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Polyphenols are largely responsible for the astringency and “mouthfeel” of tea and wine by their
interactions with basic salivary proline-rich proteins. Astringency arises from precipitation of polyphenol/
peptide complexes, which is an important protective mechanism in animals that consume polyphenols.
This paper presents biophysical studies of the interactions between chemically defined polyphenols
and peptides. It is shown that intermolecular binding is dominated by stacking of polyphenolic rings
onto planar hydrophobic surfaces and is strengthened by multiple cooperative binding of polyphenolic
rings. Affinities weaken at higher temperatures and are unaffected by pH between pH 3.8 and 6.0.
Measurements of self-diffusion rates for peptides with increasing concentrations of polyphenol
demonstrate that peptides become increasingly coated with polyphenol. When the coating is sufficiently
extensive to provide cooperative polyphenol bridges, the peptide dimerizes and precipitates. Light
scattering measurements and electron microscopy indicate that the insoluble particles fall into two
discrete size classes of ca. 80 and 500 nm diameter. The larger particles are favored at higher
temperature and pH, suggesting that the particles are in a colloidal state, with the smaller particles
being stabilized by charge repulsion between particles, and that precipitation of the complexes may
be a phase separation process.
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INTRODUCTION

Polyphenols, also known as vegetable tannins, are found in
a wide variety of foodstuffs and beverages, being particularly
highly concentrated in green and black teas, wine (especially
red wine), some fruits, and cereals such as millet and sorghum.
They have been classified into two major groups: the condensed
polyphenols, based on a flavonoid framework, and the hydro-
lyzable polyphenols, which are essentially galloyl esters of
glucose (Figure 1) (1). They are frequently associated with a
bitter taste, but they also give rise to the oral sensation of
astringency (2). Astringency is a puckering or drying sensation,
not localized to any one part of the mouth, and typically both
develops and dissipates slowly. This study is part of ongoing
research to understand the molecular basis of astringency, which
is clearly rooted in the interactions between polyphenols and

other species naturally present in the oral cavity and, in
particular, the basic salivary proline-rich proteins (3).

The salivary proline-rich proteins constitute 70% of the
proteins in saliva and are made up of three types: the acidic,
glycosylated, and basic proteins, which comprise roughly 30,
23, and 17% of unstimulated saliva, respectively (4). Acidic
and glycosylated proline-rich proteins have functions, respec-
tively, to control calcium levels and to aid lubrication of food
boluses (5-7), but the only known biological function of the
basic proteins is to bind to polyphenols (8). Basic proline-rich
proteins have a similar sequence across a wide range of species.
Typically they comprise an∼19-residue sequence that is
dominated by proline, glutamine, and glycine, which is repeated
with variations between 5 and 15 times to give a protein of
roughly 150 amino acids in length (9), which is typically
extended in solution (10).

It has been shown that polyphenols can have a variety of
harmful effects on animals, including sequestration of dietary
iron and inhibition of digestive enzymes, and that salivary
proline-rich proteins can bind to the polyphenols and precipitate
them, thereby effectively preventing them from becoming
bioavailable and having any effect in the gastrointestinal tract
(11-13). This function of the proline-rich proteins is supported
by a large number of studies; in particular, studies that show
that basic salivary proline-rich proteins are produced only by
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animals that consume significant quantities of polyphenol in
the diet (14). It therefore seems likely that the astringent
sensation is a consequence of interactions between basic proline-
rich proteins and polyphenols. Most studies in this area have
been hampered by the complexity of the in vivo situation and
by the subjective nature of the observations made, which make
it difficult to identify or quantify the molecular components
responsible for any observed effect. We have therefore used a
range of pure proteins and polyphenols and carried out detailed
measurements on the systems. The results allow us for the first
time to propose a detailed molecular description of the processes
occurring, which may be relevant to other protein precipitation
events such as those occurring during amyloidosis.

MATERIALS AND METHODS

Materials. Epigallocatechin gallate (EGCG) and epicatechin gallate
(ECG) were gifts from Unilever Research, Colworth, U.K., and were
purified from green tea extract. Pentagalloylglucose (PGG) was prepared
from tannic acid (15), trigalloylglucose from myrabolans (Terminalia
chebula) (16), and tetragalloylglucose from Turkish oak galls (15, 17).
Propyl gallate was a gift from Dr. Mike Saltmarsh, Foursquare Ltd.,
U.K. Bradykinin (1060 Da) was purchased from Sigma Chemical Co.
The N-terminal region of the mouse salivary acidic proline-rich protein
MP5 (ref 18; 2700 Da) and the 7-mer and 19-mer basic proline-rich
peptides (740 and 2000 Da, respectively) were synthesized using a
Milligen 9050 peptide synthesizer with FMOC chemistry and purified
using HPLC on a C18 column. The sequences are listed inTable 1.

The histatins were purified from human saliva using the method of
Levine and Keller (19) with modifications described in subsequent
papers from the Keller group (4, 20-22). Briefly, parotid saliva was
collected using a suction cup (23), and ethylenediaminetetraacetate
(EDTA) was added to a final concentration of 5 mM. Globular proteins
were removed using a 45% ammonium sulfate cut followed by extensive
dialysis against water. A lyophilized and redissolved sample was applied
to a DEAE-Sephadex A-25 column (100× 2.5 cm) and eluted using

5 mM Tris buffer, pH 8.6. The run-through was lyophilized and applied
to a Sephadex G-150 column (100× 2.5 cm), eluted with the same
buffer. Protein eluted in three broad peaks, of which the third peak
constituted a mixture of histatins, as described in ref24. From SDS-
PAGE gels, the histatins had molecular weights of between 1 and 6
kDa.

Polyphenol Self-Association.Polyphenol self-association was ana-
lyzed using the isodesmic model (25), which assumes that polyphenols
associate to form stacks, where the self-association constantKa is the
same for each association step

where∆δi is the change in chemical shift of a polyphenol signal,∆δmax

is the maximum shift, and [T]0 is the total concentration of polyphenols.
Solutions of polyphenol (typically 20 mM) were diluted sequentially
to ∼0.1 mM; at each dilution NMR spectra were acquired, and the
chemical shifts of several signals were measured. Equation 1 was fitted
to the measured shifts using a least-squares method to calculate a mean
value ofKa, as described in ref26.

Peptide/Polyphenol Binding Affinity. From a consideration of
binding equilibria atn multiple equivalent sites, the concentration of
peptide bound by polyphenol is given by

whence the dissociation constantKd is obtained using the equation

where [P]i is the total peptide concentration and [T]i is the concentration
of self-associated polyphenol species. [T]i can be related to [T]0 using
the equations (26)

and

where [T] is the concentration of polyphenol monomer. The concentra-
tion of any given aggregated species can then be calculated using the
equilibrium constant:

Polyphenol solutions (∼20 mM, depending on the solubility of the
polyphenol) were titrated into a solution of peptide (2 mM) in a range
of different solution conditions as listed inTable 2, and NMR spectra
were acquired at each titration point. Chemical shifts of individual
assigned resonances were measured. Each resonance was fitted
separately to eq 3. Trial values ofKd were kept fixed, andø2 values
were calculated for the best fit by allowingn and ∆δmax to vary
independently for each proton. The mean values ofKd andn from taking
the minimumø2 values from fits of individual protons were calculated
and used to generate estimates for the error. Further details of the fitting
are given in ref26 and in the text.

Diffusion Experiments. A solution of polyphenol (∼20 mM) was
titrated into the peptide (2 mM) at 3°C. A set of 10 pulsed field gradient
spin-echo experiments (27) was carried out at each step of the titration,
with the maximum strength of the 8 ms sine-shaped gradient pulses
increasing in 5 G cm-1 steps from 0 to 45 G cm-1 and a 12 ms diffusion
period. The intensity of several peptide resonances was measured using
an integration routine in FELIX (Molecular Simulation, Inc.), and the
diffusion constant was obtained from the slope of the graph of log-

Figure 1. Structures of typical hydrolyzable polyphenols (galloylglucoses)
and condensed polyphenols [epigallocatechin gallate (EGCG) and epi-
catechin gallate (ECG)]. Propyl gallate is the propyl ester of gallic acid
(top right).
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(peak integral) versus (gradient strength)2. For reproducible results in
the presence of precipitation, it was necessary to adopt a standardized
timing: for each addition of polyphenol, the sample was removed from
the spectrometer for 2 min; the sample was placed back in the
spectrometer and allowed to equilibrate for 15 min, after which time
acquisition of the data was started. Each set of diffusion experiments
took 30 min, after which the next addition of polyphenol was made.
The pH values of the polyphenol and peptide solutions were carefully
adjusted to pH 3.8 at the start of the experiment.

Dynamic Laser Light Scattering. Light scattering measurements
were performed using an ALV-3000 (Langen, Germany) equipped with
a Spectra Physics series 2000 high-power krypton ion red laser
(wavelength) 647.1 nm). Measurements were taken at angles of 60-
90°, and the aperture was set to give a count of between 100 and 1000.
All samples were prepared 24 h before measurement and typically
contained 0.17 mM 19-mer proline-rich peptide plus EGCG at a range
of concentrations, in water. The pH was adjusted after the solutions
had been prepared. Samples were stored at ambient temperature
overnight. After the sample had ben put in the chamber, it was
equilibrated at the desired temperature for 30 min before measurement.
Data were collected three times for each sample. Corrections for changes
in the refractive index of water with temperature were made using the
parameters of ref28. The scattering results were analyzed by the contin
routine, using Malvern PCS 1.32a software.

Electron Microscopy. Electron microscopy was carried out using
a Phillips CM10 transmission electron microscope at an accelerating
voltage of 80 kV. Samples were made up in water at ambient
temperature and allowed to equilibrate for 24 h, after which time a
drop of each sample was placed onto a 3.05 mm, 200 hexagonal mesh
copper grid that had previously been coated with 1% pioloform in
chloroform. The sample was allowed to air-dry for 20-30 s, after which

time it was blotted dry with filter paper, and stained by adding a drop
of 1% phosphotungstic acid, pH 7.2, to the grid.

Other Methods. Sequence-specific NMR resonance assignments
were carried out using the sequential assignment method (29). The
assignment of the N-terminal acidic peptide is described in ref30, that
of bradykinin in ref31; and that of the 19-mer is based on ref26 and
described in ref32, as is that of the 7-mer. A list of assignments of the
N-terminal acidic peptide is given in the Supporting Information.
Assignments for ECG and EGCG were obtained from ref33and those
for PGG from ref30. Measurements of the pKa of EGCG were made
using an Autotitration RTS8822 Recording Titration System (Radi-
ometer). The titration was carried out by adding 25 mM KOH to an
acidified EGCG solution; titrating in the opposite direction resulted in
irreversible oxidation of EGCG at high pH.

RESULTS

Amino Acid Preference of Polyphenols.Early studies of
polyphenol/protein binding suggested that polyphenols bound
preferentially to proline residues (8). This was borne out by
our previous studies, which demonstrated the key role of proline
residues and, in addition, showed that NMR chemical shift
changes were a good measure of binding affinity at different
sites, because of the ring-current shifts caused by the aromatic
polyphenol rings (24, 26, 34). However, proline is certainly not
the only possible binding site. For example, it has been
suggested that polyphenols bind tightly to histatins, which are
salivary proteins containing a high proportion of histidine
residues (35, 36). We have therefore carried out a series of
studies in which pure polyphenols [mainly EGCG orâ-1,2,3,4,6-

Table 1. Chemical Shift Changes and Precipitation Observed on Titrating Polyphenols into Proteins

protein/polyphenol protein sequence observations on titration

acidic PRP + propyl gallate QRVDEGISYRGDNSSRGHSTTVVSD all shift changes small: largest are to R2, Y9, R10,
R16, and H18; no precipitation

histatin + EGCG typical sequence
...HAKRHHGYKRKFHEKHHSHR...

very small changes (<0.07 ppm); no precipitation

bradykinin + EGCG RPPGFSPFR largest shift changes F8 ∼ F5 ∼ P2 > P7 . P3; all
changes within Phe are in the aromatic
ring; precipitates

bradykinin + polygalloylglucoses RPPGFSPFR shift changes and precipitation in the order
pentaGG > tetraGG . triGG

7-mer basic PRP repeat sequence +
EGCG

QGRPPQG largest changes in P4 and P5; very small change to
G, Q; little precipitation

19-mer basic PRP repeat sequence +
EGCG, ECG or PGG

QGPPPQGGPQQRPPQPPNQ shift changes and precipitation PGG > EGCG ≈ ECG;
precipitation least at high temperature and low pH;
largest shift changes P3 ≈ P4 >P13 ≈ P16 > P5 ≈
P14 ≈ P17 > R12; essentially zero change to G, Q, and N

Table 2. Binding Affinities between Polyphenols and Proteins

row peptide/polyphenola conditions Ka for polyphenolb Kd (mean ± SD) (mM) nc (mean ± SD)

1 bradykinin/PGG 20% DMSO, pH 5.9, 22 °C 0.025 ± 0.005 500d 5 ± 0.6
2 ∆R1-bradykinin/PGGe 20% DMSO, pH 5.9, 22 °C 0.025 ± 0.005 500d 5 ± 1
3 ∆R9-bradykinin/PGGe 20% DMSO, pH 5.9, 22 °C 0.025 ± 0.005 300d 5 ± 0.4
4 7-mer/EGCG 10% DMSO, pH 3.8, 27 °C 0.018 ± 0.005 360 ± 180 1.2 ± 0.5
5 19-mer/EGCG 10% DMSO, pH 3.8, 3 °C 0.049 ± 0.010 2.4 ± 2.2 3.1 ± 1.2
6 19-mer/EGCG 10% DMSO, pH 3.8, 27 °C 0.018 ± 0.005 7.8 ± 3.8 7.6 ± 1.3
7 19-mer/EGCG 10% DMSO, pH 3.8, 55 °C 0.004 ± 0.0008 33 ± 12 7.5
8 19-mer/EGCG 10% DMSO, pH 4.8, 27 °C 0.021 ± 0.0096 9.8 ± 0.9 7.5 ± 1.2
9 19-mer/EGCG 10% DMSO, pH 6.0, 27 °C 0.014 ± 0.007 6.6 ± 5.2 5.0 ± 1.9

10 19-mer/PGG 10% DMSO, pH 3.8, 3 °Cf 0.24 ± 0.06 0.05 ± 0.02 2.2 ± 0.7
11 19-mer/PGG 10% DMSO, pH 3.8, 27 °C 0.22 ± 0.07 1.3 ± 0.6 2.0 ± 0.2

a See Table 1 for details of peptide sequences. b Self-association constant for polyphenol (mM-1). c Number of binding sites on the peptide for polyphenol. Fitted by
assuming all binding sites have equal affinity. d Kd values are imprecise: estimated error is ×2 in either direction. e ∆R1-bradykinin is bradykinin lacking the N-terminal
arginine; ∆R9-bradykinin lacks the C-terminal arginine. Note that because the bradykinin titrations were carried out in 20% DMSO for solubility reasons, the absolute values
of Kd are weaker than they would be in 10% DMSO f Results taken from ref 26.
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penta-O-galloyl-D-glucopyranose (PGG),Figure 1] were titrated
into solutions of peptides or proteins and chemical shift changes
were measured. We wished to use a range of amino acid types
and a range of proteins of possible physiological importance.
We therefore looked at interactions with the following pro-
teins: The N-terminal sequence of an acidic proline-rich protein,
which is not itself proline-rich and contains a number of acidic
residues; a partially purified histatin preparation, consisting of
a mixture of several histidine-rich salivary proteins of very
similar sequence and composition; bradykinin, a potent vasodi-
lator present in blood and containing proline, arginine, and
phenylalanine residues, plus two bradykinin derivatives; and
both short and long versions of the basic proline-rich protein
repeat sequence (a 7-mer and a 19-mer). The results are
summarized inTable 1 and show that proline is an important
binding site but that interactions also occur with arginine and
phenylalanine side chains. These conclusions are supported by
nuclear Overhauser effect (NOE) measurements, which show
close contact between polyphenolic rings and predominantly
proline residues (26). Interestingly, chemical shift changes with
histatins were very small. Similar observations have been made
by Bennick, who nevertheless reported significant binding to
histatins (35-37). It may be that simple chemical shift changes
are not a good measure of affinity, and we therefore carried
out a more detailed measurement of binding affinities to several
of these proteins.

Measurements of Polyphenol/Protein Site-Specific Binding
Affinity. By fitting chemical shift changes of individually
assigned resonances to theoretical binding curves, it is possible
to calculate binding affinities at individual sites in the peptide.
The methodology is described in detail in ref26 and is not
repeated here in detail. The results of the fitting are illustrated
in Figure 2 and summarized inTable 2. However, before the
results are discussed, there are several details of the fitting
procedure that require comment.

First, because the polyphenols self-associate (via their
aromatic rings, in a fashion similar to the peptide binding), the
concentration of available polyphenol binding sites is less than
that calculated from the total concentration of polyphenol in
the solution. It is therefore necessary to measure the degree of
self-association of each polyphenol under the experimental
conditions before the peptide affinity can be measured. This is
done by measuring the concentration dependence of polyphenol
chemical shifts. Results are summarized inTable 2. It can be
seen fromTable 2 that self-association is very significant at
the concentrations used in this study, particularly for PGG,
which has the strongest self-association. Self-association mea-
surements on ECG and EGCG show that they have almost
identical self-association constants (for example, at pH 3.8 and
3 °C, ECG and EGCG have self-association constants in 10%
DMSO of 0.048( 0.019 and 0.049( 0.010 mM-1, respec-
tively), suggesting that the additional phenolic hydroxyl group
of EGCG is not important in the self-association, in agreement
with our previous results, which suggested that self-association
is largely hydrophobically driven (26).

Second, because for solubility reasons it is not possible to
carry out the titrations to saturation, it is important to conduct
the curve fitting in a particularly rigorous manner. The variables
to be fitted are the maximum chemical shift change of the
resonance being measured, the dissociation constant at that site,
andn, which is the total number of equivalent binding sites on
the peptide for the polyphenol. In our previous study (26), we
showed that the value ofn is not critical and is largely
predictable from the structure of the peptide and the polyphenol,

being the number of polyphenols that can be simultaneously
bound to the peptide. In particular, we showed that small
polyphenols have a value ofn which is similar to the combined
number of (proline+ arginine) residues in the sequence,
implying that a binding site approximates to an amino acid.
Larger polyphenols have a smaller value ofn for a given protein
sequence, because they occupy more binding sites. A similar
result was obtained in the present work, which is most obviously
seen by comparing the results of EGCG and PGG binding to
the 19-mer peptide (Table 2, rows 6 and 11). EGCG can bind
simultaneously at up to∼7.5 sites (consistent with the 8 prolines
present in the sequence), whereas the larger and multidentate
PGG binds at only∼2. Best results are obtained by fixing the
dissociation constantKd at different trial values and calculating
the ø2 values for the fitting using different values ofKd, as
described in ref26. In the case of a peptide with multiple
possible binding sites, to obtain binding affinities, it is necessary
to make some assumptions about the binding. Trials were carried
out allowing different amino acids to have different affinities,
but the experimental data are not detailed enough to distinguish
the different models. Therefore, in all of the results reported
here, it is assumed that all binding sites have equivalent affinity.

There are several notable conclusions that can be made from
the results (Tables 1 and 2). It is clear that proline is an
important binding site, as is phenylalanine. It should, however,
be noted that in most proteins, phenylalanine side chains are
buried and therefore are not in general available as binding sites.

Figure 2. Results of the fitting of the dissociation constant for the binding
of EGCG to the 19-mer PRP repeat (3 °C, pH 3.8): (a) chemical shift
changes of EGCG H-2 with EGCG concentration, used to calculate a
self-association constant (line shows the best-fit value of Ka); (b) ø2 values
for different trial values of the dissociation constant Kd, for binding of
EGCG to Pro5 Hδ (optimum value of Kd is at the minimum of the curve).
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Arginine is less important (cf. the small changes in removing
terminal arginines from bradykinin inTable 2), although it
clearly contributes to binding (Table 1). Our previous results
(26) showed that many polyphenols bind at multiple sites on
peptides. In the current study, this can be seen, for example,
from the fitted values ofn, which show that the number of actual
binding sites is significantly less than the potential total number
of binding sites, given by the number of (prolines+ arginines).
For EGCG, most potential binding sites can be filled simulta-
neously, whereas for the larger and more flexible polyphenol
PGG, only roughly one-fourth of the number of potential binding
sites can be filled simultaneously. Therefore, the observation
that arginine and proline both show chemical shift changes is
at least partly due to the fact that binding at these two residues
is not independent. We therefore conclude that arginine can
strengthen the interaction between polyphenol and peptide by
forming an additional site of interaction but does not in itself
form an independent strong binding site.

The affinity of EGCG for the 7-mer peptide is∼50 times
weaker than for the 19-mer of similar sequence and composition.
The most significant difference between these peptides is their
length and, consequently, the number of potential binding
sites: the 7-mer has only one or two potential binding sites,
whereas the 19-mer has approximately seven or eight. This
provides strong evidence that cooperativity of polyphenol
binding is important for a strong interaction and suggests that
the longer peptides are able to “wrap around” polyphenols to
interact at several places at once (24). This conclusion is
supported by the marked decrease inn at low temperature
(Table 2, rows 5 and 6), suggesting a more multidentate binding
mode at low temperatures. As noted by a referee, the existence
of cooperativity in binding invalidates the assumption of
independent binding inherent to eq 2 and therefore implies that
the measured dissociation constants may be in error. We justify
our continued use of eq 2 (a) by the observation that the
cooperativity seen is relatively weak and (b) by the fact that
inclusion of cooperativity terms into the fitted equations would
make them so complex that it would be very hard to know
whether the results obtained were meaningful. It is, however,
clear that the dissociation constants have a large associated error
and are model-dependent.

As might be expected, the affinities become weaker as the
temperature is increased but do not change significantly over
the pH range tested. This is an interesting observation because
visible precipitation of the complex is less significant at lower
pH (Table 1) and suggests that the relationship between binding
and visible precipitation is not straightforward.

Self-Diffusion Constants.It is possible to measure the self-
diffusion rate of a molecule in solution using pulsed-field
gradient NMR techniques. The diffusion rate is related to the
radius of the molecule and therefore provides a measure of
effective molecular size. Diffusion rates were measured for the
19-mer peptide in the presence of increasing concentrations of
EGCG or PGG. Measurements were made up to and beyond
the observation of precipitation of the polyphenol/peptide
complex in the NMR tube. The precipitate forms in a time-
dependent manner, and therefore for reproducible results it was
necessary to follow a strict timing protocol, as described under
Materials and Methods. The results are shown inFigure 3 and
demonstrate a steady decrease in diffusion rate up to ap-
proximately the point at which precipitation starts, after which
the decrease in diffusion rate becomes much less rapid.

Electron Microscopy. The measurements described above
enable us to characterize the binding as far as the point where

the complex becomes insoluble but do not allow us to say much
beyond this, because solution-state NMR is unable to give
information on insoluble material. We therefore turned to other
techniques to characterize the precipitates formed, namely,
electron microscopy and dynamic laser light scattering.

Electron micrographs of the EGCG/peptide complex (Figure
4) show that two classes of particles are formed: a small particle
of ∼80 nm diameter, with quite diffuse density and irregular
shape, and a larger, denser particle of∼500 nm diameter.

Figure 3. Self-diffusion rate for the 19-mer PRP repeat in the presence
of increasing concentrations of EGCG (open circles) or PGG (solid circles),
3 °C, pH 3.8, relative to peptide in the absence of polyphenol. The results
are plotted against the concentration of galloyl groups added: as EGCG
has 1 and PGG 5, the concentration of EGCG is the same as that of the
scale, but the concentration of PGG is one-fifth that of the scale. The
actual concentration of PGG is indicated by the scale at the top of the
figure. Different experiments produced a similar pattern but numerically
different results, depending on experimental conditions. An estimate of
the error can be obtained from the right-hand end of the EGCG data,
which are expected to be essentially horizontal.

Figure 4. Electron micrograph at a magnification of 104000 of the complex
formed by 0.19 mM 19-mer PRP repeat and 0.19 mM EGCG, pH 6.0, at
room temperature. The size of the bar is 100 nm. Two particle sizes are
evident, with approximate diameters of 80 nm (a) and 500 nm (b).
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Dynamic Laser Light Scattering. Dynamic laser light
scattering measures the relaxation rate of particles in a solution
that scatter light and, thereby, permits an estimation of their
diameter. Measurements were carried out over a wide range of
solution conditions.Figure 5 shows the effect on particle size
of increasing EGCG concentration, which not surprisingly is
to increase the particle size. However, it is immediately apparent
that at lower EGCG concentrations, there are two particle sizes
present but that at higher concentrations only the larger particle
is seen. (The software package essentially fits the data to the
simplest model possible. Thus, it will fit a single species if
possible, then it will try two species, and so on. The fact that
the data are fitted to two particle sizes therefore does not
necessarily imply that only two particle sizes are present.
However, the good match between the scattering results and
the electron microscopy results suggests that a two-particle
model is a good fit to the data.) Increasing the temperature
causes the particles to become smaller and also affects the
EGCG concentration at which the smaller particles disappear.

More precipitate is visible at higher pH values. Therefore,
the effect of pH was also measured and is shown inFigure 6.
Particle sizes are larger at higher pH (confirmed by other results,
not shown, at pH 4.8). As seen forFigure 5, there is a bimodal
particle size distribution at lower EGCG concentrations.

The sizes of particles seen in these studies fit reasonably well
to those observed by electron microscopy. The size of the

smaller particle is somewhat larger than that measured in the
electron micrographs, but at least some of the difference could
be due to the somewhat diffuse and nonspherical nature of the
particles, which might tend to make them appear larger in the
light scattering experiments than they really are.

DISCUSSION

The interactions between polyphenol and peptide can be
divided into three stages (Figure 7). Initially, added polyphenol
binds to the peptide, and in general several polyphenol molecules
can bind to the same peptide. This continues as more polyphenol
is added, until the second stage is reached, by which point there
is enough polyphenol bound to the peptide to act as a linker
between two peptide molecules. The peptide then forms a
polyphenol-coated dimer, which starts to precipitate. As it
precipitates, more molecules are added, and in the third and
final stage, the complex aggregates into either a small particle
or a large particle. These stages are now discussed in more detail.

Initial Binding Interaction. The peptides used here were
all in an extended or random coil conformation, as indeed they
are in the in vivo situation. Polyphenols bind reversibly and
relatively weakly at each individual binding site, which may
be approximated as 1-2 amino acids long for EGCG and as
5-10 amino acids for the larger PGG molecule. (For the PGG/

Figure 5. Effect of EGCG concentration and temperature on particle size.
All measurements used 0.19 mM 19-mer PRP repeat, pH 6.0, and were
made 24 h after preparation of the mixtures. Samples were maintained
throughout at the measurement temperature of 17 °C (circles), 36 °C
(squares), or 45 °C (triangles).

Figure 6. Particle size at increasing EGCG concentration for pH values
3.8 (triangles) and 6.0 (squares). All measurements were made at 27
°C, 24 h after preparation of the mixtures.

Figure 7. Schematic representation of the stages occurring in binding
and precipitation of polyphenols by salivary proline-rich proteins: (a)
reversible hydrophobically driven binding of polyphenol, giving a soluble
complex; (b) on addition of more polyphenol, two peptides are cross-
linked (by at least two polyphenol/protein interactions) and the complex
becomes insoluble; (c) further aggregation (phase separation) of the
insoluble complexes occurs. The extent of aggregation is determined by
surface charge.
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bradykinin interaction, the binding site is smaller, most likely
because each phenylalanyl side chain presents a larger and more
exposed site.) The markedly stronger binding for the 19-mer
peptide than for the 7-mer, and the similarity of the affinity at
different binding sites, suggest that, particularly for PGG, the
polyphenol binds cooperatively at several sites on the peptide,
thereby increasing the overall affinity. The binding is largely
at exposed hydrophobic and approximately planar side chains,
suggesting that it is dominated by stacking of the polyphenolic
(and in particular the exposed galloyl) rings against hydrophobic
surfaces. Such a conclusion would also be consistent with the
order of binding affinity of the polyphenols studied, namely,
pentagalloylglucose> tetragalloylglucose> trigalloylglucose
. EGCG≈ ECG (Tables 1and2 and ref25), which parallels
the number of 1,2-dihydroxyphenyl rings possessed by these
molecules, namely, 5, 4, 3, 2, and 2, respectively. A similar
relationship was observed in ref38. The very small chemical
shift changes seen with the histatins suggest that there is little
or no binding to the histatins, consistent with the very small
amount of visible precipitate using these peptides. However,
this result is not consistent with those reported by Bennick and
suggests that more work needs to be done in this area.

The results obtained suggest that binding and precipitation
are related but not identical, because binding affinities at
different pH values were found to be identical, but the amount
of visible precipitate, as well as the particle size measured by
light scattering, were much greater at higher pH. The solution
to this problem comes from the diffusion measurements and
from the observations on the particles formed.

The diffusion results show the average diffusion constant for
thesolublepeptide only (because the insoluble peptide complex
is NMR-invisible). They show that the diffusion constant
decreases steadily (i.e., the aggregate on average increases in
molecular weight) until the start of precipitation. After this point
the diffusion constant remains essentially unchanged. The
change in gradient of the diffusion constant with polyphenol
concentration at the onset of precipitation is quite sudden,
particularly for EGCG. This implies first that the soluble
aggregates do not contain peptide dimers, because otherwise
the diffusion constant would continue to decrease markedly,
and second that the soluble peptides do not continue to get more
and more coated by addition of further polyphenol, but rather
that addition of polyphenol beyond a certain point (indicated
by the arrows inFigure 3) causes them to precipitate out of
solution. Thus, the evidence suggests that there is a critical level
of coating of the peptide by polyphenol and that when this level
is exceeded, the complex precipitates. We therefore turn now
to the first precipitated species.

First Precipitated Species.The size of the soluble particle
at the onset of precipitation can be estimated from the diffusion
experiments (Figure 3). Theory shows that for a spherical
particle, the diffusion constant (D) is proportional to 1/r (where
r is the radius of the particle). Assuming a fixed density of the
particle, this implies thatD ∝ M-1/3, whereM is the mass of
the particle. In our case, the particle is unlikely to be spherical
due to the elongated nature of the salivary peptide (10), and
the dependence ofD on M will be weaker. As a very crude
approximation a dependence ofD ∝ M-1/2 has been assumed.
For EGCG,D reduces by 18% before precipitation starts (Figure
3). For an initial 19-mer peptide mass of 2200 Da, this implies
an increase in mass of∼50%, or∼1100 Da. This is therefore
consistent with∼3 EGCG molecules coating each peptide,

which would result in an increase in molecular mass of 1374
and clearly be inconsistent with peptide dimers or higher
aggregates.

Similarly, the change in the relative diffusion coefficient of
the peptide complex with PGG can be used to calculate the
approximate mass of this complex at the point of precipitation.
The peptide/PGG complex begins to precipitate when the
concentration of PGG is∼1.3 mM (Figure 3). At this
concentration the diffusion coefficient of the complex is∼10%
lower than that of the uncomplexed peptide. Using the relation-
ship between the diffusion coefficient and the mass of the
complex outlined in the previous paragraph, the 10% change
in diffusion coefficient equates to a 23% increase in mass. This
gives a molecular weight increase of∼500. Again, this is
inconsistent with the formation of a complex including more
than one peptide molecule. As the molecular weight of PGG is
1109, these calculations suggest that∼0.5 of a PGG molecule
is bound to each peptide when the complex begins to precipitate.

The number of molecules of both EGCG and PGG bound to
the peptide at the onset of precipitation can also be estimated
independently using the dissociation constants calculated for
each. For EGCG at 3°C and pH 3.8 the self-association constant
(Ka) was measured to be 0.049 mM-1 (Table 2). Using eq 5
the concentration of monomeric EGCG can be calculated for
the EGCG concentration at which precipitation of the peptide/
EGCG complex was first observed ([T]0 ) 11.4 mM): EGCG
is calculated to be∼50% monomeric at this concentration.
Application of eq 6 gives a dimer concentration of 1.66 mM at
the onset of precipitation, which when doubled (as there are 2
EGCGs in each dimer) gives 3.3 mM EGCG present as dimers,
or ∼30% of the total amount of EGCG. By calculating how
many of the 3.1 (Table 2) EGCG binding sites on the peptide
are occupied and using the ratio of monomers to dimers at the
onset of precipitation, an approximation to the total number of
EGCG molecules bound to each peptide can be made. The
dissociation constant (Kd) for the interaction between EGCG
and the proline-rich peptide is 2.4 mM (Table 2). The
concentration of the proline-rich peptide at the onset of
precipitation is 2.3 mM and, as previously stated, the concentra-
tion of EGCG is 11.4 mM. Using these two concentrations as
[P]i and [T]i and substituting them into eq 2 (along withn )
3.1 andKd ) 2.4 mM), the concentration of bound peptide can
be calculated to be 1.7 mM. This is 75% of the total peptide
present. It is important here to note that this means that 75% of
each of the peptide binding sites is occupied, rather than that
75% of the peptides have EGCG bound. Assuming that all of
the binding sites on the peptide have equal affinity (as the
isodesmic model for self-association does), then the average
number of occupied binding sites should be 0.75 multiplied by
n. Therefore, this calculation suggests that∼2.3 (or roughly 2
of then ) 3.1 possible) of the EGCG binding sites are occupied
per peptide molecule. Because EGCG is 50% monomeric at
11.4 mM, one of these sites is most probably occupied by an
EGCG monomer and the other by a dimer (most likely) or higher
aggregate. Although both this and the calculation derived for
the diffusion coefficient are very approximate, they are con-
sistent because they both conclude that there are likely to be 3
molecules of EGCG bound to each peptide when the complex
begins to become insoluble.

The equivalent binding data have been used to repeat the
above calculation for PGG. PGG has a self-association constant
of 0.24 mM-1 and a peptide dissociation constant of 0.05 mM
with 2.2 binding sites per peptide (Table 2). At pH 3.8 and 3
°C, PGG was found to precipitate the proline-rich peptide at a
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peptide concentration of 3.3 mM and a PGG concentration of
1.3 mM. At 1.3 mM, PGG is calculated to be 64% monomeric
and 26% dimeric. Using eq 2 and values of [P]i ) 3.3, [T]i )
1.3, n ) 2.2, andKd ) 0.05 mM, the concentration of bound
peptide is 0.59 mM or 18% of the total peptide concentration.
Multiplying 2.2 by 0.18 suggests that∼0.4 PGG binding sites
per peptide are occupied when the complex begins to precipitate.
The number of PGG molecules bound to the peptide will be
slightly >0.4 due to the oligomerization of the PGG, a finding
that is consistent with the value of 0.5 PGG molecules per
peptide suggested from the diffusion data.

In summary, these results suggest that the addition of
polyphenol to a proline-rich peptide leads to the coating of the
peptide, up to a critical point after which precipitation begins.
The number of polyphenol molecules required to precipitate the
peptide is dependent on the size of the polyphenol and probably
more directly on the number of 1,2-dihydroxyphenyl rings that
it possesses. In the case of EGCG and PGG, presented above,
it is certainly true that the concentration of PGG required to
precipitate the peptide is considerably lower than that of EGCG.
The calculations above suggest that precipitation of the peptide/
EGCG complex starts when there are roughly 3 EGCG
molecules (one dimer and one monomer) on each peptide,
whereas precipitation of the peptide/PGG complex starts when
there is roughly one PGG molecule per peptide pair. It is
suggested that the main difference between EGCG and PGG is
the greater number of available 1,2-dihydroxyphenyl rings on
PGG compared to EGCG (five compared to two). Therefore,
these results are consistent with a model in which the role of
the polyphenol is to provide a cross-link between two proline-
rich peptides and, in particular, one in which there is some
element of cooperativity to strengthen the cross-linking interac-
tion. For EGCG the cooperativity comes from the presence of
two cross-linking interactions, whereas for PGG it comes from
the presence of multiple free 1,2-dihydroxyphenyl rings on the
polyphenol. Once a stable cross-linked peptide pair is formed,
precipitation can start.

Insoluble Particles.Both the dynamic laser light scattering
results and the electron micrographs of the peptide/EGCG
complex suggest that at low ratios of polyphenol to peptide there
are two species of insoluble particle present, with approximate
diameters of 80 and 500 nm. From the size of the 19-mer
extended peptide (∼7 nm) and the diffuse irregular appearance
of the smaller particle compared to the denser and more spherical
appearance of the larger one, this suggests that the smaller
particle may consist of∼20 peptide dimers in a rather open
arrangement. However, the larger particle is probably denser
and contains at least 20 times more molecules. The distribution
of particle sizes depends on the concentration of polyphenols,
on temperature, and on pH. However, the binding affinities are
the same at the different pH values studied, implying that the
change in particle size does not result from a change in peptide/
polyphenol affinity. Rather, these observations follow the
behavior expected for a colloidal suspension, in which small
particles are prevented from aggregating together to form larger
particles by their surface charges. EGCG itself has a pKa of
∼8.8, suggesting that the pH dependence of aggregation in the
range 3.8-6.0 is unlikely to be due to the polyphenol and is
more likely to be due to the C-terminal carboxyl group, with a
pKa of ∼3.1. The arginine side chain will make the peptide net
positively charged at all pH values studied, but clearly the net
charge will be less at higher pH and an aggregate of several
hundred peptide molecules will be more stable when its net
charge is lower. Thus, although the initial binding of polyphenol

to peptide and the dimerization of the peptide to form the first
insoluble particle is essentially a hydrophobically driven interac-
tion, the eventual size of the insoluble particle is most likely
determined by surface charge effects.

At this point it is helpful to consider further the meaning of
the word “insoluble”. Formally, a solute becomes insoluble when
the free energy for the solvated species becomes higher than
the free energy for the unsolvated species. However, this simple
(and almost trivial) definition hides a complex set of ideas. For
example, precipitation (which here is used as an equivalent term
to “loss of solubility”) is not usually a unimolecular process:
indeed, it is not clear whether it is valid to think of a single
molecule as “becoming insoluble” by itself. It is more useful
to discuss precipitation in terms of phase changes. When the
chemical potential of a solution changes (for example, by
changing the temperature or composition), it can pass through
a phase boundary, such that two previously miscible substances
(i.e., solute and solvent) become immiscible. The process of
phase separation can occur in two main ways (39). The more
common way has an associated activation energy and therefore
involves nucleation and growth. The alternative way has no
activation energy barrier and happens spontaneously as soon
as a phase boundary is passed. It has been particularly well
studied in branches of material science such as metal alloy
cooling, where the phase separation is referred to as spinodal
decomposition. In the case studied here, there is no evidence
for nucleation (as seen by the observation that there are two
distinct particle sizes, with essentially no intermediates, and that
formation of the insoluble aggregate begins immediately on
mixing), and it is suggested that the formation of insoluble
particles is best described as a phase separation or as a spinodal
decomposition. This spontaneous spinodal phase separation is
a phenomenon that has previously been observed when the
polyphenols present in black tea complex to form large
aggregates during the process of tea creaming as tea cools (40).

Conclusions. The way in which polyphenols bind to the
proline-rich peptide can be divided into three distinct phases
(Figure 7). The initial interaction is the complexation of the
peptide by molecules of polyphenol to form soluble aggregates.
The aggregates are single peptide molecules with polyphenols
bound by the hydrophobic face of the aromatic rings to the
pyrrolidine ring of the proline residues. The second stage
requires the recruitment of a second polyphenol-coated peptide
molecule, driven by cooperative weak intermolecular bridging
interactions carried out by the polyphenol, leading to a doubling
in the size of the complex, which renders the complex insoluble.
In the third stage, a small number of these peptide dimers
aggregate together until the charge repulsion between them
balances out the favorable interaction energy. Finally, the
spontaneous aggregation of these insoluble aggregates into larger
complexes leads to the bimodal distribution of particle sizes
seen in the laser light scattering experiments and visualized by
the electron micrographs, in what is most simply seen as a phase
separation process.

ABBREVIATIONS USED

ECG, epicatechin gallate; EGCG, epigallocatechin gallate;
PGG, pentagalloyl glucose; tetraGG, tetragalloylglucose; triGG,
trigalloylglucose.
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Supporting Information Available: Chemical shift assign-
ments for the N-terminal acidic proline-rich peptide, and average
(( standard deviation) chemical shift changes of each residue
of the N-terminal acidic proline-rich peptide on addition of 5
molar equiv of propyl gallate. This material is available free of
charge via the Internet at http://pubs.acs.org.
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