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Recent investigations have revealed the health benefits of
polyphenolic constituents in dietary and medicinal plants.1,2)

The mechanism of action of the polyphenols corresponding
to those effects has been, at least in part, ascribable to
polyphenol interaction with biomolecules, especially pro-
teins. Several studies have concentrated on the interaction re-
lated to (�)-epigallocatechin gallate (EGCG), the major con-
stituent of tea.3,4) We previously reported that EGCG binds to
human serum albumin (HSA).5)

In the previous report, we noted the utility of circular
dichroism (CD) spectra to clarify the binding of polyphenols
with HSA, including the binding sites on HSA in relation to
the competition with drugs having specific binding sites on
the protein. EGCG has been shown to bind to sites I and II in
HSA. The results suggested the possibility of a drug interac-
tion concerning competition.5)

The metabolic fates of plant polyphenols have been inves-
tigated in many studies. Proanthocyanidins and catechins
yield phenolic acids such as protocatechuic acid,6) and
methylation of phenolic acids, attributable to the enzyme cat-
echol-O-methyl transferase (COMT), is also an important
metabolic process of those phenolic compounds. Tannic acid,
a gallotannin mixture, is metabolized into gallic acid and its
further methylation gives 4-O-methylgallic acid (5-hydroxy-
isovanillic acid),7,8) while metabolism of ellagitannins yields
ellagic acid, or further reductive changes produce urolithin A
(3,8-dihydroxy-6H-dibenzo[b,d ]-pyran-6-one) and related
compounds.9—11)

The present study thus treated the binding of those pheno-
lic compounds shown in Fig. 1, which are regarded as
metabolites from tannins and related compounds.6—11) The
experiments revealed noticeable differences in the binding
behavior due to subtle differences in the structures of the
compounds as discussed below.

Experimental
Reagents HSA (A3782, the fatty acid free grade, �99%), phenylbuta-

zone (PB), digitoxin (DG), ellagic acid, and vanillic acid were purchased
from Sigma (St. Louis, MO, U.S.A.). Diazepam (DP) and protocatechuic

acid were from Wako (Osaka, Japan), and gallic acid, 4-O-methylgallic acid,
and isovanillic acid were, respectively, the products of Ishidzu (Osaka,
Japan), Extrasynthèse (Genay, France), and Aldrich (Milwaukee, WI,
U.S.A.).

Urolithin A was synthesized via coupling of resorcinol and methyl 2-
bromo-5-hydroxybenzoate, which was obtained by bromination of m-hy-
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Fig. 1. Metabolic Relationship of the Polyphenolic Compounds and Hy-
drolyzable Tannins/Flavans



droxybenzoic acid followed by methylation according to a previous report.12)

CD Spectral Measurements CD spectra were recorded on a JASCO J-
720W spectropolarimeter (Tokyo, Japan) using a 0.1-cm path-length cell at
288—291 K. The time constant, scan speed, resolution, and sensitivity were
set at 1 s, 100 nm/min, 1.0 nm, and 5 mdeg, respectively. Twelve scanned
spectra between 355 and 245 nm were accumulated for spectral measure-
ments. When changes in amplitudes of the induced Cotton effects were esti-
mated, the resolution was set at 0.5 nm and data from 32 scans were given as
the means of the three points around the indicated wavelength.

The wavelength was originally set considering the minimum overlap of
the induced CD, when the induced CD for the HSA–drug or HSA–phenolic
compound overlapped. Drugs used in this study were those with specific
binding sites on HSA to determine the specific binding sites of the phenolic
compounds. The induced CD for the HSA–drug or HSA–phenolic com-
pound was expressed by the following equation, since the drugs and the phe-
nolic compounds used in this study, except for DG, do not have their own
CD.

induced CD�CDHSA�drug (or phenolic compound)�CDHSA

All experiments were performed in a solution of 0.1 M K2HPO4–KH2PO4

buffer (pH 7.0). The final concentration of HSA was set at 6.02�10�5
M.

The concentrations of drugs with known binding sites, PB (site I) and DP
(site II), varied in the range of 0—3.0�10�4

M, and the effects of adding
0.15 mg/ml of the phenolic compounds (final concentration) were examined.

Since DG, which is bound to site III on HSA, does not show noticeable
induced CD, concentrations of phenolic acids were varied, and the effects of
adding 1.96�10�4

M of DG were examined.
The competitive/noncompetitive relationships of the drugs and phenolic

compounds were analyzed based on Rosen’s method13) using double-recipro-
cal plots.14)

The molar concentration of the drug bound to HSA, Db, was estimated
from the tangential line of the curve indicating the relationship of the con-
centration of the drug and the amplitude of the induced CD. The molar con-
centration of the drug unbound, Df, was estimated by subtraction of Db from
the concentration of the drug added.

The double-reciprocal relationship between 1/Df and 1/r is represented by
the equation

where r indicates the number of the molecule of the drug bound to a mole-
cule of HSA, corresponding to Db/Pt. Pt represents the molar concentration
of HSA added (bound and unbound, in total). The apparent binding constant
(K ) for each combination of drug–HSA was calculated from this relation-
ship.5)

In the presence of a polyphenolic additive (A), the equation for the dou-
ble-reciprocal plots is expressed to be

where K � represents the apparent binding constant in the presence of the
drug and the polyphenolic additive, and corresponds to

where Af and KA respectively represent the molar concentration of the
polyphenol unbound and the binding constant of the polyphenol on the site
of HSA, on the assumption of the competitive relationship between the drug
and the polyphenol. Thus, KA was estimated based on the equation

Results
Protocatechuic Acid and Its Methyl Derivatives The

induced Cotton effect for PB-HSA according to the binding
of PB to HSA was observed as shown in Fig. 2. Magnitudes
of the induced Cotton effects were dependent on the concen-
tration of PB, when the monitoring wavelength was set at

290 nm (Fig. 3A).
This induced Cotton effect was suppressed by the addition

of protocatechuic acid, as shown in Fig. 3A, and a double-re-
ciprocal plot analysis of the effect in the absence and pres-
ence of protocatechuic acid showed that the suppression of
the binding of PB-HSA due to protocatechuic acid was com-
petitive (Fig. 3B), indicating that protocatechuic acid binds to
site I.

In an analogous manner, the effect of adding protocate-
chuic acid on the induced CD due to the combination DP-
HSA was examined via monitoring at 320 nm. The induced
CD was suppressed by the addition of protocatechuic acid
(Fig. 3C), and the double-reciprocal plot analysis indicated
that the interaction of DP and protocatechuic acid on binding
to HSA was competitive (Fig. 3D). The binding of protocate-
chuic acid to site II was thus demonstrated.

The addition of DG to the induced Cotton effect due to
protocatechuic acid (0—5.19�10�4

M) and HSA was moni-
tored at 260 nm, and any observable effect was revealed by
the addition of DG (1.96�10�4

M) (data not shown).
Then, we examined the effects of vanillic acid and iso-

vanillic acid on the PB-HSA and DP-HSA interactions, since
methylation of phenolic compounds is assumable on the
metabolic process.

The results for the addition of vanillic acid to PB-HSA and
DP-HSA solutions at each concentration of PB and DP were
analyzed using double-reciprocal plots as shown in Figs. 4A
and B. These data indicated that vanillic acid binds to site I
and site II on HSA, competitively. In an analogous way, the
effects of adding isovanillic acid to PB-HSA and DP-HSA
solutions are shown in Figs. 4C and D as their double-recip-
rocal plots. Competitive binding of isovanillic acid to site I
and site II on HSA was thus demonstrated. The induced Cot-
ton effects for the combinations of vanillic acid-HSA and
isovanillic acid-HSA were found to be similar to that ob-
served for the combination protocatechuic acid-HSA, and the
addition of DG did not affect these interactions (data not
shown).

The changes in the binding constants for PB-HSA and for
DP-HSA were also shown in Figs. 3 and 4. The decreasing
effects of the addition of the polyphenolic compounds on the
binding constant K for PB-HSA showed large differences de-
pending on their structures as seen in Table 1. This result in-
dicated that the binding of these polyphenolic metabolites to
site I on HSA was affected by methylation and the location
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Fig. 2. Induced CD for PB-HSA

The presence of (I) 6.49�10�5
M, (II) 1.95�10�4

M, and (III) 3.24�10�4
M of PB in

the solution of HSA (6.02�10�5
M) caused the induced CD, which was obtained by

subtracting the CD for HSA from those of the combinations of HSA and PB.



of the methylation. Increase of the lipophilicity accompanied
by the methylation may strengthen the affinity of the com-
pound to this site. On the other hand, the effects of these
three compounds on the binding constant for DP-HSA were
almost the same.

Gallic Acid and 4-O-Methylgallic Acid The induced
Cotton effects due to the interactions of PB-HSA and DP-
HSA were not affected by the addition of gallic acid at the
concentration examined. However, the addition of 4-O-
methylgallic acid to the PB-HSA solutions caused a decrease
of the induced Cotton effect as shown in Fig. 5A. The dou-
ble-reciprocal plot analysis in Fig. 5B showed that the effect
was competitive, indicating that 4-O-methylgallic acid binds
to site I on HSA. In this case, the hydroxylation of isovanillic
acid weakened the decreasing effect on the binding constant
K for PB-HSA (Table 1).

Its addition to DP-HSA solutions, however, did not affect
the interaction. The induced Cotton effects for the combina-
tion 4-O-methylgallic acid and HSA was not affected by the
addition of DG, which is a site III-binding drug (data not
shown).

Ellagic Acid and Urolithin A Ellagic acid, which is
formed from ellagitannins, is also a constituent of various
food and medicinal plants.15) During metabolic processing of
hydrolyzable tannins, ellagic acid is also assumed to be pro-
duced from gallic acid under certain oxidative conditions.

Urolithin A is reportedly a metabolite of ellagic acid and is
assumed to be produced by the actions of intestinal bacte-
ria.16) The present study revealed that the effects of adding
these two compounds to the solutions of PB-HSA and DP-
HSA were negligible on the induced Cotton effects (data not
shown). Therefore, ellagic acid and urolithin A do not bind
specifically on site I or site II on HSA.

Discussion
The CD spectral method has been shown to be an effective

September 2009 1021

Fig. 3. Effects of Adding Protocatechuic Acid on the PB-HSA-Induced CD and on the DP-HSA-Induced CD

(A) Relationship between the concentration of PB and the amplitudes of the induced CD at 290 nm for the combination of HSA (6.02�10�5
M) and PB in the absence (�) or

presence (�, 9.73�10�4
M) of protocatechuic acid. (B) Double-reciprocal plots based on the induced CD. Plots in the absence (�) or presence of 9.73�10�4

M (�) of protocate-
chuic acid on the binding of PB-HSA are shown. The binding constant (K) in the absence and that in the presence of protocatechuic acid were 2.4�105

M
�1 and 2.3�104

M
�1, re-

spectively. (C) Relationship between the concentration of DP and the amplitudes of the induced CD at 320 nm for the combination of HSA (6.02�10�5
M) and DP in the absence

(�) or presence (�, 9.73�10�4
M) of protocatechuic acid. (D) Double-reciprocal plots based on the induced CD. Plots in the absence (�) or presence of 9.73�10�4

M (�) of proto-
catechuic acid on the binding of DP-HSA are shown. The K values in the absence and in the presence of protocatechuic acid were 4.4�104

M
�1 and 2.3�104

M
�1, respectively.

Table 1. Binding Constants for PB-HSA and DP-HSA in the Absence (K )
and Presence (K�) of the Polyphenolic Metabolites

Site-specific binding drugs
K K� K/K� KA

a)

�Polyphenolic metabolites

Phenylbutazone (PB) 2.4�105

�Protocatechuic acid 2.3�104 1.0�10 9.7�103

�Vanillic acid 8.8�103 2.7�10 2.9�104

�Isovanillic acid 4.0�103 6.0�10 6.6�104

�4-O-Methylgallic acid 3.2�104 7.5 8.0�103

Diazepam (DP) 4.4�104

�Protocatechuic acid 2.3�104 1.9 9.4�102

�Vanillic acid 2.3�104 1.9 1.0�103

�Isovanillic acid 2.6�104 1.7 7.7�102

a) KA for each of the polyphenolic metabolites on the binding to the corresponding
site of HSA, which was estimated from K and K�. See text.



technique in clarifying the binding of polyphenolic com-
pounds to HSA using only a small amount of sample.

The present investigation revealed that protocatechuic acid
and its partially methylated products bind to sites I and II on
HSA. In contrast, the addition of a hydroxyl group from pro-
tocatechuic acid yielding gallic acid did not result in compet-
itive binding to site I or site II. Since the binding of gallic
acid to HSA was observed using gel electrophoretic analy-
sis,17) binding occurred on the surface of HSA, but not to
these specific sites. In addition, analogous assumptions were
also possible for the binding of ellagic acid and urolithin A.

4-O-Methylgallic acid, regarded as a compound resulting

from adding a hydroxyl group to isovanillic acid, caused the
disappearance of the characteristic binding site II on HSA
and showed specific binding to site I on HSA. This com-
pound is also regarded as a product of the partial methylation
of gallic acid, which did not show specific binding to HSA as
described above. Such a change in the binding to HSA sug-
gested the importance of methylation by COMT in the meta-
bolic process.

In conclusion, the competitive/noncompetitive relation-
ships of the metabolites from polyphenolic constituents in
plants differ from each other depending on their structures.
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Fig. 4. Competitive Relationship of Vanillic Acid with PB (A) and with DP (B) and That of Isovanillic Acid with PB (C) and with DP (D) on HSA

(A) Double-reciprocal plots based on the induced CD of PB-HSA at 290 nm in the absence (�) or presence of 8.92�10�4
M (�) of vanillic acid are shown. The K value for the

PB-HSA binding in the presence of vanillic acid was 8.8�103
M

�1. (B) The plots of DP-HSA at 320 nm in the absence (�) or presence of 8.92�10�4
M (�) of vanillic acid are

shown. The K value for the DP-HSA binding in the presence of vanillic acid was 2.3�104
M

�1. (C) The plots of PB-HSA at 290 nm in the absence (�) or presence of 8.92�10�4
M

(�) of isovanillic acid are shown. The K value for the PB-HSA binding in the presence of isovanillic acid was 4.0�103
M

�1. (D) The plots of DP-HSA at 320 nm in the absence (�)
or presence of 8.92�10�4

M (�) of isovanillic acid are shown. The K value for the DP-HSA binding in the presence of isovanillic acid was 2.6�104
M

�1.

Fig. 5. Effects of Adding 4-O-Methylgallic Acid on the PB-HSA-Induced CD

(A) Relationship between the concentration of PB and the amplitudes of the induced CD at 290 nm for the combination of HSA (6.02�10�5
M) and PB in the absence (�) or

presence (�, 8.15�10�4
M) of 4-O-methylgallic acid. (B) Double-reciprocal plots based on the induced CD. Plots in the absence (�) or presence (�, 8.15�10�4

M) of 4-O-methyl-
gallic acid are shown. The K value for the PB-HSA binding in the presence of 4-O-methylgallic acid was 3.2�104

M
�1.
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