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â-1,2,3,4,6-Penta-O-galloyl-D-glucopyranose (PGG) and soluble complexes of PGG with bovine serum
albumin (BSA) were characterized by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). PGG was also characterized by electrospray ionization mass
spectrometry (ESI-MS). Similar fragmentation patterns of PGG were found in ESI-MS and MALDI-
TOF MS. The apparent stoichiometries of non-covalent BSA-PGG complexes were determined by
MALDI-TOF MS.
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INTRODUCTION

Polyphenols are found in plants and in plant-derived feeds,
foods, and medicines (1). A typical Western diet results in the
daily ingestion of∼1 g of polyphenols,>50% of which is
polymeric polyphenols (tannins) (2). There are three groups of
tannins: hydrolyzable tannins, condensed tannins, and phloro-
tannins (3). Hydrolyzable tannins consist of simple phenolic
acids such as gallic acid esterified to a core polyol, typically
glucose, and condensed tannins are polymers of flavonoid units;
both of them are found in terrestrial plants. Phlorotannins are
polymeric phloroglucinol derivatives found in marine brown
algae.

The defining property of tannins is their ability to form
precipitable protein-tannin complexes (4), although other
activities, such as their potential to serve as biological antioxi-
dants (3, 5) and their potential to chelate metal ions (6, 7), have
also received attention. Formation of complexes with protein
attenuates the radical scavenging kinetics of the condensed
tannin, procyanidin (8), indicating that protein-tannin inter-
action may influence the other activities of tannins. Given that
proteins are the main components in most biological matrices,
revealing the mechanism of protein-tannin interaction will lead
to a better understanding of all the activities of tannins in
biological systems.

Characterization of protein-tannin precipitable complexes is
the conventional approach for studying protein-tannin inter-
actions (3,9), but precipitation does not necessarily occur in
biological systems when the protein is present in large excess
over tannins (10). Establishing methods for examining soluble
protein-tannin complexes will provide better insights into
mechanisms of complex formation and into their biological

activities. Equilibrium dialysis has been used to study soluble
complexes between proteins and tannins (11, 12), but equilib-
rium dialysis is slow and thus not suitable for systems sensitive
to rapid oxidation. Furthermore, tannins can nonspecifically bind
to dialysis membrane, which complicates their quantitative
determination. The formation of soluble protein-tannin com-
plexes was demonstrated using size exclusion chromatography
(SEC) (13), but SEC cannot provide accurate information on
the molecular weights and the stoichiometry of the soluble
protein-tannin complexes. Nuclear magnetic resonance (NMR)
has also been used to study the non-covalent soluble protein-
tannin complexes (14-17), but the size of the protein is a
limiting factor for high-resolution NMR analysis; only model
peptides are used in those model systems. Recently, microcalo-
rimetry has been used to examine the thermodynamic changes
associated with protein-tannin complex formation, but inter-
pretation of the binding isotherms is not straightforward (18).

An alternate approach for examining the non-covalent
interactions between proteins and ligands is to use methods of
mass spectrometry that are dependent on “soft” ionization
techniques (19-22). Recently, electrospray ionization mass
spectrometry (ESI-MS) was successfully used to characterize
the complexes of polyphenols (Mr 290-940) with peptides (Mr

1060-1189) (23,24). We have now improved the utility of
mass spectrometric approaches by using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) to examine the soluble non-covalent complexes
betweenâ-1,2,3,4,6-penta-O-galloyl-D-glucopyranose (PGG,Mr

940), a prototypical hydrolyzable tannin, and bovine serum
albumin (BSA,Mr 66,000), a globular protein widely used in
the study of protein-tannin interactions (3,4, 8, 11).

MATERIALS AND METHODS

Materials. All reagents were of analytical grade or better. Type V
fatty acid free BSA was obtained from Sigma-Aldrich (St. Louis, MO)
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and used without further purification. SDS-PAGE with Coomassie
brilliant blue staining was used to establish that the sample was at least
99% serum albumin. MALDI-TOF confirmed that there were fewer
than six contaminating proteins comprising<1% of the total sample.

Preparation of PGG. A sample of 0.5 g of tannic acid (Coleman
& Bell Co., Norwood, OH) was methanolyzed in 10 mL of 70%
methanol in acetate buffer (0.1 M, pH 5.0) at 65°C for 15 h. The pH
of the reaction mixture was immediately adjusted to 6.0, and methanol
was removed by evaporation under reduced pressure at<30 °C. Water
was added to maintain the volume as the methanol was removed. The
resulting aqueous solution was extracted with 3 volumes of diethyl
ether and 3 volumes of ethyl acetate. The ethyl acetate extracts were
combined and evaporated under reduced pressure. Water was added to
maintain the volume as the ethyl acetate was removed. The resulting
white suspension was centrifuged, and the precipitate was redissolved
by gentle heating in 10 mL of a 2% methanol solution. PGG precipitated
as the solution was slowly cooled to room temperature and was again
collected by centrifugation and washed twice with 10 mL of an ice-
cold 2% methanol solution and once with 10 mL of ice-cold double-
distilled water. The final material was lyophilized to yield a white
powder with an overall mass yield of 34%. This protocol has been
scaled up to accommodate larger scale purifications starting with 25 g
of tannic acid.

Characterization of PGG. PGG was characterized by1H NMR
spectroscopy (Bruker 200 MHz Avance spectrometer) in acetone-d6.
ESI-MS of PGG was carried out on a Bruker Esquire 3000 ion-trap
mass spectrometer with an electrospray interface (Bruker, Billerica,
MA). The ESI-MS was run in negative ion mode under the following
conditions: direct infusion of PGG (1.4 mg/mL in 5% acetonitrile) at
400µL/min, nebulizer at 50 psi, N2 dry gas at 9 L/min, dry temperature
at 365°C, high voltage (HV) of capillary at 3800 V, HV of end plate
offset at-500 V, skimmer 1 at-59.2 V, capillary exit at-86.8 V,
and spectral averages at 8. The purity of PGG was determined by high-
performance liquid chromatography (HPLC). A Hewlett-Packard 1050
HPLC system with two pumps, an autosampler, and a UV detector
was equipped with a C-18 column (Adsorbosphere XL C18 90 Å, 3
µm, 100× 4.6 mm, Alltech, Deerfield, IL). Mobile phase A was water
containing 0.1% acetic acid (v/v), and mobile phase B was acetonitrile
containing 0.1% acetic acid (v/v). The flow rate was 1 mL/min. The
UV detector was set at 220 nm. PGG (0.045µg/µL in 5% B, 10µL)
was injected. The gradient started at 5% B, increased to 100% B in 3
min, and then returned to 5% B in 3 min, and the column was re-
equilibrated for 7 min.

MALDI-TOF MS of PGG and PGG -BSA Soluble Non-covalent
Complexes.For studies of PGG, the PGG stock solution was prepared
by dissolving 1.5 mg of PGG in 100µL of acetonitrile. An aliquot (5
µL) of the PGG stock solution was mixed 1:1 withR-cyano-4-
hydroxycinnamic acid [10 mg/mL, in 50% (v/v) acetonitrile containing

Figure 1. Methanolysis of tannic acid yields pentagalloyl glucose (PGG) and methyl gallate. Tannic acid (0.5 g) was methanolyzed in 10 mL of 70%
methanol in 0.1 M acetate buffer (pH 5.0) at 65 °C for 15 h.

Figure 2. Mass spectra of PGG: (a) ESI mass spectrum of PGG taken
at negative mode; (b) MALDI-TOF mass spectrum of PGG taken at
negative mode.

MALDI-TOF MS of BSA−PGG Complexes J. Agric. Food Chem., Vol. 52, No. 12, 2004 4009



0.05% (v/v) trifluoroacetic acid in water]. An aliquot (1µL) of the
final mixture was spotted onto a stainless steel target. MALDI-TOF
MS was performed on a Bruker Reflex III TOF mass spectrometer
(Bruker, Billerica, MA) equipped with a nitrogen laser (λ 337 nm, Laser
Science, Franklin, MA) and a reflector. Laser-desorbed negative ions
were analyzed after acceleration by 26 kV in the reflector mode.

For studies of BSA-PGG soluble non-covalent complexes, BSA
and PGG were prepared in 10 mM acetate buffer, pH 4.9, containing
8.5 mM NaCl. BSA (53 nmol, 500µL) was incubated with PGG (53
nmol in buffer or in 10% acetone/acetate buffer solution, 500µL) or
the acetate buffer (500µL) at room temperature for 1 h. The mixtures
were centrifuged at 11000g for 10 min to remove the trace amount of
precipitate that was in the BSA-PGG mixture, but not in the BSA-
PGG (5% acetone/buffer solution) or BSA-buffer control. An aliquot
(5 µL) of the supernatant of each sample was mixed 1:1 with 3,5-
dimethoxy-4-hydroxycinnamic acid [10 mg/mL, in 50% (v/v) aceto-
nitrile in 0.05% (v/v) trifluoroacetic acid]. An aliquot (1µL) of the
final mixture was spotted on the target. A portion (1 mL) of the BSA-
PGG mixture was dialyzed against two portions (1 L) of the acetate
buffer for 4 h at room temperature and was prepared for MALDI-TOF
MS analysis as described above. Laser-desorbed positive ions were
analyzed after acceleration by 26 kV in the linear mode.

RESULTS AND DISCUSSION

PGG was purified after methanolysis of tannic acid (Figure
1) and was identified by1H NMR (acetone-d6): δ 4.4 (dd, 2H,
glucose, C6-H), 4.6 (d, 1H, glucose C5-H), 5.6 (q, 2H, glucose
C2-H and C4-H), 6.1 (t, 1H, glucose C3-H), 6.4 (d, 1H,
glucose C1-H), 7.0-7.38 (5s, 10H, galloyl group). A repuri-
fication step was added to the conventional workup (25),
producing PGG with high purity (>98%, determined by HPLC).

This modification also improved the stability of PGG in storage.
There was no detectable degradation of PGG during storage at
-20 °C for 3 years.

PGG was further analyzed by mass spectrometry. In the
negative mode, ESI-MS and MALDI-TOF MS produced similar
mass spectra (Figure 2). The ion atm/z939 was attributed to
the [M - H]- ion of PGG. It is reasonable to postulate that the
other ions represent fragments of the [M- H]- ion such as
tetragalloyl glucose (m/z787) and the corresponding dehydro-
glucitol (m/z770). The ion atm/z961 was the PGG-Na+ adduct
ion ([M + Na+ - 2H]-).

When MALDI-TOF MS is used to characterize tannins, K+,
Na+, or Cs+ is usually added to the matrix to form tannin-
metal adducts, and the resulting adducts are detected in positive
mode ([M + metal ion]+) (26-29). Specific tannins are
identified by comparing the measuredm/zvalues for the tannin-
metal ion adducts to the calculatedm/zvalues. This approach
provides a powerful tool for identifying tannins in mixtures such
as plant extracts, but does not provide fragmentation information
because the presence of metal ion adds ambiguity to structural
assignment to the fragment ions of tannins. Our method provided
direct information about the molecular ions and the fragment
ions that could provide structural information of the parent
molecules.

We also used MALDI-TOF MS to characterize soluble non-
covalent BSA-PGG complexes (Figure 3). When BSA was
incubated with PGG (molar ratio) 1), BSA-PGG was seen
as a distinct shoulder on the main BSA peak. A series of
shoulders were assigned to BSA-PGG2 up to BSA-PGG4.
Dialysis of the BSA-PGG complexes removed PGG from BSA,
establishing the non-covalent nature of the association between
BSA and PGG.

A two-stage mechanism for precipitating protein by PGG has
been proposed (17): (1) PGG binds to BSA, forming soluble
non-covalent complexes; (2) soluble non-covalent BSA-PGG
complexes aggregate, forming precipitates (Figure 4). Our
results support this mechanism by providing direct evidence for
the formation of soluble non-covalent BSA-PGG complexes
in aqueous solution. We found that 5% acetone did not prevent
formation of soluble BSA-PGG complexes, but did prevent
formation of precipitable BSA-PGG complexes. It has previ-
ously been noted that low levels of acetone inhibit formation
of precipitable non-covalent BSA-PGG complexes (10), leading
us to suggest that acetone prevents the aggregation step that
leads to insoluble precipitates rather than the fundamental
binding of PGG to BSA.

We have successfully used MALDI-TOF MS to characterize
the soluble non-covalent complexes between a well-defined
polymeric polyphenol (PGG) and a typical globular protein
(BSA). Our method might be adapted to systems containing
other polyphenols and other proteins. Riedl and Hagerman have

Figure 3. MALDI-TOF mass spectra of BSA−PGG soluble non-covalent
complexes. Spectra of positive ions were taken in the linear mode. Peaks
at m/z 66562, 67502, 68442, 69382, and 70322 were assigned to [BSA]+,
[BSA−PGG]+, [BSA−PGG2]+, [BSA−PGG3]+, and [BSA−PGG4]+, respec-
tively.

Figure 4. Two-stage mechanism for protein precipitation by PGG.
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demonstrated that covalent linkages form when BSA-pro-
cyanidin complexes are exposed to oxidants (8). We are now
using MALDI-TOF MS to characterize the oxidation products
of protein-polyphenol complexes, hoping to shed light on the
fate of protein-polyphenol complexes that have served as
biological antioxidants.

ABBREVIATIONS USED

PGG, â-1,2,3,4,6-penta-O-galloyl-D-glucopyranose; BSA,
bovine serum albumin; MALDI-TOF MS, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry; SEC,
size exclusion chromatography; NMR, nuclear magnetic reso-
nance; ESI-MS, electrospray ionization mass spectrometry.
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