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Abstract 

At present, there is a great interest in enology for yeast derived products to replace aging on 

lees in winemaking or as an alternative for wine fining. These are yeast protein extracts (YPE), 

cell walls and mannoproteins. Our aim was to further understand the mechanisms that drive 

interactions between these components and red wine polyphenols. To this end, interactions 

between grape skin tannins or wine polyphenols or tannins and a YPE, a mannoprotein fraction 

and a β-glucan were monitored by binding experiments, ITC and DLS. Depending on the 

tannin structure, a different affinity between the polyphenols and the YPE was observed, as 

well as differences in the stability of the aggregates. This was attributed to the mean degree of 

polymerization of tannins in the polyphenol fractions and to chemical changes that occur 

during winemaking. Much lower affinities were found between polyphenols and 

polysaccharides, with different behaviors between mannoproteins and β-glucans. 

Keywords: Interactions; ITC; DLS; yeast protein extract; mannoproteins; β-glucans, grape and 

wine polyphenols. 

 

 

 

 

 

 

 

 

1. Introduction 
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 In recent years, a large variety of commercial products obtained from the yeast cells 

have been developed to promote red wine sensory characteristics, such as astringency, texture, 

color and mouthfeel (Escot, Feuillat, Dulau, & Charpentier, 2001; Palomero et al., 2009; Del 

Barrio-Galán, Pérez-Magariño, Ortega Heras, & Charpentier, 2001; Alcalde-Eon, García-

Estévez, Puente, Rivas-Gonzalo, & Escribano-Bailón, 2014). These products are inactivated 

yeasts (IY), cell walls (CW) and mannoproteins (MPs) in the context of wine aging and yeast 

protein extracts (YPEs) for wine fining (Charpentier, Caillet, & Feuillat, 2006; Iturmendi, 

Durán, Marín-Arroyo, & Marin-Arroyo, 2010; Lochbühler et al., 2014). Their impact is 

attributed to interactions between red wine polyphenols and these yeast derived products 

(YDPs).  

 In the case of IY, CW and MPs, this impact has been attributed to the release of yeast 

mannoproteins (Guadalupe, Martínez, & Ayestarán, 2010; Loira et al., 2013; Pozo-Bayón, 

Andújar-Ortiz, Alcaide-Hidalgo, Martin-Alvarez, & Moreno-Arribas, 2009; Rodrigues, 

Ricardo-da-silva, Lucas, & Laureano, 2012) in wine or to polyphenol adsorption on yeast cell 

walls, and especially on the outer mannoprotein layer (Mazauric & Salmon, 2005; Morata et 

al., 2003). Thus, physico-chemical interactions between MPs and polyphenols are regarded as a 

key mechanism. Although β-glucans are also major components of cell walls, their potential 

role has never been considered. When dealing with YPEs and the fining of red wines, protein-

polyphenol interactions are expected to be decisive. Fining is used to soften tannic 

agressivity/intensity, to improve mouthfeel or to improve filterability or stabilization with 

regards to the precipitation of colloidal coloring matter. The effect of fining proteins is mostly 

related to their ability to interact with wine polyphenols and especially tannins (Granato et al., 

2010). 

 In spite of a growing interest for the use of these YDPs in enology, the exact 

mechanisms involved in their potential effect on wine quality (clarification, sensory 
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characteristics and wine stability) remain poorly understood. This is related: i) to the diversity 

of the products proposed and to their complex composition and ii) to the variability of red wine 

composition. In our previous works, we focused on studying polyphenols interactions with 

different YDPs (dead and inactivated yeast, yeast cell walls) obtained from the same enological 

Saccharomyces cerevisiae strain. The adsorption of grape tannins and wine polyphenols was 

studied by means of adsorption isotherms (Mekoue Nguela, Sieczkowski, Roi, & Vernhet, 

2015a). Interactions between polyphenols and cell walls were observed, but purified cell walls 

resulted in about 10-fold lower polyphenol retention than that obtained with whole yeast. We 

demonstrated later by means of confocal fluorescence and transmission electron microscopy 

that polyphenols cross the cell envelope barrier (cell wall and plasma membrane) of dead yeast 

and interact with cytoplasm constituents (Mekoue Nguela, Vernhet, Sieczkowski, & Brillouet, 

2015b). This explained the quantitative differences observed between whole inactivated cells 

and cell walls. As proteins in yeast represent 40 to 50% of the cell dry weight (Wiederhold, 

Veenhoff, Poolman, & Slotboom, 2010), it was supposed that the cytoplasmic constituents 

involved were mainly proteins. These microscopic observations clearly showed that 

mannoproteins interact with tannins, but nothing could be concluded concerning β-glucans.  

 The present study has aimed to further explore interaction mechanisms between 

polyphenols and yeast components by: (i) studying interactions in solution between 

polyphenols and a yeast protein extract and (ii) comparing YPE/polyphenol interactions with 

mannoprotein/polyphenols and β-glucan/polyphenols interactions in solution. Interactions were 

studied using three different polyphenols fractions: grape skin tannins, a total polyphenols 

extract purified from a red wine and tannins purified from this extract.  

 

2. Materials and methods 
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2.1 Yeast Protein Extract 

 

 The YPE was provided by Lallemand (Montreal, Canada). It was obtained from a 

biomass of a commercial Saccharomyces cerevisiae strain used in enology. The yeast biomass 

was produced according to the industrial process, in aerobic conditions. Intracellular proteins 

were extracted using a treatment likely to avoid their hydrolysis and the extract was spray-

dried. Residual water accounted for about 6% (w/w) of the powder, which was stored at 4 °C 

before use. The YPE powder was first rehydrated in water under stirring for 15 min at a 

concentration of 100 g.L-1. It contained an insoluble fraction, which was removed by 

centrifugation (15000 g, 15 min, 15 °C) and represented 13 % w/w (weighed after 

lyophilization) of the initial YPE powder. The soluble fraction (87 % w/w) was further 

characterized and used for interaction studies.  

 Soluble polymers were separated from oligomers by ultrafiltration. To this end, 10 mL 

of YPE (concentration 87 g.L-1) were introduced in a 50 mL centrifugal filter unit equipped 

with a 10 kDa membrane (Amicon, Millipore) and centrifuged at 6000 g during 10 min, at a 

temperature of 15 °C. The permeate was recovered and the retentate diafiltrated several times 

to remove the residual small solutes. Samples were freeze-dried to determine the proportion of 

oligomers (molecular weight < 10 kDa) and polymers (molecular weight > 10 kDa) and used 

for further analyses: total nitrogen, proteins and carbohydrates). Total nitrogen was determined 

by the Kjeldahl method using a Büchi digestion unit K-435 system and a Büchi distillation unit 

K-314 system. 30 mg of samples were used for this analysis. Proteins in the YPE were 

analyzed by 1D SDS-PAGE electrophoresis, performed on a 14% acrylamide resolving gel (gel 

length, 60 mm). The YPE soluble (10 g.L-1) was dissolved twice in a Laemmli 2X buffer and 

30 µL were loaded on the gel. A low molecular weight calibration kit (14.4 to 97 kDa, 

Pharmacia, Biotech) was included in the electrophoretic run. Gels were stained with 0.1% 
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Coomassie Brilliant Blue R-250 (Biorad) in 40% of ethanol, 10% acetic acid and destained 

overnight in 10% acetic acid. Gels were then scanned at 300 dpi with an image scanner (GE 

Biosciences). Neutral glycosyl-residues were quantified in the YPE fractions after hydrolysis 

by converting the monosaccharides into their alditol acetate derivatives (Albersheim, Nevins, 

English, & Karr, 1967). Analyses were performed on 2 mg of samples. Inositol and allose (100 

µL of a 1 mg.mL-1 solution) were added as internal standards before reduction and acetylation. 

The quantification was performed by GC analysis using a fused silica DB-225 (temperature 

programming: 170 °C for 15 min, 170 °C-210 °C at 1 °C.min-1) capillary column (30 m x 0.25 

µm x 0.25 mm ID) with H2 as the carrier gas and a SHIMADZU GC-2010-Plus gas 

chromatograph. Alditol acetate derivatives were identified on the basis of their retention time 

by reference to standard monosaccharides. Neutral sugar amount was calculated relative to the 

allose (Albersheim et al., 1967).  

 

2.2. Mannoproteins 

 

 A commercial solution of Saccharomyces cerevisiae mannoproteins, commonly used in 

enology, was fractionated by ultrafiltration on a 10 kDa membrane (GE-Healthcare, Hollow 

fiber cartridge filter, VFP-10-C-4M) to recover the high molecular weight fraction (> 10 kDa). 

Residual small solutes and oligosaccharides in the retentate obtained by UF were removed by 

diafiltration with water (up to a final dilution factor of 1000). The high molecular weight 

fraction was conserved at 4 °C with sodium azide (0.02% w/v) until use. The dry weight per 

milliliter of solution, 66 mg.mL-1, was determined by freeze-drying of aliquots. Neutral sugars 

(Dallies, François, & Paquet, 1998) and Kjeldhal analyses indicated a mannose content of 55% 

(w/w) and a total nitrogen content of 1.6% (w/w), indicating an average protein moiety in the 

mannoproteins of 10%. The molecular weight distribution of the mannoproteins, between 14 to 
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500 kDa, was determined by high-resolution size exclusion chromatography (Ducasse et al., 

2010).  

 

2.3. Laminarin  

 

 Laminarin from Laminaria digitata (brown seaweed) was purchased from Sigma-

Aldrich. Laminarin is a low molecular weight (6 kDa) and water-soluble β-glucan, composed 

of a linear β-(1,3)-glucan chain with β-(1,6)-linkages. It was used in this study to evaluate 

interactions between tannins and β-glucans. 

 

2.4. Polyphenol isolation and analysis  

 

 A wine polyphenol extract WP was purified from a Merlot wine elaborated in 2012 at 

the INRA Experimental Unit of Pech Rouge (Gruissan, France), as previously described 

(Mekoue Nguela et al., 2015a). The WP was stored at – 80 °C under argon atmosphere before 

further use. Spectrophotometric analyses were made with a SAFAS UV-MC2 

spectrophotometer (Monaco) on the powder dissolved in a model wine at a concentration of 5 

g.L-1. This provided an absorbance at 280 nm of 55.0 (Total Polyphenol Index, TPI), 

corresponding to that of the initial wine. The color intensity (A420nm + A520nm + A620nm, optical 

path 1 cm) of the reconstituted wine was 16.1 ± 0.5 and its tint (A420nm/A520nm, optical path 1 

cm) was 0.55 ± 0.12. Accounting for the presence of residual sugars and nitrogenous 

compounds in the fraction (15%), a TPI of 55.0 corresponded to a whole polyphenol 

concentration of 4.3 g.L-1. This value was used to convert TPI into polyphenol amount. 

Polyphenol monomers were analyzed by HPLC-DAD according to the procedure described in 

Ducasse et al. (Ducasse et al., 2010). Tannins were analyzed by HPLC after acid-catalyzed 
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depolymerization reaction in the presence of a nucleophilic agent. Considering the low yield 

obtained with usual phloroglucinolysis (Mekoue Nguela et al., 2015a), the acid-catalyzed 

cleavage was carried out in the presence of excess 2-mercaptoethanol, according to the protocol 

developed by Roumeas et al. (Roumeas, Aouf, Dubreucq & Fulcrand, 2013). Mercaptolysis 

was carried out during 2 h at 40 °C in methanol with 0.1 M HCl and 100 µL.mL-1 2-

mercaptoethanol. Concentrations were set at about 1 mg.mL-1. HPLC analysis was performed 

using an Alliance Waters system (Milford, MA, USA) equipped with a photodiode array 

detector, a fluorimeter and a millennium data manager software. The column was a reversed 

phase Atlantis C18 (250 x 2.1 mm, 5 µm packing) protected with a guard column of the same 

material (20 x 2.1 mm, 5 µm packing, Milford, MA, USA). Oven temperature was set at 38 °C. 

The solvent system (flow rate was 0.25 mL.min−1) was a gradient of solvent A (water/formic 

acid, 95:5, v/v) and solvent B (acetonitrile/water/formic acid, 80:15:5, v/v/v): proportions of 

solvent B were as follows: 0–5 min with 0% B; 5–35 min, 0–10%; 35–75 min, 10–20%; 75–80 

min, 20–100%; and 80–90 min, 100–0%. The injection volume for all samples was 5 µL. 

Calibration curves were established at 280 nm using external flavan-3-ol monomer standards 

(catechin, epicatechin, epigallocatechin and epicatechin-gallate).  

 High molecular weight tannins were isolated from the wine polyphenol pool WP 

dissolved in H2O/0.05% TFA at a concentration of 43 mg.mL-1. A column packed with 

Fractogel® EMD Phenyl (S) (Millipore, France, 226 mL bed volume) was equilibrated with 

H2O/0.05% TFA (450 mL) prior to loading 5 mL of the extract. The column was then 

extensively washed with H2O/TFA 0.05% (450 mL). Elution by 55% EtOH/45% H2O/0.05% 

TFA (315 mL) was performed first to remove low molecular weight polyphenols. The high 

molecular weight tannins were eluted with 60% acetone/ 40% H2O/ 0.05% TFA (420 mL). 

Solvents were evaporated under vacuum at 30 °C and the aqueous residues freeze-dried and 
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weighed. The high molecular weight fraction, named WT, was stored at – 80 °C until use. Its 

composition was characterized by mercaptolysis, as described before.  

 A tannin fraction from Muscat grape skin (Vitis vinifera), previously purified at the 

laboratory and stored at – 80 °C under argon in sealed vials, was used for the experiments. This 

fraction was obtained by chromatography from a whole tannin fraction extracted from skin in 

the same conditions as the ones described before for wine tannins. The composition of the 

fraction was determined by UPLC after acid-catalyzed cleavage in the presence of thioglycolic 

acid (Prieur, Rigaud, Cheynier, & Moutounet, 1994).  

 

2.5.  Binding experiments  

 Binding experiments were performed in a model wine composed of 12% v/v ethanol 

and 2 g.L-1 tartaric acid, the pH of which was adjusted to 3.5 with KOH 1 M. The ionic strength 

was set at 50 mM by NaCl (2.16 g.L-1). SO2 (25 mg.L-1) was added to prevent polyphenol 

oxidation. YPE (10 mg) was re-hydrated in water (1 mL) for 15 min and centrifuged at 15000 g 

during 15 min to remove insoluble. The supernatant was recovered and a concentrated wine-

like solution was added to obtain the model wine composition described above and a final 

concentration of YPE of 3.48 g.L-1. Polyphenol stock solutions were prepared by dissolving 

WP, WT or GST in the model wine at a concentration of 10 g.L-1. These stock solutions were 

diluted to get final concentrations between 0.5 and 4 g.L-1.  

 All experiments were carried out by mixing equal volumes of a 2x g.L-1 polyphenol 

solution (x being the final desired concentration) and of a 3.48 g.L-1 YPE solution (final 

concentration 1.74 g.L-1). Data represent a mean of at least two separate experiments. Samples 

(2 mL) were placed in 2 mL tightly closed eppendorfs in order to minimize headspace and were 

stirred continuously (Stuart rotator SB3, 40 rpm) in darkness and at room temperature. From 

preliminary kinetic trials, a contact time of 24 h was chosen. After 24 hours, samples were 
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clarified by centrifugation (15000 g, 15 min, 15 °C) and supernatants recovered for 

spectrophotometric measurements and HPLC analyses (WP only). The total polyphenol 

concentrations in the bulk were determined by absorbency measurements at 280 nm after 

adequate dilution. Total precipitated polyphenols (TAP) were calculated from the difference in 

absorbency between the samples and the corresponding controls using:  

TAP = TPI
PPcontrol – (TPI

sample – A280
YPEcontrol) 

 TPI
PPcontrol being the total polyphenol index (A280 x dilution factor) of the polyphenol solution 

before contact with YPE, TPI
sample the one of the supernatant recovered after contact with YPE 

and A280
YPEcontrol the absorbency of YPE controls. The latter is related to the presence in YPE of 

compounds that absorb at 280 nm (eg. aromatic amino acids). Although very low by 

comparison to the one of polyphenols, this absorbency affected measurements at the lowest 

polyphenol concentrations. Absorbency measurements at 420, 520 and 620 nm were also 

performed with WP. Residual proteins in the supernatants after interaction experiments were 

precipitated by a double precipitation procedure using trifluoroacetic acid and 70 % w/w 

acetone/water (F.-X. Sauvage, personal communication), that allows their separation from 

polyphenols, and analyzed by 1D - SDS PAGE as described before.  

The pellets obtained by centrifugation after binding experiments were re-suspended in 2 mL of 

model wine without polyphenols. Samples were stirred for 24 h, centrifuged and the 

supernatants recovered. The reversibility upon dilution was evaluated through the quantity of 

polyphenols recovered in supernatants, measured by absorbency at 280 nm. 

 

 

 

 

2.6. Dynamic light scattering  
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 DLS experiments were performed to study aggregation and aggregation kinetics 

between YPE, mannoproteins and laminarin and the different polyphenols (WP, WT and 

GST). They were carried out by mixing equal volumes of polyphenol and macromolecule 

solutions in the model wine. Final concentrations were set first at 0.4 g.L-1. For wine 

polyphenols (WT, WP) and YPE, concentrations were increased up to 2 and 1.74 g.L-1, 

respectively. Interactions were followed over 24 h, time zero being the mixing of the 

solutions. 

 DLS measurements were carried out on a Malvern zetasizer 3000 HS (Malvern 

instruments, Malvern, U.K.) equipped with a 10 mW He-Ne laser (633 nm), at an angle of 90° 

to the incident beam. The sample cell was maintained at a temperature of 25 °C. The time 

dependence of the scattered light was monitored, and the autocorrelation function G(t) of the 

scattering species determined. The diffusion coefficient of the scattering species (D), derived 

from this function, allowed the calculation of their hydrodynamic diameters, DH, using the 

Stokes-Einstein equation (assuming that all scattering species were spherical):  

D = (kT)/(3πηDH) 

where k is the Boltzmann constant, T the temperature and η the solvent viscosity. The 

cumulant method was used to fit the autocorrelation curves, and to calculate the average 

hydrodynamic diameter DH and the polydispersity index PI of the dispersion (PI varies between 

0 and 1). Each measurement was the average of 10 subruns.  

 

2.7. Titration Microcalorimetry A VP-ITC instrument (MicroCal, Northampton, MA) was used 

to measure enthalpy changes associated with interactions between yeast protein extract-

polyphenols; mannoproteins-polyphenols and laminarin-polyphenols in the model wine. All 

experiments were performed at 25 °C and additional experiments were performed at 10 °C with 

GST and WP. In a typical experiment, the macromolecule solution (YPE, mannoproteins or 
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laminarin) was placed in the 1.448 mL sample cell of the calorimeter and the polyphenol 

solution (typically 5 g.L-1) was loaded into the injection syringe. The polyphenol solution was 

titrated into the sample cell as a sequence of 48 injections of 6 µL aliquots. The duration of 

each injection was 12 s, and the time delay to allow equilibration between successive injections 

was 8 min. The sample cell was stirred throughout the experiment at 300 rpm to ensure 

thorough mixing. Raw data obtained as a plot of heat flow (microcalories per second) against 

time (seconds) were then integrated peak-by-peak and normalized to obtain a plot of observed 

enthalpy change (∆H) per µg of injectant against the massic ratio 

(polyphenols/macromolecules). Peak integration was performed using Microcal Origin 

(Microcal Software, Northampton, MA). Control experiments included the titration of 

polyphenol solution into the model wine and were subtracted from titration experiments. 

 

3. Results and discussion 

 

3.1. Characterization of the yeast protein extract 

 Total Nitrogen accounted for 6.0 ± 0.7 % of the YPE powder dry weight. Nitrogen in 

yeast is related to amino acids, peptides and proteins but also to nucleic acids. Assuming that 

the latter can be neglected, this content would indicate the presence of about 37.5 % amino 

acids/peptides/proteins (obtained by multiplying the total nitrogen by the factor 6.25). Total 

amino acids represented 33.5 % of YPE dry weight, which is close to total nitrogen 

(supplementary data S1). Free amino acids accounted for about half of these total amino 

acids. The studied YPE was not fully soluble upon rehydration. The insoluble part (13% dry 

weight) was removed by centrifugation and disregarded in further experiments. The soluble 

part (87 %) was further analysed in terms of nitrogen and carbohydrate components (Fig. 1), 

and fractionated by ultrafiltration to distinguish between proteins or polysaccharides (molecular 
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weight > 10 kDa) and low molecular weight compounds (molecular weight < 10 kDa). High 

molecular weight compounds (> 10 kDa) only represented 20% w/w of the total. Total 

nitrogen, glucose and mannose accounted for 7, 18 and 16% w/w of them, respectively. This 

indicated the presence of about 8.8% proteins with MW higher than 10 kDa in the YPE soluble, 

and of glucan and mannoprotein polymers/copolymers (6.8%). 1D-SDS-PAGE analysis (Fig. 

1B) showed ten different protein bands with molecular weights ranging from 14 to 66 kDa. 

Eight of the bands corresponded to proteins with molecular weight greater than 20 kDa. Major 

components in YPE, i.e. 80% w/w, were low molecular weight compounds (<10 kDa). The 

level of total nitrogen corresponded to about 21% w/w free amino acids and small peptides, in 

accordance with the analysis of free amino acids (supplementary data S1). Oligosaccharides 

(18 % w/w) were mostly composed of glucose. These results strongly suggested protease and 

β-glucanase activities during the industrial process applied to obtain the YPE. The industrial 

conditions used to obtain this YPE did not prevent protein autolysis and this latter did not 

match the OIV standard, i.e. at least 25 % proteins with molecular weight higher than 15 kDa 

(OIV-Oeno 452-2012). YPE previously described in the literature and tested as fining agents 

did not correspond either to the OIV specifications (Charpentier et al., 2006; Iturmendi et al., 

2010; Lochbühler et al., 2014).  

 

3.2. Polyphenol fractions 

Analyses of the polyphenol fractions used for interaction studies are summarized in Table 1. 

Grape skin tannins (GST) presented a high mean degree of polymerization (mDP 27) and the 

fraction was devoid of monomers and oligomers. The high conversion yield of the 

depolymerization reaction indicated that tannins in this fraction were mostly native structures. 

The wine pool WP was composed of monomers (free anthocyanins and their derivatives, 

cinnamic acids, flavonols, flavanol monomers), tannins and of a large amount of derived 
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structures, as evidenced by the low yield of the depolymerization reaction. These derived 

structures are formed during winemaking and aging due to the chemical reactivity of 

polyphenols and mainly involve anthocyanins and tannins in red wines. This chemical 

reactivity leads to the formation of a huge diversity of so-called derived tannins and pigments, 

including oligomeric and polymeric pigments formed through reactions between anthocyanins 

and tannins (Fulcrand, Duenas, Salas & Cheynier, 2006; Cheynier et al., 2006, Aron & 

Kennedy, 2007). These changes result in a decrease in percent conversion yield in 

depolymerization reactions used for the analysis of tannins (Poncet-Legrand et al., 2010; 

Vernhet et al., 2011; Bindon, Bacic & Kennedy, 2012), related to the formation of new 

covalent bonds between units resistant to acid-catalyzed cleavage. In that case, the information 

obtained does not reflect the real average composition or mDP of tannins and must be 

considered with caution.  

  WP was further fractionated in two fractions. The first one contained monomers and 

oligomers (native and derived structures). It accounted for 63% of the initial WP on a dry 

weight basis. The depolymerization yield was 8.5% and analysis indicated an mDP of 2.5 (data 

not shown). This fraction was disregarded in further experiments. The second fraction, named 

WT, was devoid of monomers and oligomers and represented 37% w/w of the tannins in the 

initial WP. The yield of the depolymerization reaction, 42.8%, was twice that obtained with the 

whole WP but still characteristic of chemically modified tannins. The UV-visible spectrum of 

WT in the model wine showed absorption in the visible range with two maximums at 460 and 

520 nm, typical of oxidation products and tannin-bound anthocyanins.  

 

 

3.3 Binding experiments between YPE and polyphenols.  
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Results of binding experiments between polyphenols (GST, WP or WT) and YPE are reported 

Fig. 2A. YPE concentration was set at 1.74 g.L-1, which corresponded to 154 mg.L-1 yeast 

proteins. Polyphenol concentrations were varied between 0.25 and 2 g.L-1. Interactions between 

initially soluble components may result in the formation of complexes, involving only few 

constituents, or of larger aggregates. Depending on their structure and surface properties 

(charge and hydrophilic/hydrophobic character) these aggregates may reach a finite 

submicronic size at which they remain metastable or, on the contrary, keep on growing to form 

large precipitates that sediment spontaneously. Centrifugation (15000 g, 15 min.) was used to 

remove polyphenol/YPE aggregates/precipitates and determine the amount involved. Thus, the 

results indicated whether or not aggregates with size and density compatible with their 

separation in these conditions were formed, but they did not indicate spontaneous precipitation 

and sedimentation. The reversibility of the interactions was measured at different polyphenol 

concentrations (Fig. 2B).  

Very different behaviors were observed between the studied phenolic fractions with regard to 

their interactions with YPE components. Interactions between GST and YPE led to the 

aggregation/precipitation of a higher amount of polyphenols than those involving wine 

polyphenols (WP and WT) and YPE: at an initial polyphenol concentration of 2 g.L-1, removed 

polyphenols represented 17, 2.5 and 8% for GST, WP and WT respectively (Fig. 2A). Besides, 

absorbency measurements performed with WP showed color intensity losses: the color 

intensity of WP at a concentration of 1 g.L-1 decreased from 1.91 to 1.71 at after interaction 

with YPE, and at 2 g.L-1 from 5.23 to 5.01. This indicated that oligomeric and/or polymeric 

derived pigments were involved in the interactions between wine polyphenols and YPE. 

Interactions between YPE and GST or WT were found to be mostly irreversible (Fig. 2 B). 

This irreversibility is typical of the formation of multiple bonds. Multiple bonding is expected 

with tannins (Cartalade & Vernhet, 2006; Charlton et al., 2002) and especially those of higher 
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mDP. By contrast, a significantly higher reversibility was found with the WP. This indicated 

that low molecular weight structures in WP (polyphenol monomers and oligomers, 63 % w/w) 

were involved in interactions with YPE and competed with higher molecular weight polymers 

(WT, 37% of the polyphenols in WP). HPLC analyses performed on the supernatants 

recovered after interaction experiments at 1 and 2 g.L-1 showed that polyphenols monomers 

(free anthocyanins and their derivatives, cinnamic acids, flavonols, flavanol monomers, …) 

were not involved (results not shown). Competition between low and high molecular weight 

structures for interaction with YPE is thus related to oligomers. 1D-SDS-PAGE analyses 

performed on supernatants after binding experiments indicated that yeast proteins were 

removed from the lowest tested concentration with GST (0.25 g.L-1), whereas major proteins 

were still detectable in the supernatant up to concentrations of 0.75 g.L-1 with WT and 1.5 g.L-1 

with WP (Supplementary data S2). It is important to note that the presence of residual 

proteins in the supernatants of WP and WT does not necessarily mean that they were not 

involved in interactions with polyphenols. It indicates that if interactions occurred, they did not 

result in aggregates liable to be removed in the applied centrifugation conditions. Polyphenols 

fractions could thus be ranked by decreasing order with regards to their ability to form 

polyphenols/protein large aggregates or precipitates, as follow: GST > WT > WP. 

Dynamic Light Scattering and Isothermal Titration Calorimetry experiments were performed to 

further identify the origin of the differences observed between the studied polyphenol fractions 

in their interactions with YPE. Although interactions are expected to involve especially yeast 

proteins, YPE also contained non-negligible amount of mannoproteins (about 56 mg.L-1) and β-

glucans (62 mg.L-1). The ability of mannoproteins to bind red wine tannins has been reported 

(Rowe et al., 2010, Mekoue et al., 2015b) and there is no information concerning β-glucan 

interactions with tannins. Commercial MPs and a model β-glucan, Laminarin, were used to 
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check the potential impact of these polysaccharides and compare their interactions with those 

of YPE. 

 

3.2. Dynamic light scattering study of the aggregation between YPE, mannoproteins, β-glucan 

and polyphenols. 

 Aggregation between YPE, mannoproteins (MPs) or the β-glucan and GST, WP or WT 

was followed during 24 hours by DLS. The results shown in Fig. 3 represent the Intensity 

scattered (IS) and the average hydrodynamic diameters of aggregates (DH) after 15 min and 24 

h. In Fig. 3 are given IS of the controls, i.e. of the solutions considered separately (IS-YPE,MPs or β-

glucan and IS-Polyphenols), the sum of these intensities (IS-YPE,MPs or β-glucan + IS-Polyphenols, calculated), 

and IS measured for the mixtures (IS-YPE,MPs or β-glucan + Polyphenols). For mixtures in which 

components behave independently, the sum of the intensities scattered by the controls equals 

that of the mixture. If aggregates form, the intensity scattered by the mixture will be higher as 

long as aggregation does not result in sedimentation.  

 Measurements performed on YPE alone (before adding polyphenols) showed the 

presence of colloidal particles with an average hydrodynamic diameter DH of about 150 nm. 

These particles formed insoluble residues that were not removed by the centrifugation 

procedure adopted to separate YPE from the insoluble fraction (15000 g, 15 min). The nature 

of these residual colloids, as well as that of the insoluble fraction of YPE, was not elucidated 

here. They formed a stable dispersion in water and remained dispersed when the concentrated 

YPE was diluted in the model wine-like solution for interaction experiments. YPE 

concentration was set first at a concentration of 0.4 g.L-1. The addition of GST (0.4 g.L-1) led to 

the very fast formation of highly polydisperse micron-sized aggregates. After 5h of contact, 

spontaneous sedimentation of these aggregates was observed, characterized by a decrease of 
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both the scattering intensity IS and the measured DH. The same experiments were repeated with 

WP and WT: in both cases an immediate increase of IS was observed by comparison to the 

controls, followed by stabilization. This indicated interactions between YPE components and 

polyphenols in WP and WT. These interactions were associated with a slight increase of DH by 

comparison to that of YPE residual colloids but no enlarged aggregation and precipitation was 

observed. Increasing YPE and WT or WP concentrations to values similar to those used in 

binding experiments (YPE: 1.74 g.L-1; WT and WP: 2 g.L-1) did not lead to an enlarged 

aggregation (results non shown). Only a slight increase of the scattering intensity by 

comparison to the YPE control was observed with WP (around 20%), along with a small 

increase of the aggregate DH (from 150 to about 200 nm). With WT, the scattered intensity was 

doubled and the increase in DH was higher (about 300 nm). However, both dispersions 

remained stable during the experiment duration (24 h).  

 These results accounted for the differences observed between GST, WT and WP in 

binding experiments and indicated different interaction mechanisms and consequences at a 

colloidal level. Binding and spontaneous precipitation of proteins by condensed tannins are 

influenced by several factors, among which are the mDP of tannins (Harbertson, Kilmister, 

Kelm, & Downey, 2014; Zeller et al., 2015), the structure and the isoelectric point of the 

protein (Lorenz et al., 2014; Zeller et al., 2015), the pH of the medium and the ratio between 

proteins and tannins. It has been shown that high mDP condensed tannins (mDP=18) are more 

effective to precipitate proteins than medium mDP (mDP=9) ones (Lorenz et al., 2014): the 

amount of tannins needed to precipitate proteins is lower. On the other hand, tannin amount 

precipitated by BSA increases with tannin mDP (for mDP between 4 to 8) (Harbertson et al., 

2014). This is attributed to the fact that increasing the polymer size increases the number of 

interaction sites and thus the opportunities for tannins for cross-linking between proteins and 

form larger aggregates prone to precipitation. Although the mDP values obtained from analyses 
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do not represent the real ones for WP and WT tannins, their lower ability to precipitate yeast 

proteins could first be related to the fact that this mDP is lower than that of skin tannins, and 

lower for tannins in WP than that of WT. The fact that no spontaneous precipitation occurs 

even with WT can also suggest an impact of the structural changes undergone by condensed 

tannins in wine by comparison to native structures. Generally, the length of polymers, their 

degree of branching and the distribution and nature of interaction sites are of fundamental 

importance in their interactions. Tannin changes during winemaking and ageing are still poorly 

understood and hardly accessible to analyses. However there is some evidence that these 

changes may affect: (i) their mDP and conformation (linear versus branched polymers) and 

thus accessibility to interaction sites; ii) the nature of these sites and their 

hydrophobic/hydrophilic character (Poncet-Legrand et al., 2010; McRae, Falconer & Kennedy, 

2010). Among these changes, reactions between anthocyanins in tannins result in the 

incorporation of positively charged subunits and of glucose residues in derived structures. Such 

changes likely modify mechanisms involved in tannin interactions with YPE components and 

their consequences in terms of structure and stability of the aggregate formed.  

  Experiments were performed with mannoproteins and the β-glucan (laminarin) at the 

same concentrations used with YPE (Fig.3B and C). The scattering intensities of the 

mannoproteins and of the polyphenols solutions were very low. Mixing these solutions resulted 

in an abrupt rise of the scattering intensity to values around 20 to 25 times higher than the sum 

of the individual solutions. This clearly indicated interactions between the MPs and 

polyphenols, leading to the formation of colloidal aggregates. These interactions may involve 

tannins as well as anthocyanins and derived pigments (Morata et al., 2003; Rowe et al., 2010; 

Alcade-Eon et al., 2014; Mekoue et al., 2015a). Neither IS nor DH of the aggregates 

significantly evolve during the experiments for GST (DH around 600 nm) and WP (DH around 

270 nm). Aggregation kinetics were slower with WT since both DH and IS increased during the 
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experiment duration, to stabilization. As for YPE, the different average sizes and kinetics 

indicated different aggregation mechanisms and structure of the aggregates depending on the 

polyphenol structures. Especially the differences observed between WP and WT suggested a 

competition between monomers/oligomers and higher molecular weight tannins in the 

interaction. However in all cases, interactions between polyphenols and mannoproteins resulted 

in the formation of stable colloidal dispersions. Neither precipitation nor visible haze was 

observed in the samples after several days, even with GST. If interactions with tannins are 

related to the protein moiety (10 % of the mannoproteins), the polysaccharide part in MPs thus 

strongly prevented the precipitation of the aggregates. The effect of protein glycosylation on 

tannin-protein precipitation had already been evidenced with salivary proline-rich proteins 

(Pascal, Poncet-Legrand, Cabane & Vernhet 2008). The glycosyl moiety of mannoproteins is 

strongly hydrophilic and carries a negative charge (Vernhet, Pellerin, Prieur, Osmianski & 

Moutounet, 1995). This glycosyl moiety may create steric hindrance that limits the extent of 

bridging by tannins and may remain exposed at the outer surface of the aggregates, preventing 

them from continuing to grow and precipitate. In addition, the negative charge may favour 

interactions between this glycosyl moiety and positively charged pigments in WP and WT. 

With the β-glucan, which is a true polysaccharide (no protein moiety), the scattering intensity 

of the mixture (IS-(β-glucan + PP)) remained similar to the sum of their own scattering intensity (IS-β-

glucan + IS-PP), indicating there were no interactions leading to the formation of aggregates.  

As yeast proteins, residual MPs in YPE may thus be involved in interactions with polyphenols 

and contribute to their removal by centrifugation during binding experiments. It must be 

however kept in mind that their concentration in YPE is three time lower than the one of 

proteins, and about 7 times lower than in DLS experiments (56 mg.L-1 instead of 400 mg.L-1). 
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3.3. Isothermal Titration Calorimetry 

ITC experiments were performed to further compare interactions between YPE, mannoproteins 

or β-glucan and polyphenols. Although ITC is a powerful technique to study the 

thermodynamics of protein-ligand interactions, calorimetric isotherms must be interpreted 

carefully (Jelesarov & Bosshard, 1999), especially when studying non-specific interactions 

between tannins and proteins or other macromolecules (Kilmister, Faulkner, Downey, Darby & 

Falconer, 2016). With proteins, changes in enthalpy may arise from a combination of several 

phenomena: binding of tannins to proteins, aggregation (Frazier, Papadopoulou, Mueller-

Harvey, & Kissoon, Green, 2003) of the complexes thus formed, conformation changes of the 

tannin and/or the protein (Pascal et al., 2007), self-association/dissociation of tannins and/or 

proteins. Nevertheless, in several previous works, the interactions between polyphenols and 

proteins were described as the association of hydrophobic interaction and hydrogen bounding, 

depending on tannins and protein structure (Frazier et al., 2003; Poncet-Legrand, Gautier, 

Cheynier, & Imberty, 2007; Prigent et al., 2009; McRae et al., 2010; Kilmister et al., 2016). 

 ITC results of the polyphenols fractions (GST, WT and WP) titrated into YPE or MPs 

at 25 °C are shown Fig.4. Titration signals (Fig. 4b and 4d) were typical of enthalpy-driven 

protein–ligand interactions, with a more or less rapid decrease of exothermic peaks upon 

polyphenol addition. As the polyphenol concentration increased, the number of available 

binding sites decreased; hence, the enthalpy changes associated with binding decreased. From 

the titration curves the change in enthalpy ∆H was calculated from the area under each peak 

and was expressed as a function of mass ratio (polyphenols/YPE or polyphenols/MPs) instead 

of molar ratio (Fig. 4c and 4e): because of the presence of different molecular weights and 

structures in the YPE, MPs and polyphenol solutions, molar concentrations were not calculable. 
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Likewise, association constants, thermodynamics and stoichiometry parameters were not 

calculated. 

  The heats of interaction and the mass ratio for which the titration into YPE could be 

considered as complete differed depending on the considered polyphenol fraction. The shape of 

the initial part of the binding curves suggested a strong affinity between GST or WT and YPE, 

and contrarily a low affinity between WP and YPE. The binding sites present in YPE were 

saturated at a mass ratio of about 0.05 with GST, instead of 0.2 with WT and WP. Changes in 

enthalpy (∆H) observed at a given temperature result from the balance between exothermic (H-

bonding) and endothermic (hydrophobic interactions) binding interactions. Additional 

experiments were then performed with GST and WP at 10°C (Fig. 5) to study the influence of 

hydrogen bonding (exothermic binding interaction, negative ∆H) and hydrophobic interactions 

(endothermic, positive ∆H). Increasing the temperature increases hydrophobic interactions and 

thus the strength of the endothermic component. The higher ∆H observed at 10°C by 

comparison to 25°C with GST and WP are consistent with the association of hydrogen 

bonding and hydrophobic interactions between YPE components and tannins or wine 

polyphenols, in accordance with previous data (McRae et al, 2010; Kilmister et al., 2016). At 

25 °C, the heat changes observed during the titration of WT into YPE were higher than those 

observed with GST, and about 2-fold higher than those observed with WP at the same 

concentration. The higher negative ∆H found for WT by comparison to GST may reflect 

different ratios between hydrogen bonding and hydrophobic interactions in their binding to 

YPE components. The much lower ∆H values found for WP by comparison to WT suggest a 

competition between small oligomers and higher molecular weight tannins when present 

together in solution, which is in agreement with the higher reversibility observed in binding 

experiments (Fig. 2). Indeed, previous ITC study of the interactions between procyanidins of 

various mean degrees of polymerization and globular proteins (Prigent et al., 2009) showed 
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only weak interactions with epicatechin and tannin dimers, whereas strong affinities were 

observed for high mDP tannins. In accordance with this, changes in enthalpy and association 

constant found for the binding of purified tannins to bovine serum albumin were shown to 

increase with tannin mDP up to hexamer, and then to reach a plateau for heptamer and octamer 

(Kilmister et al., 2016).  

 The shape of the initial part of the binding isotherm and the low ∆H at 25°C indicated a 

much lower affinity between GST and mannoproteins than between GST and YPE (Fig. 4d 

and 4e). The saturation was reached for a mass ratio of 0.02. ∆H at 25 °C were even lower with 

mannoproteins and WT and nil with mannoproteins and WP. Additional experiments 

performed at 10 °C (Fig. 5) for GST and WP showed an increase of the heat exchanged during 

interactions between mannoproteins and grape skin tannins or polyphenols in WP. This 

suggested that endothermic hydrophobic interactions occur simultaneously with exothermic 

hydrogen bonding in polyphenols interactions with mannoproteins, as observed with YPE.  

 With the β-glucan, the titrations were different (supplementary data S3). With GST, 

the β-glucan concentration was increased to 20 g.L-1 to allow measurements at 25 and 10°C, 

and the enthalpy changes remained very low. Results showed initial exothermic interactions 

(∆H < 0) at 25 °C, followed by endothermic interactions (∆H > 0). At 10 °C, interactions were 

exothermic. This may indicate the association of hydrophobic interactions and H-bonding in 

GST interactions with β-glucans. However, saturation was reached at a very low mass ratio by 

comparison to YPE and mannoproteins, indicating only very few interaction sites. Changes in 

∆H observed with WP at 25 and 10 °C were also positive but closed to its dilution in the wine-

like solution (Supplementary data S3). One the whole, these results indicated negligible 

interactions between the β-glucan and polyphenols, in accordance with that observed by DLS. 

  Considering the whole ITC data, it can be concluded that for all polyphenol fractions, 

interactions with mannoproteins were much weaker than those observed with YPE and 
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negligible with the β-glucan. This is in agreement with previous ITC studies of the interactions 

between different plant cell wall or wine pectic polysaccharides and apple tannins of different 

mDP (9 and 30) (Le Bourvellec, Watrelot, Ginies, Imberty, & Renard, 2012; Watrelot, Le 

Bourvellec, Imberty, & Renard, 2014). At 25 °C, much smaller negative ∆H values were 

observed during the binding of tannin with polysaccharides (apple pectin and wine 

rhamnogalacturonans II and arabinogalactan–proteins) than that observed in the literature 

between tannins and proteins or poly-L-proline. Beside, both mDP9 and 30 tannins exhibited 

very low affinities for rhamnogalacturonans II and the two studied arabinogalactan-proteins 

(AGP0 - protein moiety 3.6 % and AGP4 – protein moiety 0.8 %).  

 

 

Conclusion.  

 

The results described above led to different main conclusions. Interactions between yeast 

proteins and tannins (grape and wine tannins) are higher than those observed with 

mannoproteins. Negligible interactions were observed between laminarin (model β-glucan) and 

tannins, either through ITC or DLS experiments. This is in accordance with previous results 

obtained with whole dead or inactivated yeast and yeast cell walls (Mekoue Nguela et al., 

2015a and b). In these experiments, strong differences were observed between cell walls 

(mannoproteins and β-glucans) and whole yeasts in their interactions with grape and wine 

tannins. The adsorbed amount was much higher with whole cells than with purified cell walls, 

due to strong interactions with yeast cytoplasmic constituents (a priori proteins), demonstrated 

later by microscopic techniques. Microscopy also revealed interactions between mannoproteins 

in the cell walls and tannins, but not with β-glucans. The reversibility of this adsorption was 

also much smaller with whole cells than with cell walls. When dealing with polymers, 
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reversibility reflects the formation of multiple bonds and this indicated reduced numbers of 

interaction sites between tannins and mannoproteins than between tannins and yeast proteins, in 

accordance with that found in solution by ITC.  

 Another conclusion, also in agreement with results obtained with whole yeasts and yeast 

cell walls and previous literature data is that the chemical structure of tannins and their 

structural changes during winemaking and aging plays a decisive part in their interactions with 

yeast proteins and mannoproteins. The present results indicated a competition between wine 

polyphenols oligomers and higher molecular weight tannins, and wine tannins exhibited a 

different behavior than grape skin tannins. Binding experiments, ITC and DLS investigations 

not only showed the strong impact of tannin structure on their interactions with yeast proteins 

but also on the structure and stability of the aggregate formed. The addition of GST to YPE led 

to enlarged aggregation followed by sedimentation, whereas WT and WP led to the formation 

of metastable aggregates that did not settle spontaneously. The different aspects of fining have 

not been studied in the context of this work. Nevertheless, the absence of spontaneous 

precipitation after interactions between proteins in the YPE and wine polyphenols (WP and 

WT) raises the question of their use as fining agent for wine clarification. Present experiments 

were performed in a model wine and with tannins purified from a given red wine. The impact 

of wine composition (tannins structure, ethanol, ionic strength, presence of co-solutes…) and of 

the physico-chemical properties of yeast protein on these interactions and on their 

consequences at a colloidal level will need to be further investigated. In solution, interactions 

between mannoproteins and tannins led to the formation of colloidal aggregates that retained a 

finite size and remained stable. This was attributed to their glycosyl moiety that may (i) prevent 

multiple bridging between tannins and their protein part and, (ii) form a hydrophilic and 

negatively charged shell around aggregates that stop their growth. As with yeast proteins, 

further works will be needed to better identify the mechanisms involved (competition between 
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polyphenolic structures in complex media such as wine, resulting structural features) and their 

impact on wine color stability and mouthfeel. 

 

 

Abbreviation used 

DLS: dynamic light scattering 

GST: grape skin tannins 

WP: wine pool 

WT: wine tannins 

YPE: yeast protein extract 

DH: average hydrodynamic diameter 

IS: intensity scattered 
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Figure Captions 

 

Figure 1:  

A: Nitrogen and carbohydrate analyses performed on YPE and on its fractions obtained after 
centrifugation (removal of an insoluble part) and ultrafiltration on a 10 kDa membrane. 
Results are expressed in % dry weight.  
B :1D-SDS PAGE analysis of YPE proteins, molecular weight standard MW on the left.  
 

Figure 2: (A) Interactions between grape skin tannins (GST), red wine polyphenols (WP) or 
wine tannins (WT) and YPE. Results are expressed in mg removed polyphenols per gram of 
YPE. Reversibility upon dilution in the model wine for GST, WP and WT (B).  
 
Figure 3: Results of Dynamic Light Scattering experiments performed between the 
polyphenols and A) the yeast protein extract (YPE); B) Mannoproteins (MPs) and C) 
Laminarin (b-glucan). Polyphenols were grape skin tannins (GST), red wine polyphenols 
(WP) and red wine tannins (WT). IS: intensity scattered at an angle of 90 ° (Arbitrary Units), 
DH : hydrodynamic diameter. Results represent the intensity scattered by the controls and the 
DH of aggregates when present, the sum of these intensities (calculated), the intensity of the 
mixture and the DH of the aggregate formed. * The intensity scattered by the YPE-GST 
mixture after 15 min reached a value of 2200.  
 

 

Figure 4: Interaction of grape skin tannins (GST) (1), red wine tannins (WT) (2) and red 
wine polyphenols (WP) (3) with yeast protein extract or mannoproteins studied by ITC at 25 
°C showing the thermograms and binding isotherms. (a1, a2, a3) Blank experiments for 
injection of polyphenols at 5 g.L-1 in the wine-like solution. (b1, b2, b3) Titration plots of 
polyphenols into 4 g.L-1 yeast protein extract. (c1, c2, c3). Integrated peaks of yeast protein 
extract titration plots. (d1, d2, d3) Titration plots of polyphenols into 10 g.L-1 mannoproteins 
for GST and 4 g.L-1 mannoproteins for WT and WP. (e1, e2, e3) Integrated peaks of 
mannoprotein titration plots. The mass ratio is the mass of polyphenols divided by the mass 
of either YPE or mannoprotein compounds.  
 
 
Figure 5: Interaction of grape skin tannins (GST) (1) and red wine polyphenols (WP) (2) 
with yeast protein extract or mannoproteins studied by ITC at 10 °C showing the 
thermograms and binding isotherms. (a1, a2, a3) Blank experiment for injection of 
polyphenols at 5 g.L-1 in wine-like solution. (b1, b2, b3) Titration plots of polyphenols into 4 
g.L-1 yeast protein extract. (c1, c2, c3) Integrated peaks of yeast protein extract titration plots. 
(d1, d2, d3) Titration plots of polyphenols into 10 g.L-1 mannoproteins for GST and 4 g.L-1 
mannoproteins for WP. (e1, e2, e3) Integrated peaks of mannoprotein titration plots.  
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Mekoue et al. figure 2 
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Mekoue et al., Figure 3 
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Mekoue et al, Figure 4 
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Table 1: Analysis of the different polyphenols fractions obtained by HPLC before 

(monomers) and after depolymerization reactions. WP: red wine polyphenols; 
WT: red wine tannins (high molecular weight fraction purified from WP); 
GST: grape skin tannins.  

 
 
  WP WT GST 
 
 
Tannins  

aDP 5.8 ± 0.2 7.5 ± 0.2 26.7 ± 0.5 
% Gallate 3.9 ± 0.6 4.4 ± 0.0 5.4 ± 0.1 
% TriOH 31.2 ± 2 26.5 ± 0.2 15 ± 1 

Total (mg/g) 170 ± 15 428 ± 41 930 
Yield (%) 21.2 ± 0.3 42.8 ± 4.1 93 

 
 
Monomers 
(mg/g) 

Anthocyanins 33.1 ± 1.6   
Flavan-3-nols 8.7 ± 0.7   
Phenol Acids 36.9 ± 3.6   
Stilbens 27.3 ± 0.2   
Flavonols 6.7 ± 0.6   
Total (mg/g) 112.7 ± 6.7   

% A420/A280
*  5.3 ± 0.3 7.3 ± 0.4  

% A460/A280
*  6.4 ± 0.3 7.7 ± 0.4  

% A520/A280
*  9.2 ± 0.5 7.8 ± 0.4  

 
aDP: average degree of polymerization, % tri-OH:% epigallocatechin. 
 *: from UV-visible spectrophotometric measurements in the model wine.  
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Highlights 

• Interactions of Polyphenols with Yeast Protein Extract, Mannoproteins and β-Glucans. 

• Binding experiments, titration calorimetry and dynamic light scattering studies were done. 

• Higher interactions for Yeast Protein Extract than Mannoproteins.  
• No interaction leading to the formation of aggregates with β-glucan. 

• Strong impact of the polyphenol structures and protein content on the interactions  

 


