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MALDI-TOF MS suggested that the high molecular weight proanthocyanidin (condensed tannin)

from persimmon (Diospyros kaki L.) pulp comprised a heteropolyflavanol series with flavan-3-O-

galloylated extenders, flavan-3-ol and flavonol terminal units, and A-type interflavan linkages.

Thiolysis-HPLC-ESI-MS with DAD, electrochemical, and ESI-MS detection confirmed a previously

unreported terminal unit, the flavonol myricetin, in addition to the typical flavan-3-ols catechin and

epigallocatechin gallate. The extender units were epicatechin, epigallocatechin, (epi)gallocatechin-3-

O-gallate, and (epi)catechin-3-O-gallate. The crude tannin had a high prodelphinidin content (65%)

and a high degree of 3-O-galloylation (72%). The material was fractionated on Toyopearl TSK-HW-

50-F to yield fractions distinguished by degree of polymerization (DP). Thiolysis suggested that the

persimmon tannin was composed of polymers ranging from 7 to 20 kDa (DP 19-47), but sizes

estimated by GPC were 50-70% smaller. The crude material was chemically degraded with acid to

yield products that were amenable to NMR and ESI-MS analysis, which were used to establish for

the first time that persimmon tannin has a mixture of B-type and A-type linkages.
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INTRODUCTION

The Asian persimmon (Diospyros kaki L.) is a widely con-
sumed fruit that is characterized by its high proanthocyanidin
(condensed tannin) content (1-3). Persimmon proanthocyanidin
has been associated with antioxidant activity, anti-inflammatory
activity, and atherosclerosis prevention (4). Persimmon con-
densed tannin is a more potent antioxidant than apple or grape
seed proanthocyanidin (5, 6). The biological activities of persim-
mon tannin are probably a consequence of its chemical structure
such as the monomeric flavan-3-ol units, the types of interflavan
bonds, and the degree of polymerization (DP).

Only a partial structural characterization has been achieved for
persimmon proanthocyanidin, in part because of its high molec-
ular weight. Matsuo and Ito (7) reported that kaki persimmon
tannin consists of catechin, catechin-3-O-gallate, gallocatechin,
and gallocatechin-3-O-gallate residues in a molar ratio of 1:1:2:2,
with unknown terminal residues. They reported that the 13.8 kDa
polymer belonged to the proanthocyanidin B group with car-
bon-carbon interflavan linkages between C-4 of one unit and
C-8 (or C-6) of the next. Nakatsubo et al. (8) examined the
proanthocyanidins from fruits of 16Diospyros species and found
little variation in subunit composition, with most of the tannins

composed of catechin and gallocatechin. In our previous
study (6), we found that the condensed tannin from Shanxi
heart-shaped yellow persimmon (D. kaki) consists of (epi)gallo-
catechin, epigallocatechin-3-O-gallate, epicatechin-3-O-gallate,
an unknown extender unit, and unknown terminal units. Using
gel permeation chromatography (GPC) with polyvinyl alcohol
standards, we established that the molecular weight distribution
was in the range of 11.6-15.4 kDa (6).

The structural elucidation of highly polymerized proantho-
cyanidins such as the persimmon condensed tannin is very
challenging due to the heterogeneous character, high mole-
cular weight, and highly sorptive properties of these com-
pounds. As a consequence, little is known about the structure-
activity relationships for high molecular weight proanthocya-
nidins. We proposed to achieve a more complete structural
characterization of the high molecular weight proanthocyani-
dins from Shanxi heart-shaped yellow persimmon fruits using a
combination of MALDI-TOF MS (9), thiolysis-HPLC (10),
GPC (11 ), and 13C NMR (12 ) analysis. We were able to
elucidate the monomer units, the molecular weight, and the
linkage types of the persimmon tannin. Good structural
information will serve as the basis for a better understanding
of the chemical structure-activity relationships of persimmon
tannin, which should allow us to exploit its potential as a
beneficial phytonutrient.

*Corresponding author (phone 86-27-87282966; fax 86-27-87282966;
e-mail lichmyl@mail.hzau.edu.cn).
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MATERIALS AND METHODS

Chemicals.Analytical orHPLC grade solvents and reagents were used.
Trifluoroacetic acid (TFA), phenylmethane thiol (benzyl mercaptan),
catechin, epicatechin, cyanidin chloride, delphinidin chloride, cesium tri-
fluoroacetate, 2,5-dihydroxybenzoic acid, eriodictyol, quercetin, myricetin,
luteolin, apigenin, kaempferol, and Toyopearl HW50F were from Sigma-
Aldrich (St. Louis, MO). Epigallocatechin gallate, epicatechin gallate, and
epigallocatechin were provided by Lipton Tea Co. (Newark, NJ). Catechin
benzylthioether, epicatechin benzylthioether, epigallocatechin benzylthio-
ether, and gallocatechin benzylthioether were isolated by Moore and
Hagerman (personal communication). AB-8 macroporous resin was pur-
chased from Naikai Chemical Plant, Tianjin, China. Dowex 50 � 8-400
cation-exchange resin was from Supelco, Bellefonte, PA.

Characterization of Persimmon Proanthocyanidin. Mature and
fully colored fruits of the astringent Shanxi heart-shaped yellow persim-
mon (D. kaki) were harvested in late October from an orchard in Shan’xi
(China). After harvest, fruits were held at 100 �C for about 5 min to
inactivate polyphenol oxidase andwere then stored deep frozen at-20 �C.
As we previously reported (6), the yield of proanthocyanidin from
persimmon is optimized by extraction with acidic methanol, similar to
the group II proanthocyanidins from Sorghum grain (13). We therefore
extracted the pulverized fruit with methanol/HCl (1%, v/v) at 90 �C and
purified it on AB-8 macroporous resin followed by polysulfone ultra-
filtration using a membrane with a molecular weight cutoff of 10 kDa.

MALDI-TOF mass spectra were collected on a Bruker Reflex II
MALDI-TOF mass spectrometer (Billerica, MA) equipped with delayed
extraction and a N2 laser (337 nm). Mass spectra were calibrated with
bradykinin (M þ H 1060.6, monoisotopic) as an external standard. All
samples were analyzed in the positive ion reflectron mode to detect either
[M þ Na]þ or [M þ Cs]þ using an acceleration voltage of 25.0 kV and a
reflectron voltage of 26.25 kV. All of the sample/matrix mixtures were
applied (1 μL) onto a stainless steel target and dried at room temperature.

To prepare the samples, 25 μL of a 30 mg/mL solution of the tannin in
methanolwas dried under nitrogen. The samplewas reconstituted in 25 μL
of 100% ethanol immediately before analysis and was thenmixed with the
matrix solution (50 mg/mL 2,5-dihydroxybenzoic acid (DHB) in 100%
ethanol). For detection of [M þNa]þ, samples (2 μL) were vortexed with
DHB (20 μL), and 300 shots were acquired using a laser attenuation of 68.
For detection of [M þ Cs]þ, samples (2 μL) were vortexed with DHB
(16 μL) followed by the addition of Dowex 50W� 8-400 cation-exchange
resin (3 μL) in 100%EtOH. The deionized sample/matrix solution (12 μL)
was vortexed with cesium trifluoroacetate (0.8 μL of 10 mM), and 500
shots were acquired using a laser attenuation of 69.

Calculatedmonoisotopicmasses are based on the equation [MþNa]þ=
290.08 � CAT þ 306.07 � GCAT þ 152.01 � GALLOYL þ 318.04 �
MYR - 2.02 � B - 4.04 � A þ 22.99. CAT, GCAT, GALLOYL, and
MYRare the numbers of (epi)catechin, (epi)gallocatechin, galloyl esters, and
myricetin subunits, respectively. For the average composition, the average
molecular weights are substituted for the monoisotopic weights. For the Csþ

adducts, Cs (132.91 amu) is substituted for Na (22.29 amu).
Thiolysis was carried out on both the crude persimmon proanthocya-

nidin and the Toyopearl fractions (PT14, PT23, and PT60, see below).
About 5 mg of sample was dissolved in 1 mL of methanol, mixed with an
equal volume of thiolysis reagent (5% (v/v) benzyl mercaptan inmethanol
containing 0.2MHCl), and heated at 60 �C for 2 h (6). The products were
analyzed with an Agilent series 1100 HPLC (Santa Clara, CA) equipped
with a diode array detector in line with a 12 channel CoulArray detector
(ESA, Chelmsford, MA). The column used was a 150 mm � 4.6 mm i.d.,
5 μm XDB-C8, with a 4 mm � 4 mm i.d. guard column of the same
material (Agilent, USA). The flow rate was 0.5 mL/min, and the gradient
of 0.13% TFA in H2O (A) and 0.1% TFA in acetonitrile (B) was as
follows: 0-3 min, 15% B; 3-8 min, 15-20% B; 8-10 min, 20-25% B;
10-30 min, 25-35% B; 30-34 min, 35-70% B; 34-44 min, 70% B;
44-47 min, 20% B; 47-52 min, 20-15% B; 52-57 min, re-equilibration
with 15% B. Thiolysis products were filtered through a 0.22 μm cellulose
acetate spin filter before injection of 10 μL, and the eluant was monitored
by DAD from 200 to 800 nm. The electrochemical detector, which
provided added sensitivity, was set to monitor over the voltage range
from 180 to 840 mV with 60 mV increments between channels. Data
collected at 220 nm were integrated (Agilent Chem Station software ver.
A.09.03) and were then converted to moles relative to the terminals using

standard curves. Composition was calculated as moles relative to moles
of the terminal units. For example, the unfractionated tannin yielded
2.2 mol of terminal catechin, 1.97mol of terminal epigallocatechin gallate,
3.45 mol of terminal myricetin, and 30.1 mol of extender epigallocatechin
benzylthiol ether, so the mole ratio was 0.29:0.26:0.45:3.96 for terminal
catechin/terminal epigallocatechn gallate/terminal myricetin/extender
epigallocatechin.

The average degree of polymerization (mDP) was calculated from the
molar ratio of all the extender units plus terminal units to terminal units.
Molecular weights were calculated on the basis of the molecular weight of
each subunit.

HPLC-ESI-MS analysis was performed on an Agilent 1100 LC inter-
faced to a Esquire LC ion trapMS (BrukerDaltonics, Billerica,MA). The
chromatographic conditions were the same as described above except that
solvent A was 0.5% acetic acid in water and solvent B was acetonitrile. A
source temperature of 500 �C, negative ion mode, was used with a sprayer
needle voltage of 3.5 kV. The capillary temperature was 350 �C. The full
scan mass spectra of the eluate from m/z 100 to 700 were measured using
500 ms for the collection time; three microscans were summed.

Direct injection ESI-MS analysis employed the electrospray ioniza-
tion source (ESI) operated in negative mode. A nominal target mass
was set to 1000 before fine-tuning. The capillary, skimmer 1, and trap
drive voltages were 3500, -51.8, and 72.9 V, respectively. The ion
charge control was on with a target of 30000. The 300 �C nitrogen dry
gas flow rate was 4 L/min, and the nebulization gas pressure was 11 psi.
A syringe pump was used to infuse the sample at 10 μL/min. Each data
point in the spectrum consisted of an average of eight scans over a mass
range of m/z 50-2000.

Anthocyanidin monomer analysis was carried out on the products
of the acid butanol reaction (14) followed by analysis with HPLC
on a Hewlett-Packard 1050 (Hewlett-Packard, Waldbronn, Germany)
equipped with a diode array detector and controlled with Agilent
ChemStation software (A.09.03). The column used was a 30 mm�2.1 mm
i.d., 5 μm, ODS2 C18 with a 4 mm� 4 mm i.d. guard column of the same
material (Grace Davison, Deerfield, IL). Separation was achieved with
a gradient of 0.13% TFA in H2O (A) and 0.1% TFA in acetonitrile (B)
at 0.5 mL/min in a 45 min program as follows: 0-10 min, 5% B; 10-
15 min, increase to 20% B; 20-25 min, increase to 55% B; 25-35 min,
55%B; 35-40min, decrease to 5%B; 40-45min, re-equilibrate at 5%B.
The samples were filtered through a 0.22 μm cellulose acetate spin filter
before injection of 10 μL, and the eluate was monitored at 540 nm. The
peaks were identified by comparison of the retention time and spectrawith
those of the commercial cyanidin and delphinidin standards, and peak
areas were calculated with the ChemStation software.

Lyophilized persimmon tannin (0.3 g) was dissolved in about 2 mL of
methanol and fractionatedbygravity chromatography (30 cm� 500mmi.d.)
onToyopearl TSKHW-50 (F) using 1000mLof acetone/methanol (1:4, v/v)
to yield fraction PT14, 1000 mL of acetone/methanol (2:3, v/v) to yield
fraction PT23, and 250 mL of 60% aqueous acetone to yield fraction
PT60. The three fractions were evaporated under reduced pressure at
30 �C, lyophilized, and stored at -20 �C for further analysis.

GPC was carried out on the Agilent series 1050 HPLC equipped with a
300 mm � 7.5 mm i.d., 5.0 μm, Varian PL Gel MIXED-D size exclusion
column (Varian, Inc., Amherst, MA). An isocratic mobile phase of 1%
water in tetrahydrofuran was delivered at 1 mL/min. The samples were
dissolved at 1mg/mL in tetrahydrofuran containing 1%water and filtered
through a 0.22 μm nylon spin filter before injection of 10 μL. The eluent
was monitored at 280 nm. Molecular weights were estimated on the basis
of a standard curve generated with narrow polydiversity polystyrene
standards (Mp 0.162-91.8 kDa).

For 13C NMR, samples were dissolved in 50% H2O/50% acetone at
300 mg/mL (crude persimmon tannin) or at 65 mg/mL (fraction 4). A
Bruker AC-500 MHz NMR spectrometer was employed in the 125 MHz
mode using a 5 mm probe at 15 �C with acetone as the reference. For
the degradation product the spectrum was collected only between 70 and
170 ppm to obtain sufficient signal/noise.

To improve NMR spectroscopic resolution, tannin was chemically
degraded by heating a sample (28 mg/mL) in 6.25% HCl in methanol.
After reaction at 70 �C for 2 h, the reactionmixturewas cooled and applied
onto a column of Toyopearl TSK HW-50 (F) resin (50 cm � 3 cm i.d.)
equilibrated with methanol. The column was eluted with methanol at



Article J. Agric. Food Chem., Vol. 58, No. 16, 2010 9035

1.5 mL/min and monitored at 280 nm. Four fractions were identified and
lyophilized for analysis by HPLC, ESI-MS, and 13C NMR.

RESULTS AND DISCUSSION

MALDI-TOF MS is a powerful method for characterizing
synthetic and natural polymers such as condensed tannins (9,15).
It has the power to distinguish between molecular weight differ-
ences due to procyanidin versus prodelphinidin subunits (Δ 16
amu), due to 3-O-galloylation (Δ 152 amu), or due to flavan-3-ol
versus flavanone (Δ 2 amu) or flavone (Δ 4 amu) terminal
units (15). MALDI-TOF MS is particularly useful for revealing
the nature of the interflavan bonds (A-type, Δ 2 amu) and has
been used to confirm those linkages in mangosteen pericarp
tannin (16) and cranberry tannin (17).

MALDI-TOF mass spectra of the crude persimmon tannin
with the natural counterions (Naþ, Kþ) (Figure 1A) showed a
series of polyflavan-3-ols extending from the dimer (m/z 765) to
the octamer (m/z 2425) with sodium adducts. Proanthocyanidins
from dimer (m/z 875) to the octamer (m/z 2550) were also noted
in samples that had been ion exchanged to the Csþ adducts
(Table 1 and Supporting Information) (15). The largest m/z
obtained represented a series of octamers, although previous

characterization had suggested that the persimmon tannin was
much larger (6).We did not observe higher polymers by using the
linear mode instead of the reflectron mode (data not shown). An
inherent problem with MALDI-TOF MS is that lower MW
oligomers saturate the detector and make it difficult to detect the
larger polymers (18). Factors associatedwith the behavior of high
molecular weight polymers themselves, including suppression of
ionization, reduction of desorption, and in-source fragmentation
leading to formation of noncovalent ion clusters, have been
reported to influence the detection of high molecular masses by
MALDI-TOF MS (19).

The main groups of peaks in the spectra were separated by Δ
152 amu (e.g., m/z 919, 1071, 1223, 1375, etc.) (Figure 1A;
Table 1), corresponding to the addition of one galloyl group at
the heterocyclic C-ring as in (epi)catechin gallate or (epi)gallo-
catechin gallate. Another strongly repeated pattern within each
main set of peaks was signals separated by Δ 16 amu difference
(Figure 1B). These masses may be produced by prodelphinidin-
type flavan-3-ol units, where the third hydroxyl group introduces
differences of 15.9949 amu (15). However, the atomic mass
difference between the monoisotope of Naþ (22.9900 amu)
and the monoisotope of Kþ (39.0980 amu) is 15.9739 amu, so

Figure 1. MALDI-TOF positive reflectron mode mass spectra of crude persimmon tannin as the naturally occurring Naþ/Kþ adducts (A): expanded scale
spectrum of A showing the 16 amu repeat (B); expanded scale spectrum of the Csþ adducts showing the 16 amu repeat (C).
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prodelphinidin units cannot be determined with certainty in the
Naþ/Kþ preparations. MADLI-TOF spectra of samples that were
ion exchanged with Csþ demonstrate that theΔ 16 amu signals are
not anartifact of the natural [MþNa]þ and [MþK]þmixture, but
are derived from prodelphinidin-type monomers (Figure 1C).

On the basis of the report by Monagas (19), an equation was
formulated to calculate the oligomeric proanthocyanidin mole-
cular weights based on (epi)catechin and epi(gallocatechin) sub-
units with 3-O-galloylation. We found that the spectra did not
show strong signals at the predicted masses for oligomers based

Table 1. Observed and Calculated Masses of Persimmon Tannin by MALDI-TOF MS

flavon-3-ols linkages [M þ Na]þ calcd mass [M þ Cs]þ calcd mass

DP flavonol myricetin (epi) catechin (epi)gallo catechin galloyl esters B A obsd mass av monoisotopic obsd mass av monoisotopic

2 2 1 1 783.12 763.61 783.11 893.05 893.52 893.02

2 2 1 1 783.61 783.11 893.52 893.02

2 1 1 1 1 797.20 797.59 797.09 907.51 907.01

2 1 1 2 1 919.26 919.72 919.13 1028.83 1029.63 1029.04

2 1 1 2 1 919.72 919.13 1029.63 1029.04

3 1 2 1 1 919.75 919.16 1029.67 1029.08

3 1 2 1 1 919.75 919.16 1029.67 1029.08

2 2 2 1 935.30 935.72 935.12 1045.38 1045.63 1045.03

3 3 1 1 935.75 935.15 1045.67 1045.07

3 2 1 1 1 1 1055.49 1055.86 1055.18 1165.33 1165.78 1165.10

3 2 1 1 1 1 1055.86 1055.18 1165.78 1165.10

3 1 2 1 2 1069.48 1069.85 1069.17 1179.35 1179.76 1179.08

3 1 2 1 2 1069.85 1069.17 1179.76 1179.08

3 1 2 1 1 1 1071.40 1071.86 1071.17 1181.36 1181.78 1181.09

3 1 2 1 1 1 1071.86 1071.17 1181.78 1181.09

3 1 2 1 1 1 1071.86 1071.17 1181.78 1181.09

3 1 1 1 1 2 1085.28 1085.85 1085.16 1195.26 1195.76 1195.07

3 1 1 1 1 2 1085.85 1085.16 1195.76 1195.07

3 3 1 1 1 1087.43 1087.86 1087.16 1197.29 1197.78 1197.08

3 3 1 1 1 1087.86 1087.16 1197.78 1197.08

3 1 2 1 2 1101.41 1101.85 1101.15 1211.76 1211.06

4 2 2 1 2 1205.99 1205.21 1315.50 1315.91 1315.13

4 2 2 1 2 1205.99 1205.21 1315.91 1315.13

4 1 3 3 1205.42 1205.99 1205.22 1315.91 1315.14

3 2 1 2 1 1 1207.97 1207.19 1317.39 1317.89 1317.11

3 2 1 2 1 1 1207.97 1207.19 1317.89 1317.11

3 1 2 1 1221.51 1221.96 1221.18 1331.59 1331.87 1331.09

4 1 3 2 2 1221.99 1221.20 1331.91 1331.12

4 1 3 1 2 1221.99 1221.20 1331.91 1331.12

4 1 2 1 2 3 1221.99 1221.21 1331.91 1331.13

3 1 2 2 1 1 1223.56 1223.97 1223.18 1333.49 1333.89 1333.10

3 1 2 2 1 1 1223.97 1223.18 1333.89 1333.10

3 1 2 2 2 1 1223.97 1223.18 1333.89 1333.10

3 1 1 1 3 1237.47 1237.96 1237.17 1347.54 1347.87 1347.08

4 4 1 2 1237.99 1237.19 1347.91 1347.11

4 1 1 2 3 1237.99 1237.20 1347.91 1347.12

3 3 2 1 1 1239.53 1239.97 1239.17 1349.45 1349.89 1349.09

3 3 2 1 1 1239.97 1239.17 1349.89 1349.09

3 1 2 2 2 1253.54 1253.96 1253.16 1363.87 1363.07

4 1 3 3 1253.99 1253.19 1363.91 1363.11

3 3 3 1 1 1343.53 1344.08 1343.21 1454.00 1453.13

4 3 1 1 2 1 1344.12 1343.25 1454.03 1453.16

4 3 1 1 2 1 1344.12 1343.25 1454.03 1453.16

4 3 1 1 2 1 1344.12 1343.25 1454.03 1453.16

4 3 1 1 2 1 1344.12 1343.25 1454.03 1453.16

3 2 1 3 1 1 1359.79 1360.08 1359.20 1469.54 1470.00 1469.12

3 2 1 3 1 1 1360.08 1359.20 1470.00 1469.12

4 2 2 1 2 1 1360.12 1359.24 1470.03 1469.15

4 2 2 1 2 1 1360.12 1359.24 1470.03 1469.15

4 2 2 1 2 1 1360.12 1359.24 1470.03 1469.15

4 2 2 1 2 1 1360.12 1359.24 1470.03 1469.15

3 1 2 3 1 1 1375.66 1376.08 1375.19 1485.29 1486.00 1485.11

3 1 2 3 1 1 1376.08 1375.19 1486.00 1485.11

4 1 3 1 2 1 1376.12 1375.23 1486.03 1485.14

4 1 3 1 2 1 1376.12 1375.23 1486.03 1485.14

4 1 3 1 2 1 1376.12 1375.23 1486.03 1485.14

4 1 3 1 2 1 1376.12 1375.23 1486.03 1485.14

3 3 3 1 1 1391.63 1392.08 1391.18 1501.62 1502.00 1501.10

4 4 1 2 1 1392.12 1391.22 1502.03 1501.13

4 4 1 2 1 1392.12 1391.22 1502.03 1501.13
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on 3-O-galloylated (epi)catechin and (epi)gallocatechin with
B-type interflavan bonds. For example, the B-linked trimer of
(epi)gallocatechin with two 3-O-galloyl groups should give a
signal in the Naþ/Kþ spectra at m/z 1241.2. Strong signals were
noted instead at m/z 1239.5 and m/z 1237.5 (Figure 2). The
B-linked trimer in which one (epi)gallocatehin is replaced by
(epi)catechin has a predicted signal at m/z 1225.2, but much
stronger signals were found atm/z 1223.6 and 1221.5 (Figure 2). A
similar pattern,with dominant peaksΔ 2 andΔ 4 amu smaller than
the predictions for simple B-linked polyflavan-3-ols, was found
throughout the spectra (Table 1 and Supporting Information).

Quinonemethide formation can yieldΔ 2 amu signals (20), but
fragmentation to quinone methides does not occur with the soft
ionization used in MALDI-TOF MS (19). Proanthocyanidins
with A-type interflavan linkages between adjacent flavan-3-ol
subunits have characteristic signals Δ 2 amu smaller than
B-linked proanthocyanidins, due to loss of two hydrogen atoms
with formation of the ether bond. For example, the m/z 1239.5
peak can be attributed to an (epi)gallocatechin trimer with two
3-O-galloyl groups and one A-type linkage as well as one B-type
linkage. We postulated that the A-type linkage is an important
structural feature of persimmon tannin on the basis of the
strength of the Δ 2 amu signal in each cluster of peaks. A-Linked
3-O-galloylated proanthocyanidins are rare, but have been re-
ported in bioactive extracts of Maytenus leaves (21).

In addition to the Δ 2 amu signals attributed to A-type
linkages, the MALDI TOF spectra revealed some Δ 4 amu
signals. For example, in Figure 2 the m/z 1237.5 signal is Δ 4
amu smaller than that of the standard B-linked, flavan-3-ol
trimer. Terminal units such as flavanone or flavones can contri-
bute signals that are Δ 2 amu or Δ 4 amu smaller, respectively,
than typical oligomers with flavan-3-ol terminals (15). Although
the MALDI-TOF data are suggestive of unusual terminal units
in thepersimmon tannin, chemicalmethods are required to establish
the identify of terminal groups.

We used thiolysis-HPLC to evaluate the terminal units of the
persimmon tannin (10,22). The reaction products were identified
by comparison of retention times, UV-vis spectra, and mass
spectra to those of authentic standards. In the thiolysis reaction,
terminal units from proanthocyanidins are released as free
flavanoids, with catechin as the most common terminal unit.
Because the persimmon tannin is of very high molecular weight,
terminal units are present at low concentration relative to the
extender units, and consequently the terminal units have not
previously been identified (6). In the present study, we optimized
detection of the terminal units by increasing the concentration of
the sample from 1 to 5 mg/mL when performing the thiolysis

degradation and by detecting at 220 nm, which is about 10 times
more sensitive than detection at 280 nm. Even with these adjust-
ments to the standard protocol, the peaks attributed to the
terminal flavan-3-ols (Figure 3A, peaks 1 and 2) are very small.
We used electrochemical detection, which is about 4 times more
sensitive than detection at 220 nm, to confirm the terminal units
(Figure 3B). The retention time and behavior of peaks 1 and 2 are
indistinguishable from those of catechin and epigallocatechin-3-
O-gallate, respectively, establishing these two flavan-3-ols as
terminal units for persimmon tannin.

Because the MALDI-TOF data suggested that persimmon
tannin may contain flavanone or flavone terminal units, we
examined theUV-vis spectra of all the peaks in the thiolysis reac-
tion products and compared them to the HPLC-DAD spectra of
authentic samples of the common flavanones (eriodictyol), fla-
vones (apigenin, luteolin), and flavonols (kaempferol, quercetin,
myricetin) (23). Only one thiolysis reaction product (tR 18.2 min)
had the spectroscopic properties of a flavonoid (Figure 4). That
peak (peak 3) was tentatively identified as the flavonol myricetin
on the basis of its UV-vis spectrum and its retention time
compared to authentic myricetin (Figure 4). The flavanone
eriodictyol and the flavone apigenin have been established as
terminal units in Sorghum proanthocynidin (15, 24), but have
long retention times (24.8 and 31.9min, respectively) compared to
peak 3.We usedHPLC-MS to further authenticatemyricetin as a
constituent of the persimmon tannin thiolysis products byHPLC

Figure 2. Expanded scale of the MALDI-TOF mass spectrum of Naþ/Kþ

adducts of crude persimmon tannin.

Figure 3. RP-HPLC chromatograms of persimmon tannin thiolysis pro-
ducts with (A) detection at 220 nm, (B) electrochemical detection at
180 mV, (C) MS detection at m/z 317. The electrochemical detector was
in-line immediately after the UV detector, with a lag time of about 0.1 min.
A, B: 1, catechin; 2, epigallocatechin-3-O-gallate; 3, myricetin; 4, epigal-
locatechin benzylthioether; 5, (epi)gallocatechin-3-O-gallate benzylthioether;
6, epicatechin benzylthioether; 7, (epi)catechin-3-O-gallate benzylthioether; 8,
benzyl mercaptan; 9, thiolysis byproduct. (C) Inset is mass spectrum of the
main peak.
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with ESI-MS detection. The extracted ion chromatogram
for m/z 317 had a single major peak coincident with myricetin
(Figure 3C) and had the same mass spectrum as authentic
myricetin (Figure 3C, inset). Myricetin has been reported as a
constituent of persimmon leaves (25), but not of the fruit, and
neither myricetin nor other flavonols have previously been
reported as a proanthocyanidin terminal unit.

The MALDI-TOF data were reanalyzed using a new equation
that included myricetin as a possible terminal unit (Table 1). As we
had hypothesized, the Δ 4 amu signals could be attributed to
myricetin terminal units. For example, the 1237.5 signal could
represent either a B-linked trimer ofmyricetin, (epi)catechingallate,
and (epi)gallocatechin gallate or a B-linked tetramer of myricetin,
(epi)catechin, and two (epi)gallocatechin units. It is typical of
MALDI-TOF that different composition oligomers may yield
the same signal, so structure assignments from MALDI-TOF are
always tentative. However, the combined evidence from MALDI-
TOF and thiolysis with HPLC-DAD andHPLC-ESI-MS strongly
support our conclusion that the persimmon proanthocyanidin has
myricetin terminal units.

The thiolysis products included four benzylthioethers, repre-
senting the extender units in the persimmon proanthocyanidin
(Figure 3A). Peak 4, eluting at 22.9 min, had the same retention

time and UV-vis spectra as authentic epigallocatechin ben-
zylthioether. Peak 6, tR 29.7 min, had the same characteristics
as authentic epicatechin benzylthioether. Peak 5, tR 27.7 min, did
not correspond to any of the four standard benzylthioethers. This
compound had a molecular ion [M - H]- at m/z 579 (Table 2)
with a characteristic MS2 fragment ion at m/z 455, representing
loss of the benzyl thiol, and a major fragment ion at m/z 303,
which corresponds to the further loss of galloyl residue. Addi-
tional fragment ions atm/z 409 and 169 corresponded to the loss
ofO-galloyl and gallic acid, respectively (Table 2). We concluded
that peak 5 is the benzylthioether of (epi)gallocatechin-3-O-
gallate. Peak 7, tR 34.5 min, also did not correspond to any of
the authentic standards. It had a molecular ion [M - H]- atm/z
563 (Table 2), with aMS2 fragment ion atm/z 439 corresponding
to loss of the benzyl thiol. Other fragment ions were at m/z 411,
resulting from the loss of galloyl residue from the benzyl thiol,
and at m/z 287, corresponding to an additional loss of a galloyl
residue. Peak 7 was identified as the benzylthioether of (epi)-
catechin-3-O-gallate. We could not distinguish between the two
epimers for either of these gallates with the methods we used. Our
results are consistent with and extend our previous work (6).

Peak 8 (Figure 3A) was unreacted benzyl mercaptan, and peak
9 (Figure 3A) was an unknown compound that was found in the
thiolysis reagent blank. Unlike the phenolics and their adducts,
neither of these compounds reacts strongly in the electrochemical
detector (Figure 3B).

As shown in Table 3, crude persimmon proanthocyanidin is a
heterogeneous polymer consisting of catechin, epigallocatechin gal-
late, and myrecetin terminal units and epigallocatechin, (epi)gallo-
catechin gallate, catechin, and (epi)catechin gallate as extension
units. Myricetin is slightly more common than the flavan-3-ol
terminals. The distribution of monomers between delphinidin
type (gallocatechins) and cyanidin type (catechins) is about 58%
prodelphinidin in the crude tannin (Table 3). We confirmed the
high proportion of prodelphinidin subunits by HPLC analysis of
the products of the acid butanol reaction (14). Cyanidin and
delphinidin were the only products of cleavage in acid butanol,
and the products were 65% delphinidin. Over 70% of the
subunits are galloylated (Table 3), consistent with the strong
Δ 152 amu pattern in the MALDI-TOF spectra (Figure 1A)

The average yield of the thiolysis reaction was 43%, somewhat
lower than typical yields for B-linkedproanthocyaidins (26). Poor
reactivity of highly galloylated (27) and of A-2 linked (28)
proanthocyanidins has been reported even for oligomeric forms.
Because the A-type linkage is not susceptible to thiolysis, unique
thiolysis products representing A-linked dimers are sometimes
detected (26), but we did not obtain any direct evidence for
A-linkages in the thiolysis products from persimmon tannin.
Using our reaction conditionswe readily identifiedA-type dimers
and A-type dimer thiol from cranberry proanthocyanidin, indi-
cating that our methods were acceptable.We believe that because
persimmon tannin is of very highmolecular weight, is very highly
galloylated, and has A-type linkages, it has significant resistance
to thiolysis andA-linked products are not produced in significant
quantity. Our results suggest that better methods for chemical
degradation need to be developed to further characterize high

Figure 4. HPLC-DAD spectrum of peak 3 from Figure 2A. The spectrum
is compared to that of authentic myricetin under identical chromatographic
conditions. The inset shows spectra of small peaks just before and just after
the peak of interest.

Table 2. HPLC-ESI-MS Analysis of the Products of Thiolysis of Persimmon
Proanthocyanidin

peaka compound

[M - H]-

(m/z) MS2 ions (m/z)

1 catechinb 289 245, 205, 179, 125

2 epigallocatechin-3-O-gallateb 457 288, 245, 169

3 myricetinb 317.1 283.3

4 epigallocatechin benzylthioetherb 427 303, 124

5 (epi)gallocatechin-3-O-gallate benzylthioether 579 455, 409, 303, 169, 124

6 epicatechin benzylthioetherb 411 287, 124

7 (epi)catechin-3-O-gallate benzylthioether 563 439, 411, 287, 124

aPeak numbers correspond to the chromatogram in Figure 1. bConfirmed by
comparison to authentic standards.

Table 3. Structural Composition of Persimmon Tannin Determined by Thiolysis-HPLC Analysis

fraction

terminal

catechin

terminal

epigallocatechin gallate

terminal

myricetin

extender

epigallocatechin

extender (epi)

gallocatechin gallate

extender

epicatechin

extender (epi)

catechin gallate mDP

unfractionated persimmon tannin 0.29 0.26 0.45 3.96 11.0 2.78 7.56 26

persimmon fraction PT14 0.32 0.17 0.51 2.04 8.96 1.69 4.81 19

persimmon fraction PT23 0.32 0.42 0.26 3.30 20.3 2.73 9.47 37

persimmon fraction PT60 0.27 0.46 0.27 5.25 25.0 3.84 12.1 47
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molecular weight, highly galloylated, A-type proanthocyanidins
such as the persimmon tannin.

We employed NMR in an attempt to obtain additional
evidence for A-type interflavan linkages (29). The 13C NMR
spectrum of the crude persimmon tannin (Figure 5A) had the
characteristic features of a mixed proanthocyanidin with 3-O-
galloylation on some subunits (12,30). Resonances of the gallate
carbonyl (165 ppm) and galloyl ring carbons C18 and C16/C20
(138 and 110 ppm, respectively) are unique to galloylated flavan-
3-ols (30 ). The characteristic peaks for the A-ring carbons

(∼95, ∼155 ppm) and B-ring carbons (∼108, 115, 119, 133, 145
ppm) were consistent with a mixed procyanidin/prodelphinidin
polymer, but did not provide specific structural detail (12).
Theoretically, the mean degree of polymerization could be
determined by integrating the C-3 signals of the terminal flavanol
unit around 67-68 ppm or the terminal flavonol carbonyl at
around 41-42 ppmand the extender unit around 72-73 ppm(29).
However, signals corresponding to the terminal units were not
observed for any samples we ran, and the resonance of the ex-
tender units was observed as a wide peak between 70 and 80 ppm.

Figure 5. 13C NMR spectra of crude persimmon tannin (A) and the fraction 4 product of partial acid degradation 4 (B, C). Samples were dissolved in 50%
H2O/50% acetone.
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This is consistent with the highly polymerized nature of the
persimmon proanthocyanidin. Because of the poor resolution of
the 13C NMR spectrum of the crude persimmon tannin, we
attempted fractionation of the crude tannin.

As reported previously (6), reversed phase HPLC does not
resolve the persimmon polymeric polyphenol extract into discrete
fractions, but yields a single broad peak. Similar results obtained
with polyphenolics from other fruits are attributed to the hetero-
geneous nature of the crude polyphenols, which comprise a
variety of isomers and oligomers with different degrees of
polymerization (31, 32). Sephadex LH20 eluted with aqueous
alcohol or aqueous acetone has been widely used to fractionate
proanthocyanidins from plant extracts (33). However, we found
that the persimmon samples adsorbed to the Sephadex LH20
resin irreversibly. Aparicio-Fernandez et al. (34) adopted silica gel
to fractionate polymerized polyphenols from the seed coat of
Black Jamapa bean. We found that neither silica gel nor poly-
amide (35) could be used to fractionate persimmon tannin,
presumably because its high molecular weight and numerous
phenolic moieties lead to irreversible sorption on these stationary
phases. ChromatographyonToyopearlHW-40-Fwith alcohol or
aqueous acetonemobile phases has been used to fractionate apple
proanthocyanidins (36). Because we speculated that the persim-
mon tannin was more highly polymerized than apple procyani-
dins, we used Toyopearl with a larger pore size (HW-50-F).
Although the persimmon tannin adsorbed strongly when metha-
nol was used as the mobile phase, we obtained three fractions
(PT14, PT23, and PT60) from the crude persimmon tannin by
eluting with acetone/methanol and acetone/water mixtures, in-
creasing acetone in a stepwise fashion. Like the crude persimmon
tannin, each of the three fractions produced a broad peak onRP-
HPLC but the peaks of PT23 and PT60 were narrower than that
of the crude tannin or PT14.

We analyzed the fractions by thiolysis, estimated the mean
degree of polymerization (DPn) from the relative moles of
products (Table 3), and calculated average molecular weights
based on the molecular size of each monomer (Table 4). The
Toyopearl fractions had compositions similar to that of the crude
persimmon tannin, with the same terminal units and the same
extenders (Table 3). Thiolysis indicated that PT60 > PT 23 >
PT>PT 14 and provided a molecular weight for the crude
persimmon tannin (10.7 kDa) similar to that previously estab-
lished by GPC in polar solvents with polyvinyl alcohol stan-
dards (6). We attempted to use a more hydrophobic column with
nonpolar solvents and polystyrene standards to assess the poly-
dispersity and relative sizes of the Toyopearl fractions (Table 4).
The polydispersity of the crude PT is highest, consistent with
fractionation to high molecular weight enriched (PT 60) and low
molecular weight enriched (PT 14) populations. GPC gave
relative molecular weights consistent with the relative sizes of
the persimmon tannin preparations as determined by thiolysis,
but the calculated Mn and Mw from GPC were 50-70% lower

than the values from thiolysis (Table 4). We obtained similar very
low molecular weight estimates using defined procyanidin oligo-
mers (37) as molecular weight standards instead of polystyrene
and with acetylated persimmon proanthocyanidins (11). Poly-
styrene is a rigid polymer with no ability to hydrogen bond, but
proanthocyanidins are flexible polymers with many hydrogen
bond donor and acceptor sites. In nonpolar solvents such as
tetrahydrofuran, proanthocyanidins may form secondary struc-
tures that decrease their hydrodynamic volume and may also
interact with the GPC column via hydrogen bonding, both
leading to apparent molecular weights far lower than the actual
values (11, 38). We concluded that GPC in polar solvents yields
the best estimates of molecular weight for very high molecular
weight proanthocyanidins.

Although PT14 was of lower molecular weight than crude
persimmon tannin, it did not give the high-resolution NMR data
required to confirm A-linkages in the proanthocyanidin. We
therefore partially cleaved the crude tannin with 6.25% HCl in
methanol, obtained four fractions by Toyopearl chromato-
graphy, and characterized those fractions by RP-HPLC-DAD
and direct infustion ESI-MS. Fraction 1 was cyanidin and
delphinidin (data not shown). HPLC showed that fraction 2
had two main components, one with nondescript spectroscopic
features and the other spectroscopically identical to myricetin.
Direct infusion ESI-MS revealed a molecular ion typical of
myricentin (m/z 316.9) as well as several other species (m/z
163.8, 300.9). Thus, the acid degradation provided supporting
evidence for the myricetin terminal units.

Fractions 3 and 4 were postulated to be acid-resistant frag-
ments of the persimmon proanthocyanidin based on A-type
linkages, which are generally more acid stable than B-type
interflavan bonds (39). RP-HPLC suggested that although frac-
tion 3 had twomain constituents (tR 13.7 and 15.4min), fraction 4
had only one main component (tR 7.2 min) and two minor
components (tR 16.2 and 24.3 min), making it a better candidate
for NMR. None of the components in fraction 3 or 4 had
characteristic flavonoid UV-vis spectra, indicating that these
fragments did not have myricetin terminal units. The molecular
ions in fraction 3 were m/z 879 and 439, and those in fraction 4
were m/z 911 and 455. We deduced that fraction 4 is predomi-
nantly the A-linked dimer [(epi)gallocatechin-3-O-gallate]2, but
also contains some A-linked (epi)catechin2 (Figure 6).

The 13C NMR spectrum of fraction 4 (Figure 4B) is better
resolved than the spectrum of the intact proanthocyanidin
(Figure 4A) and provides more detailed information on the
proanthocyanidin structure. The resonances of the carbonyl
carbon and six ring carbons of the 3-O-gallate are clearly resolved
(Figure 4B) (30). The cluster of peaks at 146 ppm includes C17
and C19 of the gallate and the B-ring C11 and C13 of the
(epi)gallocatechin subunits (Figure 4B) (12). Like the HPLC
and ESI-MS data, the NMR indicates that the (epi)gallocate-
chin-3-O-gallate dimer is contaminated by some (epi)catechin
dimers, with B-ring C11, C12 included in the cluster at 146 ppm
and the B-ring C10, C13 at 115 ppm (Figure 4B) (12).

Evidence for anA-type double linkage in the dimer is provided
by the signal at 152.7 ppm (Figure 4C), which is assigned to the
ether-linked carbon 7 (or 5) in the A-ring of the lower subu-
nit (16, 29). The ether-linked carbon 2 in the upper unit has a
chemical shift at 104.7 ppm (Figure 3C) (16, 29). To our know-
ledge, this is the first report confirming the existence of theA-type
interflavan linkage in persimmon tannin.

The combination of MALDI-TOFMS; analysis of thiolysis
reaction products by HPLC coupled to DAD, electrochemical
detection, and ESI-MS; GPC; and NMR to characterize the high
molecular weight of tannins from persimmon pulp yielded

Table 4. Molecular Weight Estimates for Proanthocyanidins Based on
Chemical Degradation (Thiolysis) or Gel Permeation Chromatography (GPC)

GPC with

polystyrene standardsa

proanthocyanidin thiolysis MW Mn Mw polydispersity

persimmon fraction PT14 7679 3071 3812 1.2

persimmon unfractionated 10749 3819 5574 1.5

persimmon fraction PT23 15635 5087 6423 1.3

persimmon fraction PT60 19905 6089 8158 1.2

a The regression equation obtained with polystyrene standards was mol weight =
7 � 109 e-1.91x, where x is retention time in min; R2 = 0.9838.
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structural details for the first time. A novel terminal unit
comprising the flavonol myricetin was identified along with the
more common flavan-3-ols catechin and epigallocatechin-3-O-
gallate. The extension units were confirmed to be epicatechin,
epigallocatechin, (epi)gallocatechin-3-O-gallate, and (epi)catechin-
3-O-gallate. The prodelphinidin content of the persimmon tannin
(58-65%) was far higher than that of grape skins (20-30%), a
prodelphinidin-rich source of tannins (40). The persimmon tannin
was highly 3-O-galloylated (72%) in comparison to about 13%
galloylation in grape seed tannin (41). We report for the first time
that the persimmon tannin has A-type interflavan linkages in
addition to the more common B-type interflavan bonds. The
characterization of the structure of persimmon tannin should
contribute to a better understanding of the chemical structure-
-activity relationships of this food-derived polyphenolic. In our
previous study (6), we found that persimmon proanthocyanidin
had more antioxidant activity than grape seed proanthocyanidin,
suggesting that persimmon may be a source of therapeutically
useful polyphenolics. We propose that the unique structural
features of persimmon proanthocyanidin could be exploited to
produce high-potency bioactive compounds by the food and drug
industry.
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Ricardo-da-Silva, J. M. Monomeric, oligomeric, and polymeric
flavan-3-ol composition of wines and grapes from Vitis vinifera L.
cv. Graciano, Tempranillo, and Cabernet Sauvignon. J. Agric. Food
Chem. 2003, 51, 6475–6481.

Received for review July 1, 2010. Accepted July 16, 2010. Financial

support was provided by the National Natural Science Foundation of

China (No. 30972398), the Key Project of Chinese Ministry of

Education (No. 109115) to Huazhong Agricultural University, and

Agricultural Research Services Specific Cooperative Agreement 58-

1932-6-634 with Miami University.


