5566 Biochemistryl1997,36, 55665577

Multiple Interactions between Polyphenols and a Salivary Proline-Rich Protein
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ABSTRACT: Polyphenols (tannins) in the diet not only precipitate oral proteins, producing an astringent
sensation, but also interact with dietary proteins and digestive enzymes in the gut, resulting in a variety
of antinutritive and toxic effects. Salivary proline-rich proteins (PRPs), which are secreted into the oral
cavity, form complexes with and precipitate dietary polyphenols, and thus, they constitute the primary
mammalian defense directed against ingested tannins. In order to characterize the interaction, NMR studies
were performed which involved titrating a series of polyphenols into a synthetic 19-residue PRP fragment.
The results show that the predominant mode of association is a hydrophobic stacking of the polyphenol
ring against thgro-Sface of proline and that the first proline residue of a Pro-Pro sequence is a particularly
favored binding site. Measurement of dissociation constants indicates that the larger and more complex
polyphenols interact more strongly with the PRP fragment; the order of binding affinity was determined
as procyanidin dimer B-2 pentagalloylglucose trigalloylglucose> > proanthocyanidin monomer-{-
epicatechirr: propyl gallate. Smaller polyphenols can bind with one phenolic ring stacked against each
proline residue, whereas larger polyphenols occupy two or three consecutive prolines. The more complex
polyphenols interact with the PRP fragment in a multidentate fashion; moreover, they self-associate or
stack when bound. Thus, a model is proposed in which multiple polyphenol/polyphenol and polyphenol/
PRP interactions act cooperatively to achieve precipitation.

Polyphenols, otherwise known as tannins, are a distinct roughness that is not confined to a particular region of the
family of secondary metabolites present in the leaves, bark,mouth or tongue. This is thought to arise from the
and fruit of many higher plants. They are believed to precipitation of oral proteins and mucopolysaccharides.
participate in the defense of the plant by rendering the tissuesPolyphenols in the digestive tract display many detrimental
unpalatable and non-nutritious and therefore unacceptableeffects, including the inhibition of iron absorption (Mehansho
as food sources for herbivores and omnivores (Feeny, 1970t al., 1987b), esophageal cancer (Warner & Azen, 1988),
Mehansho et al., 1987b; Robbins et al., 1987a; Haslam, 1989;and the irreversible complexation of gut enzymes and dietary
Nahrstedt, 1989). Tannins possess an abundance of phenoliproteins (Mehansho et al., 1987b; Robbins et al., 1991;
groups, have molecular masses in the range o500 Scalbert, 1991), the consequences of which result in polyphe-
Da, and display a diversity of structures which forms the nol-rich foods being nutritionally poor.
basis of their classification into two families: (1) the Polyphenols have a significant affinity for extended
condensed proanthocyanidins which are oligomers of the proteins and peptides that contain a high proportion of proline
flavan-3-ol skeleton and (2) the hydrolyzable tannins which residues in their sequences (Hagerman & Butler, 1981).
are esters, usually witb-glucose, of gallic acid and its Among the proteins that bind polyphenols most strongly are
derivatives (Haslam, 1989). Polyphenols are described asmembers of the family of proline-rich proteins (PRRshich
astringent, and it is generally held that their most important comprise up to 70% of the protein in human parotid saliva
characteristic is their propensity to form complexes with (Kauffman & Keller, 1979; Bennick, 1987). Proline,
proteins, polysaccharides, and alkaloids.g( caffeine) glutamine, and glycine residues, arranged intd.5 almost
(Hagerman & Butler, 1981; McManus et al., 1985; Spencer identical repeats, account for #80% of the amino acids
et al., 1988). Itis believed that the efficacy of many herbal (Bennick, 1982). It is thought that the major function of
and folk medicines may be attributed to the astringent the proline-rich repeats is to bind and precipitate dietary
properties of the polyphenols that they contain (Haslam et polyphenols, thereby neutralizing their harmful actions
al., 1989). The presence of polyphenols in foods and (Mehansho et al., 1987b; Robbins et al., 1987b; Warner &
beveragesd.g.sorghum, millet, fruit, cocoa, coffee, tea, beer, Azen, 1988; Mole et al., 1990; McArthur et al., 1995). The
and wine) produces a sensation of astringency, which is
perceived as a diffuse feeling of extreme dryness and 1 apbreviations: PRPs, proline-rich proteins; TG@1,3,6-tri-O-

galloyl-D-glucopyranose; PG@-1,2,3,4,6-pent®-galloyl-D-glucopy-
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OH D-glucopyranosé€3), which are members of the hydrolyzable
o1 tannin family of increasing complexity and molecular mass,
and ()-epicatechin(4) and procyanidin B-25), which are
NN o simple representatives of the proanthocyanidins. The PRP

. N on fragment QGPPPQGGPQQRPPQPGNQ used in this inves-
o on tigation has the same sequence as that studied previously
HO' {o} OH . . . s
oH Ho but begins and ends at a different position within the repeat.

15} Moo This proline-rich peptide is preferred to the intact protein
® since it gives a simpler NMR spectrum.

EXPERIMENTAL PROCEDURES

Materials The mouse salivary proline-rich peptide, QG-
PPPQGGPQQRPPQPGNQ, was synthesised as detailed
previously (Murray & Williamson, 1994). The isolation and
purification of the polyphenols from their natural sources
are described in the references listed:)-picatechin
(Thompson et al., 1972), procyanidin B-2 (Thompson et al.,
1972), TGG (Haddock et al., 1982), PGG (Armitage et al.,
1961; Haddock et al., 1982), and propyl gallate (a gift from
Foursquare Ltd).

Sample Preparatian Polyphenol solutions (0.50 mL) were
prepared in the following solvent mixtures: B-2 (40 mM)
in 90% H0O/10% PHe]DMSO, (—)-epicatechin (50 mM) in
90% H0/10%2H,0, and PGG (40 mM), TGG (50 mM),
and propyl! gallate (50 mM) in both 90%,8/10% PHg]-
FiIGURE 1: Polyphenols used in the studyl) (propyl gallate; 2) DMSO and 90% HO/10%%H;0. Since polyphenols are not
TGG, -1,3,6-tri-O-galloyl-D-glucopyranose;J) PGG,$-1,2,3,4,6- readily soluble in aqueous solvents, the polyphenol solutions
penta©-galloyl-D-glucopyranose; 4) (—)-epicatechin; and 5) were sonicated and heated briefly in a boiling water bath to
procyanidin B-2. ensure total solubility. The tannin solutions were adjusted

strongest evidence that salivary PRPs act as defensivd® PH 3.8 £ 0.1 measured using a combination glass
proteins directed against ingested polyphenols is provided &lectrode (Russell pH meter) at room temperature. For the
by the diet-mediated induction of PRPs in rodents. PRPs Polyphenoltitration experiments, 0.50 mL volumes of 4 mM
are normally present at low concentrations in rodent saliva Proline-rich peptide solution (0.45 mL volume of 2 mM
in order to perform their regulatory and dental functions Proline-rich peptide solution for the PGG ftitration in 90%
(McArthur et al., 1995). However, they are induced to very H20/10% PHe]DMSO) were prepared in 5 mm NMR tubes
high levels by dietary polyphenols in rats (Mehansho et al., @hd were adjusted to pH 38 0.1. For simplification and
1983; Jansman et al., 1994) and mice (Mehansho et al., 1985f/1ity, the solvent systems 90%,®/10% ?H,0 and 90%
but not in hamsters (Mehansho et al., 1987a). The growth H20/10% FH]DMSO will be subsequently abbreviated to
rates of rats, mice, and hamsters are initially retarded; Water and 10% DMSO, respectively.
however, within 3 days, the growth rates of rats and mice  The self-association of the polyphenols was investigated
recover, but there is no change in the growth rate of hamstersin the solvent systems used during the proline-rich peptide/
In the rats and mice, growth resumption coincides with the polyphenol titrations. Polyphenol solutions with a concen-
maximum secretion of salivary PRPs. There is no induction tration of 10 mM (PGG) or 50 mM [propyl gallate;-{-
of PRPs in hamsters, and growth rates continue to be staticepicatechin, and TGG] were prepared in water and/or 10%
over several months. However, hamster growth rates recovePMSO, and 0.50 mL volumes were diluted with the
on supplementing the polyphenol-rich diet with gelatin (a appropriate solvent mixture.
proline-containing protein). NMR Experiments The titration of the polyphenols into
We have previously studied the interactiorget,2,3,4,6- the proline-rich peptide was followed by the acquisition of
penta©-galloyl-o-glucopyranose (PGGB) (Figure 1) with two-dimensional total correlation spectroscopy (TOCSY)
the synthetic peptide GPQQRPPQPGNQQGPPPQGGPQspectra, and occasionally additional two-dimensional rotating
(Murray et al., 1994) representing a single repeat of mouseframe nuclear Overhauser effect spectroscopy (ROESY)
proline-rich protein MP5 (Layfield et al., 1992). We showed spectra, after each titration increment. All spectra were
that the peptide adopts an extended and random conformatioracquired at 276 K using a Bruker AMX-500 spectrometer
in solution (Murray & Williamson, 1994) and that the connected to a liquid nitrogen dewar which provided a source
interaction is primarily a hydrophobic association between of cold gas. The spectra were processed and displayed using
proline residues in the peptide and aromatic phenolic rings FELIX (Biosym Technologies Inc.) operating on a Silicon
in PGG. The purpose of the work described here is to Graphics workstation. The TOCSY and ROESY experi-
provide more insight into the molecular basis of polyphenol/ ments were recorded with water presaturation using time-
PRP precipitation by conducting a detailed comparison of a proportional phase incrementation into 600 4K complex files,
range of different polyphenols. The polyphenols selected with 32 scans per increment and spectral widths of 12.5 kHz
(Figure 1) were propyl gallatél), 5-1,3,6-tri-O-galloyl-p- in F, and 6.25 kHz inF;. The TOCSY spin lock was
glucopyranose (TGG]R), andf-1,2,3,4,6-pent®-galloyl- achieved with a 100 ms DIPSI-2 pulse sequence at a field
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strength of 10.9 kHz, and the ROESY spin lock was achieved on the proline-rich peptide, [Pk the total concentration of
with continuous irradiation for 100 ms using a field strength proline-rich peptide at each titration increment, and [3]

of 3.5 kHz. A Hahn echo with an echo delay of 2.54 ms the concentration of self-associated polyphenol species
was inserted in the pulse sequences prior to data acquisitionlmonomers, dimers, trimerstc) at each titration increment
for the application of a 32-point time domain Gaussian (see below). [R]is given by

convolution filter to remove the solvent signal (Waltho &

Cavanagh, 1993). The TOCSY and ROESY data were left- . [P,V

shifted by 32 complex points i3, and the first points were [Pli = V,+V, (3)
halved in both dimensions. Lorentz-to-Gaussian window

functions were applied iy, and sine squared-bell window where [P} is the initial concentration of peptide solution,
functions shifted by 90were applied int; prior to zero- v, is the initial volume of peptide solution, and is the
filling the t; data to 4K. The data were Fourier transformed total volume of polyphenol solution at each titration incre-
into 4K x 2K (F, x F;) real points, and the spectral widths ment.

and the number of points iR, were halved during process-  The total concentration of polyphenol molecules,[&}

ing, by the removal of 1K real points from both edges of each titration increment in the absence of any self-association
the spectrum, resulting in a 2K 2K real matrix with spectral  js obtained from

widths of 6.25 kHz in both-; andF,. Referencing of the

spectra acquired in 10% DMSO was achieved by using the [TV,

residual dimethyl sulfoxide resonance as a secondary refer- [Tlo= V_+ V. (4)
ence at 2.73 ppm from external 3-(trimethylsilyl)[2,2,3,3- © :

?Ha]propionate (TSP) (Murray & Williamson, 1994), whereas \yhere [T}, is the concentration of the bulk polyphenol
the spectra recorded in water were referenced to externalggution. However. as noted previously, polyphenol mol-

TSP dissolved in the same solvent. _ ecules self-associate in solution, and thus, fiist be re-
_For the polyphenol concentration dependence studies, theayressed as the concentration of self-associated polyphe-
dilutions were followed at 276 K by one-dimensional g species [T] [T]o comprises the sum of the concentra-

_experiments acquired, usi.ng internal TSP as the referencetion of monomeric polyphenol [T], dimeric polyphenolT
into 8K complex data points. Improvements in baseline gt a5

flatness were achieved by using a spectral width of 12.5 kHz
and by insertion of a 14@&s Hahn echo pulse sequence [Tl,=[T] + 2[T,] + 3[T4] + ... (5)
(Waltho & Cavanagh, 1993). The data were left-shifted by
two complex points, and a Lorentzian window function was which gives
implemented before Fourier transformation.
Polyphenol Self-AssociatioriThe association constants for M,=[TV1 - K a[T])Z (6)
polyphenol self-association were determined from a least-
squares fitting of eq 1 (Baxter et al., 1996) to the chemical and on rearrangement
shift data obtained from the one-dimensional dilution experi-

ments: [T] = [TI{2/[1 + (4K JT], + 1)} (7)

AS; = A0 KAl {2/[1 + (4K [A], + Y32 (1) Assuming that the self-association constant is independent
of stack length, then the concentration of self-associated
whereAJd; is the observed change in chemical shit)max polyphenol species is given by
is the maximum change in chemical shift on saturatkn,
is the association contant, and [A$ the total concentration [T]i =[T] + [Ty +[T4] +...
of solute A. The equation assumes that solute molecules
self-associate to form stacks (dimers, trimer;) where =[T] + |<a[T]2 + KaZ[T]3 + .. (8)
the equilibrium constark, for each association step is the
same. which gives
Peptide/Polyphenol AssociationDetermination of the
dissociation constant for the proline-rich peptide/polyphenol [Tl =[TV@A — KJT]) 9
interaction was achieved by fitting eq 2 to the chemical shift
data obtained from the peptide/polyphenol titrations. Equa- Substitution of eq 7 into eq 9 yields the concentration of
tion 2 is a version of the 1/1 binding equation presented in polyphenol species available to associate with the proline-
Murray et al. (1994) modified to allow for binding of the rich peptide. The values &, used during the fitting of the
polyphenol at multiple sites on the peptide. peptide/polyphenol titrations are derived from the separate
polyphenol self-association experiments.
Aémaxf Ky [T]; This description of the association processes taking place
- 1 n[PJ; T n[PJ; carries a number of assumptions. (1) The proline-rich
K (1] \2 (1] 122 peptide contains a number of independent polyphenol binding
(1 + 9 4 ') —4 i } ) sites which have an identical affinity for polyphenol species.
n[Pl,  n[P]; n[P]; (2) The presence of proline-rich peptide has no effect on
the self-association of polyphenol molecules. (3) Any single
where Ad; and Admax are defined as in eq 1y is the polyphenol species may only bind to the peptide at one
dissociation constan,is the number of binding sites present binding site at any one time. Of these, assumption (1)

A =—
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requires justification, and assumptions (2) and (3) are valid binding sites on the peptide, [T] is the concentration of

in most cases, as discussed below. monomeric polyphenol, and [BT] is the concentration of the
It was found that, after least-squares fitting of eq 2 to the binding site/polyphenol complex.

chemical shift data, the fitted paramet&sand Admax Were

highly correlated, which is a consequence of the complex [B];=[B] + [BT] (12)
precipitating well before saturation, resulting in truncation
of the experimental saturation curve. In such cases, many [T],=[T]; + [BT] (12)

different binding curves can be fitted to the data almost
equally well, in which an increase iy is matched by an and
increase iNAdmax (see Figure 4). In order to test the
reliability of the fitting, a range of statistical tests were
applied, including random variation of experimental data and

Monte Carlo fitting. The most useful conclusions were . ) o
obtained by fittingn (the number of equivalent binding where [B] is the total concentration of polyphenol binding

sites) andAdmax for a range of fixedKy values and  Sités present on the peptide=[P]), [T]o is the total
quantifying the goodness of the fit by using tyestatistic. ~ concentration of polyphenol molecules, and ([1§ the
The fitting was carried out on all available proton titration concentration of free (unbound) polyphenol molecules. Note
curves and provided a highly consistent valuericacross ~ that eq 13 is analogous to eq 7.

all protons (for each polyphenol) and a reasonably consistent  BY using the calculated number of polyphenol binding sites
value forKg (see below), and the previously determined peptide/polyphe-

This result provides a justification for assumption (1) nol dissociation constant and polyplhen'ol §elf—association
above. If different binding sites have very different affinities, constant, the value of [BT] at each titration increment can
one would expect that very different values mfand Kq be calculated by numerical methods. Henfgegndfr can
would emerge for protons within different binding sites. The P€ obtained from [BT]/[T and [T}/[T],, respectively. The
consistent values of obtained indicate that the affinities at  chemical shift values) corresponding to the concentration
different sites on the peptide are similar. Because the Of [T]r at each titration increment are determined from a
estimated errors in individuddy values are relatively large, ~ Polynomial curve fitting of the polyphenol self-association
we present only a single consensus value Kgrof each data. _ Thus,_ eqg 10 can be solved to obtain the calculated
polyphenol. The consensus values were obtained from thechemical shift §caq).

% vs log(Kg) curves, weighted by our confidence in the RESULTS

original data (determined largely by overlap in the cross-
peaks). All the least-squares fitting was performed using a Initial Obsemations All the proline-rich peptide/polyphe-
FORTRAN program operating on a Silicon Graphics work- nol titration experiments, apart from those of propyl gallate,
station. were limited by the appearance of a cloudy precipitate which

Analysis of the Polyphenol Association State when Boundbecame denser on subsequent additions of polyphenol. The
to the Peptide During the course of the peptide/polyphenol precipitate could be solubilized by warming, but on cooling,
titration experiments, the polyphenol proton resonances shiftthe precipitate reappeared. The polyphenol/peptide molar
upfield as a result of polyphenol/polyphenol aromatic stack- ratios at which a precipitate was first observed are as
ing interactions (rather than polyphenol/peptide interactions follows: TGG in water, 0.25; TGG in 10% DMSO, 1.5; PGG
which are expected to produce much smaller chemical shiftin water, <0.4 (first increment); PGG in 10% DMSO, 3.2
changes). This may be modeled by assuming that the(2 mM peptide concentration):=)-epicatechin in water, 4.0;
observed shift is a weighted average of the shifts of free and B-2 in 10% DMSO, 2.0.

[T] = [TI{2/[1 + @KJT]; + )Y}°  (13)

and bound species: Chemical Shift Effects Resonance assignment of the
proline-rich peptide was based on data published previously
Ocaic = Op fy + O¢ f; (10)  (Murray & Williamson, 1994). During the peptide/polyphe-

nol titrations, many of the proton signals of the peptide,
wheredcacis the calculated chemical shift of a polyphenolic  particularly those of proline, Gly2, Gly8, Arg12, and GIn15,
proton, dy is the chemical shift of the proton when bound to  were observed to shift upfield. Figure 2 presents the average
the peptidei(e. dmonome), Ot is the chemical shift of the proton  ghserved change in chemical shiftinfa — dfina) for the
when unboundife. free to self-associatel, is the fraction carbon-bound protons in each residue of the peptide on
of polyphenol bound to the peptide, afads the fraction of titration with the polyphenols.
polyphenol free to self-associate. We have calculated two  Taple 1 lists the observed chemical shift changggi
extreme cases: where the polyphenol is associated when- ;.. for the proline @H signals on titration with the
bound to the peptide, to the same extent as it is when freepglyphenols. In all the peptide/polyphenoal titration experi-
(in which case, the calculated observed shift is identical to ments, three pro]ine@H resonances, Pro3, Pro4, and Prol3,
that seen in the absence of peptide), or alternatively wherewhich occur N-terminal to another proline in the sequence,
the polyphenol binds as a monomer. In this second case,consistently shift upfield more than the other prolineHC
the following equilibrium exists in a solution containing signals. In addition, the stereospecifically assigned proline

proline-rich peptide and polyphenol: CBH peaks consistently display chemical shift changes of
L differing magnitudes; in all the titrations, the downfiel@%€i
(B] +1T] *@[BT] (pro-9 resonance shows larger upfield chemical shift

changes than the upfield3H (pro-R) signal. For example,
where [B] is the concentration of unoccupied polyphenol the Adcs/Adcgy ratios for PGG in 10% DMSO were as
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propyl gallate 90% H,0 / 10% 2H,0 (1:0 - 1:22.5) PGG 90% H,0/ 10% [ZHG]-DMSO (1:0-1:5.2)
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FIGURE 2: Average change in chemical shift (ppMee — sinai, Of the carbon-bound protons in each residue of the proline-rich peptide
observed on titration with the polyphenols. The initial and final peptide/polyphenol molar ratios are given in parentheses. The error bars
indicated in the figure represent the standard deviations of the chemical shift differences determined for protons within each residue. The
experimental error in the chemical shift measurement is about 0.003 ppm.

Table 1: Comparison of the Observed Change in Chemical Shift (ppmad — Jsnai, Of the Proline @H Resonances on Titration with
Polyphenol

Pro3? Pro42 Pro5 Pro9 Prol3? Prol4 Prol6
propyl gallate/water 0.076 0.052 0.017 0.023 0.049 0.018 0.021
propyl gallate/10% DMSO 0.037 0.031 0.000 0.000 0.024 0.000 0.000
TGG/water 0.018 0.018 0.006 0.007 0.012 0.006 0.007
TGG/10% DMSO 0.064 0.049 0.022 0.022 0.061 0.018 0.022
PGG/10% DMSO 0.138 0.141 0.050 0.050 0.141 0.050 0.055
(—)-epicatechin/water 0.043 0.049 0.018 0.021 0.036 0.016 0.021
B-2/10% DMSO 0.036 0.025 0.009 0.006 0.024 0.003 0.004

a Proline residues in the peptide sequence which are N-terminal to another proline residue (Pro3, Pro4, and Pro13) consistently hatt larger C
chemical shift changes (bold text) than the remaining proline residues. Since the titrations were run to different final peptide/polyphenol molar
ratios, chemical shift changes should only be compared within each system.

follows: Pro3, 1.44; Pro4, 1.48; Pro5, 1.26; Pro9, 1.22; and the size of thé\, coupling constants remained constant,
Pro13, 1.19; Prol4, 1.43; and Pro16, 1.18. suggesting that the conformation of the proline-rich peptide
NMR Parameters In a previous NMR study (Murray &  was not perturbed in the presence of polyphenol (data not
Williamson, 1994), it was established that the proline-rich shown). However, progressive exchange broadening of the
peptide adopted an extended and unstructured conformationpeptide resonances was observed during most of the titra-
During all the polyphenol titrations, the intensity of the tions. ROESY spectra acquired from the final molar ratio
interresidue rotating frame nuclear Overhauser effects (ROEs)increments of the peptide/polyphenal titrations were analyzed
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03 Table 2: Ky and Admax for the Self-Association of the Polyphendls
Ka(M™) Admax (ppm)
propyl gallate/water
= galloyl 12.1 0.85
g galloyl 6 CoH; 9.4 0.73
= mean 10.71.9
F propyl gallate/10% DMSO
= galloyl 7.6 0.49
o
g CaH: 4.9 0.56
£ galloyl 1 mean 6.2-1.9
& oyl TGG/10% DMSO
) galioyl 3 galloyl 1 29.8 0.265
g galloyl 3 25.8 0.219
© galloyl 6 29.7 0.407
mean 28.4- 2.3
PGG/10% DMSO
galloyl 1 170.0 0.029
i galloyl 4 256.4 0.049
0.0 4 T w galloyl 6 296.4 0.157
0 20 40 60 80 mean 241.2- 64.2
concentration of TGG (mM) (—)-epicatechin/water
FiIGure 3: Comparison of the observe@) and fitted () chemical C2 21.9 0.774
shift differences (using eq 1) for the three galloyl proton resonances C3 16.9 0.339
of TGG in 10% DMSO with increasing TGG concentrations. C4 27.3 0.173
C4 23.7 0.334
. ce/C® 39.3 0.156
for the presence of mt_ermolecular ROEs betwee_n protons C6/C8 36.2 0141
of the proline-rich peptide and protons of the tannin. Only c2 27.7 0.191
the TGG and PGG systems (10% DMSO) resulted in C5 28.4 0.127
intermolecular ROEs, which were observed between the — C6 22.6 0.275
mean 27.1H7.0

galloyl protons and protons of proline, glycine (Gly2 and

Gly8), and arginine residues. This result is consistent with ho basis of hvdrophobicl | i the ob 4
our previous observations on the complexation of PGG with 27, the basis of hydrophobicity consistent with the observed low
solubility in DMSO/water mixtures, as well as aromaticity and size.

a similar salivary proline-rich peptide (Murray et al., 1994) b ngividual assignment of the protons at positions C6 and C8 was not
and confirms that the chemical shift changes seen resultachieved.
directly from binding interactions.

Calculation of Association Constants for the Self-Associa- protons in each of the polyphenol titrations, which were used
tion of Polyphenols During the polyphenol dilution experi-  to derive the consensus valueskafandn given in Table 4.
ments, almost all the proton resonances displayed upfieldThe peptide/polyphenol titrations for propyl gallate, TGG,
changes in chemical shift, which is consistent with stacking and PGG were studied both in water and in 10% DMSO
interactions of the aromatic functions. Figure 3 compares which allows a comparison of the effect of solvent on
the observed and fitted chemical shift changes for the threepinding.
galloyl proton resonances (galloyl 1, galloyl 3, and galloyl A few of the peptideAd vs [polyphenol] binding curves
6) of TGG. The self-association constanks)(and Admax of the TGG, PGG, and B-2 titrations displayed sigmoidal
values for the polyphenols are given in Table 2. The value pehavior €.g. Gly2 and Gly8 @ protons in the peptide/
of Ka for polyphenol self-association is required in the TGG titration), whereas in the peptide/propyl gallate and
subsequent determination Kf for the peptide/polyphenol  peptide/(-)-epicatechin titrations, only normal binding curves
interaction (see below). were observed. The sigmoidal curves can be readily

Calculation of Dissociation Constants for the Peptide/ understood as a cooperative effect involving interactions of
Polyphenol Interaction Dissociation constants for the more than one aromatic ring of TGG, PGG, or B-2 with
peptide/polyphenol interactions and the number of binding different regions of the peptide. For the larger polyphenols,
sites present on the peptide for each polyphenol werethese observations provide the first indication of multisite
obtained by least-squares fitting of eq 2 to thé us interactions, a point that is discussed later.

[polyphenol] binding curves and subsequent statistical analy- Self-Association of the Polyphenols when BouBdiring

sis. Figure 4 presentad vs [polyphenol] binding curves  the peptide/polyphenol titration experiments, the polyphenol
for a representative peptide proton in each of the peptide/resonances shift upfield with increasing polyphenol concen-
polyphenol titrations. The best-fitted curves defined by eq tration, as shown for propyl gallate in Figure 6. These
2 for a range of fixedy values are also illustrated. Curve chemical shift changes give details about the association state
fitting of each test value oKj yielded a value for the? of the polyphenols when bound to the peptide, because the
statistic, which describes the goodness of fit of the curve. observed chemical shifts are weighted averages of the shifts
Figure 5 shows the corresponding vs log(Kq) plots for of the free and bound species, which in turn depend on the
the data presented in Figure 4. The theoretical curve which degree of association of these species. Figure 6 compares
gives the best agreement with the chemical shift data has athe observed galloyl proton chemical shift during the peptide/
minimum %2 value. As an example, Table 3 presents the propyl gallate titration to the calculated shifts of the
fitting results of the proline @H chemical shift data derived  polyphenol binding to the peptide either as a monomer or
during the peptide/TGG titration in 10% DMSO for various as a polymeric stack (with a degree of association equal to
fixed K4 values. Best estimates Kf were obtained for all that in free solution). It is clear that the observed shifts are

a A self-association consta#t, (=300 M1) was estimated for B-2
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FiGUurRe 4: Observed changes in chemical shiff) @nd the best-fit curves corresponding to a range of fikgdalues (indicated in each
panel) for the Pro13 &H resonance in the PGG (10% DMSO), TGG (10% DMSO), and propy! gallate (water) titrations, the upfield Arg12
CpH resonance in the<)-epicatechin (water) titration, and the upfield Prol8HCresonances in the B-2 (10% DMSO) titration.

much closer to those expected for binding as a stack,a measure of relative hydrophobicity is given by the
implying that the state of self-association of propyl gallate distribution coefficients between octan-1-ol and water at
when bound to the peptide is almost as great as it is in free20 °C (Spencer et al., 1990):—(-epicatechin, 1.6; TGG,
solution. Similar behavior was seen for other polyphenols 1.5; and PGG, 31.7.

[thereby justifying assumption (2) above]. As an example,  Nature of the Binding Site The appearance of a cloudy
Figure 7 presents the chemical shift changes seen for TGG precipitate during the titrations (except for those involving
DISCUSSION propyl gallate) demonstrates Fhat .the pon.phenoIs bind and
form complexes with the proline-rich peptide. Polyphenol
Polyphenol Self-AssociationAssociation constants for the  aggregation during the peptide/polyphenol titrations can be
self-association of the polyphenols were determined from excluded as the cause of the precipitate, since precipitates
the Ad vs [polyphenol] data and may be used to rank the were not observed in solutions of the polyphenols alone at
polyphenols in order of their propensity to self-associate: concentrations in excess of those used in the titration
propyl gallate< (—)-epicatechin<k TGG <« PGG. This trend experiments. The residue-specific chemical shift changes
corresponds with the increasing number of aromatic rings for protons of the peptide on addition of polyphenol were
and with the increasing size and hydrophobicity of the shown in a previous study to arise as a direct result of a
polyphenol molecules. For+)-epicatechin, TGG, and PGG, binding interaction which was confirmed by the presence of
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Ficure 5: Relationship between logg) and they? statistic obtained in the least-squares curve fitting of the respective peptide protons
presented in Figure 4. For the various peptide/polyphenol titrations, the minimum vajdeofresponds to the best-fit value K.

intermolecular nuclear Overhauser effects (NOES) (Murray in the presence of polyphenol were comparable, suggesting
etal, 1994). Inthe present study, intermolecular ROEs werethat the conformation of the peptide does not alter ap-
observed for the TGG and PGG titrations between the galloyl preciably on titration with polyphenol;e. the structure of
proton resonances and proton signals of the proline-rich the proline-rich peptide remains extended (Murray & Wil-
peptide. Exchange broadening of the peptide resonances waBamson, 1994). Moreover, the peptide signals that shift
observed, which also substantiates intermolecular associationupfield on titration with polyphenol are precisely those
In all the peptide/polyphenol titration experiments, upfield observed to have ROEs to the polyphenol resonances. The
changes in chemical shift were observed for the proton upfield chemical shift changes observed for peptide protons
resonances of proline residues and for the residues precedingluring the various titrations are therefore most likely to be
proline, namely Gly2, Gly8, Arg12, and GIn15 (Figure 2). induced by the aromatic functions of the polyphenol being
Such chemical shift changes may have arisen either as an close proximity to the residues of the peptide.
result of a binding interaction between peptide and polyphe- Proline residues and residues preceding prolieeGly2,
nol or indirectly from a change in the conformation of the Gly8, Argl2, and GInl15, have the largest chemical shift
peptide associated with binding. However, it was observed changes on titration of the peptide with polyphenols. Since
for all the titrations that there were no changes in coupling the analysis above has concluded that all proline sites have
constant values and that the intensities of the sequentialvery similar binding affinities for polyphenol, the different
CoHi—NHi;1 ROEs of the free peptide and of the peptide magnitudes of the chemical shift changes cannot arise from
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Table 3: Results of the Least-Squares fitting of eq 2 to the Proline

CoH Chemical Shift Data of the Peptide/TGG Titration in 10%

DMSO
Kq (M)2 Admax (PPm) n 1
Pro3 GxH
1x10°® —0.064 1.8 0.533
1x10° —0.064 1.8 0.385
5x 10° —0.067 1.8 0.314
1x10* —0.069 1.8 0.348
5x 104 —0.082 1.9 0.625
1x103 —0.095 2.1 0.792
Pro4 GxH
1x10°® —0.048 1.6 1.271
1x10° —0.049 1.6 1.209
5x 10° —0.050 1.6 1.101
1x10* —0.052 1.6 1.063
5x 104 —0.061 1.7 1.159
1x10°3 —0.069 1.7 1.292
Pro5 GxH
1x10°¢ —0.022 1.9 0.209
1x10° —0.022 1.9 0.188
5x 10°° —0.022 1.8 0.141
1x10* —0.023 1.8 0.119
5x 104 —0.028 1.9 0.089
1x10°3 —0.032 2.0 0.090
Pro9 GxH
1x10°® —0.022 1.9 0.044
1x10° —0.022 1.9 0.043
5x10°° —0.023 1.9 0.052
1x 10 —0.024 1.9 0.062
5x 104 —0.029 2.0 0.097
1x103 —0.033 2.2 0.113
Prol3 @&H
1x10°® —0.059 1.6 1.490
1x10° —0.060 1.6 1.367
5x10°° —0.061 1.6 1.092
1x10* —0.064 1.6 0.969
5x 107 —0.075 1.6 0.986
1x103 —0.084 1.6 1.147
Prol4 @&H
1x10°® —0.018 1.6 0.145
1x10° —0.018 1.6 0.138
5x 10° -0.019 1.7 0.125
1x10* —0.019 1.7 0.125
5x 10 —0.023 1.9 0.157
1x103 —0.027 2.0 0.178
Pro 16 GxH
1x10°® —0.022 1.8 0.036
1x10° —0.022 1.8 0.030
5x 10° —0.023 1.8 0.032
1x10* —0.024 1.8 0.036
5x 104 —0.028 2.0 0.057
1x10°3 —0.032 2.0 0.070

aFor each fixedKy value, the best-fitted\Omax value, the number

of binding sites i), andy? are listed.

Table 4: Summary of the Fitting Results for the Peptide/Polyphenol

Systems
Kg (M)a n
propyl gallate/water 5 1073 8.2+1.8
TGG/10% DMSO 1x 104 1.8+0.1
PGG/10% DMSO 5¢< 107° 22+0.7
(—)-epicatechin/water 5 102 3.7+ 05
B-2/10% DMSO 5x 1075 1.3+0.2

a2The data for propyl gallate in 10% DMSO, TGG in water, and
PGG in water could not be fitted. The estimated errors in fittgd
values are a factor of 4 for propyl gallate, 5 for TGG, and 3 for the
other polyphenols listed.

different affinities. They most likely reflect different binding

Baxter et al.

0.25

0.20

0.15 q

0.10 . o

change in chemical shift (ppm)
=)

0.05

0.00 T T T T . T T
0 10 20 30 40
concentration of propyl gallate (mM)

Ficure 6: Comparison between the observed change in chemical
shift of the galloyl proton of propyl gallate during the peptide/
polyphenol titration @), its change in chemical shift during the
self-association experiments-), and its calculated changes in
chemical shift if it binds to the peptide as a mononigj ¢r as a
stack with the same degree of self-association as the free polyphenol
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Ficure 7: Changes in chemical shift of the galloyl 1 (circle), galloyl

3 (square), and galloyl 6 (triangle) proton resonances of TGG
observed in the peptide/TGG titration in 10% DMSO (filled
symbols) compared with those obtained during the TGG self-
association titrations (open symbols) in the same solvent system.
For clarity, the best-fit curves (using eq 1) of the self-association
data are included.

are therefore least subject to conformational averaging of
the ring-current shift.

Proline residues that are followed by prolines in the peptide
sequence havedH resonances that display larger chemical
shift changes than the o1 signals of the other proline
residues (Table 1). Thus, not only do the chemical shift data
indicate that proline residues constitute polyphenol binding
sites, but also the differentiald® chemical shifts imply
that proline residues followed by prolines are geometrically
preferred polyphenol binding sites. This is consistent with
the special nature of the X-Pro sequence, in which proline

geometries, in that the protons showing the largest chemicalimposes g3-sheet conformation on the preceding residue
shift changes have the most well-defined binding sites and (MacArthur & Thornton, 1991).
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Interpretation of the Peptide/Polyphenol Dissociation
Constants Consensus values of the dissociation constants
have been obtained for the various peptide/polyphenol
interactions. The data may be used to rank the polyphe-
nols in order of their effectiveness in binding to the pep-
tide: B-2 > PGG > TGG > (—)-epicatechinx propyl
gallate. The hydrolyzable polyphenols (propyl gallate, TGG,
and PGG) all contain the same galloyl binding function;
however, the dissociation constant data indicate that the
polyphenols form complexes with the proline-rich peptide
with different affinities. The data therefore suggest that
the galloyl function is not the only factor responsible for
the strength of the association observed but that the poly-
phenol molecule as a whole confers the specific proline-
rich peptide binding properties. In particular, it is clear
that larger polyphenols, possessing a greater number of
phenolic rings with a concomitant increase in hydrophobicity,
FiGUrRe 8: Proposed stacking interaction between the galloyl rings form complexes with the proline-rich peptide more ef-
of PGG and the proline residues of the proline-rich peptide. fectively.

The galloyl rings associate in a face-to-face manner with the bind-  Binding Interaction It has previously been suggested that
ing site comprising a pyrrolidine ring and the preceding pep- ,q\ynhenol/peptide binding is driven either by hydrophobic

tide bond, which is consistent with the upfield direction of the L . . :
chemical shift changes observed. The larger and more complex@SSociation or by hydrogen bonding via the many phenolic

polyphenols can occupy more than one adjacent proline residue.hydroxyl functions present on the polyphenols. The upfield
The primary interaction in this example is with the pyrrolidine ring nature of the chemical shift changes seen here, and the

of Pro13. The figure was prepared using MOLSCRIPT (Kraulis, marked reduction of the binding on addition of DMSO, imply
1991). that the dominant force is hydrophobic (Hamaguchi, 1964),
although hydrogen bonding may well play a secondary role
(Lilley, 1993; Luck et al., 1994). Further evidence that
hydrophobic association is the primary mode of interaction
. . X . between the proline-rich peptide and polyphenol molecules
t_hat the polyphgnpls assouat_e preferentially W't.h the proline is provided by non-specific chemical shift changes. For all
ring face conta}m.mg ﬁSH. (this _face also contamg ‘i_H)' . the peptide/polyphenol titrations performed, small changes
From model building studies, this face of the pyrrolidine ring in chemical shift were observed for protons of GIn1, GIné
adopts a more accessible geometry favorable for ponphenoIG|y7, GIn10, GInll, Gly17, Asn18, and GIn19. A’S dis-,

association. cussed above, the essential polyphenol binding site consists
Size of the Binding SiteCurve fitting of the experimental  of a proline residue, together with the preceding amide bond
chemical shift data yielded values for the number of and amino acid residue. Hence, the chemical shift changes
polyphenol binding sites on the peptide for each polyphenol observed for protons of GInl, GIn6, Gly7, GIn10, GIn11,
studied (Table 4). The results show that for the smallest Gly17, Asn18, and GIn19 arise from indirect or nonspecific
polyphenol, propyl gallate, there is roughly one binding site polyphenol association and will be termed nonspecific
per proline residue. The observed chemical shift changeschemical shift changes. In every case where titrations were
(Figure 2 and Supporting Information) suggest that the carried out in both water and 10% DMSO, the nonspecific
binding site may extend across the peptide bond to the chemical shift changes were proportionately larger for the
preceding residud,e. Gly2, Gly8, Argl2, and GInl5, and titration performed in watere(g. Figure 2). This implies
in particular that arginine can constitute part of a binding that in 10% DMSO the peptide/polyphenol association is
site. As the polyphenol size increases, the number of bindingweaker but more specifid.€. binding occurs primarily at
sites is reduced, until for the larger polyphenols there are proline residues and residues preceding proline). Nonspecific
only one or two binding sites on the peptide. Thus, although chemical shift changes are suggested to arise from nonspe-
in principle each proline can bind a polyphenolic ring, in cific peptide/polyphenol interactions which are promoted by
practice, steric hindrance limits the number of available hydrophobic association.
binding sites, and for a large polyphenol such as PGG, three Multidentate Binding of PolyphenolsThe peptide/TGG
successive proline residues may be covered on interac-itration in water was limited to a final molar ratio of 1/0.75
tion. This result serves to illustrate that proline residues due to the onset of precipitation, which was already evident
perform dual functions; not only do they act as binding at a stoichiometry of 1/0.25. Analysis of the resulting
sites, but they also help to keep the peptide extended andchemical shift changes for protons of proline, arginine, and
thus maximize the available binding surface (Williamson, glycine (Gly2 and Gly8) indicated that the peptide/TGG
1994). Figure 8 shows the proposed geometry of interac- system had achieved saturation prior to attaining a 1/1
tion between a molecule of PGG and the proline-rich pep- stoichiometry. This is feasible since TGG possesses three
tide. As one galloyl function of PGG interacts with one well-exposed galloyl functions which are capable of binding
binding site (proline residue and preceding peptide bond), up to three polyphenol binding sites present on either the
the other galloyl functions are brought into close prox- same peptide or different peptide molecules. Thus, as far
imity of the peptide, allowing secondary interactions to take as the peptide is concerned, saturation can be reached at less
place. than an equimolar ratio. These results indicate that more

Pentagalloyl glucose

For all the peptide/polyphenol titrations, the proling*8
resonance shows larger upfield chemical shift changes on
addition of polyphenol than the22H signal, which implies
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than one galloyl function of a polyphenol species may molecular mass aggregate, which precipitates and gene-
associate with the proline-rich peptide molecules, suggestingrates the astringency and antinutritive properties characteristic
that precipitation of soluble peptide/polyphenol complexes of polyphenols.

can be accomplished by noncovalent cross-linking mediated

by the multidentate nature of the polyphenol molecules. Thus, ACKNOWLEDGMENT
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These studies have shown that the larger and more
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