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In dry white wines, two different forms of instability occur: (i) substantial yellow or yellow-green deposits
are observed principally due to flavonol quercetin; and (ii) protein instability leads to protein casse.
Polyvinyl polypyrrolidone (PVPP) is used to adsorb phenols from beverages, and bentonite is used
to eliminate heat instable protein. However, in both cases, their effects are still largely unknown.
This study uses a multitechnique approach to gain a better molecular understanding of the association
of polyphenol aglycones with PVPP compared to that of glucosides with PVPP. The work
demonstrates, that with aglycones, three forces drive complex formation: hydrophobic interaction, H
bonds, and van der Waals bonds. With glucosides, the sugar moiety removes or reduces these driving
forces. Thus, if the interaction between proteins and polyphenols is responsible for haze and
precipitates, as is classically assumed, PVPP could prevent quercetin sedimentation.
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INTRODUCTION stability of such wines might be due to competition between
this fragment and wine proteins with regard to polyphen8js (

An unusual form of instability occurs when substantial yellow ~ HOWever, glycoside polyphenols are largely present in wines
or yellow-green deposits are observed during bulk or bottle @nd we recently demonstrated that the association of polyphenol
storage. The deposits mainly consist of the flavonol quercetin With peptides is better with aglycones than with glycoside
with kaempferol and myrecetin (1). The presence of quercetin, Polyphenols 9, 10). To compare the behavior of these molecule
kaempferol, and myrecetin at trace levels is due to extraction families related to complex formation, quercetin and quercetin-
of their respective glucosides from grape skins and their 3-O-glucoside were used as models because (i) quercetin is one
subsequent hydrolysi€) Their low aqueous solubilities ensure  of the main components of the observed deposits, and (ii) the
their sedimentation. This phenolic instability is partly due to results could be compared to those of a recent work which
changes in viticultural and winemaking practice, such as the studied the influence of the sugar moiety of rutin on its reactivity
use of machine-harvesting, which increases the presence ofwith whey proteins (11).
contaminant leaves, earlier bottling (3), and greater exposure Water-insoluble polyvinyl polypyrrolidone (PVPP) and water-
of berries to the sund). soluble poly(vinylpyrrolidone) (PVP) are synthetic polymers
The protein instability occurring in dry white wines is still  which are used to adsorb phenols from beverages. It is thought
not fully understood. To prevent protein casse, bentonite is usedthat they interact with polyphenols via H bonds between their
to eliminate heat unstable protein but with the risk of an overall CO—N linkages and phenol group$2). Similar interactions
reduction in their organoleptic properties. Since the interactions could explain the formation of the polyphergirotein complex
between proteins and polyphenols are responsible for haze anqs). Thus, it is reasonable to postulate that polymers and proteins
precipitates §—7), this protein casse might result from the penave similarly. Indeed, Siebert et al. showed that the mech-

formation of proteir-polyphenol complexes, even though the - apisms by which polyphenols attach to PVPP and protein are
polyphenol concentrations in dry white wines are low. Indeed, gjmilar (13).

the improvement, by an invertase fragment, of the protein

In white wines, various different forms of instability occur.

The present report investigated the use of PVPP in wines to
eliminate quercetin sedimentation, explored the molecular
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increase our knowledge of the binding mechanisms by which  The chemical shift variationg\¢;) derived from titration experiments
polyphenols interact with proteins. were used to determine the dissociation constag), e maximum
change in chemical shiftAdmay), and the numben of EP molecules

in association with polyphenols under our experimental conditions. A
least-squares fitting technique matched the experimentaldataith

Materials. The following reagents were purchased from commercial a theoretical curve generated by Baxter’s equation (15).
companies and used without treatment, except for PVPP, which was  NMR Spectroscopy Experiments.NMR experiments were con-
purified by heating (30 min, 100C) in an acid solution (12 N HCI)  ducted on a Bruker Avance-500 NMR spectrometer. 20 mM solutions
and washing with water to pH 7. of quercetin or quercetin-8-glucoside-EP mixtures (molar ratio 1/20)

Water, quercetin, acetic acid, and PVPP were from Sigma (Steinheim in CD;OD were used for all experiments. NMR spectra were referenced
Germany) and ethyl-pyrrolidinone (EP) was from Aldrich (Steinheim  to internal trimethylsilyl-3-propionic acids-2,2,3,3 sodium salt (TMSP).
Germany). Acetonitrile and methanol were from VWR (Fontenay-sous- TOCSY spectra were acquired with a total spin-lock mixing time of
bois, France). Quercetin@--glucopyranoside was from Extrasynthese 90 ms. Off-resonance ROESY spectra were acquired with mixing pulses
(Genay, France). of 200 and 400 ms, respectively. Water suppression was accomplished

Quercetin and Quercetin-3-O-glucoside in White Wines.To by use of a WATERGATE sequence. Heteronuclear multiple bond
evaluate the action of PVPP, 10 mg/L of quercetin and quercetin-3- correlation (HMBC) spectra were optimized on long-range couplings
O-glucoside (concentration maxima estimated) were added to 100 mL with a low-pass J-filter to suppress one-bond correlations, without any
of a white dry wine (Doisy Daéne 2003). Before addition, the initial decoupling during acquisition and by using gradient pulses for selection.
concentrations of these molecules in the wines were measured. ThenData were processed with XWINNMR from Bruker SA. One-
after addition of flavonols, various concentrations of PVPP were tested dimensional NMR spectra were used to determine the chemical shift
as is recommended in wines (maximum: 80 g/hl3)( The samples variation in the titration experiments.
were mixed for 90 min and centrifuged. Finally, quercetin and quercetin- Mass SpectroscopyMethanol mixture solutions of quercetin or
3-O-glucoside free concentrations were obtained by HPLC in super- quercetin-3-Gglucoside with EP were prepared to obtain two different
natants (see below). Three independent measurements were made, ansblyphenol/EP molar ratios: 1/1 and 1/10, respectively. The mass
results are presented with means and standard deviations. spectra were acquired on a single quadrupole platform Il mass

Polypheno-PVPP Complexes in Model Solutions.Complex spectrometer (Micromass, Waters, France) coupled with an HPLC
Formation. To determine the binding parameters of the polyphenol  (Agilent 1100 series). The sample (&D) was injected directly (without
PVPP association, various methanol solutions (100 mL) of quercetin g column) into the mass spectrometer at a rate of 0.1 mL/min of
and quercetin-3-O-glucoside were mixed with PVPP (10 gjiL.The methanol by using an HPLC pump. Electrospray ionization mass
samples were mixed for 90 min and then centrifuged. The free spectrometry detection was performed in negative ion mode with the
concentrations of polyphenols in supernatants were analyzed by HPLCfollowing optimized parameters: source temperature,’CMebulizer
(see below). Three independent measurements were made, and resuligitrogen flow, 9 L/h; drying nitrogen flow, 220 L/h; capillary voltage,
are presented with means and standard deviations. 3.5 kV; cone voltage—30 eV. Scanning was performed from/z=

Binding Parameter Measurement. The binding parameters of the 0 to m/z= 2500 for solutions of the complexes. Resolution was set to
polyphenot-PVPP interaction were calculated by using a least-squares 1 u over the scanned mass range. Pure methanol solutions of quercetin
fitting technique to match the experimental data with a theoretical curve and quercetin-3-O-glucoside (2 mM) were examined separately under
generated by the classical binding equation: the same experimental conditions.

Molecular Modeling. To evaluate the binding between synthetic
sound e po!ymer_s and polyphenols, a pentameric structure of PVP (EP5) was
R = nm built using the Hyperchem software package. Atom charges were
ot free d calculated by using the AM1 semiempirical method. Molecular
mechanic energies were calculated by using the-Midrce field. To
where Lpoung and Liee are the bound and free concentrations of obtain the most stable family, EP5 was subjected to 500 optimizations
polyphenol, respectively) is the number of independent and identical ~ of conformational searching, using the Monte Carlo multiple minimum
binding sitesRy is the PVPP concentration, akg is the dissociation (MCMM) method with usage-directed searchins(17). Torsional
constant. alkyl “backbone” angles were simultaneously varied for each MCMM

HPLC Analysis of Flavonols. The HPLC apparatus was a Ther-  step. The structures were energy-minimized by 200 steps of a steepest
moelectron system including an automated gradient controller, an SCM descent algorithm and 5000 maximum steps of a PoRikiere
1000 data module, P1000R pumps, an AS 1000 injector, and a UV conjugate gradient, until the energy gradient was smaller than 0.02 kcal
3000 wavelength detector. The method was described by Cheynier andmol™. The structures were clustered using a RMSD (root-mean-square
Rigaud (1986). The samples were directly analyzed with a Lichrospher deviation) of heavy atoms with a threshold of 0.4 A. Then, the mean
RP 18 column (5m, 4.6 cm, 250 mm) using the following gradient: ~ molecule representing the most stable family was transferred to a Silicon
solvent A, acetonitrile; solvent B, 4% acetic acid in water; initial, 10% Graphics Fuel workstation for the next calculation using the Accelrys
A; 0—30 min, 10—25% A; 30—40 min, 25—40% A: 40—45 min, 40—  software package (see below). It was energy-minimized by 500 steps
60% A; 45—60 min, 60—100% A; flow rate, 1 mL per minute; room Of a steepest descent algorithm with Discover using the consistent-
temperature. valence force field (cvff) model.

The effluent was monitored by its absorbance at 365 nm. Quercetin ~ The polyphenol structures were obtain from the Brookhaven Data
and quercetin-3-glucoside concentrations were calculated after Bank because these molecules were studied as enzyme substrates. For
standardization with known concentrations of flavonols under the same quercetin we used 1H1l and 1E8W from ré8and19, respectively.
experimental conditions. Unfortunately, the structure of quercetincBglucoside was not avail-

Titration Experiments by NMR for Polyphenol —EP Complexes. able so we used the structure of rutin (querceti@-Baamnosyl(1-6)-

For titration experiments, two identical 20 mM quercetin samples A glucoside): 1RY8 from re20. The quercetin rings were quasi-coplanar
and B were prepared in the solvefttif)-methanol (CROD). In sample with a slight 6°twist around the C2—C1lbond which connects the

A, aliquots d a 1 M 1-ethyl-2-pyrrolidinone (EP) solution were added, exocyclic phenyl B-ring to the rest of the molecule. In the case of
giving different EP/quercetin molar ratios. In sample B, the same quercetin-3-O-glucoside, a 38%ist was observed. The polyphenolic
aliquots of CQOD were added, giving a quercetin chemical shift molecules and EP were built using the “Accelrys” builder module and
reference solution. During titration, it was verified that the pH did not then energy-minimized by 500 steps of a steepest descent algorithm
change. Moreover, by titrating GDD in a mixture of quercetin and  with Discover using the consistent-valence force field (cvff) model.
EP, we checked that any possible effect of the solvent on the complex  To obtain the putative complex structures from NMR data, molecular
formation was negligible. The same protocol was used with quercetin- modeling was conducted on a Silicon Graphics Fuel workstation using
3-O-glucoside. the Accelrys software package. Simulated annealing (SA) and energy

MATERIALS AND METHODS
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Figure 1. Effects of PVPP on quercetin (solid line) and quercetine-3-0- _ _ olypheno free (M) _ _
glucoside (dotted line) in dry white wines. Tests were done under conditions Figure 2. Interaction of quercetin (solid line) or quercetin-3-O-glucoside
resembling those of a winery. Mean values and standard deviations of (dotted line) with PVPP in methanol model solutions. Mean values and
three independent measurements are presented. standard deviations of three independent measurements are presented.
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minimization were done with Discover and NMR-Refine using the
consistent-valence force field (cvff) model. Interproton distanceg were ppm @ @ @ EP-7
obtained from ROESY spectra. Pseudoatoms were used for protons
that could not be stereospecifically attributed. Hydrogen bonds between 1.5+
CO—N linkages and phenol groups were also used as distance .
constraints. SA calculations involved 14 separate phases. The first phase
involved 100 steps of randomization and minimization of the starting 2.0
structure into the steepest descent algorithm. The second phase involved . ,
additional minimization into 500 iterations of the conjugate gradient GXD T ' @ EP-3
algorithm. Dynamic phases-3 involved simulated annealing for 30, 2.5
10, and 10 ps, respectively, at 1000 K. Meanwhile, the force constants
were increased stepwise up to their full values. Phasd€€6énvolved ,
cooling of the molecule from 1000 to 300 K over 10 ps. Phases 11 3.0 : L

and 12 involved minimization using 100 steps of the steepest descent ® ' . !
algorithm followed by 500 iterations of the conjugate gradient. Finally, -

the last two minimization phases involved 100 steps of a steepest 357 . 8 @ EP-8
descent followed by 1500 iterations of a conjugate gradient with a 78 715 714 712 710 efa 616 sf,,

distance-dependent dielectric constant to mimic the solvent effect. ) . .
SA calculations were started from 50 initial random structures. We Figure 3. 400 ms ROESY spectrum at 303 K of quercetin and EP mixing

selected final solution structures with the lowest energy, in agreement acco_rdin_g to the molar ratio 1/20. The intermolecular cross-peaks of interest
with NMR experimental constraints. Structural statistics for the are in circles.

converged structures were evaluated in terms of mutual RMSDs and

RMSDs between refined structures and their average structure. Various :

calculations were made: quercetin with three EP, quercetin with EP5, Table 1. Intermolegular ROE's Observed between Polyphenol Protons
and guercetin-3-@lucoside with EP5. To display the possible interac- and Protons of EP

tions in the complexes formed between organic molecules and

EP-6

T
6.2 ppm

polyphenols, we used “Protein explorer” (21). Quercetin Lethy-2-pyrolidinone
2 3(ww) and 6(w)
5 7(w)
RESULTS 6 3(w) and 7(ww)
. . . . . 6 3(ww) and 5(ww)
To determine the putative prevention of quercetin sedimenta- 8 7(ww)
tion in dry white wines by PVPP, tests were done under
conditions resembling those of a winefidure 1). On the basis quercetin-3-O-glucoside 1-ethyl-2-pyrrolidinone
of recommended PVPP concentrations in wines (maximum: 80 > 3(ww) and 6(w)
g/hL) (14), quercetin- and quercetin€3-glucoside-free con- 5 7(ww)
centrations were diminished by 79% and 55% respectively. 6'
There was a significant difference between quercetin and 6 4(ww), 5(ww), and 6(ww)
quercetin-3-O-glucoside affinities for PVPP. We therefore 8 3(ww) and 7(w)

studied PVPP interactions with quercetin and quercet®-3- - — . —
glucoside in model solutions to understand the differences in All relative intensities are weak, corresponding to an upper constraint limit of
affinity observed. 50A

The results of the interaction of quercetin or querceti@-3-
glucoside with PVPP in methanol solutions are showRigure The values obtained were as followky = 3.3+ 0.6 g dL?
2. In agreement with the previous results, the curves clearly with n =4 + 1 andKyq = 15+ 3 g dL"* with n = 3 & 1 for
show that the association was stronger with aglycone than with quercetin and quercetinB@-glucoside, respectively. From these
its glucoside. Under our experimental conditions, the PVPP values, we concluded (i) that the association of PVPP with
molar concentration was unknown, and by using the least- quercetin was 45-fold better than that with its glucoside and
squares fitting technique, we were able to calculate only the (ii) that PVPP interacts with the same number of quercetin and
apparent binding constants and not the true binding constants.quercetin-30-glucoside molecules. To account for this finding,
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Figure 4. Electrospray mass spectra of the mixtures quercetin—EP (A) and quercetin-3- O-glucoside—EP (B) in the molar ratio 1/10.

we studied interactions at the molecular level. To overcome the between quercetin or quercetincBglucoside and EP molecules
problem of the complexity of the PVPP molecule and its water- (Figure 3 andTable 1) and thus the formation of the complexes
soluble PVP, we used 1-ethyl-2-pyrrolidinone (EP), which, like between both polyphenols and EP.
PVPP, has a pyrrolidinone ring with an alkyl chain and, thus, = The mass spectra are presentedFigure 4. Pure methanol
has a very simple structure. These studies were carried out bysolutions of molecules were examined separately. Using the
NMR and MS. experimental conditions described above, quercetin gave an
The molecule protons were assigned unambiguously by usingabundant molecular peak (WH)~ at m/z301 and two weaker
the software Sparky2@) and by using the HMBC sequence. peaks for the dimer and trimer molecules (2M)~ and (3M—
The titration experiments gave their binding constant, determined H)~ atm/z603 and 905, respectively. Quercetin-3-O-glucoside
by fitting the chemical shift variations of polyphenol protons. principally gave three peaks: {@vH)~ atm/z463, (2M-H) at
The values obtained for the dissociation constant were #.27 m/z927, and (3M-H)~ atm/z1391, with the latter being weak
0.05 M withn= 13+ 5and 0.7% 0.09 M withn=24+ 9 (data not shown). For the mixture solutions, the polyphenol/EP
for quercetin-EP and quercetin-8-glucoside-EP complexes, ratios 1/1 and 1/10 gave the same mass spectra. The spectra
respectively. This confirmed the negative role of the glucose had the same abundant peaks due to polyphenols alone.
moiety in the formation of the complex because a weaker However, with quercetin, molecular complexes with EP were
association was observed with querceti®-glucoside than with clearly visible Figure 4A). Thus, the relatively intense peaks
quercetin. During the titration experiments, the chemical shift at m/z414, atm/z640, and ain/z1206 were attributed to the
variation reached a plateau at the molar ratio polyphenol/EP 1:1 complex (quercetinrt EP — H)~, to the 1:3 complex
1/20 (data not shown). This ratio was therefore used in 2D- (quercetint+ 3EP— H)~, and to the 1:8 complex (quercetin
NMR. ROESY maps showed the intermolecular cross-peaks 8EP— H)~. On the contrary, for quercetin3-glucoside, these
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clearly show the possible anchoring points of the EP molecules
with polyphenol.

These results can be extrapolated to the building of a 3D
structure of the complex between both polyphenols and a
pentameric structure of PVP (EP5). Molecular modeling of the
pentameric structure of PVP showed that the most stable family
presented alternate pyrrolidone rings in relation to the alkyl
backbone. In this orientation, the angles between two consecu-
tive rings were equal to 10% 40° and the distances between
the O atoms were almost equal, with a mean value of45.4
0.7 A. The alternate pyrrolidone rings are clearly shown in
Figure 6A. These results are in agreement with a recent report
where a trimer structure of PVP was studi@3). From these
results and those obtained with the complex of quercetin with
three EP molecules, we calculated a putative 3D structure of
the complex between quercetin and an EP5 molecule with three
pyrrolidone rings (Figure 6). Very numerous steps were used
in the SA protocol where the distance constraints obtained from
Table 1 were introduced one by one to avoid large violations
of the distance restraints and/or systematic violation of one bond
and/or large distortions of the quercetin plane and EP5. In the
final SA, 50 structures were calculated and 21 low total energy
structures respecting NMR restraints were detedteglire 6A
shows the heavy atom superimposition of the EP5 “alkyl”
backbone with an RMSD value equal to 0.39 Higure 6B
shows the weak scattering of EP5 molecules around quercetin
when the heavy atoms of quercetin were superimposed (RMSD

Figure 5. (A) Family of nine structures for a putative complex between
quercetin and three EP molecules. (B) The closest structure to the mean

SA structure of this family. Quercetin is represented by its solvent- = 0.05 A). Interaction with the polyphenol modified the EP5

accessible surface. The magenta regions represent the possible hydrogen
bonds, and the pale gray-to-white regions are involved in hydrophobic
interactions. For EP species, the atoms within bonding distances are shown
as balls-and-sticks.

structure only slightly with angles between two consecutive rings
equal to 10 55° and the distances between the O atoms equal
to 5.4+ 1.6 A. Figure 6C shows the closest structure to the
mean SA structure, where the contact surfaces are colored
according to their distances, as mentioned above. EP5 is
represented by its solvent-accessible surface. For quercetin, the
atoms within bonding distances are shown as balls-and-sticks
(21). For clarity, only the covalent bonds within 7 A are shown
as sticks for both molecules.

The same study was performed with the association quercetin-
3-O-glucoside—EP5. In the final SA, 50 structures were
calculated and 16 low total energy structures respecting NMR
cE)estraints were detectefigure 7 shows a putative 3D structure
N ) f the complexFigure 7A shows the heavy atom superimposi-
EP molecule was added close to quercetin ring B. This secondy;o, of the pEPS “gallkyl“ backbone with a?RMSD vglue eF:quaI

step led to the third step, i.e., placing the third EP molecule 5 45 & Figure 7B shows the scattering of EP5 molecules
qlose to ring C. These_ two latter steps were repeated as many, .o .n4 the polyphenol when its heavy atoms (RMSID.10
times as necessary in order to situate correctly these EPA) were superimposedigure 7C shows the closest structure

molecules while respecting all intermolecular ROEs (Table 1). to the mean SA structure where the contact surfaces are colored
Indeed, when a position was false, we obtained large violations according to their distances, as mentioned ab@s. (

of the distance restraints and/or systematic violations of one
bond for the molecule majority and/or distortions of the
quercetin plane. In the final SA, 50 structures were calculated
and 46 low total energy structures respecting NMR restraints  The present results show that the association of PVPP with
were detected. These 46 structures were split into severalquercetin is 4-5-fold better than that with its glucoside. This
families on either side of the quercetin plane, with the family is in agreement with previous results where rutin with a sugar
populations being close. For example, the family (9 structures) moiety (rhamnosylglucoside) was less reactive than quercetin
shown inFigure 5A had EP1 and EP2 above the plane and with whey proteins (11). The results obtained with the associa-
EP3 below Figure 5B shows the closest structure to the mean tion between polyphenols and EP molecules confirm this better
SA structure, where the contact surfaces are colored accordingassociation with the aglycone. Therefore, the hypothesis of the
to their distances. Quercetin is represented by its solvent- interaction of the synthetic polymers with polyphenols only via
accessible surface (21). The magenta regions represent théd bonds between their CEN linkages and phenol groups is
putative hydrogen bonds, and the pale gray-to-white regions not sufficient. Indeed, there are five and eight hydroxyl groups
are involved in hydrophobic interactions. For clarity, only the in quercetin and quercetin-3-O-glucoside monomers, respec-
covalent bonds within 7 A are shown as sticks for all the tively, and thus five and eight potential binding sites. Moreover,
molecules, and for the EP species, the atoms within bonding mass spectrometry detected polyphenol associations: dimer
distances are shown as balls-and-sticks. These representationsolecules with 10 and 16 hydroxyl groups and trimer molecules

complexes were not observed. Only querceti@-8lucoside and
its dimer and trimer were observeBigure 4B).

From the NMR and MS data, we obtained the three-
dimensional structure (3D structure) of a possible complex
between quercetin and three EP molecukégire 5). In a first
step in the SA protocol, we used only one EP molecule
positioned close to the quercetin ring A to explore the

DISCUSSION
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B

Figure 6. 21 structures of quercetin—EP5 complexes. (A) Heavy atom superimposition of the EP5 “alkyl” backbone (RMSD = 0.39 A). (B) Heavy atom
superimposition of quercertin (RMSD = 0.05 A) showing the weak scattering of EP5 molecules. (C) The closest structure to the mean SA structure of
this family. EP5 is represented by its solvent-accessible surface. For quercetin, the atoms within bonding distances are shown as balls-and-sticks. For
both molecules, only the covalent bonds within 7 A are shown as sticks.

A B

Figure 7. 16 structures of quercetin-3-O-glucoside—EP5 complexes. (A) Heavy atom superimposition of the EP5 “alkyl” backbone (RMSD = 0.42 A).
(B) Heavy atom superimposition of quercetin-3-O-glucoside (RMSD = 0.10 A) showing the scattering of EP5 molecules around the polyphenol. (C) The
closest structure to the mean SA structure of this family. EP5 is represented by its solvent-accessible surface. For quercetin-3-O-glucoside, the atoms
within bonding distances are shown as balls-and-sticks. For both molecules, only the covalent bonds within 7 A are shown as sticks.

with 15 and 24 hydroxyl groups. The mean numbeof EP equilibrium between free and bound molecul&t)( it is
molecules associated with quercetir®3glucoside (24+ 9), particularly tricky to assess van der Waals bonds.
which was higher than that with quercetin (335), might be On the other hand, in the quercetin®glucoside—PVP

in agreement with the mean number of potential binding sites complex, the presence of the glucoside moiety in position 3
present in polyphenols. Thus, the glucose bulk and its hydro- removed this H bond and forced the polyphenol to present its
philic character seem to partially prevent interaction with PVPP, other side to the PVPF{gures 6 versus7). This has three
suggesting that hydrophobic interactions between the pyrrolidoneconsequences in addition to the loss of the H bond: (i) the loss
and phenol rings could play a role. of hydrophobic interaction for polyphenol ring C, (i) a
Our molecular approach confirmed this hypothesis. The weakening of van der Waals bonds with a discontinuous contact
quercetin structure allowed a good interaction with PVP becausesurface, and (iii) a less structured complex with wider scattering
the distance between the hydroxyl groups of the three rings is of EP5 molecules around the polyphenol (Figures @& sus
in accordance with the distance between the three carboxylic 7B). Thus, these molecular data could explain the observation
functions of the pyrrolidone rings. As clearly shownRigure of a weaker complex with PVPP for quercetinaglucoside
6C, the formation of the complex is due to two types of than for its aglycone.
interaction: hydrophobic interaction between the phenolic and  These conclusions are also in agreement with the NMR and
pyrrolidinone rings and H bonds between the hydroxyl functions MS results observed with EP. The intermolecular ROEs with
and the CG-N linkages. Interestingly, the pyrrolidone ring and EP were observed with both polyphenols, suggesting formation
the proline residues in the protein were similar in structure; these of the complex between the molecules. Moreover, in MS only
findings are in agreement with those observed in polyphenol EP complexes with quercetin were detected. In the gas phase,
protein complexes (5). Moreover, in the quercetin—PVP com- the external medium (vacuum) is widely considered as being
plex, conformational mutual adaptation, thanks to the high hydrophobic, thus reinforcing the strength of H bonds compared
flexibility of PVP, allowed them to adopt steric complementarity to hydrophobic and van der Waals interactions. In solution, the
and to create additional van der Waals bonds with a continuousionic interaction becomes weaker while the hydrophobic effect
contact surface. However, in agueous medium and with the fastbecomes greater, whereas the contrary occurs in the gas phase
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(25). Thus, the H bond alone cannot explain the formation of Doonan, S., Ed.; Humana Press Inc.: Totowa, 2004; Vol. 244,

polyphenot-PVPP complexes. Rather, a range of complemen- pp 65—74 and references cited therein.

tary forces maintain their stability. (13) Siebert, K. J.; Lynn, P. Y. Comparison of Polyphenol Interactions
In conclusion, this work demonstrates that PVPP preferen- with Polyvinylpyrrolidone and Haze-Active Proteii. Am. Soc.

Brew. Chem1998,56, 24-31.
(14) Résolution (5/87); Fiche code OIV Ed 01/2005 113.4-10.
(15) Baxter, N. J.; Lilley, T. H.; Haslam, E.; Wiliamson, M. P.

tially forms complexes with polyphenol aglycones. Therefore,

PVPP could be used to prevent quercetin sedimentation. Even

though polyph.enol concentrations in dry \.Nh'te v.vme.s 'arg low, Multiple interactions between polyphenols and a salivary proline-

any dec_rease in free aglycqne concentrations will minimize the rich protein repeat result in complexation and precipitation.

interactions between proteins and polyphenols, essentially the Biochemistry1997,36, 5566—5577.

aglycone forms, which are responsible for haze and precipitates. (16) Chang, G.; Guida, W. C.; Still, W. C. An internal coordinate
Monte Carlo method for searching conformational spdcém.
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