JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2007, 55, 1799-1807 1799

Sulfate —a Candidate for the Missing Essential Factor That Is
Required for the Formation of Protein Haze in White Wine
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Protein haze formation in white wine is dependent on the presence of both wine protein and other
unknown wine components, termed factor(s) X. The ability to reconstitute protein haze upon heating
artificial model wine solutions (500 mg/L thaumatin, 12% ethanol, 4 g/L tartaric acid) to which candidate
components were added was employed to identify factor(s) X. No protein haze was formed in the
absence of additives. The individual or combined addition of caffeic acid, caftaric acid, epicatechin,
epigallocatechin-O-gallate, gallic acid, or ferulic acid at typical white wine concentrations did not
generate protein haze. However, PVPP fining of commercial wines resulted in a reduction in protein
haze, suggesting that phenolic compounds may play a modulating role in haze formation. To elucidate
the nature of the unknown factor(s) wine was fractionated and fractions were back-added to model
wine and tested for their essentiality. Wine fractions were generated by ultrafiltration, reverse-phase
chromatography, and mixed-mode anion-exchange and reverse-phase chromatography. The only
purified fraction containing the essential component(s) was free of phenolic compounds, and analysis
by mass spectrometry identified sulfate anion as the dominant component. Reconstitution with KHSO,
using either commercially available thaumatin or wine proteins confirmed the role of sulfate in wine
protein haze formation. The two main wine proteins, thaumatin-like protein and chitinase, differed in
their haze response in model wines containing sulfate. Other common wine anions, acetate, chloride,
citrate, phosphate, and tartrate, and wine cations, Fe2*3* and Cu™2*, when added at typical white
wine concentrations were not found to be essential for protein haze formation.
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INTRODUCTION and Ziemelis§) proposed that up to 50% of white wine protein
Protein hazes can form in white wines after bottliag (The was bound to flavonoid material. They used this information

wine proteins responsible for the haze are pathogenesis-related® €xplain the variations noted by othef§ (n protein stability
proteins from the grape that survive the vinification process and @mong wines with similar total protein concentrations, and they
remain in wine unless removed by downstream winery opera- Speculated that protein haze is due to the fractions of residual
tions (2). Although these proteins are the major constituent of wine proteins which have been rendered prone to precipitation
haze, several papers in the literature suggest that other wineby interaction with phenolics. Yokotsuka and colleagugs (
components are involved in wine protein haze formation. found that tannins isolated from wines interacted with isolated
The phenolic compounds are obvious candidates as it is well- must proteins to form a haze and that proteins isolated from
established that they are involved in protein hazes in beer andgrape must did not produce a visible haze in the presence of
fruit juices @). The interaction of grape protein with tanninwas  non-tannin phenolics from wine. These studies were not,
suggested more than 40 years ago (4) and, in 1973, Somerfgwever, undertaken under conditions identical to those com-
monly encountered in commercial white wines. Procyanidins

*.CO”ESP‘)’”ding author (fax61 8 8303 6601; e-mail Elizabeth.Waters@  (tannins, 0.024.9% w/w) have been detected in recovered wine
awri.com.au). R
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Table 1. Composition of Wine Protein Fractions A and | Table 2. Details of Wines Used
protein M; of major alcohol  protein?
content? protein year, variety source pH (% Vi)  (mglL)
fraction (% wiw) component’ protein type (%) 2001, Sauvignon Blanc  Yarra Valley, VIC 307 125 ndb
A 98 21269 major thaumatin-like protein, 100 2004, Chardonnay Langhorne Creek, SA  3.42 11.9 134
| 100 25474 chitinase, 94 (unwooded)®
thaumatin-like proteins, 6 2004, Chardonnay Langhorne Creek, SA  3.36 119 130
(wooded)®
@ Determined from the sum of the masses of the amino acids present after 2004, Gordo Mildura, VIC 347 125 255
acid hydrolysis of the protein fraction. ® Determined by electrospray mass 2004, Riesling Eden Valley, SA 297 121 150
yaroly . P i y pray 2004, Sauvignon Blanc  Riverland, SA 3.34 10.5 211
spectrometry. ‘ By reverse-phase HE!_C (19) and expressed asa percentage of 2004, Semillon Hunter Valley, NSW 3.99 99 87
the total protein detected and quantified as cytochrome ¢ equivalents. 2004, Semillon Adelaide Hills, SA 3.22 11.0 223
2004, Sultana Mildura, VIC 343 12.1 28
concentrations in wine were found to decrease after protein haze
removal @), suggesting copper was part of the protein precipi- 2Sum of thaumatin-like and chitinase proteins determined by reverse-phase
tate. HPLC (19) and expressed as cytochrome c equivalents. ? Not determined; assumed

. . . to be negligible as wine was overfined with bentonite. ¢ Both wines were made
The effect of wine polysaccharides on protein haze has also g'9 e we : \
from the same lot of juice; unwooded was held in a stainless steel tank, and

been documented. Flfteer_] different polysa(_;charldes from_dlversewooded was held in a stainless steel tank containing oak planks.
sources were added to wines before protein hazes were induced,
and they either did not affect or increased protein haze levels
(10). .A.nother”study §howed that polysaccharldes Increasedat —20 °C. The protein compositions of fractions A and | were
protein instability, particularly at modera;e to_ high tempe_ratures confirmed by reverse-phase HPLE9) and mass spectroscofB0j.
(11). However, the level of polysaccharide in both studies was  \yines and Model Wines.A commercial 2001 Sauvignon Blanc
much greater than that reportetPj in wines. A multifactorial  wine, which had been supplied clarified but not fined with bentonite,
study (13) showed a particular polysaccharide (pectin) to be was fined with a sodium bentonite at 2 g/L as descrit#] {o remove
important in haze formation. However, because pectolytic protein and was filtered through a 0.45n membrane. Details of this
enzymes are commonly used in white winemaking and ethanol wine are given iriTable 2.
precipitates pectins, the levels of pectins in commercial white ~ Eight commercial 2004 dry white wines, which had been clarified
wines are very low. but not fined Wit_h bentonit_e, were supplied _by two wine companies.
The present literature strongly suggests that an as yet De;a'ls of the_wlllnebs tat1|re dgz“(')(e)g rcﬁﬁblz 2andin refle. ML Val
unknown non-proteinaceous wine component (factor X) is commercially bottle ardonnay wine from VicLaren vale,
. L . . . South Australia, was purchased from a local retail outlet.
required for visible protein haze to be formed in commercial

hi . hel | ff lati hi Model wines were prepared containing 12 or 24% by volume of
white wine. Nevertheless, clear cause-and-effect relations IPSethanol in water, to which 4 or 8 g/L tartaric acid, respectively, was

remain to be demonstrated to explain why wine proteins alone added. Sodium hydroxide solution was used to adjust the pH. When
are not sufficient to render model wine prone to haze formation. model wine with 24% v/v ethanol was used, the final ethanol

It must also be noted that some wine components may have aconcentration was adjusted to 12% v/v after additions were made.
negative effect on protein haze formation, and yeast-derived Analytical Methods. The alcohol content of wines was measured
mannoproteins are well documented to play such a role in white by near-infrared spectroscopy (InfraAlyzer 260, Bran Luebbe,
wine (14—16). Madison, WI) as per the manufacturer’s instructions. Sulfur dioxide
We describe here experiments to confirm that factor X exists @nd the pH of wines and model wine samples were analyzed by the
in commercial wines and is required for protein hazes to form, 2sPiration method and the standard pH procedure, respectzy
Furthermore, a search for wine components that act as factor 'XProteins in wines and in samples containing thaumatin and purified

L . . - Z“wine protein fractions were analyzed by HPLC (19). Analysis of the
within the concentration range commonly found in commercial phenolic profile of the wine fractions was performed using C18 HPLC

wines revealed a compound hitherto unknown to play such a as described (23). Total phenolics of wines were estimated by a
role. These data allow us to propose a mechanism for proteinspectrophotometric method (24).

haze formation in white wine that differs from that in other Haze Formation Procedure.The protein stability tes26) was used

and 160 mM NaCl. Fractions were collected, lyophilized, and stored

beverages. to induce haze in triplicate samples as follows. An aqueous solution of
thaumatin was added at 500 mg/L to 3 mL aliquots of the overfined
MATERIALS AND METHODS 2001 Sauvignon Blanc wine and to model wine. The absorbances of

these samples, together with a control wine and model wine with no
Materials. Epicatechin, epigallocatechid-gallate, ferulic acid, gallic added thaumatin, were measured at 540 nm in 1 cm cuvettes. These
acid, polyvinylpolypyrrolidone (PVPP), and thaumatin were purchased samples were then put into Kimble tubes (103 mri4 mm diameter),
from Sigma-Aldrich (Sydney, Australia). Caftaric acid was from Dalton capped, and heatedrfé h at 80°C in a heating module fitted with
Chemical Laboratories (Toronto, Canada) and caffeic acid from Fluka three heating blocks, each containing nine holes of 17 mm diameter
AG (Buchs, Switzerland). Grape seed tannin with a degree of (Pearce ReactiTherm lIl, Laboratory Supply Pty. Ltd., Edwardstown,
polymerization (dp) of 3 was isolated from Shiraz grape seed as SA, Australia). After heating, the tubes were cooled in an ice bath and

described (17). then held at 4C overnight. The presence of hazes after heat treatment
Thaumatin-like proteins and chitinases were purified from a 1993 was determined visually and estimated by measuring absorbance at
Muscat Gordo Blanco wine as previously describ&g).(Briefly, crude 540 nm.

wine proteins were precipitated by adding ammonium sulfate to  Effect of Phenolics?henolic compounds (caffeic acid, caftaric acid,

saturation (approximately 500 mg/L), and the precipitate was resus- epicatechin, epigallocatechin-O-gallate, gallic acid, ferulic acid, and
pended in 30 mM citric acid (pH 3.5) and desalted by ultrafiltration dp3 grape seed tannin) were added to model wine of 24% v/v ethanol
(10 kDa cutoff). The crude wine protein fraction was fractionated by at pH 3.3, and samples were diluted to a final volume of 1 mL,

anion-exchange chromatography at pH 8.0 on Fast Flow Q Sepharosecontaining 12% (v/v) ethanol, 500 mg/L thaumatin, and the phenolic
with a NaCl gradient. Thaumatin-like protein (fraction A) eluted compounds at either 10, 20, 25, 50, or 100 mg/L in 2 mL capped plastic
between 60 and 75 mM NacCl and chitinases (fraction I) between 150 tubes (Trace Plastics, Melbourne, Australia). Hazes were induced by
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Figure 1. Composition of purified wine protein fractions: (a) fraction A, Effect of Anions, Using Wine Proteiriurified wine protein fractions
the major thaumatin-like protein; (b) fraction I, chitinase by reverse-phase (Table 1) were added separately, and as 1:1 mixtures, at 150 mg/L to
HPLC separation. model wine, with and without additions of anions commonly found in

wine, at concentrations within the range of concentrations reported in
wine and juice (Table 5). In addition, samples containing a mixture of

heating as described above. The absorbances of the samples wer8MONS, simulating grape juice compositi@e}, were tried able 5).
determined after heating and after centrifugation (1@Q@min) to These samples were made up to a total volume of 1 mL, in 2 mL plastic

remove the haze. The final after-heating value was determined as thec@PP€d tubes, the pH was adjusted to 3.0, and hazes were induced as

difference between the measurements before and after centrifuging, todescribed above. Protein contents before and after heating were also
take into account color changes caused by heating. The model wineMeasured.
containing 500 mg/L thaumatin was used as a negative control, and Separation of Fractions Containing the Essential Factor from
the 2003 commercial Chardonnay wine containing 500 mg/L thaumatin Wine. A summary of the fractionation scheme is giverFigure 2. A
was used as a positive control. commercially bottled Chardonnay wine (100 mL) was lyophilized, and
Effect of Qerfining Wines with PVPPPVPP was added at 10 and  the residue was dissolved in 20 mL of Milli-Q water. Three lots of
100 g/L to 10 mL samples of the eight 2004 unfined wines (Chardon- this solution (each 4 mL) were treated using three 3 kDa ultrafilters
nay, unwooded; Chardc)nnayl wooded; Muscat Gordo; Ries"ng; Sau- (Amicon YM-3, Bedford, MA) as per the manufacturer’s instructions.
vignon Blanc; Semillon Hunter Valley; Semillon Adelaide Hills; — The filtrates (ultrafilter permeates) were collected, and each ultrafilter
Sultana) to massively overfine them and remove most or all phenolic retentate was washed with at least 10 volumes of Milli-Q water. The
compounds (24). After 90 min on a rotating wheel mixer at room pooled retentate was made up to a final volume of 12 mL with Milli-Q
temperature, the samples were centrifuged (850® min, 20°C). water. A 7 mL aliquot of ultrafilter permeate was loaded onto a tC18
The supernatants were then filtered through @Bmembranes. Hazes ~ Sep-Pak cartridge (Waters Corp., Milford, MA), previously equilibrated
were induced in untreated controls and PVPP-treated samples aswith 5 mL of Milli-Q water, 5 mL of methanol, and 20 mL of Milli-Q
described above. Total phenolic content was determined on unheatedvater. The Sep-Pak cartridge flowthrough (Sep-Pak unbound fraction)
samples by spectrophotometry (24). was collected and the Cartridge Subsequently washed with 5 mL of
Effect of MetalsFreshly made stock solutions of ferrous sulfate and  Milli-Q water. To collect the Sep-Pak cartridge retentate (Sep-Pak bound
cuprous chloride in Milli-Q water were sparged with nitrogen. These fraction), two 5 mL aliquots of methanol were added to the cartridge.
were added to give, separately, ferrous ion concentrations of 2 and 10All recovered fractions were evaporated to dryness under reduced
mg/L and cuprous ion concentrations of 1 and 5 mg/L to model wine Pressure at42C and subsequently adjusted to 7 mL with Milli-Q water.
containing thaumatin. The additions were made using an anaerobic hood The Sep-Pak unbound fraction was further fractionaged. mL
to prevent oxidation. aliquot of the Sep-Pak unbound fraction was loaded onto a MAX mixed-
Freshly made stock solutions of ferric sulfate and cupric chloride in  mode anion-exchange cartridge (Waters Corp.), previously equilibrated
Milli-Q water were added to give separately ferric ion concentrations as described above for the tC18 Sep-Pak cartridge. The pH of the Sep-
of 2, 4, 6, 8, and 10 mg/L and cupric ion concentrations of 1 and 5 Pak unbound fraction was not adjusted and was likely to be close to
mg/L to model wine containing thaumatin. Hazes were induced in the the pH of the wine (approximately 3.4). The column was sequentially
samples as described above. washed with 5 mL of 2% ammonium hydroxide in water, and this
Effect of SulfatePotassium hydrogen sulfate solution was added to fraction was pooled with flowthrough material from the initial loading
model wine to give sulfate contents of 0, 0.5, 1.0, 1.5, and 2.0 g/L, (anion-exchange wash fraction), 5 mL of methanol, and 5 mL of 2%
and 500 mg/L thaumatin was added to all samples. Sample absorbanceormic acid in methanol (anion-exchange bound fraction). The fractions
at 520 nm in a 1 cneuvette were measured before and after heating at were evaporated to dryness under reduced pressure’@ @0d made
80 °C for 6 h. up to 1 mL with Milli-Q water.
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Table 3. Impact of Addition of Various Wine Components to Model
Wine Containing Thaumatin (500 mg/L) on Haze Produced after

Heating
haze (AAsaonm)
after heating?
component or fraction added mean SD
negative control (no addition) —0.005 to 0.014° 0.005°
caftaric acid (20 mg/L) 0.010 0.030
caftaric acid (100 mg/L) 0.005 0.014
Figure 3. Haze produced by heating thaumatin in either model wine (left) eP!CaEECE!n ggomg/b)u —8-882 8-882
: o o : epicatechin mg : .
or a commercial bentonite fined white wine (right). epigallocatechin-O-galate (20 mg/L) 0.009 0.001
o ) epigallocatechin-O-gallate (100 mg/L) 0.015 0.006
To assess any contribution to haze by the cartridges or solvents, caffeic acid (20 mg/L) 0.010 0.001
these procedures were repeated using Milli-Q water as the sample.  caffeic acid (100 mg/L) 0.013 0.004
The fractions were reconstituted at approximately the original wine  gallic acid (20 mg/L) 0.008 0.001
concentration in model wine at pH 3.3, and 500 mg/L thaumatin was ~ 9allic acid (100 mglL) 0.014 0.006
added before haze was induced as described above for phenolics. The Mixture of the five phenolics 0.013 0.005
absorbances of the samples were determined after heating and after | z?povgézggmll_lfach) 0,003 0,000
centrifugation (10000g, 3 min) to remove the haze. The final after- fgﬂl:g :g:d gloomrgg/)L) _0'003 0‘001
heating value was determined_ as _the diﬁerenqe between the measure- grape seed tannin (dp3, 25 mg/L) 0.008 0.000
ments before and after _centrlfuglng, to tgke into account the color  grape seed tannin (dp3, 50 mg/L) 0.018 0.002
changes caused by heating. The model wine with thaumatin was used Fe2* (2 mg/L) added as ferrous sulfate 0.002 0.004
as a negative control, and the original wine with thaumatin was used  Fe?* (10 mg/L) added as ferrous sulfate 0.243 0.001
as a positive control. Fe3* (2 mg/L) added as ferric sulfate 0.001 0.007
The phenolic composition of each of the purified wine fractions was Ees+((110 H;E;L)dijddded as ferric Sugiﬁed 8382 888§
heck HPLC analvsi _ u* (1 mg/L) added as cuprous chloride -0. :

chec e(.j.by . C analysis (sge above) Cu™* (5 mg/L) added as cuprous chloride 0.005 0.012

Identification of an Essential Factor by Mass Spectroscopy. 2 _
. ) Cu?* (1 mg/L) added as copper sulfate 0.001 0.003
Sultana wine (390 mL) was uItraflltereq through a 3 !(Da cutoff Cu?* (5 mglL) added as copper sulfate —0.043 0.062
membrane using a pressurized 500 mL stirred cell under nitrogen. Total  yiyafilter permeate 1.066 0.068
volume of retentate was 33 mL, and 7 mL of the ultrafiltrate was  Sep-Pak unbound fraction 0.661 0.041
fractionated as described above andrigure 2. The anion-exchange Sep-Pak bound fraction 0.000 0.008
wash fraction was freeze-dried and was tested to ensure that it did not anion-exchange wash fraction 1.470 0.052
form a haze in model wine but did form a haze in model wine with  anion-exchange bound fraction 0.003 0.002
sulfate (0.5 g/L) 0.021 0.005

added thaumatin, as described above. A second sample of anion-

exchange wash fractions was submitted for mass spectrometric analysis :3:;2:2 gg g;B 8%;2 ggég
as 2% ammonium hydroxide solutions. A 2% ammonium hydroxide (.0 (2:0 g/L) 0.405 0.041

solution was used as a control. Mass spectrometric analysis was
performed on an API-300 triple-quadrupole mass spectrometer com-
bined with an electrospray ion source (Applied Biosystems/MDS Sciex,
Foster City, CA). A sample solution was infused into the electrospray
ion source at a flow rate of aL/min with a syringe pump (Cole-
Parmer, Vernon, IL). Negative ion mass spectra fiovz 30 to 1000
were recorded with a step size of 0.1 amu and a scan time of 3 s. TheCOmponents were tested by addition to model wine containing

electrospray needle, orifice, and ring potentials were set&00,—30, thaumatin and subjected to a heat test. To determine the identity
and —250 V, respectively. The curtain (nitrogen) and nebulizer (air) of essential protein haze factors, a range of commercially
gases were set at 8 and 12 (arbitrary units), respectively. For the tandemavailable candidate compounds were tested at levels at and
mass spectrometric (MS/MS) experiment, nitrogen gas was used asghove those commonly encountered in commercial wines.
the collision gas setting at 2 (arbitrary unit), apq .the collision energy Effect of Phenolics on Haze FormationA range of phenolic
was set at 30 V. Mass spectrometric data acquisition and analysis Werecompounds found in white wines was added to model wine
carried out with Analyst 1.4.2 software (Applied Biosystems/MDS . . Lo
Sciex). containing thaumat_m_. No hazes fo!rmed afte_r heating in any of
the samples containing monomeric phenolic compounds and
trimeric procyanidins added at normal wine concentrations and
at 5 or 10 times normal concentratiorfable 3). A mixture of
Haze Formation in Model Wine Compared to Wine. five of these compounds, each at normal wine concentrations,
Commercially available thaumatin derived frarhaumatococ- also failed to promote the formation of haze (Table 3). The
cus danielliiwas used as a test protein in the initial stages of addition of trimeric procyanidins at concentrations up to 50 mg/L
this work because of its similarity to thaumatin-like (TL) wine also failed to produce protein haze. White wines generally
proteins (2,27). When added to a protein-stable commercial contain far less than 50 mg/L procyanidin3( 29). These
wine (2003 Chardonnay), it formed a heavy haze upon heating results show that the phenolic compounds tested here are not
(Figure 3; Table 3), but there were no hazes formed after essential factors. This does not exclude the possibility that other
heating when thaumatin was added to a model wine (an aqueousintested monomeric or polymeric phenolic compounds, or
solution of ethanol and tartaric acid at pH 3Hgure 3), in a mixtures of these, constitute essential factors.
model wine control Table 3), or in the commercial wine Wines were also fined at two levels with PVPP, and the
without protein addition (data not shown). These results suggestresultant estimated concentration of phenolic compounds and
that wines contain one or more factors necessary for proteinthe level of haze produced after heating are shownhaible 4.
haze formation that are not present in model wine. The above The protein content of the wines after treatment was not
method formed the basis for an assay in which candidate determined but was not expected to substantially change. At

@ Values are from at least three replicates. Positive control for all experiments
was commercial white wine with thaumatin (500 mg/L) added. Haze values ranged
from 1.4 to 1.5. ® Range from all experiments conducted.

RESULTS AND DISCUSSION
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Table 4. Effect of Overfining Wines with PVPP on Haze Formation after a Heat Test and on Total Phenolics Concentration

PVPP fining rate
OglL 10 g/L 100 g/L
haze? total haze? total haze® total
wine (AAssonm) phenolics? (mg/L) (AAssonm) phenolics? (mg/L) (AAssonm) phenolics® (mg/L)

Chardonnay (unwooded) 0.21 184 0.12 85 0.085 21
Chardonnay (wooded) 0.20 208 0.11 107 0.075 38
Muscat Gordo 0.53 197 0.48 104 0.42 43
Riesling 0.15 193 0.086 95 0.05 29
Sauvignon Blanc 0.21 83 0.19 18 0.16 -16¢
Semillon Hunter Valley 0.075 95 0.043 60 0.016 22
Semillon Adelaide Hills 0.14 104 0.083 34 0.069 -8¢
Sultana 0.042 94 0.020 31 0.019 —-15¢

a Difference between heated and unheated. ? Caffeic acid equivalents + catechin equivalents. ¢ Negative values may result from estimating concentration by applying
the equation developed by Somers and Ziemelis (24) to the raw data. This equation uses a correction factor, based on the data from many wines, to account for absorbance
due to nonphenolic material.

the 1% (10 g/L, w/v) and 10% (100 g/L, w/v) fining rates, total in the presence of the ultrafilter permeate, the unbound fraction
phenolic concentrations were reduced substantially. All PVPP from the tC18 Sep-Pak, and the wash fraction from the mixed-
fined wines formed less haze than the unfined controls after mode anion-exchange resin (Table 3). The presence of the
heating. In two wines with the initial lowest protein contents essential factor in the ultrafilter permeate suggested that it had
(Semillon Hunter Valley and Sultana), the differences in a molecular mass of3 kDa, in the Sep-Pak unbound fraction
absorbance values for the samples fined with PVPP at 100 g/Lthat it is hydrophilic, and in the anion-exchange wash fraction
were <0.02, which has been used as a pdad point in protein that it is not both hydrophobic and negatively charged (see http://
stability tests in the past (21). www.waters.com/WatersDivision/pdfs/IcSP.pdf, page 10, for a

The PVPP fining experiment confirms previous resulis (  discussion of the mode of action of this cartridge). HPLC
7, 8) which suggest that phenolic compounds are involved in analysis showed that most of the phenolics present in the original
protein haze formation, although it is possible that wine proteins wine were still present in ultrafilter permeate (data not shown).
and other unknown wine components were also affected by theReduced amounts of monomeric phenolics and no polymeric
PVPP treatments. If the effect of PVPP treatment on haze phenolics were detected in the tC18 Sep-Pak unbound fraction,
formation mainly resulted from the removal of phenolic and only trace amounts of monomeric phenolics were present
compounds, it would be of great interest to further elucidate in the mixed-mode anion-exchange wash fraction (data not
what fraction or class they belong to. shown). These results, together with those above, indicate that

Effect of Metals on Haze Formation in Model Wine.Iron factor X in the studied wine was not a phenolic compound.
or copper ions were added to the model wine under anaerobic Identification of Factor X by Mass Spectroscopy A mixed-
conditions at each of their oxidation states and at levels similar mode anion-exchange fraction was isolated from Sultana wine
to, and significantly above, those found in wine. Both metal using the same procedure as above and subjected to mass
ions might be expected to be in the free, unbound state afterspectrometric analysis as a 2% ammonium hydroxide solution.
addition because little material exists in model wine to bind A 2% ammonium hydroxide solution, recovered from a Max
them. However, the degree of free versus bound ions cannot becartridge without loading any wine fraction, was used as a
predicted from the model wine composition and would need to control. Panels andb of Figure 4 show the mass spectra of
be assessed to produce a clear picture. Fe and Cu, irrespectivéhe control and anion-exchange wash fraction, respectively. In
of the form or association, have been estimated to be presenttomparison to the control, the anion-exchange wash fraction
in commercial wines at concentrations of up to 5 and 2.5 mg/ gave the more complicated mass spectrum featuring the
L, respectively (30). dominant ion am/z97 with the additional ions ah/z87, 115,

A heavy haze formed after heating in the 10 mg/L ferrous or 133, and 149, which were not observed in the control. These
ferric iron samples (Table 3). Heavy hazes formed in the ions were considered to be derived from wine constituents that
samples containing 6 and 8 mg/L iron in the ferric form, also might be candidates for essential factors. Theroa 97 was
(data not shown). No hazes formed in any of the other samples,also detected in the control, but its intensity was considerably
including all of those in which wine relevant concentrations of lower than that in the anion-exchange wash fraction, suggesting
the ions were present. These data suggest that iron and coppethat the anion-exchange wash fraction contained a wine
are not essential factors under normal wine conditions. As no constituent greatly derivingn/z 97. To identify a compound
firm candidates for essential factors were obtained by addition responsible for the production @if/z 97, the control and the
of commercial compounds at concentrations commonly found anion-exchange wash fraction were analyzed by the MS/MS
in commercial wines, a search for essential factors by purifica- technique. The product ion spectrumrmfz97 detected in the
tion was initiated. anion-exchange wash fraction showed only one fragment ion

Separation of Fractions Containing Factor X from Wine. at m/z 80 and was obviously different from that in the 2%
A white wine was fractionated by ultrafiltration followed by ammonium hydroxide control having/z 79, 61, and 35 as
tC18 solid-phase extraction, then by mixed-mode reverse-phasefragment ions (Figure 5a,b). It was evident that the majority
anion-exchange solid-phase extractidfigire 2), and the of the ion composition ofwz 97 was different between the
resulting fractions were added to model wine samples containing samples. The product ion spectrum of the anion-exchange wash
thaumatin. The formation of hazes upon heating indicated which fraction appeared to be consistent with HS@m/z 97) and
fractions contained potential essential factors. Hazes formed onlySO;~ (m/z 80) ions and was identical to that of potassium
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Figure 4. Negative ion mass spectra of (a) 2% ammonium hydroxide and (b) anion exchange wash fraction in 2% ammonium hydroxide.

hydrogen sulfate (KHS§) (Figure 5c¢). Thus, the most intense

communication) collated results from sulfate analyses of 895

ion detected in the anion-exchange wash fraction was identified wines, covering 20 varieties including their blends, submitted

as sulfate ion. Furthermore, sulfate’z 97) can be differentiated
from phosphate (PO, ~: m/z97), which is fragmented tm/z
79 (PQ") instead ofm/z80 (SQ).

Confirmation That Sulfate Is Required for Haze Forma-
tion. When sulfate at 1 g/L and higher was added (as KH$O
to model wine containing thaumatin, a haze developed afte
heating Table 3). Itis of interest to note that none of the sulfate

to the Analytical Service of the Australian Wine Research
Institute between 1994 and 1997. The range of sulfate was from
56 to 1780 mg/L, with a mean of 385 mg/L. Sulfate concentra-
tions in Australian grape juices of up to 850 mg/L, with a mean
of 185 mg/L, have been reportedl).

Role of Other Wine Anions in Haze Formation in Model
Wine. Other anions present in wines were tested for their ability

r

additions to the model wine containing thaumatin were able to to act as factor X. Details of the levels tested and the ranges
generate as much haze as the fractions isolated from wine,encountered in wines are givenTiable 5. No hazes occurred
including the anion-exchange wash fraction. It is possible that after heat tests in samples containing wine proteins (thaumatin-

the fractions may have been enriched with sulfate to levels abov

elike proteins or chitinases) together with acetate, chloride, citrate,

those tested or that other wine components present in theseor phosphate (data not shown). Control samples that contained

fractions could have amplified the effects of the sulfate also
present.

To confirm the role of sulfate with authentic wine proteins,
a range of sulfate additions (as $9Q were also added to model
wine containing purified wine proteingigure 6). The results
suggest that the thaumatin-like protein (150 mg/L) required
approximately 150 mg/L sulfate, and the chitinase (150 mg/L)
required approximately 15 mg/L sulfate, for visible haze

these anions separately but no wine proteins did not form hazes
after heating. Therefore, these anions are not essential factors
for protein haze formation in model wine. Hazes formed when
a mixture of these four anions, together with malate and sulfate,
were heated with either wine protein fraction. Control samples
without wine proteins did not form hazes. Thus, sulfate is an
essential factor for protein haze formation in model wines
containing wine proteins, and the other anions tested do not

formation in the model wine system, defined as an increase afterinhibit the formation of protein haze in model wine when sulfate

heating of absorbance at 520 nm »0.02 (21). When both

wine protein fractions were present together in a model wine,

each at 75 mg/L, no haze formed with 100 mg/L sulfate, but

is present under the conditions of this study.
General Discussion.The grape proteins involved in haze
formation in wines probably exist in young wines as freely

haze occurred when 400 mg/L sulfate was present (other sulfatesoluble globular entities with a net positive charge. We

concentrations not assessed, data not shown). Controls witho
wine protein fractions did not form hazes.
These data strongly suggest that sulfate is required for protei

uhypothesize that the first step in protein haze formation in wines
is protein denaturation, a process accelerated by heating. The
ndenatured proteins aggregate into large enough protein particles

haze formation in white wines. Sulfate is always present in juice to be visually detected as haze, a process that may be affected
and wine; generally at concentrations that were effective in this either positively or negatively by non-proteinaceous wine

study. Adrian Coulter and Mark Gishen (2005, personal

components.
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Sulfate is one of the Hofmeister series of anions, a ranking
of the ability of various ions to precipitate protein32j. In
simple terms, precipitation of proteins by kosmotropic anions
occurs due to “salting out*a competition between the anion
and the protein for water of solvation resulting in a loss of water
from the protein surface. This process is classically applied in
ammonium sulfate precipitation as the first step in many protein
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Table 5. Experiments with Wine Protein Fractions A (Thaumatin-like)
and | (Chitinase), Anion Additions to Model Wine Samples, and Anion
Concentrations Reported in Grape Juice and White Wine

amount amount
added (mg/L) reported (mg/L)
anion separate addition mixture range mean ref
acetate 1000 500 300-1000 - 44
chloride 200 200 upto 11482 1412 31
up to 400 - 44
citrate 1000 200 100 - 300 - 44
up to 700 - 45
malate —b 3000 >5000 - 45
phosphate 1000 800 50-900 - 44
50-1000 - 46
sulfate 100, 200, 300, 400 up to 8502 1852 31
400, 600, 800,¢
1000,€ 100, 400¢

aFor juices. ? Not used. ¢For wine thaumatin-like protein only. ¢ For mixture
of wine thaumatin-like protein and chitinase (each 75 mgiL).

purification schemes, although the levels employed are sever-
alfold higher than those in wine. In the particular case of white
wine, this loss of water of solvation, even by a relatively low
amount of sulfate anion, by a protein in a solution containing a
variety of cations and other anions and between 9 and 13%
(v/v) ethanol may be enough to affect the tertiary structure and/
or aggregation of proteins. Sulfate is regarded as a stabilizing
precipitant 83), because tertiary bonds seldom are negatively
affected during protein purification, at least at cold temperatures.
However, it is possible that the combined effect of pH, relative
to the g of the protein in question, temperature, alcohol, and
sulfate may yield an entirely different picture. We favor a role
in denaturation as opposed to aggregation given that salts in
general, including sulfate salts, tend to limit rather than promote
aggregation34). Nevertheless, the available data suggest that
sulfate is both essential to and capable of modulating the
intensity of haze of model wine solution. This notion now needs
to be tested further to ascertain more clearly the relative
importance of sulfate compared to other wine components.

A range of other variables (pH and ethanol in particular) are
known to affect protein haze formation and may influence the
effect of essential factors, but were not included in this study
and require further consideration in this context. Siebert and
colleagues (3536) concluded that maximum haze in a model
system that mimicked beer occurred at pH#45 when ethanol
was 12%, with less haze at lower and higher pH values.
Mesquita et al. 11) added extra alcohol to white wine (0.5, 1,
and 2% v/v) and found alcohol had no influence. Another study
using a model winel3) came to similar conclusions regarding
pH. However, Mesquita and colleagudsl] employed actual
wine samples rather than a model wine to obtain results different
from those above. The white wine they used became increas-
ingly heat stable as the pH rose from 2.5 to 7.5, suggesting that
pH does play an important role in protein haze formation and
that a high pH reduces the potential to form protein haze in
response to heat. However, it is not clear what the magnitude
of importance of pH variation on haze level is within the range
encountered in commercial white wine (2.3.6). Given that
the pH range in commercial white wines is still at least 1 pH
unit below the isoelectric points of the wine proteins, and the
lack of evidence in the literature that pH in this range has a
significant role in haze formation, all experimentation in this
study was undertaken at a fixed pH of 3.0.
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Although sulfate appears to be fundamental to haze formation,
other wine components such as phenolic compounds remain as
candidate haze modulators. One possibility is that white wine
phenolic compounds affect the particle size of denatured
aggregated proteins, possibly through cross-linking. Several
researchers (3B8) have suggested a hydrophobic mechanism
for the interaction between phenolic compounds and proteins,
in which the protein has a fixed number of phenolic binding
sites. More of these sites are exposed when the protein is
denatured. PVPP fining, which results in the removal of phenolic
compounds from wine, reduced protein haze levélb(e 4).

Protein haze in white wine thus differs in several aspects from
protein haze in beer. It is well-established that beer protein haze
is due to interactions between proteins, derived from the barley
storage protein hordein, and rich in proline, and hop polyphe-
nolic compounds (3639—41). White wine proteins are not
derived from storage proteins of grape seed, nor are they as
rich in proline as hordein. In addition, wine protein haze
formation cannot be eliminated by removing polyphenolic
compounds by PVPPT@ble 4), whereas in beer this has been
applied as a commercial strategy (43).

It is clear that protein haze formation in white wine is a
multifactorial process. This study elucidates one new factor that
is involved, in addition to protein itself, and it is possible that
other as yet unidentified wine components also participate in
protein haze formation. Further searches for additional “un-
known” components are needed as well as a multifactorial study
toward investigating the interactions involved, even with
components shown to be nonessential with the criteria applied
in the present study. Identification of essential factors may
ultimately yield novel methods to tackle protein haze formation
that either reduce or abolish the need for bentonite. However,
even if essential components are identified, their selective
removal, as with wine proteins themselves, may not be
achievable without unwanted side effects.

Nevertheless, we envisage that a more thorough understanding
of the mechanisms and participants in protein haze formation
may lead to new technologies to control this potential quality
defect in wine and may lead to more efficient predictive tools
based on rapid compositional analysis.
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