis
rate (Ri/R.) was made using different concentrations from 0
(control assay) to 900 uM (Figure 5), and this demonstrates the
capacity of each polyphenolic compound to inhibit elastase.

It can be seen from Figure 5 that procyanidin trimer C2 hardly
inhibited the elastase activity (circa 10%), while the most poly-
merized procyanidins (OFP) displayed the highest inhibitory ability
(approximately 90%). These results are in agreement with previous
studies with other enzymes. It is expected that more polymerized
procyanidins establish more van der Waals interactions and
hydrogen bonds between their hydrophobic and hydroxyl groups
with the side chains of the residues present in the active site. All
these results suggest that larger tannins may act as a blocking gate,
preventing the substrate access to the active site. Oppositely, as
dimer B3 is the smallest procyanidin studied herein, it likely
establishes few interactions with the active site and cannot block
the cavity, consequently not showing any inhibitory activity.

Furthermore, at the concentration of 750 and 200 uM for
tetramer and OFP, respectively, further addition of each procya-
nidin did not significantly change elastase activity. This residual
enzymatic activity may suggest that a population of uninhibited
enzyme molecules still subsists and carries on their hydrolytic
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Table 1. IC5, Values, Inhibitory Constants (K;), Experimental Binding Free
Energies (AGey,) and the Differences in Binding Free Energies of Each
Procyanidin Studied Related to the Value Obtained for the Substrate?

AGey, AAGgy,
(kcal/mol) (kcal/mol)

procyanidins  1Cso (M) Ki (mM)

trimer C2  5863.34+759.8a 5.237+0.679a —324+0.08a 0.56+0.08a
tetramer 585.1+629b 0.5234+0.056b —4.66+0.07b —0.86+ 0.07b
OFP 16.0+£07¢c  0.014+0.001c —6.884+0.02¢c —3.07+£0.02¢c

21n each column values with different letters are significantly different (P < 0.05).
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Figure 6. Kinetics of elastase (0.8 «M) with increasing concentrations of
Suc-(Ala)s-p-nitroanilide (0—800 «M) and using always the same OFP
concentration (20 uM). Assays were conducted in 0.1 M phosphate buffer
(pH 7.0) at 37 °C. The curve is an average of the triplicate analysis.
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Figure 7. Representation of Lineweaver—Burk graphic in the absence of
polyphenol inhibitor (a) and in the presence of 20 M of OFP (M). Assays
were conducted with 0.8 M of elastase in 0.1 M phosphate buffer (pH 7.0)
at 37 °C.

activity. On the other hand, this data can also mean that poly-
phenols compete with the substrate for the active site, and in that
case, the enzyme molecules remain active, whereas the reaction rate
is slowed relatively to the rate in the absence of the procyanidins.

In order to study the affinity of each procyanidin to the active
site of elastase under these conditions, the half maximal inhibitory
concentration values (ICsq) for each compound were determined
from Figure 4 and are presented in Table 1. These values indicate
that the procyanidin that needs the lowest concentration to inhibit
half the maximal activity of elastase is the oligomeric fraction, while
trimer C2 requires much higher concentrations for the same
inhibition. However, ICs, values are not a direct indicator of affin-
ity, thus the absolute inhibition constants (K;) were calculated
from the Cheng—Prusoff equation (K; = ICsy/(1 + [S]/Kw)).
Experimental binding free energies (AG.yp,) for the substrate and
each procyanidin studied were also calculated from the equations
AGhinding=—RT'In K, and AGyinging = — RT In K;, respectively. The
binding free energy value obtained for the Suc-(Ala);-p-nitroanilide
substrate was —3.80 kcal/mol. The differences between the free

Bras et al.

Figure 8. Representation of structures of the elastase:substrate (A),
elastase:trimer (B) and elastase:tetramer (C) complexes. The substrate
and procyanidins are colored at elements and the catalytic triad (His57,
Asp102 and Ser195) is colored at orange.

energy values of each procyanidin related to the value obtained for
the substrate (AAG.y;,) were also calculated (Table 1).

It was observed that the most polymerized procyanidins
possess the lower K; value, which indicates a great affinity of
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tetramer (red line, C).

these procyanidins to elastase, thus a higher inhibitory ability.
Oppositely, the high K; value obtained for trimer C2 demon-
strates a weak affinity to the enzyme, which agrees with the small
inhibitory effect (circa 10%) observed. Similar conclusions were
obtained from the binding free energy values derived from K.
Analyzing the AAG,y,, it is interesting to notice that trimer C2
shows a positive value, revealing a poorer affinity to the active site
than the Suc-(Ala);-p-nitroanilide substrate used.

In order to investigate which kind of inhibition (reversible or
irreversible) the addition of procyanidins causes, an assay with an
addition of 20 uM of OFP was performed (Figure 6). Point A in
Figure 6 corresponds to the hydrolytic activity with 250 uM of
substrate, point B indicates the inhibitory effect caused by the
addition of procyanidins (20 #uM) with the latter concentration of
substrate, and the following points correspond to further addition
of increasing concentrations of substrate. It was observed that the
inhibitory effect at fixed procyanidin concentration decreases
with increasing substrate concentrations.Thus, the inhibition
caused by polyphenol compounds is reverted by further addition
of substrate. These data indicate that both substrate and inhibitor
molecules compete for the same active site, suggesting a compet-
itive reversible inhibition. A competitive inhibitor binds rever-
sibly with the enzyme to form an enzyme:inhibitor complex (EI),
analogous to the enzyme:substrate complex (ES). In the presence
of a competitive inhibitor, a higher substrate concentration is re-
quired to achieve its maximum velocity, thus the K, value of the
enzyme for substrate tends to increase, while V.« remains con-
stant. Figure 7 shows the Lineweaver—Burk plots, in the absence
and presence of oligomeric fraction, and it was observed that both
lines intercept the y axis in the same point, which indicate a similar
value of V... This competition between the substrate and the
polyphenol to the active site can justify the residual enzymatic
activity previously referred, i.e. after the maximal inhibition activ-
ity, further addition of the inhibitor does not significantly change
elastase activity. Oppositely, other authors such as Marina Carini
et al. (2001) (57) and Roberto Facino et al. (1994) (52), have
obtained a noncompetitive inhibition for the interaction between
grape seed oligomers polyphenols and human neutrophils elastase
(HNE). That discrepancy could be explained by the structural
differences between elastin-cleaving enzymes (HNE and PPE) and
also by the different composition of the oligomeric procyanidin
fraction used herein (purified by chromatography) and the ones
used by these authors (more complex grape seed extract).

Docking and Molecular Dynamics Studies. The binding of
procyanidin molecules to elastase was simulated with docking
and molecular dynamics methodologies. Due to the lack of
crystallographic files of complexes between elastase and both
the subtrate and procyanidins molecules, docking procedures
using a distance constraint to the active site catalytic serine were
performed. MD simulations were performed using the best
docking solution for each compound as a starting structure.

Table 2. Distances of the Main Interactions between the Procyanidins (Trimer
and Tetramer) and the Amino Acids of the Elastase Pocket

elastase:trimer elastase:tetramer
residue interaction d(A) interaction d(A)
Tyr35 OH < O (C ring) 2.96 +0.96

apolar ring <> A-C ring
Thr96 ~ CO <> HO (D ring) 1.85+0.19
Asp98  COO™ <= HO (Bring) 2.40 +0.89

Ala99  NH<OH (Bring)  243+035

GIn192 NH, <> OH (Iring) ~ 3.03+1.28
Gly193 NH <> OH (Ering) 349 +0.58
Val216 CO<HO (Jring)  1.9640.40

Arg217  NHp < OH (A ring)
Phe215  apolar ring < E ring

416+082 NH,< OH (Fring) 2.964+ 0.99
apolar ring <> JL ring

Figure 8 shows the structures that are closest to the average
geometry of each complex. The root mean score deviation
(RMSD) values for the protein backbone (Co) and for each
ligand (substrate, trimer and tetramer) during the MD simula-
tions were obtained and are shown in the Figure 9. According to
these results, it can be observed that RMSD values obtained for
the protein backbone and substrate/trimer/tetramer are minimal,
indicating the higher equilibration and stability of each complex.

The root mean score fluctuation (RMSF) values gives a
measure of the movement of a subset of the system related to
the average structure over the whole simulation (Figure SI-1 in
Supporting Information). From the analysis of these RMSF
values, it was possible to observe that, in the simulation with
the substrate analogue, the residues Glyl8, Asnl32, Asnl33,
Argl45, Thrl146, Asnl47, and the three loops constituted by the
166—174, 184—188 and 217—224 residues, are the ones that
mostly modify their position during the MD simulations. In the
elastase:trimer simulation, the amino acids that show large
changes in their 3D positions are GIn23, Arg24, Gly78, Ser26,
Argd8, GInd9, Asn50, the 75—83, 109—119, 145—149 and 239—
245 residues that constitute the flexible loops. However, in the
elastase:tetramer simulation these flexible amino acids are Arg24,
Asn25, Gly78, Thr79, the three loops constituted by the 113—120,
124—128 and 195—207 residues.

The RMSF values were also calculated for the substrate,
trimer and tetramer molecules by atoms. According to the RMSF
values obtained for the substrate molecule, it was observed that
both extremities of the small peptide, i.e. the NO, group of the
p-nitroanilide and the opposite carboxylic group, show higher
flexibility and movement relatively to the average structure
during the MD simulation process. Analyzing the trimeric
procyanidin, it was observed that both rings E and H are highly
flexible and present large fluctuations, while in the tetramer case,
the hydroxyl groups of rings E, F, H, J, K and L are the only ones
with more flexibility during the MD simulation.

The elastase is a digestive protease that specifically cleaves the
peptidic bonds between small aliphatic amino acids as the binding
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Figure 10. Representation of the main interactions established between the substrate (A), trimer (B) and tetramer (C) with the residues present close to
active site of elastase. Substrate, trimer, tetramer and all residues are colored by element. The carbon atoms are green in the protein and gray for the ligands.

cavity (where the peptide chains are accommodated) is consti-
tuted mainly by residues with small aliphatic side chains. Struc-
tural information on the active site, in particular the hydrogen
interactions established between the trimer and tetramer mole-
cules and the neighbor amino acids, as well as van der Waals
contacts established between the procyanidin rings and the
aliphatic side chains of neighbor amino acids were analyzed
and are shown in Table 2. As the substrate analogue used
possesses three apolar alanines, this molecule establishes various
hydrophobic contacts with the residues. However, it does not
establish great hydrophilic interactions with the enzyme. The only
exception is the short hydrogen interaction with the Leul41 with
the average length of 2.39 + 0.53 A.

Figure 10 shows the main interactions established between the
trimer and tetramer with elastase in the closest structure of the
average geometry for both complexes.

In the complexes elastase:trimer and elastase:tetramer, it was
seen that the main interactions occur via hydrogen bonds,
particularly between the hydroxyl groups of the procyanidin

rings and the Thr96, Asp98, Ala99, Arg217 and Tyr35, GIn192,
Gly193, Val216, Arg217 residues, respectively. On the other
hand, the presence of aromatic residues close to the active site
provides the hydrophobic platform common to procyanidin—
protein interactions. These amino acids display a position and
orientation, which promotes the packing of the polyphenol rings
during their binding. Moreover, the existence of several van der
Waals contacts that are promoted by the aliphatic side chains
present at the interface, namely, with Tyr35, His57 and Phe215,
were also observed. It was noticed that the tetramer procyanidin
establishes more contacts to the active site of elastase than the
lower polymerized trimer compound, which is in agreement with
the poorer affinity observed in the binding free energy obtained
experimentally for the latter procyanidin. Furthermore, it is
interesting to observe that the large side chains of both Arg6l
and Arg217 are close to A—C and H rings plane of tetrameric
procyanidin, respectively, which allows for a higher stabilization
of this specific complex. It was noticed that both of these arginines
are located close to the active site, and other studies have
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suggested that Arg217 may be involved in substrate binding, as
well as it was crucial for maintaining the active conformation of
the enzyme (50).

In order to study the trimer and tetramer affinity for the active
site of elastase, the theoretical values of the differences in the
binding free energy values (AAGeor) between the AGyinging
obtained with elastase:trimer (4.7 kcal/mol) and elastase:tetramer
(—10.5 kcal/mol) complexes to the AGhjning for the Suc-(Ala)s-p-
nitroanilide substrate were also calculated. Although these values
are higher than the ones obtained experimentally, they are
qualitatively and biologically similar. These values do not include
the differential entropic contribution of the different ligands.
However, they are expected to be much smaller than the values
found for AAG o1, thus they will not change the relative affinities
calculated here. Therefore, the elastase:tetramer complexes dis-
play the most negative value of the binding free energy, which
reveals the higher stability of this complex and the highest affinity
of this procyanidin to the enzyme. Moreover, its formation is
thermodynamically favored, and these results agree with the lower
values of ICs and K; constants obtained experimentally for these
complexes when compared to the elastase:trimer complexes.

In conclusion, activity measurements of the porcine pancreatic
elastase (PPE) have been performed to know the kinetic para-
meters using the Suc-(Ala);-p-nitroanilide as substrate and pro-
cyanidins as inhibitors. A decrease in proteolysis activity with
addition of increasing polyphenol concentrations was observed. Con-
sidering that the order of inhibitory ability obtained was OFP >
tetramer > trimer procyanidins, we can conclude that the inhibi-
tory effect increases with increasing molecular weight of procyani-
dins. It was shown that more polymerized procyanidins establish
stronger intermolecular interactions with the amino acids present
on elastase active site, thus have higher inhibitory ability than the
smaller ones. Therefore, it can be concluded that procyanidins with
molecular weight of at least 1154 Da are necessary for significant
inhibition ability. Kinetic parameters were also calculated, and it
was concluded that the polyphenols’ inhibition of elastase is
reversible and competitive.

Molecular docking and dynamics simulations demonstrated
that short hydrogen bonds and van der Waals interactions estab-
lished between the tetramer groups and the side chains of residues
present on elastase active site stabilize and favor the binding of this
procyanidin. The experimental and theoretical differences in the
binding free energy values (AAG) were also calculated, and both
results are qualitatively and biologically similar. The complex with
the tetramer displays the most negative value, revealing that its
formation is thermodynamically favored when compared with the
complexes elastase:substrate and elastase:trimer.

In general, elastase inhibition by procyanidins may contribute
to a reduction in the proteolysis of proteins that may allow a
reduced weight gain in animals. It also may contribute to longer
digestion times, leading to a sensation of fullness that may reduce
overall food intake, contributing to control obesity. Furthermore,
these results may be relevant to study new elastase inhibitors for
therapeutic purposes like pulmonary emphysema, acute pancrea-
titis, rheumatoid arthritis and thrombosis.

Supporting Information Available: RMSF values obtained
for the elastase by residues complexed with Suc-(Ala)s-p-nitroa-
nilide substrate, trimer C2 and tetramer molecules (Figure SI-1).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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