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Abstract

MALDI-TOF mass spectrometry and '3C NMR spectroscopy were applied to unveil typical characteristics of condensed tannins
of leaves and needles from willow (Salix alba), spruce (Picea abies) and beech (Fagus sylvatica) of three tree species that are ubi-
quitous in German forests and landscapes. For further evaluation, lime (Tilia cordata) was included. The '3C NMR spectroscopy
confirmed the purity of the condensed tannin fractions and the efficiency of the procedure used for their extraction. While signals
representative for procyanidin units are observable in all liquid-state '3C NMR spectra, resonance lines of prodelphinidin were only
detected in those obtained from the condensed tannins of spruce needles and beech leaves. Typical signals in the chemical shift
region between 70 and 90 ppm demonstrated the presence of stereoisomers (catechin/epicatechin; gallocatechin/ epigallocatechin).
The MALDI-TOF mass spectra of the condensed tannins show signals of polymers of up to undecamers. Supporting the observa-
tions from the NMR spectroscopy, the mass spectra of the willow and lime leaf condensed tannins were identified as polymers with
mainly procyanidin units, while the polymers of the spruce needle and beech leaves exhibit varying procyanidin/prodelphinidin
ratios. Post source decay (PSD) fragmentation lead to a sequential loss of monomers and allowed a detailed characterization and
sequencing of individual chains. In the case of the condensed tannins of lime this technique clearly excludes a pelargonidin terminal
unit followed by a prodelphinidin unit, which would result in the same molecular masses as a polymer solely built up of procyanidin

units.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Condensed tannins are ubiquitous phenolic com-
pounds, representing the second most abundant natural
phenolics after lignin (Hemingway and Karchesy, 1989)
and the fourth most widespread components in vascular
plant tissues (Hernes and Hedges, 2000). They are sec-
ondary plant metabolites occurring in the bark and
foliage of most plant species, but they are also found in
stems, phloem, seeds, fruits, fruit pods and wood
(Zucker, 1983; Hemingway and Karchesy, 1989). They
are characterized by their astringent taste and by their
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ability to bind N-containing organic structures such as
amino acids and proteins (Zucker, 1983) as well as car-
bohydrates and alkaloids. These same properties are
thought to be responsible for their inhibitory effect on
the growth of many microorganisms (Field and Let-
tinga, 1992). Due to the reduced digestibility of tannin-
rich food for herbivores (Zucker, 1983) those biopoly-
mers are often discussed as an efficient protection of
plants against natural enemies (Bernays et al., 1989).
Aside from this, condensed tannins are considered to
play an important ecological role in the carbon and
nitrogen cycling in soils (Hemingway and Karchesy,
1989; van Breemen, 1993; Waterman and Mole, 1994;
Chung et al., 1998, Kuiters, 1990). After litterfall, dur-
ing decomposition of foliage and needles, condensed
tannins are released into the soil where they were found
to inhibit the degradation of organic matter and to
influence the nitrogen availability (Baldwin et al., 1983;
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Kuiters, 1990; Northup et al., 1995, 1998). This is com-
monly assigned to their high protein binding affinity
which allows the complexation of soil enzymes and
proteins and, hence, prevents the mobilization and
leaching of nitrogen (Northup et al., 1995, 1998) until
these complexes are subjected to degradation by ecto-
mycorrhizal fungi (Bending and Read, 1996; Northup et
al., 1998). However, little is known about the mechan-
isms involved in the formation of tannin-protein com-
plexes and the structural and chemical modifications
implied in entailing a lower protein-binding affinity.
Hydrophobic interactions were suggested to play an
important role during tannin complexation. But also
characteristics of the condensed tannins such as polymer
chain length, number of hydroxyl groups, and con-
formational structures are expected to affect their pro-
tein binding (Zucker, 1983).

One problem is that the sophisticated structural elu-
cidation of these compounds is difficult because of their
heterogeneous character. Condensed tannins are formed
of flavan-3-ol monomer units which are linked together
inter-molecularly by C4-C8 or C4-C6 bonds to oligo-
mers and high molecular weight polymers (Fig. 1;
Hemingway and Karchesy, 1989; Waterman and Mole,
1994; Porter, 1988, 1993). The diversity of condensed
tannins is given by the structural variability of the
monomer units—different hydroxylation patterns of the
aromatic rings A and B, different stereochemistry at the
chiral centers C2 and C3—and the distinct location and
stereochemistry of the interflavanoid bond (Fig. 1).
Moreover, in recent years a vast diversity of derivatives
of these above mentioned main chemical features has
been identified as natural products (Porter, 1988, 1993).
Especially the identification of higher polymers is there-
fore difficult regarding the higher probability of varia-
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tion. Structural characterization has been performed
mainly by means of '3C and '"H nuclear magnetic reso-
nance (NMR) spectroscopy and by chemical degrada-
tion of the polymers and the subsequent analysis of the
monomer units (Czochanska et al., 1980; Nonaka et al.,
1981, 1983; Porter et al., 1982; Newman and Porter,
1992; Preston et al., 1997). However, these analytical
techniques hardly allow the determination of the poly-
mer chain length and the chemical constitution of indi-
vidual chains. Moreover, the sequential succession of
monomer units in individual chains cannot be eluci-
dated. Those specific properties were found to be essen-
tial for the comprehension of the protein binding
affinity of condensed tannins (Sarni-Manchado et al.,
1999).

One alternative to common analytical approaches for
the characterization of macropolymers is matrix-assis-
ted laser desorption/ionization time of flight (MALDI-
TOF) mass spectrometry (MS), allowing the analysis of
macropolymers and revealing information about their
chain lengths. With this technique fragmentation of the
analyte molecules upon laser irradiation can be sub-
stantially reduced by embedding them in a light
adsorbing matrix. Since its introduction (Karas et al.,
1987) the use of MALDI-TOF has revealed itself as
powerful method for the characterization of synthetic
and natural polymers and was also recently introduced
for the analysis of condensed tannins, mainly, in food
science (Ohnishi-Kameyama et al., 1997; Foo et al.,,
2000; Kriiger et al., 2000; Pasch et al. 2001; Hedquist et
al., 2000).

Thus, in the present study, MALDI-TOF MS and 3C
NMR spectroscopy were applied to unveil typical char-
acteristics of condensed tannins that may be responsible
for their protein binding ability during the first stages of
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Fig. 1. Chemical structure of flavan-3-ol monomer units and condensed tannins.
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soil organic matter formation. For this purpose, con-
densed tannins were extracted from leaves and needles
of Salix alba (willow), Picea abies (spruce) and Fagus
sylvatica (beech), representing tree species that are ubi-
quitous in German forests and landscapes. Picea abies is
of particular interest, since it often grows on infertile
and acidic soils where the production of condensed
tannins was suggested to be vital in order to prevent
nitrogen leaching and mineralization (Northup et al.,
1995, 1998). Furthermore, Tilia cordata (lime) was
included in this study to demonstrate the clear advan-
tages of MALDI-TOF MS in revealing possible struc-
tural differences of condensed tannins from different
species.

For a more specific sequential elucidation of indivi-
dual chains, MALDI-TOF MS was extended to post
source decay (PSD) fragmentation. This technique
allows the selection of a precursor molecule in an dis-
tinct mass window and the subsequent analysis of its
fragments. All ions with lower and higher masses are
deflected by the electrostatic device. The precursor ions
passing the mass window can spontanecously fragment
on their way to the detector due to the application of
higher laser energies. Up to now, MALDI-PSD has
essentially been applied in peptide (Spengler, 1997; de
Jong, 1998; Jespersen et al., 1999), and carbohydrate
sequencing (Talbo and Mann, 1996; Harvey, 1999). As
known to the authors, this technique is used for the first
time with condensed tannins to help the elucidation of
sequences of monomer units.

2. Results and discussion

Applying the extraction and purification scheme sug-
gested by Preston (1999), a complete separation of the
carbohydrates from the condensed tannin was achieved.
Whereas the liquid-state '3C NMR spectrum of the
H>O/acetone and the isolated carbohydrate fraction of
the spruce needles show signals between 60 and 100
ppm that are typical for carbohydrates (Fig. 2A/B) the
signals observed in this region in the liquid-state '3C
NMR spectrum of the purified extract are assignable to
condensed tannin carbon (Fig. 2C). The amount of
extracted condensed tannin was 7.6+£3.7% of the plant
dry material. Subjecting the extraction residues to solid-
state cross polarization magic angle spinning (CPMAS)
13C NMR spectroscopy showed no characteristic signals
of condensed tannins which indicated the efficient
removal of those biopolymers by the used method (data
not shown).

The liquid-state '*C NMR spectrum of the purified
condensed tannin fraction from Picea abies is depicted
in Fig. 2. The signal assignment was performed accord-
ing to Czochanska et al. (1980). The spectrum shows a
distinct signal at 145 ppm which is assignable to C3’ and

C4’ in procyanidin (PC) units (catechin/epicatechin).
Their presence is supported by further signals at 115
ppm (C2)), 116 ppm (C5) and 119 ppm (C6"). Compar-
able resonance lines are also observable in the liquid-
state '13C NMR spectra of the condensed tannins from
willow and beech (Fig. 3). The resonance line at 146
ppm represents a typical indicator for the presence of
prodelphinidin (PD) units (gallocatechin/epigalloca-
techin). It is clearly visible in the spectra of the con-
densed tannins from Picea abies (Fig. 2) and fairly
distinguishable in that from Fagus sylvatica (Fig. 3).
Using the ratio of the signal intensities at 145 ppm and
at 146 ppm reveals that the spruce condensed tannins
contain approximately 60% PC and 40% prodelphini-
din (PD). In the case of condensed tannins extracted
from beech, quantification was impossible due to signal
overlapping. The absence of this signal in the spectra of
the condensed tannins from willow further reveals that
they are comprised of only PC monomers.

The region between 70 and 90 ppm is sensitive to the
stereochemistry of the C ring. While C3 of both cis and
trans isomers occurs at 73 ppm, C2 gives a resonance
line at 76 ppm for the cis and at 84 ppm for the trans
form. The latter is clearly visible in the spectrum of the
condensed tannins from spruce (Fig. 2) indicating that
here both stereoisomers (catechin/epicatechin; galloca-
techin/epigallocatechin) are present.

The C3 in terminal units generally have their chemical
shift around 67 ppm. Theoretically, its intensity relative
to that of the signal of the C3 in extension monomer
units at 73 ppm could be used for elucidating the poly-
mer chain length. However, in the case of the spectra
presented here, the signal-to-noise ratio is too low to
allow for such quantification.

To obtain more detailed information on the chemical
structure of the condensed tannins and to overcome the
problems with determination of polymer chain lengths
by NMR spectroscopy, further characterization was
continued by means of MALDI-TOF MS. A crucial
factor that influences the quality of MALDI-TOF mass
spectra is the crystallization of the analyte during sam-
ple preparation and the behavior of the matrix during
laser irradiation. Thus, a-cyano-4-hydroxycinnamic
acid (HCCA), sinapinic acid (SA), dithranol, 3-B-indole
acrylic acid (IAA) and dihydroxybenzoic acid (DHB)
were tested as matrices. In agreement with the findings
from Ohnishi-Kameyama et al. (1997) CCA, SA and
dithranol did not result in reasonable spectra. These
authors stated that best spectra are achieved by using
DHB or IAA as matrices. Whereas DHB was reported
to yield in two small signals for dimeric proanthocyani-
dins, IAA allowed the detection of peaks of monomeric
units. Later, Foo et al. (2000) successfully applied DHB
for the analysis of proanthocyanidins from cranberries
and Kriiger et al. (2000) used TAA for the investigation
of condensed tannins from grape seed extracts. Due to
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Fig. 2. Liquid-state '3C NMR spectra of the H,O/acetone fraction (A), the carbohydrate fraction (B) and the purified condensed tannin fraction (C)
extracted from Picea abies.
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Fig. 3. Liquid-state '*C NMR spectra of condensed tannins extracted from willow leaves (A, Salix alba) and beech leaves (B, Fagus sylvatica).

the fact that the best MALDI-TOF spectra of our tan-
nin extracts were obtained with DHB, further optimi-
zation of the measurement conditions were performed
with this matrix. Searching further improvement of the
crystallization process and thus of the spectra quality,
we tested the effect of solvent mixtures of acetone/water
and methanol/water which are known to solubilize
condensed tannins and which are often used for their
extraction (Baldwin et al., 1983; Hagerman, 1987;
Waterman and Mole, 1994; Mafongoya et al., 1998).
Applying acetonitrile/water (1:1) for solubilizing the
condensed tannins and the matrix allowed a homo-
genous sample preparation of our condensed tannins.
This approach resulted in the best conditions for their
MALDI-TOF analysis and resulted in mass spectra
with low signal-to-noise ratios.

Figs. 4, 5 and 6 show the MALDI-TOF mass spectra
of the polymeric tannin mixture of the four tree species.
The included magnification demonstrate the good reso-
lution of the spectra. Condensed tannins from lime and
willow are characterized by mass spectra with a series of

peaks with distances of 288 Da corresponding to a mass
difference of one catechin/epicatechin between each
polymer (Figs. 4 and 5). Therefore, prolongation of
condensed tannins in lime and willow is due to the
addition of catechin/epicatechin monomers. Given the
absolute masses corresponding to each peak, it is fur-
ther suggested that they contain only procyanidins, as
was already indicated in the respective liquid-state '3C
NMR spectrum. The masses were calculated based on
the Eq. 1 (Krtiger et al., 2000):

m/z=288n+23+a (1)

Here m/z=288 corresponds to the molecular weight
of one catechin unit, m/z=23 to catechin and a to the
number of 1H in the endgroups (corresponds to 2). The
number of monomer units is given by 7.

In contrast, the mass spectra of the spruce and beech
tannins reflect higher structural complexity (Fig. 6).
Here, too, the polymer character is reflected by the per-
iodical occurrence of peak series representing different
chain length (trimers, tetramers etc.). Comparing the
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first and the highest peak, respectively, (Fig. 6) of each
series with the one of the next series, the masses also
increase by 288 Da, which corresponds to one catechin/
epicatechin monomer unit. In the case of the condensed
tannins from spruce, the first peak is always followed by
mass signals in a distance of 16 Da corresponding to the
addition of one hydroxy group at the aromatic ring B
(see Fig. 1, gallocatechin/epigallocatechin). Therefore,
MALDI-TOF mass spectrometry indicates the simul-
taneous occurrence of pure procyanidin polymers

(m/z=2889, 1177 etc.) and polymers with different ratios
of procyandin and prodelphinidin (m/z=905, 921 etc.;
Fig. 6A). A comparable observation was made for the
condensed tannins of beech (Fig. 6B). However, this
spectrum exhibits additional signals characterized by a
mass decrease of 16 Da, which is indicative of polymer
chains containing monomers with only one hydroxy
group at the aromatic ring A or B, e.g. propelargonidin.
Additionally, MALDI-TOF measurements clearly show
different polymer chain length distributions of the
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condensed tannins from the four tree species varying
from trimers to undecamers and decamers for lime and
spruce and to octamers for willow and beech.

As mentioned above, fragmentation of specific mole-
cular mass ions by post source decay (PSD) can help to
elucidate the sequences of monomer units of individual
chains. Since with the instrumentation used in our
studies (Bruker Biflex III), it is only possible to select a
mass window of ~60 Da, a sufficient separation of mass
signals is necessary to allow the clear assignment of
fragments with their precursor peaks. Therefore, we
performed PSD fragmentation with condensed tannin

samples from lime and spruce. The fragmentation of the
tetramers (m/z=1177) gives rise to signals at m/z =889,
887 and m/z=601, 599 (Fig. 7A). The peaks at
m/z=2889 and 601 correspond to the loss of one and two
catechin/epicatechin units respectively and, hence,
represent trimeric and dimeric condensed tannins. The
masses 887 and 599 may be explained by the fragmen-
tation of A-type condensed tannins which are present in
low concentrations. A-type condensed tannins are char-
acterized by an ether bond between the hydroxy group at
C7 and C2 in one monomer unit. However, regarding the
low concentration of A-type tannins, these fragments
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Fig. 7. PSD spectra of condensed tannin tetramer (A) and trimer (B) from lime (Tilia cordata).

may also be a consequence of the mode of fragmenta-
tion. Cleavage of an interflavanoid bond may lead to
two molecular fragments (Fig. 8). The lower molecular
part results in an unchanged trimeric, dimeric or
monomeric condensed tannin respectively, whereas the
upper part, a carbocation, may react to a condensed
tannin with a flavanone terminal unit leading to a mass
decrease of two Da. The trimer is characterized by a
similar fragmentation (Fig. 7B). The loss of one mono-
mer unit leads to dimeric condensed tannin and dimeric

condensed tannin with a flavanone terminal unit
(m/z=601 and 599). The loss of two monomer units
gives rise to m/z=311 and to a small extent to
m/z=1313. Unfortunately the peak m/z="719 could not
be explained. Fragmentation of co-polymers, e.g. tetra-
mer from spruce condensed tannins with procyanidins
and prodelphinidins (Fig. 9), also results in the forma-
tion of signals characteristic for trimers and dimers. The
signals in the spectra of spruce and beech condensed
tannins are not sufficiently separated (minimum=£30
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Fig. 8. Possible fragmentation pattern of condensed tannins in PSD MALDI-TOF mass spectrometry.

Da) to clearly assign their precursor mass. Here, the use
of higher developed MALDI-TOF and MALDI-TOF/
TOF instruments allowing smaller mass windows down
to +£2.5 Da (i.e. ULTRAFLEX, Bruker, Saxonia) can
overcome these problems. Alternatively, preparative sepa-
ration of the condensed tannin mixture by, for example,
high performance liquid chromatography may also
approachable to circumvent such separation problems.
However, the obtained data demonstrate that PSD
fragmentation leads to a sequential loss of one mono-
mer unit after the other and therefore allows a detailed
characterization and sequencing of individual chains
when they are sufficiently separated. In the case of lime
condensed tannins it further proves the procyanidin
structure and excludes a pelargonidin terminal unit fol-

lowed by a prodelphinidin unit, which would result in
the same molecular masses.

In conclusion, different information of mutual
importance are obtained from NMR and mass spectro-
metrical analysis of condensed tannins. NMR measure-
ments give structural information about the molecules
and their functional groups in this fraction and allow
the determination of the purity of the sample. All
information is averaged over all polymers present,
average chemical structure and stereochemistry (amount
of different monomer units) and average polymer chain
length. On the other hand, the low intensity of the signal
for terminal C3 in our NMR spectra prevented the deter-
mination of the polymerization degree of the studied tan-
nins. In contrast, polymer chain length distribution and
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the chemical constitution of individual chains, as well as
the sequences of monomer units, can easily be analyzed
by MALDI-TOF mass spectrometry and PSD frag-
mentation.

The combined analyses indicated distinct differences
between the examined condensed tannins. Those of wil-
low and lime are composed solely of PC monomers,
while those of spruce and beech contain additional
polymers that are built up of a mixture of PC and PD
units. The additional PD, on the other hand, is con-
sidered to have a higher reactivity than PC (Zucker,
1983), which is expected to influence the protein binding
affinity and the degradability of the respective con-
densed tannins during the early stage of soil organic
matter formation. The extent of this impact, however,
needs further research and will be subject of ongoing
examinations.

3. Experimental
3.1. MALDI-TOF MS

The MALDI-TOF mass spectra were recorded on a
Bruker Biflex III (Bruker Daltonics, Bremen, Germany)
equipped with a Nj-laser and employed in the linear
mode. Peaks were calibrated using polyethylene glycol.

Matrices were purchased from Sigma-Aldrich (DHB:
Aldrich; dithranol: Aldrich; IAA: Sigma; SA: Aldrich;
CCA: Sigma) and were used without further purification
except of TAA. TAA has been recrystalized with MeOH.

The liquid-state '3C NMR spectra were obtained at
100.62 MHz on a Bruker DMX 400 Spectrometer
(Bruker, Karlsruhe, Germany) using a 10 mm broad
band probe. The sample material was dissolved in a
D,0O/acetone mixture. A phase alternating ring down
elimination pulse sequence combined with inverse-gated
decoupling (RIDE-Gate) (Gerothanassis, 1986; Friind,
1988) was applied to avoid distortion of the spectra by
acoustic ringing of the probe and the Nuclear Over-
hauser effect. The free induction decay (FID) was
acquired after a 90° '3C-pulse during an acquisition
time of 0.2 s. Relaxation time measurements indicated
that the applied pulse delay of 5 s was sufficient to avoid
saturation. Prior to Fourier transformation the FID
was processed with a line broadening of 18 Hz. All '3C
NMR spectra are referenced to the tetramethyl silane
scale (=0 ppm) and were adjusted with acetone
(methyl-C=30.7 ppm).

3.2. Extraction and isolation of condensed tannins

Leaves and needles of Picea abies, Fagus sylvatica,
and Tilia cordata were collected from trees located in
the Thalhauser forest close to Freising (Freising,
Bavaria, Germany). The leaves of Salix alba were

obtained from trees growing along a creek close to the
aforementioned forest. After collection the foliage was
immediately separated from the branches and freeze
dried.

According to the procedure described by Preston
(1999), the meshed and freeze dried foliage was soxhlet-
extracted with hexane to remove lipids and lipophilic
substances. Condensed tannins were subsequently
extracted from the residue by a mixture of acetone/
water (7:3). The acetone was evaporated and the water
fraction was further purified by liquid/liquid extraction
with EtOAc and chloroform in order to remove chlor-
ophyll, carotenoids, and hydrolysable monomeric con-
densed tannins. Subsequently, the oligomeric and
polymeric condensed tannins were separated from car-
bohydrates by liquid chromatography over Sephadex
LH-20 column [carbohydrates: elution with MeOH/
water (1:1); condensed tannins: elution with acetone/
water (7:3)].
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