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Mechanisms of Protein Precipitation for Two Tannins, Pentagalloyl
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Glucose and Epicatechinig (4—8) Catechin (Procyanidin)
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The precipitates that form when purified pentagalloylglucose or a purified procyanidin [epicatechinig
(4—8) catechin; EC16-C] are mixed with bovine serum albumin were quantitatively analyzed. EC16-C
is a more efficient protein precipitating agent than pentagalloylglucose on a molar or a mass basis.
EC,6-C precipitates protein independently of temperature and presence of organic solvent.
Precipitation by pentagalloylglucose increases as temperature is increased and decreases when
alcohols are present. When tannin is in excess, up to 40 mol of pentagalloylglucose is bound per
mole of protein precipitated, but only 20 mol of EC15-C is bound per mole of protein precipitated.
The data support different models of precipitation for the two types of tannin: pentagalloylglucose,
which is very nonpolar, precipitates by forming a hydrophobic coat around the protein, whereas

the much more polar EC,6-C forms hydrogen-bonded cross-links between protein molecules.
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INTRODUCTION

The ability to precipitate protein is the defining
characteristic of the compounds known as tannins or
plant polyphenols. The definition of tannins as “water-
soluble phenolic compounds having molecular weights
between 500 and 3000...[with] the ability to precipitate
alkaloids, gelatin and other proteins” was articulated
by Bate-Smith and Swain over 35 years ago (Bate-Smith
and Swain, 1962) and still provides us with the most
useful functional understanding of these chemically
diverse compounds. Tannins are widely distributed in
plants including those used for foods, feeds, and medi-
cines. The tendency of tannins to interact with proteins
thus influences the appearance and taste of foods and
beverages (Shahidi and Naczk, 1995), the function of
ecological (Hagerman and Butler, 1991) and agricultural
(Kumar and Singh, 1984) systems, and the discovery
and application of new pharmaceutical agents (Haslam
et al., 1989; Zhu et al.,, 1997). Understanding the
mechanism of interaction between tannin and protein
should help control and exploit the properties of polyphe-
nols in these diverse systems.

Examination of tannin—protein interactions using
modern techniques including competitive binding meth-
ods and spectroscopic methods has clearly demonstrated
that protein structure plays an essential role in complex
formation. In general, flexible proline-rich proteins
have high affinity for tannins. The first studies that
demonstrated specificity for protein structure were
conducted with a condensed tannin, or procyanidin
(Hagerman and Butler, 1981), and suggested that the
tannin interacted with protein mainly through hydrogen
bond formation between the phenolic donor and the
peptide acceptor. Proline-rich proteins formed particu-
larly strong hydrogen bonds and were conformationally
flexible, leading to accessibility of hydrogen bonding
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sites. Subsequent studies suggested that the interaction
of the gallotannin, 5-1,2,3,4,5-penta-O-galloyl-p-glucose
(PGG), with proline-rich peptides involved hydrophobic
stacking of the planar phenolic ring against the pyrro-
lidine ring of the proline (Murray et al., 1994; Luck et
al., 1994). The relative importance of hydrogen bonding
versus hydrophobic interactions has not been clearly
established (Hagerman, 1992; Haslam, 1993).

The role of tannin structure in the precipitation
reaction has been less systematically studied. The
tannins are chemically very heterogeneous (Porter,
1989), and it is only relatively recently that isolation
and structure determination have become routine (Hager-
man et al., 1997). In terrestrial plants the tannins can
be divided into two groups: the flavonoid-derived
proanthocyanidins (condensed tannins) (Porter, 1992)
and the gallic acid ester-derived hydrolyzable tannins
(Okuda et al., 1995). A third major group of tannins,
the phlorotannins, are found only in marine algae
(Ragan and Glombitza, 1986). Within each of these
groups there is substantial structural variation in
features including pattern of substitution, stereochem-
istry, degree of oxidation, and molecular size. Most
studies on the importance of tannin structure in the
tannin—protein interaction have involved within-group
comparisons. For example, it has been demonstrated
that both substitution patterns (Asano et al., 1984) and
polymer size (Porter and Woodruffe, 1984) influence the
precipitation of proteins by condensed tannins. The
ability of hydrolyzable tannins to precipitate protein has
been related to the degree of esterification (Hagerman
et al., 1992; Kawamoto et al., 1996) or structural
flexibility (Haslam et al., 1992) of the polyphenol. Very
few attempts have been made to use protein precipita-
tion to directly compare condensed tannins to hydrolyz-
able tannins (Hagerman, 1992).

The specific objective of the work described here was
to quantitatively compare the protein-precipitating
activities of two well-characterized polyphenolics that
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have significant differences in chemical and structural
properties. The compounds selected were PGG, which
has been the focus of Haslam’s extensive and elegant
studies on tannin—protein interactions [e.g., Haslam
(1989)] and epicatechinig (4—8) catechin (EC16-C), which
has been used in much of Hagerman’'s work [e.g.,
Hagerman (1992)]. It was hoped that one outcome of
this study would be the development of structure—
activity relationships so that the ability of other polyphe-
nols to precipitate protein could be predicted. Further-
more, it was anticipated that the studies might help to
differentiate the roles of hydrogen bonding and hydro-
phobic forces in the interaction between tannins and
proteins.

MATERIALS AND METHODS

Materials. PGG (M, 940) was purified from commercial
tannic acid by solvent extraction after methanolysis and was
characterized by proton NMR and negative ion FAB MS
(Hagerman et al., 1997). EC,6-C [epicatechin;s (4—8) catechin,
M, 4930] was purified from Sorghum bicolor (Moench) grain
(1s8260, provided by Dr. John Axtell, Purdue University)
(Hagerman and Butler, 1980b) and was characterized by
HPLC after phloroglucinol degradation (Koupai-Abazani et al.,
1992; Schofield et al., 1998) and by **C NMR (Czochanska et
al., 1980). The other polyphenols (listed in Table 2) were
provided by Lipton Tea Co. (Newark, NJ) or were purified by
preparative scale normal phase HPLC (Hagerman et al., 1997);
compositions of the polyphenolic preparations were determined
by reversed phase HPLC as described below. Bovine serum
albumin (BSA; fraction V, fatty acid free) was purchased from
Sigma Chemical Co. (St. Louis, MO) and was radioiodinated
with the chloramine T method (Hagerman and Butler, 1980a).

Analytical Methods. The precipitation method described
previously (Hagerman and Butler, 1980a) was scaled down.
The polyphenol was dissolved in 100 L of methanol or metal-
free water (Barnstead Nanopure System, Dubuque, 1A) and
was added to protein dissolved in 300 uL of buffer A (0.2 M
acetate, pH 4.9, containing 0.17 M NaCl). The mixtures were
vortexed vigorously, incubated for 30 min, and centrifuged at
4 °C for 5 min at 11000g. The supernatants were removed by
aspiration, and the precipitates were gently washed with 100
uL of buffer and were centrifuged again for 1 min. The
samples were again aspirated and the precipitates analyzed.
Precipitated protein was determined by gamma counting.

To determine precipitated PGG, the precipitates were
dissolved in 300 uL of 1.0% aqueous sodium dodecyl sulfate
solution and analyzed by HPLC (Kawamoto et al., 1996). A
Ci5 (ODS) column (Beckman Ultrasphere, 4.6 mm x 25cm, 5
um particles) and similar Cig precolumn were used for the
separation. Samples were eluted with a gradient consisting
of 0.1% aqueous trifluoroacetic acid (TFA) and 0.1% TFA in
acetonitrile (4:1 to 3:2 over 7 min) at a flow rate of 1 mL min—1.
Analytes were detected at 220 nm, and peaks were integrated
with HP Chemstation A.4.02 software (Hewlett-Packard Co.,
Wilmington, DE). The retention time of PGG was 5.9 min.

To determine precipitated EC,6-C, the precipitates were
dissolved in 100 uL of sodium dodecyl sulfate/triethanolamine
solution before reaction with 50 uL of FeCls; the value of Asio
was then read (Hagerman and Butler, 1978).

Octanol/water partition ratios were determined by parti-
tioning 0.001 M aqueous solutions of the phenolics against an
appropriate volume of octanol (Leo et al.,, 1971). After
partitioning, most polyphenols were determined by HPLC
using the parameters described above. EC36-C was determined
by direct spectrophotometry of the octanol phase at 280 nm.

Molecular Modeling. The program Alchemy 2000 (Tripos
Inc., St. Louis, MO) was used to geometry optimize simple
polyphenolic structures. Molecular dimensions were calcu-
lated with the software after the geometry optimization.
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Figure 1. Precipitation of protein (BSA) by PGG or ECs6-C.
Tannin dissolved in water was added to 300 uL of buffer A
containing 0.46 nmol of radiolabeled BSA, and the mixture
was incubated at room temperature. Tannin concentrations
were set so that up to 10 nmol of tannin was added in the 100
ulL aliquot of aqueous solution. The amount of BSA precipi-
tated was determined by counting the precipitate. Values are
the mean of three determinations; error bars indicate the
standard deviations.

o

RESULTS

Preliminary experiments were performed to establish
optimum conditions for precipitation for the two polyphe-
nolics. The pH optimum for BSA precipitation was
between pH 4 and 5 for EC1-C or PGG (data not
shown), confirming earlier suggestions that precipita-
tion is maximized near the isoelectric point of many
proteins (Hagerman and Butler, 1978). All reactions
were therefore run at pH 4.9 using a moderate ionic
strength acetate buffer. Protein precipitation occurred
rapidly, with the amount of protein precipitated inde-
pendent of time for times ranging from 5 min to at least
60 min after protein was mixed with EC46-C or PGG.

EC16-C was a more effective protein-precipitating
agent than was PGG on a molar basis (Figure 1). The
amount of BSA precipitated by ECy6-C increased lin-
early with increasing polyphenolic until all of the BSA
present was precipitated. About 1 nmol (5 ug) of EC46-C
was required to precipitate essentially all of the BSA
present (0.40 nmol) (Figure 1). When PGG was incu-
bated with protein under these conditions, very little
BSA was precipitated unless at least 2.5 nmol (2.5 ug)
of PGG was added (Figure 1). The amount of protein
precipitated then increased gradually so that 10 nmol
(10 ug) of PGG was required to precipitate all of the BSA
(Figure 1). Precipitation of phenolics (PGG or EC14-C)
paralleled precipitation of protein (data not shown).

Protein precipitation by PGG was sensitive to tem-
perature, with a 4-fold increase in precipitated protein
noted when the temperature was increased from 4 ° to
40 °C (Figure 2). The precipitation by EC,,-C was
temperature insensitive (Figure 2), as previously re-
ported (Hagerman and Butler, 1978). Precipitation of
EC16-C or PGG paralleled precipitation of the protein
at various temperatures (data not shown).

The amount of protein and polyphenol precipitated
in the PGG reaction mixtures was substantially de-
creased by the presence of alcohol in the reaction
mixture (Figures 3 and 4). As little as 10% (v/v) of
alcohol in the reaction mixture decreased the amount
of protein precipitated by PGG, and when the reaction
mixture contained 25% methanol (by volume), precipita-
tion was almost completely suppressed (Figure 3). As
previously demonstrated (Hagerman and Butler, 1980a),
alcohol does not affect precipitation of protein by EC16-C
(Figure 3).
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Figure 2. Effect of temperature on precipitation of protein
(BSA) by PGG or ECy6-C. Solutions were brought to the
indicated temperature (4 °C, room temperature, or 44 °C), and
tannin was added to 300 uL of buffer A containing 0.45 nmol
of radiolabeled BSA. Tannin concentrations were set so that
5.32 nmol of PGG or 1.01 nmol of EC4-C was added in the
100 uL aliquot of aqueous solution. The amount of BSA
precipitated was determined by counting the precipitate.
Values are the mean of three determinations, with error bars
indicating standard deviations.
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Figure 3. Precipitation of protein (BSA) by PGG or EC46-C
in the presence of 25% methanol. Tannin dissolved in methanol
was added to 300 uL of buffer A containing 0.40 nmol of
radiolabeled BSA, and the mixture was incubated at room
temperature. Concentrations of the tannin solutions were set
so that up to 15 nmol of tannin could be added in the 100 uL
aliquot of methanol. The amount of BSA precipitated was
determined by counting the precipitate. Values shown are the
means of triplicate determinations; error bars show standard
deviations.

In the alcohol-containing reaction mixtures, very little
PGG coprecipitated with the protein. Only 2—3 nmol
of PGG was precipitated even when as much as 53 nmol
of PGG was used to drive the precipitation reaction
(Figure 4). Recovery experiments were performed by
analyzing both supernatants and precipitates to ensure
that there was no unexpected loss or degradation of
PGG during the precipitation reaction. The average
recovery was 111% of the added PGG, with >95% of the
polyphenol found in the supernatant. Under similar
conditions, EC16-C is quantitatively precipitated.

In the presence of methanol, the pattern of temper-
ature sensitivity was reversed. If the reaction mixture
contained 25% methanol (by volume), the amount of
BSA precipitated by PGG decreased ~4-fold when the
temperature was increased from 4° to 40 °C (data not
shown). ECi6-C precipitation was temperature insensi-
tive even in alcohol-containing reaction mixtures.

The stability of the BSA—polyphenol precipitates
depended on both the nature of the polyphenol and on
the reaction conditions (Table 1). The EC;5-C—BSA
precipitates were quite stable, and insignificant amounts
of protein were resolubilized when the precipitates were
resuspended in fresh buffer A. The PGG—BSA precipi-
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Figure 4. Precipitation of protein (BSA) and polyphenolic
(PGQG) in solutions containing 25% methanol. PGG dissolved
in methanol was added to 300 uL of buffer A containing 0.40
nmol of radiolabeled BSA, and the mixture was incubated at
room temperature. Concentrations of PGG solutions were set
so that up to 55 nmol of PGG could be added in the 100 uL
aliquot of methanol. The amount of BSA precipitated was
determined by counting the precipitate. The amount of PGG
precipitated was determined by HPLC analysis of the precipi-
tate. For BSA precipitation, values shown are the means of
triplicate determinations; error bars show standard deviations.
For PGG precipitation, duplicate determinations are shown.

tates formed in pure aqueous solution were similarly
very stable. However, the PGG—BSA precipitates
formed in solutions containing 25% methanol were very
unstable, so that a substantial amount of the precipi-
tated protein was redissolved when the precipitates
were resuspended in fresh methanol-containing buffer
A. The addition of the strong reducing agent dithio-
threitol (DTT) to the methanol-containing reaction
solutions did not alter the amount of protein precipi-
tated by PGG or by EC15-C and did not alter the stability
of the precipitates (Table 1).

By using enough polyphenol (10 nmol of EC46-C or
53 nmol of PGG) to drive the precipitation reaction to
completion, it was possible to determine the stoichiom-
etry of the polyphenol—protein precipitate. When the
polyphenol/BSA ratio (t:p) in the reaction mixture was
low, the composition of the precipitate was identical to
that of the initial solution (Figure 5). When the initial
concentration of EC6-C was >21 times that of the BSA,
the composition of the precipitate became fixed at a
value of 21.4 mol of EC16-C/mol of BSA (Figure 5).
When the initial concentration of PGG was >42 times
that of the BSA, the composition of the precipitate
became fixed at a value of 42.7 mol of PGG/mol of BSA
(Figure 5). This ratio is achieved only when the PGG
precipitation reaction is run in the absence of methanol.
Such small amounts of PGG are precipitated in the
presence of 25% methanol that ratios of PGG-to-BSA
in precipitates cannot be calculated (Figure 4).

The limited solubility of PGG in aqueous solution
(Hagerman et al., 1997) is reflected in its very large
octanol/water partition ratio (Table 2). In contrast, the
octanol/water partition ratio for EC16-C is very low,
consistent with it high solubility in water (Table 2).
Octanol/water partition coefficients reflect molecular
polarity. To better understand differences in polarity,
we used a geometry optimizing program (Alchemy 2000)
to calculate preferred structures for simple polypheno-
lics. PGG is geometry optimized as a roughly spherical
molecule. Its symmetry is consistent with its low
polarity despite the presence of numerous polar phenolic
hydroxyl groups on the molecule. Addition of galloyl
groups to the core PGG decreases molecular symmetry
and increases polarity; the octanol/water partition ratio
(Table 2) reflects that change. The high polarity of
EC,6-C apparently is a result of the elongated shape of

nmol BSA precipitated
nmol PGG precipitated
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Table 1. Amount of Protein Precipitated by Polyphenols before and after Vigorous Resuspension of Precipitate?

no DTT

DTT-containing buffer

initial precipitate
(nmol of BSA)

precipitate after 30 min
resuspension (nmol of BSA)

initial precipitate precipitate after 30 min

(nmol of BSA) resuspension (nmol of BSA)

EC16-C/methanol
PGG/aqueous
PGG/methanol

0.233 £ 0.022a
0.348 £ 0.006b
0.193 + 0.006¢

0.223 £ 0.021a
0.346 + 0.004b
0.125 + 0.015d

0.289 £+ 0.012a 0.255 4+ 0.013a
ND ND
0.209 + 0.018c 0.085 + 0.006d

a Tannin (53.2 nmol of PGG or 1.01 nmol of EC16-C) was added to 0.48 nmol of radiolabeled BSA in buffer £ 150 mM DTT. After the
mixture was incubated at room temperature, the precipitates were isolated by centrifugation, radiochemically counted, and resuspended
by vigorous mixing for 30 min. The precipitates were again isolated by centrifugation and counted. Values are the mean of three
determinations + standard deviation. Different letters indicate significant difference (p < 0.05); ND means not determined.
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Figure 5. Ratios of polyphenolic to protein (t:p) in the
precipitate as a function of the t:p in the initial reaction
mixture. PGG or EC36-C was added to 300 uL of buffer A
containing up to 3 nmol of radiolabeled BSA, and the mixture
was incubated at room temperature. PGG concentration was
set so that 53.2 nmol of PGG was added in the 100 uL aliquot
of aqueous solution. EC;6-C concentration was set so that 10.1
nmol of EC46-C was added in the 100 xL aliquot of methanol
solution. The amount of BSA precipitated was determined by
counting the precipitate. The amount of PGG precipitated was
determined by HPLC analysis of the precipitate. The amount
of EC16-C precipitated was determined by spectrophotometric
analysis of the precipitate. Values are the mean of three
determinations, with error bars indicating standard deviations.

4—8 procyanidins (Fletcher et al., 1977; Helfer and
Mattice, 1995). An extended, rodlike procyanidin poly-
mer would have a much larger dipole than the flavan-
3-ol subunits, which are roughly spherical molecules.

DISCUSSION

PGG is an effective protein-precipitating agent only
in pure aqueous solutions. Under those conditions, this
polyphenol forms strong noncovalent bonds to BSA, as
demonstrated by the stability of the precipitates to
disruption by buffer A (Table 1) and sensitivity of the
precipitates to treatment with protein denaturants such
as the sodium dodecyl sulfate solution used to redissolve
the samples for HPLC analysis. The interaction be-
tween PGG and BSA appears to be dominantly a
hydrophobic interaction with the characteristic temper-
ature (Figure 2) and organic solvent (Figure 1 versus
Figure 3) sensitivity of hydrophobic precipitation
(Kennedy, 1990). When organic solvents, which sup-
press hydrophobic interactions, are present, the tem-
perature dependence of precipitation by PGG reverses
(data not shown), suggesting that precipitation involves
very weak hydrogen bonding interactions. These in-
terpretations are consistent with earlier investigations
of the PGG—protein interaction, which relied on ther-
modynamic or spectroscopic measurements (McManus
et al., 1985; Murray et al., 1994).

EC,6-C is an effective protein-precipitating agent in
aqueous solution or in mixed solvents and forms stable
noncovalent bonds to BSA. The bonds involved in
complex formation are strong, as demonstrated by the

stability of the complexes when the precipitate is
resuspended in buffer A (Table 2) or in the presence of
additional protein. The noncovalent nature of the
complexes is demonstrated by release of both protein
and polyphenolic when the precipitate is treated with
protein denaturants such as detergents or strong base
(Hagerman and Butler, 1980b). The precipitation reac-
tion is insensitive to temperature (Figure 2) and to the
presence of simple alcohols (Hagerman and Butler,
1980a; Figure 1 versus Figure 3), suggesting that
hydrophobic forces do not have an important role in the
EC16-C—BSA interaction. This interpretation is con-
sistent with earlier work which suggested that hydrogen
bonding is the primary mode of interaction between
EC;6-C and protein (Hagerman and Butler, 1981).

None of the data provided any evidence for oxidative
reactions yielding covalent bonds between PGG or
EC;6-C and BSA (Pierpoint, 1969; Beart et al., 1985).
Under similar reaction conditions phlorotannins form
irreversible covalent complexes with BSA, unless a
reducing agent is present to prevent oxidative reactions
(Stern et al., 1996). All of the complexes formed by PGG
or EC16-C were noncovalent and could be completely
dissociated by protein-denaturing conditions. The ad-
dition of a reducing agent did not affect the amount of
protein or polyphenol precipitated and did not affect the
stability of the precipitate that formed (Table 1). These
results suggest that under the mild conditions employed
here EC16-C and PGG do not oxidatively damage BSA.

Haslam et al. (1992) speculated that the efficacy of
precipitation by polyphenols was inversely related to
their water solubility. Our data show the opposite
trend; EC16-C, which is very water soluble (Table 2), was
a more efficient protein precipitant than PGG, which
is virtually water insoluble (Table 2). We propose that
polyphenol polarity can be used to predict whether a
given tannin preparation will precipitate via hydropho-
bic forces or hydrogen bonding. For example, prelimi-
nary precipitation experiments indicated that for hep-
tagalloylglucose, which is more polar than pentagal-
loylglucose, hydrogen bonding was the dominant force
involved in the interaction with BSA. For the relatively
nonpolar polyphenolics theaflavin and epicatechin gal-
late (Table 2), hydrophobic forces dominated the reac-
tion.

The realization that tannin structure dictates the
mechanism of interaction with protein should facilitate
understanding of the behavior of polyphenols in a
variety of systems. Our work suggests that recent
attempts (Siebert et al., 1996) to model haze formation
in beverages using commercial tannic acid, a mixture
of low molecular weight, nonpolar gallotannins (Hager-
man et al., 1992), may be especially useful for beverages
such as green tea, which contains largely nonpolar
polyphenols (Balentine, 1992). However, black teas, red
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Table 2. Octanol/Water Partition Ratios of Polyphenols?

Hagerman et al.

partition partition partition

compound ratio compound ratio compound ratio
EC16-C 2.12 x 1073 hexagalloylglucose 151 theaflavin 2.23 x 10t
epigallocatechin 2.81 x 1071 epicatechin 2.43 epicatechin gallate 4.80 x 10t
heptagalloylglucose 1.03 epigallocatechin gallate 1.21 x 10! PGG 1.29 x 102

a Compounds (1 mM) were partitioned between water and octanol. The polyphenol was determined by HPLC or spectrophotometrically
at 280 nm (EC16-C only). The values shown are averages of three replicates. The average standard deviation was 3.3% of the mean for

these determinations.

wines, and fruit juices contain polar polyphenols includ-
ing condensed tannins and poorly characterized poly-
meric compounds (Foo and Porter, 1981), which interact
with protein on a very different basis from the small
gallotannins. These findings provide a mechanistic
basis for the specificity of action of tannins in biological
systems (Hagerman and Robbins, 1993; Ayres et al.,
1997). The realization that alcohol inhibits protein
precipitation by certain polyphenols should prompt re-
evaluation of precipitation assays appropriate for as-
sessment of crude plant extracts.

This work extends the stoichiometric studies of Kawa-
moto et al. (1996). We found that when tannin is in
excess over protein, precipitates having a fixed ratio of
tannin to protein form. For EC36-C the ratio is ~20 mol
of polyphenol/mol of BSA. For PGG the ratio is ~40
mol of polyphenol/mol of BSA (Figure 5). These sto-
ichiometries clearly indicate that polyphenols are not
selectively bound by the hydrophobic ligand binding
sites found in domains A and IlI1A of BSA (He and
Carter, 1992), since each molecule of protein has only
two of these hydrophobic sites. The ratios may reflect
the sizes of the tannin molecules and available surface
area of the protein. Simple geometry-optimized molec-
ular modeling indicates that PGG is a spherical mol-
ecule with d = 11 A, so the maximum amount of PGG
which could be bound on the surface of serum albumin,
a triangular protein (80 A on a side, 30 A deep) (He and
Carter, 1992), would be ~100 mol of PGG/mol of BSA.
The approximate agreement of the experimental value
with this maximum theoretical value suggests that
Haslam'’s (1989) model for polyphenol—protein interac-
tions, in which the hydrophobic polyphenol nonspecifi-
cally coats the surface of the protein molecule, may be
correct for PGG—BSA interactions.

The ratio of EC46-C to BSA is about half that obtained
for PGG, presumably due to size considerations and/or
number of binding sites on the protein. Differentiating
between these two possibilities is difficult because the
size and shape of polymeric proanthocyanidins is not
accurately known (Helfner and Mattice, 1995). We are
attempting to address that question by extending our
studies to include other polyphenolics. For example,
heptagalloylglucose is about the same size as PGG but
has a polarity more similar to that of EC46-C. Prelimi-
nary data suggest that only ~20 mol of heptagalloyl-
glucose bind per mole of BSA. This suggests that the
number of sites, rather than the size of the polyphenolic,
dictates the stoichiometry of the complexes for hydrogen
bonding polyphenolics.

This work clearly demonstrates that the character-
istics of tannin—protein complexes are strongly influ-
enced by the structure of the tannin. This information
complements our understanding of how protein struc-
ture affects the interaction (Hagerman and Butler,
1981). The results suggest that future effort should be
focused on systems of well-characterized polyphenolics
and well-characterized proteins so that a better under-

standing of specificity and structure—activity relation-
ships can be achieved.

ACKNOWLEDGMENT

We thank Dr. T. Clausen for assisting with the 13C
NMR of ECy6-C.

LITERATURE CITED

Asano, K.; Ohtsu, K.; Shinagawa, K.; Hashimoto, N. Affinity
of proanthocyanidins and their oxidation products for haze-
forming proteins of beer and the formation of chill haze.
Agric. Biol. Chem. 1984, 48, 1139—1146.

Ayres, M. P.; Clausen, T. P.; MacLean, S. F.; Redman, A. M;
Reichardt, P. B. Diversity of structure and antiherbivoe
activity in condensed tannins. Ecology 1997, 78, 1696—1712.

Balentine, D. A. Manufacturing and chemistry of tea. In
Phenolic Compounds in Food and their Effects on Health I.
Analysis, Occurrence, and Chemistry; Ho, C.-T., Lee, C. Y.,
Huang, M.-T., Eds.; American Chemical Society: Washing-
ton, DC, 1991; pp 102—117.

Bate-Smith, E. C.; Swain, T. Flavonoid compounds. In Com-
parative Biochemistry; Mason, H. S., Florkin, A. M., Eds.;
Academic Press: New York, 1962; pp 755—809.

Beart, J. E.; Lilley, T. H.; Haslam, E. Polyphenol interactions.
Part 2. Covalent binding of procyanidins to proteins during
acid-catalysed decomposition; observations on some poly-
meric proanthocyanidins. J. Chem. Soc., Perkin Trans. 2
1985, 1439—1443.

Czochanska, Z.; Foo, L. Y.; Newman, R. H.; Porter, L. J.
Polymeric proanthocyanidins. Stereochemistry, structural
units, and molecular weight. J. Chem. Soc., Perkin Trans.
1 1980, 1980, 2278—2286.

Fletcher, A. C.; Porter, L. J.; Haslam, E.; Gupta, R. K. Plant
proanthocyanidins. Part 3. Conformational and configura-
tional studies of natural procyanidins. J. Chem. Soc., Perkin
Trans. 1 1977, 1977, 1628—1637.

Foo, L. Y.; Porter, L. J. The structure of tannins of some edible
fruits. J. Sci. Food Agric. 1981, 32, 711-716.

Hagerman, A. E. Tannin-protein interactions. In Phenolic
Compounds in Food and Their Effects on Health I. Analysis,
Occurrence, and Chemistry; ACS Symposium Series 506; Ho,
C. T, Lee, C. Y., Huang, M. T., Eds.; American Chemical
Society: Washington, DC, 1992; pp 236—247.

Hagerman, A. E.; Butler, L. G. Protein precipitation method
for the quantitative determination of tannins. J. Agric. Food
Chem. 1978, 26, 809—812.

Hagerman, A. E.; Butler, L. G. Determination of protein in
tannin-protein precipitates. J. Agric. Food Chem. 1980a, 28,
944—-947.

Hagerman, A. E.; Butler, L. G. Condensed tannin purification
and characterization of tannin-associated proteins. J. Agric.
Food Chem. 1980b, 28, 947—952.

Hagerman, A. E.; Butler, L. G. Specificity of proanthocyanidin-
protein interactions. J. Biol. Chem. 1981, 256, 4494—4497.

Hagerman, A. E.; Butler, L. G. Tannins and Lignins. In
Herbivores: Their Interactions with Secondary Plant Me-
tabolites, 2nd ed., Vol. I. The Chemical Participants;
Rosenthal, G. A, Berenbaum, M. R., Eds.; Academic Press:
New York, 1991; pp 355—388.



Tannin/BSA Precipitation

Hagerman, A. E.; Robbins, C. T. Specificity of tannin-binding
salivary proteins relative to diet selection by mammals. Can.
J. Zool. 1993, 71, 628—633.

Hagerman, A. E.; Robbins, C. T.; Weerasuriya, Y.; Wilson, T.
C.; McArthur, C. Tannin chemistry in relation to digestion.
J. Range Manag. 1992, 45, 57—62.

Hagerman, A. E.; Zhao, Y.; Johnson, S. Methods for determi-
nation of condensed and hydrolyzable tannins. In Antinu-
trients and Phytochemicals in Foods; Shahidi, F., Ed,;
American Chemical Society: Washington, DC, 1997; pp
209—-222.

Haslam, E. Plant polyphenols. Vegetable tannins revisited.
Plant Polyphenols. Vegetable Tannins Revisited; Cambridge
University Press: Cambridge, U.K., 1989.

Haslam, E. Polyphenol complexation. In Polyphenolic Phe-
nomena; Scalbert, A., Ed.; INRA: Paris, 1993; pp 23—32.

Haslam, E.; Lilley, T. H.; Cali, Y.; Martin, R.; Magnolato, D.
Traditional herbal medicines—The role of polyphenols.
Planta Med. 1989, 55, 1-8.

Haslam, E.; Lilley, T. H.; Warminski, E.; Liao, H.; Cai, Y.;
Martin, R.; Gaffney, S. H.; Goulding, P. N.; Luck, G.
Polyphenol complexation: A study in molecular recognition.
In Phenolic Compounds in Foods and their Effects on Health.
Analysis, Occurrence and Chemistry; Ho, C.-T., Lee, C. Y.,
Huang, M.-T., Eds.; American Chemical Society: Washing-
ton, DC, 1992; pp 8—50.

He, X. M.; Carter, D. C. Atomic structure and chemistry of
human serum albumin. Nature 1992, 358, 209—215.

Helfer, C. A.; Mattice, W. L. Conformation and dynamics of
condensed tannins. Trends Polym. Sci. 1995, 3, 117—-122.

Kawamoto, H.; Nakayama, M.; Murakami, K. Stoichiometric
studies of tannin-protein co-precipitation. Phytochemistry
1996, 41, 1427—-1431.

Kennedy, R. M. Hydrophobic chromatography. Methods En-
zymol. 1990, 182, 339—343.

Koupai-Abyazani, M. R.; McCallum, J.; Bohm, B. A. Identifica-
tion of the constitutent flavonoid units in sainfoin proan-
thocyanidins by reversed-phase high-performance liquid
chromatography. J. Chromatogr. 1992, 594, 117—-123.

Kumar, R.; Singh, M. Tannins: Their adverse role in ruminant
nutrition. J. Agric. Food Chem. 1984, 32, 447—453.

Leo, A.; Hansch, C.; Elkins, D. Partition coefficients and their
uses. Chem. Rev. 1971, 71, 525—616.

Luck, G.; Murray, N. J.; Grimmer, H. R.; Warminski, E. E.;
Williamson, M. P.; Lilley, T. H.; Haslam, E. Polyphenols,
astringency, and proline-rich proteins. Phytochemistry 1994,
37, 357—-371.

McManus, J. P.; Davis, K. G.; Beart, J. E.; Gaffney, S. H.;
Lilley, T. H.; Haslam, E. Polyphenol interactions. Part 1.

J. Agric. Food Chem., Vol. 46, No. 7, 1998 2595

Introduction: Some observations on the reversible complex-
ation of polyphenols with proteins and polysaccharides. J.
Chem. Soc., Perkin Trans. 2 1985, 1985, 1429—1438.

Murray, N. J.; Williamson, M. P.; Lilley, T. H.; Haslam, E.
Study of the interaction between salivary proline-rich
proteins and a polyphenol by *H- NMR spectroscopy. Eur.
J. Biochem. 1994, 219, 923—-935.

Okuda, T.; Yoshida, T.; Hatano, T. Hydrolyzable tannins and
related polyphenols. Prog. Chem. Org. Nat. Prod. 1995, 66,
1-117.

Pierpoint, W. S. O-quinones formed in plant extracts. Their
reaction with bovine serum albumin. Biochem. J. 1969, 112,
619—629.

Porter, L. J. Tannins. In Methods in Plant Biochemistry. Plant
Phenolics; Harborne, J. B., Ed.; Academic Press: New York,
1989; pp 389—4109.

Porter, L. J. Structure and chemical properties of condensed
tannins. In Plant Polyphenols: Synthesis, Properties, Sig-
nificance; Hemingway, R. W., Laks, P. E., Eds.; Plenum
Press: New York, 1992; pp 245—258.

Porter, L. J.; Woodruffe, J. Haemanalysis: The relative
astringency of proanthocyanidin polymers. Phytochemistry
1984, 23, 1255—1256.

Ragan, M. A.; Glombitza, K. Phlorotannins, brown algal
polyphenols. Prog. Phycol. Res. 1986, 4, 177—241.

Schofield, J. A.; Hagerman, A. E.; Harold, A. Loss of tannins
and other phenolics during willow leaf decomposition. J.
Chem. Ecol. 1998, in press.

Shahidi, F.; Naczk, M. Food Phenolics: Sources, Chemistry,
Effects, Applications. Food Phenolics: Sources, Chemistry,
Effects, Applications; Technomic: Lancaster, PA, 1995.

Siebert, K. J.; Troukhanova, N. V.; Lynn, P. Y. Nature of
polyphenol-protein interactions. J. Agric. Food. Chem. 1996,
44, 80—85.

Stern, J. L.; Hagerman, A. E.; Steinberg, P. D.; Mason, P. K.
Phlorotannin-protein interactions. J. Chem. Ecol. 1996, 22,
1877—-1899.

Zhu, M.; Phillipson, J. D.; Greengrass, P. M.; Bowery, N. E.;
Cai, Y. Plant polyphenols: Biologically active compounds
or nonselective binders to protein? Phytochemistry 1997, 44,
441-447.

Received for review December 23, 1997. Accepted April 16,
1998. Funding for this work was provided by the T. J. Lipton
Co. and the Miami University Undergraduate Summer Schol-
ars program.

JF971097K



