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Abstract

Formation of water-soluble polyphenol-protein complexes was investigated by size-exclusion chromatography (SEC). The com-
bination of (—)-epigallocatechin gallate (EGCG) and bovine serum albumin (BSA), which did not form a precipitate after the
solutions were mixed, showed an SEC peak due to complex formation 2-24 h after mixing. Peak size of the complex varied with
time, suggesting slow change of the conformation of the protein accompanied by complexation. Formation of the complex was
substantiated by ultrafiltration of the mixture; the complex did not pass through a membrane with a 100,000 nominal molecular
weight limit (NMWL). The SEC profile varied with the combination of compounds. The peaks due to the complexes showed that
the apparent value of the number average molecular weight (M,) of the EGCG-BSA complex was 2.8x 10°, while that of a penta-
galloylglucose (PGG)-BSA complex was 9.5x10° under the conditions used. Dimeric hydrolyzable tannins, oenothein B and cor-
nusiin A, also caused changes in the SEC profile of BSA, although the combinations did not show peaks attributable to formation
of such large complexes observed for EGCG and PGG. Procyanidin B3 and (+ )-catechin did not cause changes in the SEC profile

of BSA. With cytochrome ¢, EGCG did not show any chromatographic changes.
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1. Introduction

As revealed in structural studies (Okuda et al., 1995;
Yoshida et al., 2000), natural polyphenols have a wide
variety of biochemical and pharmacological properties.
These include host-mediated antitumor effects, antiviral
effects, and the suppression of antibiotic-resistance of
bacteria (Shimizu et al., 2001). These effects are, at least
in part, due to interactions between polyphenols and
biomolecules, mediated by hydrogen bonding, hydro-
phobic interactions, and covalent bonding (Haslam,
1989, 1998). Recent papers have shown the positions of
interacting polyphenol and peptide molecules in solu-
tion using 'H NMR spectroscopy (Baxter et al., 1997;
Richard et al., 2001; Wroblewski et al., 2001). The size
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of polyphenol-protein complexes has also been ana-
lyzed (Charlton et al., 2002).

The polyphenol interaction, utilized for tanning in the
leather industry, produces insoluble complexes, which is
often used to estimate the quantities of polyphenols in
plant extracts (Scalbert, 1992; Kawamoto and Nakatsubo,
1997). However, the precipitability of these complexes is
dependent on the solubility of the constituent polyphenols
and proteins (Takechi and Tanaka, 1987); indeed, some
complexes of polyphenols and proteins are soluble.

The tea polyphenol (—)-epigallocatechin gallate 1
(EGCG) appears in blood after oral administration to
mammals and humans (Unno et al., 1996; Nakagawa et
al., 1997; Zhu et al., 2000), although EGCG 1 catabo-
lism by intestinal bacterial flora prior to absorption was
also reported (Kohri et al., 2001; Meng et al., 2002).
Serum albumins that transport various compounds in
blood are thought to form soluble complexes with
polyphenols, the possible functions of which have also
been studied (Riedl and Hagerman, 2001).
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The aim of this study is to visualize the formation of
water-soluble complexes by size exclusion chromato-
graphy (SEC), using EGCG 1 and bovine serum albu-
min  (BSA), or related  polyphenol-protein
combinations. While SEC is widely used to estimate the
molecular size of proteins, the behavior of water-solu-
ble, protein—polyphenol complexes in SEC analyses is
expected to be similar to that of the proteins. This is
because the protein molecules involved are much bigger
than the polyphenol molecules. Therefore, we used SEC
columns, which are available for protein analysis, to
analyze polyphenol-protein complexes.

2. Results and discussion
2.1. Solubility of polyphenol—protein combinations

To find water-soluble polyphenol-protein combina-
tions adequate for the SEC analysis, precipitation tests
were conducted with some polyphenols before the SEC
analyses, although combinations that do not produce
precipitates do not necessarily form complexes. Weakly
acidic (pH 4) and neutral (pH 7) buffers were used as
solvents. Alkaline conditions were not used because
polyphenols are labile at alkaline pH. Three flavanoids,
EGCG 1, (+)-catechin 2 and procyanidin B3 3, and
four hydrolyzable tannins, pentagalloylglucose 4
(PGG), corilagin 5, oenothein B 6 and cornusiin A 7,
were used as polyphenols, and BSA and cytochrome ¢
as proteins. The results were summarized in Table 1.

e Polyphenols and BSA: Of the flavanoids tested,
EGCG 1 (0.125 mg/ml) gave precipitates at pH 4, but
not at pH 7 even at a higher concentration (0.5 mg/ml).
(+)-Catechin 2 and procyanidin B3 3 (each at 0.5 mg/
ml) did not form precipitates at either pH 4 or pH 7. Of
the hydrolyzable tannins tested, PGG 4 (0.125 mg/ml)

Table 1
Mimimum concentrations of polyphenols required for precipitating
proteins

Polyphenol MCPgsa (mg/ml)* MCP,yc (mg/ml)®
pH 4 pH 7 pH 4 pH 7
Flavanoids
EGCG 1 <0.125 >0.5 <0.125 0.25
(+)-Catechin 2 >0.5 >0.5 >0.5 <0.125
Procyanidin B3 3 >0.5 >0.5 >0.5 >0.5
Hydrolyzable tannins
PGG 4 <0.125 <0.125 <0.125 <0.125
Corilagin 5 <0.125 0.25 <0.125 <0.125
Oenothein B 6 <0.125 >0.5 <0.125 <0.125
Cornusiin A 7 <0.125 >0.5 <0.125 <0.125

4 Minimum concentration required for precipitating BSA (0.5 mg/
ml) within 2 days after adding polyphenols.

® Minimum concentration required for precipitating cytochrome ¢
(0.5 mg/ml) within 2 days after adding polyphenols.

formed precipitates at pH 4 and pH 7, and corilagin 5
precipitated with the concentration of 0.125 mg/ml at
pH 4 and with 0.25 mg/ml at pH 7. Oligomeric hydro-
lyzable tannins (oenothein B 6 and cornusiin A 7) gave
precipitates with the concentration of 0.125 mg/ml at
pH 4, but not with 0.5 mg/ml at pH 7.

e Polyphenols and cytochrome ¢: EGCG 1 gave pre-
cipitates with cytochrome ¢ at 0.125 mg/ml and pH 4,
and at 0.25 mg/ml and pH 7. (+)-Catechin 2 did not
have any effect at 0.5 mg/ml and pH 4, while it formed
precipitates at 0.125 mg/ml and pH 7. Procyanidin B3 3
(0.5 mg/ml) did not form precipitates at either pH 4 or 7.
All of the hydrolyzable tannins tested (4-7) at 0.125 mg/
ml formed precipitates with cytochrome ¢ at pH 4 and at
pH 7. These results suggest that using BSA is more ade-
quate for the SEC analyses of soluble complexes.

2.2. Size exclusion chromatography of polyphenol-BS A
complexes

Since the SEC analyses of proteins can be conducted
in solvents at around pH 7 as the mobile phase, the
precipitation tests at pH 7 indicated that SEC could be
used to analyze the polyphenol-BSA combinations.
Although PGG 4 gave precipitates with BSA even at
0.125 mg/ml, the supernatant after the precipitation was
also analyzed with SEC in order to know whether some
soluble complexes are present or not. A hydrophilic
silica gel column (YMC Diol-300), which is used to
estimate the molecular weights of proteins up to about
1x10° Da, was mainly used to analyze the complexation
of polyphenols with BSA.

2.2.1. Analyses of the combinations of EGCG 1 and BSA

BSA showed one major peak, along with minor peaks
due to dimeric and trimeric forms [Fig. 1(a)]. By con-
trast, the polyphenolic EGCG 1 did not show clear
peaks (data not shown), perhaps due the ionization of
its phenolic hydroxyl groups at the pH of the mobile
phase, which may have caused some interaction with the
column packing material.

The peaks with the combination of EGCG-BSA were
noticeably different from those of BSA on the SEC
chromatogram. A peak [retention time (fg) 11.7 min]
attributed to the soluble complex of EGCG 1 and BSA
was observed around 2 h after mixing the polyphenol—-
BSA solutions, and it gradually increased in size until 24
h after mixing [Fig. 1(b)—(d)]. The retention time 11.7
min of the peak on SEC at 24 h after mixing was dis-
tinctively shorter than that of BSA (zg 13.8 min); the
shorter retention time is consistent with the formation of
molecule species much larger than BSA. No peak was
observed around this region (fg 11.7 min) for solutions
lacking BSA, even when the analysis was conducted 24 h
after the dissolution of EGCG 1 (data not shown). On the
other hand, the SEC chromatogram of the EGCG-BSA
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mixture showed peaks on the longer ¢z region than that
of BSA. The peaks on the longer g region were assign-
able to some degradation products from EGCG 1.

The SEC peak attributable to the complex was also
observed on a column of TOSOH G4000SWx;, not
only on the YMC diol column. Fig. 2 shows the

chromatographic profile 24 h after mixing of EGCG 1
and BSA solutions on the TOSOH column.

In order to verify that the retention time of the
observed peak attributed to the polyphenol-BSA com-
plex (mixture of complexes) reflects the size of the com-
plex, the mixture was analyzed by SEC after
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Fig. 1. Effect of the addition of EGCG 1 on the SEC profiles of BSA
on a YMC Diol-300 column. The SEC profile of BSA was shown in
the lane (a), and the peaks at around ¢g 13 and 12.4 min were assigned
to that of BSA dimer and trimer. Change in the SEC profile of the
solution (b) 0, (c) 2, (d) 6, and (e) 24 h after mixing EGCG 1 and BSA
were shown.

ultrafiltration. The solution containing EGCG 1 and
BSA was subjected to ultrafiltration on a Biomax
membrane with a 100-K nominal molecular weight limit
(NMWL) (Millipore) 24 h after mixing. The amounts of
complex remaining on the membrane and in the filtrate
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Fig. 2. SEC profile on a TOSOH G4000SWx column of the solution
(a) 0 h and (b) 24 h after mixing EGCG 1 and BSA. The arrow indi-
cates the retention time of BSA.

were estimated from the peak area of the complex on
the SEC chromatograms. The relative concentration of
the complex in the two phases was ca. 100:1 (upper/
lower phase of the membrane). This result means that
almost all of the complex remained on the upper phase
of the membrane, and suggested that the size of the
complex exceeded 1x10° Da as the protein size.

The apparent molecular size based on the SEC pro-
files was then estimated under the assumption that this
profile reflects the molecular weight: The number aver-
age molecular weight (M,) and weight average mole-
cular weight (M,,) estimated from the SEC peak for the
EGCG-BSA complex were 2.8x10° and 3.5x103,
respectively. This M|, value is corresponding to the sum
of the molecular weights of four molecules of BSA.

Slow formation of the peak assigned to the complex is
explainable by change in the conformation of BSA such
as unfolding and folding processes, which are accom-
panied by complexation with EGCG 1. On the other
hand, structural change in EGCG 1 oxidation during
the incubation such as dimerization to form theasi-
nensins A and D may participate in the complexation
with BSA.
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Fig. 3. SEC profiles on a YMC Diol-300 column of the solution (a) 2
and (b) 24 h after mixing PGG 4 and BSA. The arrow indicates the
retention time of BSA.

No chromatographic change attributable to complex
formation was observed in combinations with cyto-
chrome ¢ (data not shown). In this case, the poly-
phenolic sorption may be sufficient to prevent
cytochrome c—polyphenol complexes from eluting on
this column. However, the weakness of the binding
property of cytochrome ¢ with polyphenols, relative to
that of BSA, was suggested by the reported data on the
competitive experiments for the complexation (Hager-
man and Butler, 1981).

2.2.2. SEC Analyses of the combinations of other
polyphenols with BSA

The combinations of catechin-BSA and procyanidin
B3-BSA did not result in any changes in the BSA peak
on SEC, even 24 h after mixing the polyphenol and BSA
solutions. Corilagin 5, a hydrolysable tannin, did not
change the SEC profile of BSA, while PGG 4 showed a
noticeable change due to complexation with BSA.

For PGG 4, after the precipitates were removed by
centrifugation, the supernatant solution was analyzed
by SEC. The SEC chromatogram of the water-soluble
PGG-BSA complex, which was obtained 24 h after
mixing (Fig. 3), indicated that M, and M,, of the com-
plex (mixture) were 9.5x10° and 1.4x10°, respectively.
Since the SEC data were just for water-soluble parts of
the complex, these data do not represent whole (solu-
ble +insoluble) complex. However, the formation of
such large complex with PGG 4 can be explained by the
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Fig. 4. SEC profiles on a YMC Diol-300 column of solutions of (a)
oenothein B 6 and BSA and (b) cornusiin A 7 and BSA 24 h after
mixing. The arrows indicate the retention time of BSA.

fact that the PGG 4 molecule has five galloyl groups,
each of which can bind with a protein molecule more
freely than the galloyl and hexahydroxydiphenoyl
groups in a corilagin 5 molecule.

By contrast, the oligomeric hydrolyzable tannins
oenothein B 6 and cornusiin A 7 did not form distinct
peaks indicating formation of large complexes as
observed for EGCG 1 and BSA. However, there was
broadening of the BSA peak for oenothein B 6 and
some increase in the peak area in the BSA—dimer or
trimer region for cornusiin A 7 (Fig. 4), and it was dif-
ficult to estimate the molecular sizes of these polyphenol
complexes. The spatial locations of the galloyl and other
phenolic acyl groups in these polyphenol molecules are
probably more restricted than those in PGG 4.

3. Conclusions

The SEC analysis of BSA after mixing with EGCG 1
in a neutral buffer on a YMC diol-300 column showed
distinctive change of the chromatographic profile, to
give a new peak attributable to the polyphenol-protein
complex. Peak size of the complex became larger gra-
dually through 2-24 h after mixing, suggesting slow
change of the conformation of the protein accompanied
by complexation. Formation of the complex was also
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supported by SEC on a TOSOH G4000SWy gel col-
umn and by ultrafiltration of the mixture.

The SEC profile of the polyphenol-protein mixtures
varied with the combination of compounds. The peaks
due to the complexes showed that the apparent value
M, of the EGCG-BSA complex was 2.8x10°, while
that of a PGG-BSA complex was 9.5x10° under the
conditions used. Dimeric hydrolyzable tannins, oeno-
thein B 6 and cornusiin A 7, also caused changes in
the SEC profile of BSA, although the combinations
did not show peaks attributable to formation of such
large complexes observed for EGCG 1 and PGG 4.
Procyanidin B3 3 and (+)-catechin 2 did not cause
changes in the SEC profile of BSA. With cytochrome
¢, EGCG 1 did not show any chromatographic
changes.

Although further confirmation of the molecular sizes
assigned on the basis of the SEC profiles of the poly-
phenol-protein complexes by some other methods is
required, these results suggested that SEC is expected to
be a simple and useful method for estimating the for-
mation of soluble polyphenol-protein complexes.

4. Experimental
4.1. Materials

BSA, cytochrome ¢, thyroglobulin, ovalbumin, myo-
globin, ribonuclease A, and (+)-catechin 2 were pur-
chased from Sigma. (—)-Epigallocatechin gallate 1 was
isolated from leaves of Camellia sinensis (Okuda et al.,
1990). PGG 4 was prepared by treating tannic acid
(gallotannin mixture) in MeOH containing acetate buf-
fer (pH 6) (Hatano et al., 1990a). Procyanidin B3 3 was
prepared from taxifolin and (+)-catechin (Hatano and
Hemingway, 1997). Oenothein B 6 and cornusiin A 7
were isolated from Oenothera erythrosepala (Hatano et
al., 1990b) and Cornus officinalis (Hatano et al., 1989),
respectively.

Corilagin 5 was produced from geraniin (isolated
from Geranium thunbergii) (Okuda et al., 1982) in the
following way. An aqueous solution (5 ml) of geraniin
(100 mg) was treated with sodium dithionite (150 mg) at
70 °C for | h. Then, the solution containing 1-O-galloyl-
2,4;3,6-bis-(R)-4,5,6,4,5,6-hexahydroxydiphenoyl-f-D-
glucose was heated in a boiling-water bath for 2 h. The
insoluble material (ellagic acid) was removed by cen-
trifugation, and the supernatant was acidified with 1 M
HCI. Then, the solution was passed through a SepPak
C,g cartridge (Waters), and the adsorbed material was
eluted with 20% MeOH, to give crude corilagin 5. The
crude corilagin 5 obtained from 500 mg of geraniin was
further subjected to a Sephadex LH-20 chromatography
(Pharmacia) with EtOH to give purified corilagin 5 (129

mg).

4.2. Precipitation tests

Mixtures of polyphenols (0.5, 0.25, and 0.125 mg/ml)
and proteins (0.5 mg/ml) in phosphate buffers at pH 4
and 7 were placed in the wells of 96-well plates (Iwaki)
for 2 days to see whether precipitates formed.

4.3. SEC analyses

The SEC analyses of solutions containing BSA were
performed on an YMC Diol-300 column (8.0 mm
1.d.x300 mm) in an oven set at 35 °C, using a KH,PO4—
Na,HPO, buffer (0.067 M) containing Na,SO4 (0.067
M) (pH 6.8) as the eluant at a flow rate 0.8 ml/min. An
8.0 mm i.d.x30-mm column with the same packing
material was used as a guard column. UV Detection at
220 or 280 nm was effected on a Hitachi L-7455 photo-
diode-array detector. The calibration curve used to esti-
mate molecular size was based on the retention behavior
of thyroglobulin (MW 6.4x10%), BSA (6.9x10%), oval-
bumin (4.5x10%), myoglobin (1.8x10%), and ribonu-
clease A (1.4x10% as standards. Since BSA showed a
peak due to its dimer (1.38x10%) on the chromatogram,
this peak was also used as the standard. As shown in
Fig. 5, the logarithms of the molecular weights and the
retention volumes form linear relationship for the pro-
teins larger than that of ovalbumin on the YMC column.

Each mixture of polyphenol (0.25 mg/ml) and protein
(BSA or cytochrome ¢, 0.5 mg/ml) in 0.1 M KH,PO,4-
KH,PO, buffer (pH 7) (0.5 ml) was kept at 35 °C in a
water-bath for 24 h. When precipitates formed, the
samples were injected onto the columns after cen-
trifugation at 7000 g for 1 min.
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Fig. 5. Calibration curve indicating the relationship between the
logarithms of the molecular weights and retention volumes of the
proteins used as molecular weight standards on the YMC Diol-300
column: (a) thyroglobulin; (b) BSA dimer; (c) BSA monomer; (d)
ovalbumin; (e) myoglobin; (f) ribonuclease A.
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The M, and M, values were calculated according to
the following equations:

M, = X(H;)/Z(H;/M;)

My = X(HM;)/%(H))

where H; is the height of the point on the chromato-
graphic profile from the base line at the retention
volume i, and M; is the molecular size calculated from
the calibration line at the volume i.

For the analyses of solutions containing cytochrome
¢, a TOSOH Super SW2000 column (4.6 mm i.d.x300
mm) was used. TOSOH G4000SWy; column (7.8 mm
1.d.x300 mm) was also used for the analysis of the
EGCG-BSA mixture.

4.4. Ultrdfiltration of the mixture containing BSA—-EGCG
complex

The solution containing BSA and EGCG was kept at
35 °C for 24 h, and then subjected to ultrafiltration
using a Millipore Ultrafree centrifugal tube equipped
with a Biomax 100K NMWL membrane at 2100 g for 3
min. The resulting upper and lower phases were ana-
lyzed by SEC to compare the peak area due to the
complex.
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