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a b s t r a c t

The sensation of astringency is thought to originate from the interaction occurring between tannins and
the salivary proline-rich proteins (PRPs). Astringency perception can be modified by the structure of
tannins. Herein, we study the interactions occurring between the human salivary PRP, IB5, and three
model tannins with different structure, epigallocatechin gallate and the procyanidin dimers B2 and B2
30O-gallate, using the coupling of mass spectrometry and VUV-synchrotron radiation. The results ob-
tained indicate that the structure of tannins, in particular the degree of polymerization and the gal-
loylation, does not modify the binding site on IB5 involved in the interaction.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Astringency is a major sensory attribute of wines and especially
of red wines,1 elicited primarily by tannins. It is usually accepted
that tannin astringency results from their interaction with salivary
proteins and subsequent aggregation and/or precipitation, causing
a loss of the lubricating ability of saliva, although it may also involve
adsorption of tannins on the oral mucosa.2e4

Tannins are ubiquitous in plants and believed to play a role in
plant defense against pests and herbivores. Proanthocyanidins, i.e.,
oligomers and polymers of flavan-3-ols, also called condensed
tannins, are the major tannins in foods and beverages, and partic-
ularly abundant in grapes and in red wine. They exhibit large
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structural diversity arising from the presence of several constitutive
units and linkage positions, substitution, especially with galloyl
groups, and varying degrees of polymerization. These structural
features determine tannin properties, including astringency5,6 and
affinity for proteins and peptides that increase with chain length
and galloylation7e10 and are also impacted by tannin
conformation.11

Among salivary proteins, proline-rich proteins (PRP) are par-
ticular prone to interact with tannins.12 It has been suggested that
secretion of PRPs, and especially of basic PRPs, whose only known
function is tannin binding, is the first line of defense of herbivores
against dietary tannins. Indeed, tannins inhibit digestive enzymes
and impede assimilation of dietary proteins and other nutrients.
Their binding by PRPs is believed to prevent these processes and
could also reduce tannin consumption by triggering astringency.
The high affinity of PRPs for tannins is associated to their structural
characteristics. PRPs belong to intrinsically disordered proteins, and
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show random coil structure except for small polyproline helix
segments. The most accepted model of PRPetannin interactions
describes three different stages as tannin concentration increases:
(i) tannins, which are multidentate ligands, bind to several sites on
the free protein, (ii) the stoichiometries of the complexes increase
and tannins cross-link different protein molecules, (iii) the result-
ing multimeric aggregates grow until precipitation.

A human salivary PRP, referred to as IB5, and its interactions
with tannins have been particularly investigated. Its sequence
(Fig. 1A) presents tandem repeats of KPQGPP(P) and eight clusters
of 2e5 proline residues. Experiments involving small angle X-ray
scattering (SAXS),13 circular dichroism (CD),14,15 nuclear magnetic
resonance (NMR),16 andmass spectrometry (MS)17 have shown that
IB5 exhibits a random coil structure and undergoes disorder to
order transition upon interaction with epigallocatechin gallate
(EgCG), selected as a model tannin ligand.14,15 Molecular modeling
performed on a smaller truncated PRP, IB937, also indicated that
structural rearrangement of the peptide occurs during the in-
teraction.18 Folding of the peptide chain around the tannin, as first
proposed by Charlton et al.,19 may explain the higher tannin affinity
of IB937 and IB5 compared to a single proline-rich repeat.
Fig. 1. (A) Sequence of the IB5 human salivary protein. (B) Molecular structure of the epigallocatechin gallate (EgCG), (epicatechin-4b-8)-epicatechin (B2) and epicatechin-(4b-8)-
epicatechin-3-O-gallate (B2 30OG).
NMR20 and amultitechnique approach involving MS and SAXS21

indicated that at least three EgCG molecules per protein or peptide
are required to form PRPeEgCG aggregates. Comparison of different
tannins showed that the stability of IB5$tannin complexes in-
creases with the number of hydroxyl groups in the molecule, in-
dicating the involvement of hydrogen bonds.10 NMR studies
performed on two proline-rich peptides (IB714 and IB937) also
showed specific hydrophilic interaction at low tannin concentra-
tion.18,11 Mass spectrometry has revealed that IB5$EgCG complexes
are present in solution under a distribution of various stoichiom-
etries and fragmentation experiments of complexes with stoichi-
ometries from 1:1 to 1:9 suggested the presence of eight equivalent
and independent binding sites on the protein, matching the num-
ber of proline clusters.21 NMR data on complexes of tannins with
IB5 or PRP peptides indicated the involvement of Pro and Gly res-
idues in specific non-covalent interactions.22,18,11,16 However, the
precise binding sites of tannins could not be determined by NMRon
full length PRP proteins because of the abundance of proline and
repeated sequences. A new method using tandem mass spec-
trometry coupled to synchrotron radiation as an activation method
has recently allowed unambiguous determination of demonstra-
tion of binding of the procyanidin dimer B2 30OG (epicatechin-(4b-
8)-epicatechin-3-O-gallate, Fig. 1) on the KPQGPPPPPQGG segment
of IB5 sequence.23 In the case of IB714 and IB937, the same three
binding sites, corresponding to PP and GG clusters, were involved
for all tannin dimers and trimers tested but the binding force was
higher for tannins showing extended conformation and longer
chain length.18,11 Once three tannins are linked to the peptide, re-
gardless of its chain length, non-specific cross-linking occurs.18,11

Similarly, upon, binding with EgCG, the full length protein IB5
forms aggregates with a core structure containing proteins that
have bound at least three EgCG molecules and a less dense corona
with fewer bound tannins.21

Regarding these different observations, it appears important to
know if, as for shorter IB937, the same binding site on IB5 is involved
in the interaction with tannins having different structures. There-
fore, in the present paper, we apply the recent introduced method,
coupling MS and vacuum-ultraviolet (VUV) radiation, to localize
the binding sites of EgCG and B2 ((epicatechin-4b-8)-epicatechin,
Fig. 1B.) on the full PRP, IB5, in 1:1 complexes, and to compare them
to that of B2 30OG.

2. Results and discussion

IB5 is a model of basic salivary PRP, which has been obtained by
heterologous expression of the human gene PRB4S in the yeast
Pichia pastoris.24 The mass spectrum obtained by electrospraying
the protein solution displayed a series of protonated peaks corre-
sponding to four IB5 isoforms with charge states ranging from 5þ
to 10þ. IB5 isoforms differ from each other by few amino acids at
their N-terminal end as previously observed.23 The sequence of the
main isoform is presented in Fig. 1A. Fig. 2A presents a close-up of
the mass spectra of IB5 solution and IB5/tannin mixtures for the



Fig. 2. (A) Electrospray mass spectra of IB5 (bottom line) and IB5/tannins mixtures. Stoichiometries corresponding to the 7þ charge state are labeled. The boxes indicate the
stoichiometries selected for subsequent tandem mass spectrometry analysis. (B) DPI tandem mass spectra at 16 eV of the selected precursors.
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following tannins: EgCG, B2, B2 30OG. For each tannin studied here,
the corresponding mass spectrum reveals the presence of peaks
corresponding to IB5$nTannin complexes with several stoichiom-
etries, as described earlier.10
2.1. Mass spectrometry and tandem mass spectrometry
analysis of the complexes

In order to localize the binding site of the three tannins on IB5,
IB5$1Tannin complexes with the 7þ charge state were selected, and
then activated using a 16 eV VUV radiation from a synchrotron ra-
diation beamline. This photon energy has been chosen because of
the large sequence coverage and the abundance of fragments it has
previously provided on the bare protein.23 The resulting VUVMS/MS
spectra are presented in Fig. 2B. Each spectrum reveals the appear-
ance of the [Mþ7H]8þ� radical cation produced upon the photoion-
ization of the precursor ion. Two regimes of fragmentation have been
previously reported using UV and VUV-irradiation.25 Below the
ionization threshold, photon absorption populates electronic excited
states, which relax partly through dissociation. This regime, usually
referred to as photodissociation, has been shown to lead mainly to
the CaeC bond cleavage. Activation at photon energies above the
ionization threshold generates fragments through dissociative pho-
toionization (DPI), with abundant formation of sequence ions of
various natures.26 This regime (DPI) has been shown to provide the
highest sequence coverage for IB5 in comparison to the other acti-
vation techniques: collision induced dissociation (CID), electron
capture dissociation (ECD), and photodissociation (PD).23

Comparison of the 16 eV DPI MS/MS spectra of
[IB5$1Tanninþ7H]7þ with that of the bare protein ([IB5þ7H]7þ)
revealed the presence of peaks shared with the bare proteins (i.e.,
without retention of the ligand) and of specific peaks that are only
present on one spectrum (i.e., that may have retained the ligand).
Fig. 3 presents an example of such fragment ions. The x4þ48 fragment
ion of the bare protein is shifted to higher m/z when associated
with the different tannins, as seen in Fig. 3, indicating that the same
sequence of the protein is involved for each three tannins.

Analysis of all fragment ions retaining the tannins allows a map
of the bound fragments to be established for each
[IB5$1Tanninþ7H]7þ precursor ion. The different maps of the
fragmentation patterns are presented in Fig. 4 alongwith that of the
bare protein.

For each of the tannins studied here, abundant fragment ions
bound with the tannin are revealed upon DPI tandem mass spec-
trometry. The same experiments performed using ECD has revealed
only four fragments retaining B2 30OG23 and 0 fragments con-
serving EgCG (data not shown). We have previously reported that
[IB5$B2 30OGþ7H]7þ is more stable than [IB5$EgCGþ7H]7þ,10 which
might explain this observation. These observations confirm that
DPI is a powerful activation method able to preserve the tan-
nineprotein non-covalent associations. The fragmentation maps
obtained for the three tannins show that all fragments from both N-
and C-terminal series bearing the tannin ligands contain the
QPQAPPAGKPQGPPPPPQGG segment of the sequence.
2.2. Interaction region of the protein with the tannins

This result indicates that this part of the sequence (i.e.,
QPQAPPAGKPQGPPPPPQGG) is the preferred binding site for EgCG,
B2, and B2 30OG. The sequence identified from the present result



Fig. 3. Close-up of them/z range corresponding to the x4þ48 fragment of IB5 (bottom panel) and of the x4þ48 fragment complexed with EgCG, B2, and B2 30OG showing the gradual mass
shift due to tannin binding on the fragment.
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contains the longest cluster of proline, which very likely adopts
a PPI or a PPII helix conformation in solution.27,13,16 Clusters of
proline have been previously suggested to be the preferential
binding site of tannins on PRPs,19,16 as this firm segment might
provide an initial contact point for the binding.19,16 Moreover, this
segment is surrounded by clusters of glycine and alanine residues,
which provide flexible regions allowing establishment of additional
hydrogen bonds.28 The current model of interaction between PRPs
and tannins proposes that the clusters of proline are rigid regions,
providing initial anchoring points favorable for effective tannin
binding. Moreover, the carbonyl function in tertiary amides of
proline residues is a more effective hydrogen bond acceptor than
that in primary and secondary amides.29 This firm region are linked
by flexible hinges, allowing the reeling of the peptidic chain and the
establishment of additional contact points. This model has been
proposed to explain that full PRP have higher affinity for tannins as
compared to shorter PRP peptides.18,19 In agreement with this
model, ion mobility experiments performed on the IB5$EgCG
complexes have shown a transition from an extended conformation
to more compact ones upon the binding of tannins,15 confirming
earlier results obtained by NMR and circular dichroism.16 Molecular
modeling calculations have also suggested a notable change in
IB939 conformation during its interaction with tannins.18 In-
terestingly, this model of interaction seems to be common for IDPs
in the binding with their partner.30 However, the conformational
change was not observed with the shorter IB71427,11 suggesting that
it involves folding of the peptide chain around the tannin(s).

Identical sites, involving Pro and Gly residues, have been re-
ported for the binding of three tannins (procyanidin dimers B1 and
B3 and trimer C2) on peptides of PRP (IB937 and IB714). The affinity
for all tannin molecules increased with the peptide chain length, as
observed earlier for IB519 while the number of binding sites found
for IB937 was slightly lower than for IB714,18 again suggesting
wrapping of the tannin by the PRP chain. The tannin affinity in-
creased with the tannin molecular weight but was also higher for
B2 than for the other procyanidin dimers tested, owing to its more
extended structure.18,11 The predominant conformation of B2 30OG
is also more compact than that of B2.31 Although it does not result
in a lower affinity for IB5, as shown by comparing the stability of
IB5$tannin complexes,10 this compact structure, which is able to
establish a higher number of hydrogen bonds,10 probably explains
why the binding site of B2 30OG on the IB5 sequence appears more
defined that those of B2 and EgCG.

3. Conclusion

Astringency is an important sensory driver of intrinsic quality of
red wines.1 On one hand, it is known that the structure of tannins,
in particular the degree of polymerization and the galloylation,
affects astringency.6 On the other hand, it is generally accepted that
salivary PRPs play a role in the astringency sensation due to their
ability to interact with tannins. PRP are able to bind several tannins
at the same time. Moreover, investigation on interaction between
PRP and EgCG have revealed that the proteins, which have bound at
least three EgCG molecules connect to each other through EgCG
bridges and build PRP$EgCG aggregates.21 It has been also reported
that PRPs undergo a structural rearrangement upon the binding.15

Herein we investigated the effect of the tannin structure on their
binding site onto PRP and we demonstrated that EgCG, B2, and B2
30OG, which exhibit structural differences, i.e., degree of



Fig. 4. Fragmentation patterns of IB5 alone and in association with B2 30OG,23 B2, and EgCG. The binding sites identified for the tannins on the backbone are indicated by a box.
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polymerization and galloylation, bind to the same binding site. This
binding site is constituted by a rigid cluster of five proline residues
providing an initial contact point, surrounded by flexible hinges
allowing structural rearrangements and the establishment of ad-
ditional hydrogen bonds. Indeed, we previously reported that the
structure of tannins modifies the strength of the PRPetannin in-
teraction as a function of the number of hydroxyl groups of tannins.
It is interesting to notice that the structure of tannins affects both
the strength of their interactions with PRP and the perception of
astringency.10,6
4. Experimental section

4.1. Samples

Epigallocatechin gallate (EgCG) has been purchased from Sig-
maeAldrich. B2 and B2 30O-gallate were purified as previously
described.32 The human salivary proline-rich protein, IB5, was
produced by use of the yeast P. pastoris as a host organism and
purified as previously described.13

Tannin and protein stock solutions were prepared in the fol-
lowing medium: water/ethanol, 88:12 (v/v) acidified at pH 3.3 with
acetic acid, mimicking the consumption of red wine.

The stock solutions were diluted to final solutions of 10 mM of
IB5 before electrospray analysis. The tannin and protein solutions
were mixed at room temperature prior to mass spectrometry
analysis to obtain a protein/polyphenol molar ratio of 1:10.

4.2. Mass spectrometry

Mass spectrometry analyses have been performed on linear ion
trap fitted with a nanospray ion source (LTQ XL) from Thermo
Scientific (San Jose, CA, USA). The mass spectrometer has been
coupled to DISCO,33 a VUV beamline of the SOLEIL synchrotron
radiation facility. This coupling is similar to that described pre-
viously,34 with some differences. The APEX branch line was used,
with the last stage of the differential pumping system35 removed.
The beamline was set to deliver 16 eV photons with 20 meV energy
resolution. An electromechanical shutter was triggered by the ac-
tivation signal from the mass spectrometer to allow irradiation of
the precursor for 2000 ms during the activation stage.

Mass spectra were analyzed using mMass software36 and Igor
Pro (Wavemetrics, Portland, USA).
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