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Tannins act as antioxidants, anticarcinogens, cardio-protectants, anti-inflammatory and anti-microbial agents and bind to salivary

peptides by hydrophilic and hydrophobic mechanisms. Electrospray Ionization Mass Spectrometry (ESI-MS) has been used to

assess both hydrophilic and hydrophobic components of noncovalent binding in protein complexes. In the present study, direct

infusion Electrospray-Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (ES-FTICR MS) is used to assess relative

binding affinities of procyanidin tannin stereoisomers for salivary peptides arising from aqueous solutions. The condensed tannins

procyanidin B1, B2, B3, and B4 demonstrate significantly different binding affinities for the salivary peptide Histatin 5. Rigid

docking combined with molecular dynamics optimization is used to investigate procyanidin-Histatin 5 binding mechanisms and

as a basis to rationalize trends found in the corresponding ES-FTICR MS experiments. The relative binding affinities of the four

procyanidin rotamers are different in the gas and liquid phases. The simulation results indicate that many of the same contact

points are made in both phases, but there is a decrease in strong electrostatic interactions and an increase in π-π contacts upon

transfer from the gas to the liquid phase. The simulations reveal that the tannin interactions can make close contacts with a variety

of amino acid residues on the peptide.

1 Introduction

Plant tannins are water-soluble polyphenolic compounds that

have molecular weights ranging between 500 and 3000 Da.1

In addition to participating in typical phenolic reactions, they

possess unique properties such as the ability to precipitate al-

kaloids as well as proteins.2 Tannins have generally been clas-

sified as either “hydrolyzable” (gallotannins and ellagitannins)

or “condensed” based on their ability to readily undergo or re-

sist hydrolysis.3

Tannins are present in a variety of plant foods in quantities

up to several grams per kilogram.4,5 The intake of flavanoids

(the class of polyphenols that includes condensed tannins) in

the U.S. is estimated to be approximately 20 milligrams per

day, though other estimates range up to 1 gram per day.4,6

Several varieties of tannins are suspected to produce hepato-

toxicity, carcinogenesis, and anti-nutritional effects in animal

studies.7 However, other studies indicate condensed tannins

act as antioxidants, anticarcinogens, cardio-protectants, anti-

inflammatory and antimicrobial agents. More investigation to

determine the potential health benefits and adverse effects of
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tannins as well as their mechanism(s) of action and bioavail-

ability is therefore warranted.7,8

Tannins bind and precipitate peptides with extended flexible

conformations such as gelatin, though specificities of tannins

for a particular peptide can vary considerably.9–12 Tannins

bind salivary peptides even more strongly than gelatin, and

are believed to be responsible for the sensation of astringency

(dry sensation causing mouth puckering) associated with con-

sumption of foods with high tannin content such as red wine

and tea.4 In addition, condensed tannin-salivary peptide com-

plexes remain relatively insoluble under conditions typically

found in the digestive tract.13,14

A significant portion of the salivary peptidome is gener-

ated through proteolysis of six classes of protein species se-

creted by the major salivary glands: acidic Proline Rich Pro-

teins (aPRPs), basic Proline Rich Proteins (bPRPs), glycosy-

lated Proline Rich Proteins (gPRPs), Histatins, Statherin, and

Cystatins.15–17 PRPs constitute up to 70% of secreted salivary

proteins and tannin binding is proposed to be the main func-

tion of bPRPs.16,18–23 Mass spectrometry has been success-

fully applied to the study of tannin-PRP interactions to deter-

mine the relative binding affinites and stoichiometries of var-

ious tannin-peptide complexes and to investigate the overall

architecture of tannin-peptide complexes.24–26

Human histatins belong to a family of antimicrobial pep-
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tides that contain high numbers of histidines. Among the his-

tatins, Histatin 5 in particular has been noted for antiviral ac-

tivity, including inhibition of HIV-1 replication.27 However,

MS and NMR data regarding the strength of tannin-Histatin

binding interactions appear somewhat contradictory.28–30 The

Histatin 5 salivary peptide has been found to possess a +5

charge at neutral pH and an isoelectric point (pI) of 10.5 in

aqueous solution.31,32 2D NMR studies indicate Histatin 5

assumes a random coil in aqueous solution.33,34 Histatin 5

has a propensity to adopt transient helical conformations in

DMSO, but a definitive global minimum energy conformation

is lacking.33 In addition, tertiary structural changes in Histatin

5 were not observed upon binding to the condensed tannin

monomer epigallocatechin gallate (EGCG).29

The condensed tannins procyanidin B1, B2,

B3, and B4 are dimeric diastereomers of

(+)-catechin and (-)-epicatechin units with

structures: epicatechin-(4β→8)-catechin,

epicatechin-(4β→8)-epicatechin, catechin-(4α→8)-catechin,

and catechin-(4α→8)-epicatechin, respectively (Figure 1).7

These compounds were selected as model tannins to study

binding interactions with Histatin 5 because they are found in

many plants, and because they offer the possibility to probe

the effect of subtle changes in procyanidin stereochemistry

upon peptide binding strength. Each of the Procyanidins

B1, B2, B3, and B4 adopt two distinct minimum energy

conformations (rotamers) in aqueous solution corresponding

to either a compact rotamer with π-π stacked monomers

forming a dihedral angle at the interflavanoid bond (between

C4 and C8) of +95◦, or an extended unstacked rotamer with a

dihedral angle of -81◦.35

Histatins possess a significantly different primary structure

from other more abundant classes of salivary peptides (includ-

ing a large percentage of histidine residues) and to our knowl-

edge, studies of procyanidin binding to Histatin 5 have not

been conducted. We used ES-FTICR MS to probe the relative

binding affinities of procyanidin B1, B2, B3, and B4 for His-

tatin 5. The possibility for ESI-MS to measure relative binding

affinities of tannin stereoisomers for various types of salivary

peptides, including the antiviral Histatin 5, could permit the

creation of a new tool for screening the bioavailability of tan-

nins. Weaker binding tannins are predicted to be more suscep-

tible to absorption from the gut and thus have higher bioavail-

ability, though other factors including complexation with bile

salts can influence the bioavailability of tannins.14,29,30 To ra-

tionalize procyanidin-Histatin 5 binding trends found in the

ES-FTICR MS experiments, the compact and extended ro-

tamers of procyanidin B1, B2, B3, and B4 were docked to

Histatin 5 with FRED,37,38 and subsequently optimized in MD

simulations using AMBER.39
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Fig. 1 Structures of dimeric procyanidin stereoisomers. Each dimer

is composed of two subunits from either catechin or epicatechin

monomers. The four stereoisomers are referred to as Procyanidin

B1: epicatechin-(4β→8)-catechin, Procyanidin B2:

epicatechin-(4β→8)-epicatechin, Procyanidin B3:

catechin-(4α→8)-catechin, and Procyanidin B4:

catechin-(4α→8)-epicatechin36

2 Methods

2.1 Mass Spectrometry

All mass spectrometry experiments were performed in the

positive ion mode on a Bruker (Billerica, MA) Apex Qe 7.0

T Fourier transform ion cyclotron resonance (FT-ICR) mass

spectrometer equipped with an Apollo II ESI source. To

obtain “soft” ionization conditions to allow conservation of

noncovalent interactions between procyandins and Histatin 5

while also maintaining strong signals, voltages on the capil-

lary exit and the skimmer were set to -35 and -1.7 V, respec-

tively. Positive ion direct infusion ESI-FTICR MS was used

to evaluate the noncovalent binding of procyanidin B1, B2,

B3, and B4 with the salivary peptide Histatin 5. Direct infu-

sion ES-Qh-FTICR MS studies used a solution of 10 µM His-

tatin 5 (DSHAKRHHGYKRKFHEKHHSHRGY) and 40 µM

of procyanidin B1, B2, B3, or B4 in deionized water at pH of

around 5.8. Note that this is slightly different than the pH of

saliva, 6.8.40 After mixing, the solution was kept at room tem-

perature for 4 h before introducing the sample into the mass

spectrometer. Data for the four stereoisomers were acquired

under identical experimental conditions. Furthermore, it was

found that refrigeration of the sample, or prolongation of the

sitting time up to 24 h, did not significantly change signal

intensities or binding ratios as compared to those observed
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The charge state distribution of these complexes exactly mir-

rored that of the unbound peptide (i.e., +4 to +8). This range

of charge state distribution, as well as the observed range of

stoichiometry ratios between noncovalently binding Histatin

5 and procyanidin (as many as five procyanidin molecules

per Histatin 5, but never more than one Histatin 5 binding

to a single procyanidin molecule), were the same for all four

procyanidin isomers. A representative ESI mass spectrum is

shown in Figure 4 for procyanidin B2.

It should be noted that epigallocatechin-3-gallate (EGCG),

a polyphenol with a structure closely related to those of the

procyanidins has been shown to be capable of forming cova-

lent linkages with cysteine-containing peptides via reaction of

the nucleophilic thiol group of cysteine.56–58 No such thiol

group is present on Histatin 5, which rules out the possibility

for this type of reaction in our tannin-peptide system. More-

over, another study concurs that thiol groups are the peptide

sites that are most reactive with ECGC, but also states that the

formation of covalently bound Schiff base adducts is possible

from N-termini amino groups, or to a lesser extent, from pri-

mary amino sites on arginine residues contained in peptides.59

The authors speculate that an ECGC-quinone was formed as

an (oxidized) intermediate that reacted with the primary amine

nucleophiles, but such Schiff base formation requires a free

amino group to initiate the reaction. Because our solutions

were prepared at pH 5.8, the possibility that primary amines

were not protonated is minimized; we are thereby fully con-

fident that covalent bond formation was not a factor in our

analysis, and that the observed [Histatin 5 + procyandin] com-

plexes represent noncovalently bound species.

Binding strength quotients were calculated for each

tannin-peptide mixture.41 The resulting data are com-

piled in Table 1. Statistical analysis (t-test) showed

a statistically significant difference between the binding

strength quotients obtained for each of these procyani-

din isomers. The relative binding affinities of the four

procyanidin diastereomers in solution were ranked ac-

cording to their corresponding binding strength quotients:

B1 > B4 > B2 > B3.
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Table 1 ESI-MS binding strength quotients (averaged over 4 to 7

trials) of procyanidin B1, B2, B3 and B4 (PCB: Procyanidin B)

PCB Binding strength quotient Rank

PCB1 0.36 ± 0.01 1

PCB4 0.32 ± 0.02 2

PCB2 0.27 ± 0.03 3

PCB3 0.210 ± 0.004 4

PCB Gas-phase dissociation quotient Rank

PCB4 1.4 ± 0.2 1

PCB2 4.1 ± 0.5 2

PCB1 8 ± 3 3

PCB3 14 ± 3 4

Subsequent tandem mass spectrometry experiments were

performed to determine the relative strengths of tannin-peptide

complexes in the gas phase for all four procyanidin diastere-

omers. Mass-selected precursors corresponding to (B + H-5 +

5H+) ions at m/z 724.1 for each of the four procyanidins were

subjected to collision induced decomposition (CID). This (B

+ H-5 + 5H+) peak was very strong and stable for all four

procyanidins, and all four diastereomers exhibited both B and

H-5 ions in CID product ion spectra. Gas-phase dissociation

quotients were obtained at a collision gas energy of 10 eV us-

ing argon as collision gas. Results show that (B + H-5 + 5H+)

(m/z 724.1) complexes resist dissociation in the order: B4 >

B2 > B1 > B3 in the gas phase (Table 1). This order is thus

indicative of the relative binding affinities of procyanidin di-

astereomers to Histatin-5 in the gas phase.

The four procyanidins thus exhibit different relative rank-

ings according to the gas-phase dissociation quotients as com-

pared to the ESI-MS binding strength quotients. This is not

entirely surprising, because the two parameters do not mea-

sure precisely the same phenomena. The gas-phase disso-

ciation quotient ranking reflects the relative tendency for a

gas-phase tannin-protein complex to dissociate under collision

with a neutral gas. One starts by selecting a gas-phase com-

plex and the yield of gas-phase products appearing at the exit

of the collision cell is measured; thus, only gas-phase entities

are considered. This differs from the ESI-MS binding strength

quotient which indicates the tendency for tannin-peptide com-

plexes to form (as opposed to remaining unbound) from so-

lutions containing the two entities that are undergoing elec-

trospray. Here, the peptide and tannin have the opportunity to

make initial contact in solution, then they are desorbed into the

gas-phase as solvated entities which undergo desolvation be-

fore detection by the mass spectrometer. The ESI-MS binding

strength quotient thus gauges the tendency for tannin-peptide

complexes to form and survive the transition from the solution

phase to the gas phase.

3.2 Simulation Analysis of Procyanidin-Histatin 5 Com-

plexes

3.2.1 Analysis of Compact Versus Extended Procyani-

din Rotamer Stability. The two separated procyanidin ro-

tamers, compact and open,35 do not interconvert on the time

scale of the simulations. All simulations were done for

both conformations. To determine which conformation cor-

responds to the stable conformation, either when bound or

free and in the gas and liquid phase, the intramolecular or

self energy was calculated. The self energy is the sum of the

Lennard-Jones and Coulombic interactions between atoms on

the same molecule, the angle and the torsional energy terms.

The compact rotamers of unbound procyanidin B2 and B3

exhibit lower energies than the extended rotamers in the gas

phase, while the extended rotamers of procyanidins B1 and

B4 have a lower energy than the compact rotamer (Table 2).

These energy differences are from 16 kcal/mol to 43 kcal/mol

and so represent a significant amount of energy. This implies

that in the gas phase B1 and B4 are extended and the others are

compact. In the liquid phase, this analysis is complicated by

interactions with the solvent. NMR experiments indicate that

all four tannin molecules exist in both conformations in solu-

tion.35 Strain induced by binding of procyanidin rotamers to

Histatin 5 was quantified as the difference between the self en-

ergies of bound and unbound procyanidin diastereomers. This

definition of strain energy would include both the loss of hy-

drogen bonds and other favorable intramolecular interactions

as well as an increase in torsional and bond angle energies.

The strain energies are small, approximately 10 kcal/mol or

less, for both rotamers in the gas and liquid-phases (Table 3),

which suggests that there is little structural rearrangement of

the molecule as it binds the peptide.

Table 2 Average unbound gas-phase procyanidin rotamer self

energies in the compact and extended forms, in kcal/mol.

Gas-phase procyanidin-Histatin 5 self energies

Compact Extended

PCB1 -679 ± 9 -702 ± 9

PCB2 -578 ± 9 -562 ± 9

PCB3 -454 ± 9 -411 ± 9

PCB4 -388 ± 9 -422 ± 9

3.2.2 Procyanidin-Histatin 5 Interaction Energy Anal-

ysis. Following liquid and gas-phase optimization of pro-

cyanidin diastereomers in complex with the six Histatin 5 con-

formers, procyanidin-Histatin 5 interaction energies were cal-

culated based on their direct interaction energies, and aver-

aged over the 1 ns trajectories. The energy of binding can be

separated into a number of different components, including
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Table 3 Average rotamer strain energies, in kcal/mol.

Liquid-phase procyanidin-Histatin 5 strain energies

Compact Extended

PCB1 -3 ± 7 13 ± 8

PCB2 2 ± 2 0 ± 7

PCB3 2 ± 6 3 ± 6

PCB4 1 ± 6 -1 ± 6

Gas-phase procyanidin-Histatin 5 strain energies

PCB1 0 ± 10 10 ± 20

PCB2 2 ± 9 4 ± 8

PCB3 7 ± 8 14 ± 10

PCB4 11 ± 8 4 ± 9

direct procyanidin-Histatin 5 interactions, changes in the pro-

cyanidin and Histatin 5 intramolecular interactions, and loss

of solvent interactions (for liquid-phase binding). We can use

the direct interactions as an indication of the binding energies.

The interaction energies are given in Table 4, for the compact

and extended rotamer as well as the average of the two. The

liquid-phase interaction energies are less than the gas phase

values, suggesting there are less direct strong ligand-peptide

interactions. Some interactions may be solvent mediated, with

bridging water molecules. From the data in Tables 2 and 4,

some conclusions about which rotamer is more stable in the

bound and unbound state and about the ranking of the pro-

cyanidin binding affinities can be made.

Table 4 Average procyanidin-Histatin 5 interaction energies of

procyanidin B1, B2, B3, and B4 in the liquid and gas phase,

comparing the values for the compact, extended and the average of

the two rotamers, in kcal/mol.

Liquid-phase procyanidin-Histatin 5 interaction energies

Compact Extended Average

PCB1 -49.3 ± 0.3 -59.5 ± 0.2 -54.4 ± 0.2

PCB2 -52.2 ± 0.3 -52.0 ± 0.3 -52.1 ± 0.2

PCB3 -40.0 ± 0.2 -55.9 ± 0.3 -48.0 ± 0.2

PCB4 -54.5 ± 0.4 -50.6 ± 0.3 -52.5 ± 0.2

Gas-phase procyanidin-Histatin 5 interaction energies

PCB1 -76.4 ± 0.2 -89.1 ± 0.2 -82.8 ± 0.2

PCB2 -84.1 ± 0.3 -88.8 ± 0.2 -86.4 ± 0.2

PCB3 -78.6 ± 0.3 -87.6 ± 0.3 -83.1 ± 0.2

PCB4 -82.2 ± 0.3 -89.9 ± 0.3 -86.1 ± 0.2

The gas-phase binding will be considered first. The

molecules B1 and B4 are more stable in the extended form

when unbound, in the gas phase. Upon binding they can ei-

ther remain in the same rotamer state or change. In the gas

phase, the interaction energy for B1 is 13 kcal/mol more fa-

vorable in the extended form, so that tannin would be expected

to stay in the extended form. For B4, the interaction energy is

8 kcal/mol more favorable in the extended form, so that tannin

would also be expected to stay in the extended form. Both B1

and B4 would be predicted to stay in the extended form upon

binding. The molecules B2 and B3 are most stable, when un-

bound, as compact. For both of these tannins, there is not a

big enough gain in interaction energy for the extended form to

compensate for the self energy increase. That would suggest

that both B2 and B3 also do not change rotamer state upon

binding.

Taking the interaction energies of the most stable rotamer

(extended for B1 and B4 and compact for B2 and B3) as an

estimate of binding affinities, we can get the following rank-

ings: B4 > B1 > B2 > B3 in the gas phase. This gives rea-

sonable agreement with the gas-phase data from Table 1 (B4

> B2 > B1 > B3). The interaction energies for the extended

rotamer are all very close and what separates the affinity is

that B2 and B3 bind as compact rotamers. It is worth empha-

sizing that our computational rankings are not based on free

energies of binding and so are approximate estimates. In addi-

tion our experimentally-determined gas-phase binding affini-

ties from ESI-MS/MS are not only indicative of binding free

energies but of barriers to dissociate. In addition, the MS data

includes not only the 1:1 complex, as treated in the simula-

tions, but up to the 5:1 tannin:Histatin complex. The pres-

ence of other ligands may change the relative binding affini-

ties. The calculated interactions energies do not vary by more

that 10 kcal/mol among the different procyanidin molecules,

while the ESI-MS dissociation constants vary by a factor of

10. This suggests that the large difference in binding affinities

seen experimentally is not due to the direct interactions, but

other factors, such as entropy.

For the liquid phase, the self-energy alone cannot be used to

predict the relative stabilities of the rotamers. Assuming both

forms are present in solution as indicated by experiment35 and

using the average for both rotamers from Table 4 gives this

ranking: B1 > B4 > B2 > B3, which, perhaps fortuitously,

agrees exactly with experimental rankings obtained using the

ESI-MS binding strength quotients (Table 1).The liquid phase

ESI-MS binding strength quotients are relatively close to each

other and do not show the wide spread that the gas phase data

showed. The computed interaction energies also do not show

much of variation.

3.2.3 Analysis of Simulated Structures.The percentage

of nearest neighbor atom contacts within a distance of 4 Å

between procyanidin diastereomers and each residue of His-

tatin 5 was calculated by averaging the number of contacts

over the 1 ns trajectories (Figure 5). Since a ligand can be

in contact with more than one residue at a time, the percent-

ages from Figure 5 do not have to sum to 100%. More nearest

8 | 1–15

Page 8 of 16Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



neighbor contacts were observed in gas versus liquid-phase

procyanidin-Histatin 5 complexes, suggesting that in the liq-

uid phase, some interactions are solvent mediated, as men-

tioned previously. In addition, the relative number of con-

tacts of each residue in the procyanidin-Histatin 5 complexes

resembled average changes in the proton chemical shifts of

Histatin 5 residues upon titration with EGCG as determined

in 2D NMR studies by Bennick et al.29 Structures of the

procyanidin-Histatin 5 complexes corresponding to the max-

ima were inspected visually to determine the binding char-

acteristics of potential procyanidin-Histatin 5 binding modes

(data not shown). Procyanidin B1, B2, B3, and B4 bound

multiple sites on Histatin 5 in multiple ligand conformations

in both the gas and liquid phase. Gas-phase binding modes

mostly exhibited structural characteristics representative of

hydrogen bonding interactions. However, gas-phase bind-

ing modes also exhibited π-π stacking orientations and inter-

atomic distances approximating the sum of van der Waals radii

between procyanidin polyphenol rings and phenylalanine, ty-

rosine, and histidine rings of Histatin 5. The majority of

liquid-phase binding modes exhibited hydrogen bonding and

π-π stacking characteristics.

The percentage of intermolecular π-π stacking interac-

tions in procyanidin-Histatin 5 complexes was assessed by

averaging the number of intermolecular carbon-carbon or

carbon-nitrogen contacts less than 4.0 Å between procyani-

din polyphenol rings and aromatic side chain atoms of His-

tatin 5 over the 1 ns trajectories, and by visual inspection for

π-π stacking orientations between the procyanidin polyphenol

rings and aromatic side chains of Histatin 5. The criteria for

π-π stacking between procyanidins and Histatin 5 were: in-

termolecular carbon-carbon or carbon-nitrogen contacts less

than 4.0 Å and parallel planar orientations between procyani-

din polyphenol rings and the aromatic side chains of pheny-

lalanine, tyrosine, or histidine. To compare π-π stacking in

liquid versus gas-phase procyanidin-Histatin 5 complexes, the

average percentage of π-π stacking of each procyanidin di-

astereomer for the six Histatin 5 conformers was calculated.

The average percentage of carbon-carbon and carbon-nitrogen

contacts was greater in liquid versus gas-phase procyanidin-

Histatin 5 complexes, though the relative number of carbon-

carbon and carbon-nitrogen contacts for aromatic residues in

the gas and liquid phase were similar (Figure 6). In addition,

both liquid and gas-phase procyanidin-Histatin 5 complexes

exhibited parallel planar orientations between the procyanidin

polyphenol rings and aromatic side chains of phenylalanine,

tyrosine, and histidine (Figure 7).

Intermolecular hydrogen bonding between procyanidin ro-

tamers and a Histatin 5 conformer was assessed using a donor-

acceptor cutoff distance of 3.2 Å and a 20◦ cutoff angle. A

greater number of Histatin 5 residues participated in hydro-

gen bonding in gas-phase versus liquid-phase procyanidin-

Table 5 Percentage of intermolecular hydrogen bonding in gas and

liquid-phase procyanidin-Hist atin 5 complexes (PCB1: procyanidin

B1, Side: Side Chain Atom, Main: Main Chain Atom)60

(a) gas-phase compact rotamer of procyanidin B1 and a His-

tatin 5 conformer

donor acceptor hydrogen bonds

TYR10-Side PCB1-Side 2.5%

LYS13-Side PCB1-Side 19.6%

PCB1-Side HID15-Side 15.3%

HID15-Side PCB1-Side 2.1%

HIE19-Side PCB1-Side 3.1%

PCB1-Side TYR24-Side 0.1%

PCB1-Side PHE14-Main 7.3%

HIE18-Side PCB1-Side 5.7%

PCB1-Side HIE19-Side 3.8%

PCB1-Side TYR10-Side 1%

PCB1-Side LYS13-Main 6.4%

TYR24-Side PCB1-Side 0.4%

PCB1-Side SER20-Side 0.1%

ARG22-Side PCB1-Side 0.9%

PCB1-Side HIE18-Main 0.5%

(b) liquid-phase compact rotamer of procyanidin B1 and a

Histatin 5 conformer

donor acceptor hydrogen bonds

PCB1-Side PHE14-Main 42.5%

LYS5-Side PCB1-Side 1.8%

PCB1-Side ALA4-Main 0.4%

LYS17-Side PCB1-Side 0.1%

HID15-Side PCB1-Side 1.3%

PCB1-Side HIE18-Side 0.2%

(c) gas-phase extended rotamer of procyanidin B1 and a

Histatin 5 conformer

donor acceptor hydrogen bonds

PCB1-Side HID15-Side 1.3%

ARG6-Side PCB1-Side 4.9%

ASP1-Main PCB1-Side 21.3%

LYS5-Side PCB1-Side 14.5%

PCB1-Side TYR10-Side 0.1%

PCB1-Side ASP1-Side 56.7%

TYR10-Side PCB1-Side 0.6%

PCB1-Side PHE14-Main 1.1%

SER2-Side PCB1-Side 29.6%

SER2-Main PCB1-Side 13.5%

PCB1-Side SER2-Side 2.1%

(d) liquid-phase extended rotamer of procyanidin B1 and a

Histatin 5 conformer

donor acceptor hydrogen bonds

PCB1-Side PHE14-Main 6.9%

LYS13-Side PCB1-Side 1.7%

LYS5-Side PCB1-Side 3.6%

ARG22-Side PCB1-Side 1.2%

TYR10-Side PCB1-Side 0.9%
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Fig. 5 Average percentage of nearest neighbor contacts less than 4

Å of procyanidins for the four procyanidin molecules in the gas

(empty) and liquid (blue) phases.
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Fig. 6 Average percentage of carbon-carbon and carbon-nitrogen
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for gas versus liquid-phase procyanidin rotamers (Table 5).
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4 Discussion

Tannin binding to salivary peptides is attributed to both hy-

drophilic and hydrophobic mechanisms.61,62 Predominantly

hydrophilic binding interactions have been proposed for con-

densed tannins through hydrogen bonding of their phenolic

hydroxyl groups, whereas hydrolyzable tannins have been

suggested to bind via mostly hydrophobic interactions through

π-π stacking of their phenolic rings.63 However, condensed

tannins were found to bind proline rings of PRPs via π-π
stacking of their polyphenol rings, and the relative binding

affinities of a selection of tannins, including both hydrolyzable

tannins and condensed tannin monomers, corresponded to the

number of aromatic rings available for π-π stacking.29,30,64 In

addition, the binding mechanism for the condensed tannin di-

astereomers procyanidin B1, B2, B3, and B4 to the 14 residue

PRP IB714 was found to depend on the concentration of pro-

cyanidins, with hydrophilic interactions occurring at concen-

trations below the critical micelle concentration (CMC), while

above the CMC, both hydrophilic and hydrophobic interac-

tions were observed.65,66

Association constants for self-aggregation of procyanidin

diastereomers were measured to be around 6 M−1.67 2D NMR

studies of procyanidin binding to IB714 were performed below

their self association constants, though self-aggregation was

taken into account when calculating procyanidin-IB714 dis-

sociation constants.65,66 The procyanidin-IB714 binding stud-

ies used 1 mM peptide and 1 to 7 mM of procyanidins

in 12% ethanol and 5 mM acetic acid at pH 3.5.66 CMCs

for procyanidin B1, B2, B3, and B4 range from 19 to 28

mM.67 Procyanidin-IB714 binding studies demonstrated that

the tendency for procyanidin diastereomers to adopt the ex-

tended versus compact rotamer determined their relative bind-

ing affinities for IB714 in aqueous solution.65,66 Below the

CMC and at a tannin:peptide molar ratio > 2, the tendency for

procyanidin diastereomers to adopt the extended rotamer cor-

related with the amount of IB714 peptide precipitated. Above

the CMC, the conformational preference of procyanidins did

not influence their binding to IB714 due to the effects of tan-

nin aggregation. Procyanidin B2 had the highest percentage of

extended rotamer (45%), followed by B4(17%), B1(8%), and

B3(5%).35 Below the CMC, the dissociation constants of pro-

cyanidin B1, B2, B3, and B4 for IB714 were calculated to be

2.9 mM, 1.1 mM, 8.0 mM, and 2.5 mM, respectively, and the

number of IB714 binding sites for procyanidin B1, B2, B3, and

B4 were found to be 3.0, 3.2, 3.0, and 3.5, respectively. Thus,

the relative binding affinities of the procyanidin diastereomers

for IB714 were ranked: B2 > B4 > B1 > B3. In our study,

both compact and extended rotamers of procyanidin B1, B2,

B3, and B4 were docked to the six Histatin 5 conformers with

FRED to adequately sample the most significant conforma-

tions contributing to procyanidin binding to Histatin 5.

2D NMR studies have shown that Histatin 5 adopts a ran-

dom coil in aqueous solution.33,34 Intrinsically unstructured

proteins (IUPs) include random coil, molten globule (contain-

ing secondary structure, but without compact tertiary struc-

ture), and their transitions along with transitions to the folded

state.68 IUPs have often been found to be characterized by

a high net charge and/or a large number of polar amino

acids.69,70 Histatin 5 shares many of the features of IUPs,

including a net charge of +5 in neutral aqueous solution as

well as a large number of polar and aromatic residues, includ-

ing histidine, tyrosine, phenylalanine, lysine, and arginine.32

Bennick et al.29 determined that the relative number of near-

est neighbor contacts between Histatin 5 residues and pro-

cyanidin diastereomers could be assessed by monitoring av-

erage changes in proton chemical shifts of Histatin 5 residues

upon titration with EGCG. A larger number of contacts cor-

responded to a larger average chemical shift change. The av-

erage chemical shift changes are suggested to be due to hy-

drophobic interactions between aromatic rings of EGCG and

aromatic side chains of histidine, phenylalanine, and tyrosine,

and also hydrophobic sections of the side chains of lysine and

arginine. A significant number of contacts were observed for

histidine, tyrosine, and phenylalanine, and also arginine and

lysine during simulations of the procyanidin-Histatin 5 com-

plexes. These simulation data suggest procyanidins may bind

a diverse array of peptide backbone conformations sampled

by a Histatin 5 random coil in aqueous solution via mostly

hydrophobic and π-π stacking interactions between procyani-

din polyphenol rings and histidine, phenylalanine, tyrosine,

lysine, or arginine residues of Histatin 5. In contrast, a mix-

ture of tannin-peptide complexes resulting from tertiary struc-

tural changes was observed upon binding of EGCG to the 70

residue proline-rich IB-5.26 Future studies of conformational

changes in Histatin 5 upon binding procyanidins using NMR

with residual dipolar couplings (RDC) and conformations of

bound procyanidins using time-averaged Nuclear Overhauser

Effect (NOE) could serve to further elucidate the mechanisms

of procyanidin-Histatin 5 binding in aqueous solution.71–73

2D NMR studies showed that the primary sequence of His-

tatin 5 can affect tannin binding as well, perhaps due to some

element of binding cooperativity, though this effect was not

investigated in the current study.29,74

5 Conclusions

Estimates of the binding affinity from calculating the direct

interaction energy between the procyanidin and Histatin 5

gave a ranking for the four diastereomers in good agreement

with the ESI-MS for both the gas and the liquid phases. The

procyanidin-Histatin 5 interactions are different between the

gas and the liquid phase in three separate ways. First, the

number of Histatin 5 residues involved in hydrogen bonding
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was greater for gas versus liquid-phase procyanidin-Histatin

5 complexes (Table 5). The percentage of hydrogen bond-

ing during the MD simulations was also greater for gas versus

liquid-phase complexes. Secondly, in the liquid phase the per-

centage of intermolecular π-π stacking interactions between

the procyanidins and Histatin 5 is enhanced (Figure 6). And

finally, the average procyanidin-Histatin 5 binding energies in

gas-phase procyanidin-Histatin 5 complexes were around 30

kcal/mol lower than in the liquid phase. Together these three

effects (more hydrogen bonding in the gas-phase, more π-π
stacking in the liquid phase, and stronger interactions over-

all in the gas phase) indicate that the structures of the com-

plexes are influenced by water, which is consistent with the

different ranking of binding strengths that were measured (Ta-

ble 1). Enhanced electrostatic interactions in the gas-phase

procyanidin-Histatin 5 complexes were seen in other studies

(Table 4).24,25

NMR studies employing time-averaged NOEs demon-

strated that multiple conformations of EGCG bound several

sites of a PRP heptapeptide.73 Visual inspection of struc-

tures corresponding to maxima in the energy distributions of

procyanidin-Histatin 5 complexes suggests that the compact

and extended conformations of procyanidin B1, B2, B3, and

B4 bind multiple sites on Histatin 5 as well (data not shown).

In addition, both gas and liquid-phase binding modes of

procyanidin-Histatin 5 complexes exhibited hydrogen bond-

ing and π-π stacking characteristics, though gas-phase bind-

ing modes appeared to exhibit more hydrogen bonding and

less π-π stacking than liquid-phase binding modes, as ex-

pected (data not shown).

It is estimated that 25% of the total protein in mammals

consists of IUPs and efficient methods for predicting IUPs

are currently being developed.75–80 Intrinsic disorder can pro-

vide a receptor with additional functional properties compared

with the folded state, including broader specificity to interact

with a wider variety of ligands as well as the ability to interact

with more ligands simultaneously.81–83 The protein structure-

function paradigm can thus be modified to encompass IUPs by

including random coil, molten globule (containing secondary

structure, but without compact tertiary structure), and folded

states, along with their transitions.68 From an evolutionary

standpoint, it would appear energetically costly to have to syn-

thesize and process a large number of folded proteins capable

of binding each species of tannin. Thus, it seems appropriate

that intrinsic disorder imparts salivary peptides with the abil-

ity to bind a greater variety of tannins than the folded state.84

However, the energetic cost of broader specificity imparted to

a peptide by intrinsic disorder may result in lower tannin bind-

ing affinities overall.68,85 Tannins that do not bind strongly to

salivary peptides would be expected to be more bioavailable,

and could potentially be exploited for their antioxidant poten-

tial.29 Mass spectrometry, with its rapid and sensitive screen-

ing ability, may be particularly well suited for determining the

bioavailability of tannins.24,25,86,87
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