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Binding parameters for the interactions of pentagalloyl glucose (PGG) and four hydrolyzable tannins
(representing gallotannins and ellagitannins) with gelatin and bovine serum albumin (BSA) have been
determined from isothermal titration calorimetry data. Equilibrium binding constants determined for
the interaction of PGG and isolated mixtures of tara gallotannins and of sumac gallotannins with
gelatin and BSA were of the same order of magnitude for each tannin (in the range of 10*—10° M~
for stronger binding sites when using a binding model consisting of two sets of multiple binding sites).
In contrast, isolated mixtures of chestnut ellagitannins and of myrabolan ellagitannins exhibited 3—4
orders of magnitude greater equilibrium binding constants for the interaction with gelatin (~2 x 106
M~1) than for that with BSA (~8 x 102 M~1). Binding stoichiometries revealed that the stronger binding
sites on gelatin outnumbered those on BSA by a ratio of at least ~2:1 for all of the hydrolyzable
tannins studied. Overall, the data revealed that relative binding constants for the interactions with
gelatin and BSA are dependent on the structural flexibility of the tannin molecule.
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INTRODUCTION It has long been known that relative affinities of tannins for

Tannins are usually defined as polyphenolic compounds that different proteins can vary as much as 10000-fdifi, (2) and
precipitate proteins and are part of a diverse group of polyphe- that tannins bind preferentially to proline-rich proteins that have
nols that are formed as secondary metabolites in pldnt2)( either random coil or collagen-like helical conformations
Tannins comprise a wide range of oligomeric and polymeric (11,13). Tannins are thought to act as multidentate ligands to
polyphenols; condensed tannins (syn. proanthocyanidins), gal-facilitate protein cross-linking and consequent precipitation
lotannins, and ellagitannins are the most widely occurring (14, 15), which has led to the inference that high molecular
tannins. The gallotannins and ellagitannins are also known asweight tannin molecules should precipitate proteins more
hydrolyzable tannins. effectively 6), although some data suggest that this rule is an

Tannins exhibit numerous biological activities that are of oversimplification and does not apply to all tannid$). For
interest in human and veterinary medicirZe §). Many herbal example, in an enzyme-linked immunosorbent assay (ELISA)-
medicines contain gallo- and ellagitannins, which are thought based competition assay, it was found that higher molecular
to be active ingredients (4), and have been used since antiquityweight pentagalloyl glucose (PGG) and rugosin D ellagitannins
to improve vascular health and for the treatment of cancer, interacted less strongly with proline-rich proteins than the lower
respiratory, and many other diseas2s5—8). It is probable molecular weight tetragalloyl glucose (17).
that the interaction of tannins with proteins is fundamental to  Tannin—protein interactions have been studied by using
their observed biological activities(9, 10); yet, despite many  competitive binding assays in which an unlabeled test protein
years of study, there are still many unanswered questions and.ompetes with a standard labeled protein to inhibit its binding
unresolved_contrad_lct_lons m_the I|_terature. Therefore,_ a b(_etter and precipitation with tannini(, 18) or by characterizing
u_nderstandlr_\g of _thls interaction will er_1ab|e clearer rationaliza- precipitated tanninprotein complexesl@). However, precipita-
tion of the biological activities of tannins. tion may not occur in biological systems where the stoichiom-
etries of the interacting species would tend to lead to soluble

* To whom correspondence should be addressed. Fé4 118 3788709.

Fax: +44 118 9310080. E-mail: r.a.frazier@reading.ac.uk. complexes only. Therefore, methods to study soluble tannin
1 Deﬁartlm?rghOf Agriculture, Ur]iverfsilt?y Og_Reading. protein complexes have become the focus of more recent studies.
§§g|y°rge?|_ab§rrgggﬁg’s lﬂ?&‘_’_ers'ty ot keading. Such methods have included equilibrium dialy4i4,(L5), size
' Department of Food Biosciences, University of Reading. exclusion chromatography2@), nuclear magnetic resonance
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Figure 1. Chemical structures of tara gallotannins (1), sumac gallotannins (2), chestnut ellagitannins (3 and 4), myrabolan ellagitannins [corilagin (5) and
chebulagic acid (6)], and PGG (7). Structures 1-6 are well-described in the literature and were confirmed by MALDI-TOF mass spectrometry of the
isolated tannin mixtures.

(NMR) spectroscopy (21—24), electrospray ionization mass (1, 2). Gelatin is proline-rich, has an open random coil
spectrometryZ5, 26), matrix-assisted laser desorption/ionization conformation, and is a model for seed prolamins and salivary
time-of-flight (MALDI-TOF) mass spectrometn2{, 28), and proline-rich proteins, the latter being the focus of recent research

isothermal titration calorimetry (ITC)2(7, 29—31). Of these into the molecular basis for astringenc34j. BSA is a well-
methods, ITC is unigue in that it enables the direct measurementcharacterized globular protein. Both gelatin and BSA have been
of the thermodynamics of proteitligand interactions32, 33). commonly used in the literature for investigation of relative

All reversible biomolecular interactions involve changes in binding affinities of tannins.

enthalpy (i.e., the liberation or absorption of heat energy); thus,

ITC can be. univer'sally applied to theif stud;/s(). Indeed, the MATERIALS AND METHODS

technique is particularly attractive since it can be used to

measure the strength and stoichiometry of an interaction in  Materials. BSA (purity >99%, essentially globulin free, 66 kDa)

solution and without chemical modification or immobilization and bovine skin gelatin (100 kDa) were purchased from Sigma (Poole,

of either interacting species. It is also tolerant to any precipitation Dorset, United Kingdom). PGG was used as provided and was isolated

that may occur during the interaction and does not pose aSapure compound from co_mmercially ava_lilable tanni_c acid (Cc_;leman

limitations in terms of the molecular size of interacting species. & Bell Co., Norwood, OH) via methanolysis as described previously
In the present study, ITC has been employed to (:haracterizeWlth an overall mass yield of 340 mg PGG/g tannic a@8)( The

L L PGG structure was confirmed by mass spectrometry &hdMR
the binding of PGG and four hydrolyzable tanniffsgure 1), spectroscopy, and the material was homogeneous by high-performance

representing gallotannins and simple ellagitannins, to gelatin jiquig chromatography (HPLC). Tara, sumac, chestnut, and myrabolan
and bovine serum albumin (BSA). Gallotannins are considered tannins were isolated from commercially available tannin products
to be structurally more flexible in comparison to the more rigid donated by Forestal Quebracho Ltd. (Reading, Berkshire, United
ellagitannins, which contain intramolecular biphenyl linkages Kingdom) and were mixtures of closely related tannins with a range
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of molecular weights. All solutions for ITC analysis were prepared in Data Analysis. Estimated binding parameters were obtained from
50 mM citrate buffer at pH 6 and were degassed under vacuum prior the ITC data using the Bindworks ITC data analysis program (Version
to use. 3.1.3, Applied Thermodynamics, Hunt Valley, MD). Data fits were
Isolation of Tannins. Tannins were isolated from commercially  obtained using either the independent set of multiple binding sites model
available tannin products by chromatography on Sephadex LH-20 or the two sets of multiple binding sites model. For the independent
(Amersham Biosciences, Chalfont St. Giles, Buckinghamshire, United set of multiple binding sites model, the analytical solution for the total
Kingdom). Commercial tannin products (2 g) were dissolved in heat measured (Q) is determined by the formula:
methanol/water (1:1, v/v; 10 chunder a stream of nitrogen for 10
min. The solution was centrifuged (14§)0filtered through glass wool, 1+ [MnK — «/(1 + [M]nK — [L]K) 24 4K[L]
and applied to a Sephadex LH-20 column (10 g preswollen in 10 cm Q= VAH] [L] + oK
methanol/water, 1:1, v/v; column dimensions: 10 cm length.5 cm

diameter). Nontannin compounds were eluted with 308 m@thanol/ whereV is the volume of the calorimeter cel\H is enthalpy, [L] is
water (1:1, v/v), and a tannin fraction was eIu_ted with acetone/water ligand concentration, [M] is macromolecule concentratiois, the molar
(7:3, vlv; 150 cn). Acetone was evaporated in vacuo (35), and ratio of interacting species, andis the equilibrium binding constant
then, the aqueous phase was frozen and lyophilize2i(h). The (36). The analytical solution fo in the two sets of multiple binding
isolated tannins were stored &20 °C. sites model is determined by the formula:

Molecular Weight Characterization of Tannins. Average molec-
ular weights of isolated tannins were determined by gel permeation
chromatography (GPC) using a GPC50 instrument with a differential Q= V[M]{
refractive index detector (Polymer Laboratories, Church Stretton,
Shropshire, United Kingdom). The tannin samples were dissolved in
tetrahydrofuran (THF; 0.2 g tannins in 100 €WHF) at 5°C overnight.
Samples (10QcL) were injected into the GPC system and separated
on two serially connected PLgelAn MIXED-E columns (300 mm
x 7.5 mm; Polymer Laboratories) and eluted with THF at £ onm™
at ambient temperature. Column calibration was performed with
polystyrene standards (PSTY EasiVial, Polymer Laboratories). The N Ty — f( )]2
molecular weight values used were those of the highest peak in 2_ Yi %
chromatogramsMp). The polydispersity ratio was between 1.3 and X = 2
1.5 for the four tannin mixtures studied. Masses were confirmed by
MALDI-TOF mass spectrometry analysis of the tanni®$)( The . L .
average molecular weight for the tara gallotannins determined by GPC whereN is the number (_)f data pointg,is the actual value(x) s the
(593 g mol?) conflicts with MALDI-TOF mass spectrometry, which theoretical \_/alue, and; is tr_\e measurement error. The data flts_ were
suggests that the most abundant molecular masséz (ange from acceptable in each case since #Aevalues were less than the critical
1432.0 to 1736.2 g mot. As discussed later, this means that binding Values for the appropriate degree of freedom.
stoichiometries and enthalpies for tara gallotannins should be viewed
with caution; however, equilibrium binding constants are not signifi- RESULTS
cantly influenced.

ITC. ACSC Nano ITC Series Ill instrument (Calorimetry Sciences  Figure 2 shows the ITC binding isotherms for the interaction
Corp,, Lindon, UT) was used to measure enthalpy changes associatetyf tara, sumac, chestnut, and myrabolan tannins with gelatin as
with tannlnfp_roteln |_nteract|ons at 298 K. In a typical experlme-_nt, plots of observed changes in enthalyHp,) Vs tannin:protein
buffered gelatin solution (0.002, 0.007, or 0.01 mM) or BSA solution 1 ratins. Each plot shows an exothermic interaction in which

(0.003, 0.015, or 0.075 mM) was placed in the 1.00£ sample cell AT . .
of the calorimeter and buffered tannin solution (5 g-d@was loaded the protein binding sites become completely saturated at tannin:

into the injection syringe. Tannins were titrated into the sample cell as Proteéin molar ratios in excess of 200:1. The high molar ratio
a sequence of 24 injections of 40 aliquots. The time delay (to allow  Values required for saturation suggest multiple binding sites of
equilibration) between successive injections was 3 min. The contentstannin to protein, and because of these high binding stoichi-
of the sample cell were stirred throughout the experiment at 200 rpm ometries, it was necessary to repeat titrations with different
to ensure thorough mixing. Raw data were obtained as a plot of heatgelatin concentrations present in the calorimeter cell to observe
(1J) against injection number and featured a series of peaks for eachcomplete binding isotherms; these overlaid data are represented
injection. These raw data peaks were transformed using the instrumentj, Figure 2 by the use of different symbols.
software to obtain a plot of observed enthalpy change per mole of A common feature of each tannin—gelatin binding isotherm
injectant (Afbos .kJ mor.l) against m.OIar. ratlo. . . was a long region of very small changes in enthalpy at high
Control experiments included the titration of buffered tannin solutions molar ratios (e.g., greater than 200:1 for tara gallotannins in

into buffer, buffer into protein, and buffer into buffer; controls were = 22) bef thalpi ft tion for diluti
repeated for each buffer system used and at each protein concentration. igure 2a) before zero enthalpies (after correction for dilution

The last two controls resulted in small and equal enthalpy changes for €Nthalpies) were recorded to indicate complete binding satura-
each successive injection of buffer and, therefore, were not further tion. These regions indicate that a secondary and very weak
considered in the data analys8}. Corrected data refer to experimental ~ interaction process was occurring at higher molar ratios, and it
data after subtraction of the tannin into buffer control data. Tannin was therefore necessary to employ a binding model consisting
molecules tend to self-associate into aggregates due to their hydro-of two sets of multiple binding sites, each with different binding
phobicity; therefore, when injected from the syringe into buffer, the strengths (36). The justification for this type of binding model
tannin molecules undergo an endothermic process of deaggregais highlighted inFigure 3, which shows fits to the data for the
tion, analogous to surfactant demicellizatioB9). The extent of  jyieraction of sumac gallotannins with gelatin using two different

deaggregation depends inversely on the concentration of tannin already;., 4, o o dels: The dashed line assumes one independent set
present in the sample cell; therefore, successive injections of tannin

into buffer lead to the observation of progressively lower endothermic of muIFlple binding sites with equal blndlng .Stre.ngth,. and the
enthalpy changes as has been illustrated in earlier &gk The data ~ SOlid line assumes two sets of multiple binding sites with
are shown after subtraction of the effects of tannin deaggregation, which different binding strengths. InspectionBigure 3 reveals that
means that the assumption is made that tannins dissociate prior tothe independent set of multiple binding sites model (dashed line)
binding. does not describe the data well at low molar ratie®%:1) or

MAHK[L]  nAHK,[L]
THKL L+ KL

wheren; andn, are the molar ratios of interacting speciéd;l; and

AH; are the enthalpies, ang and K, are the equilibrium binding
constants for each of the two sets of multiple binding si&8.(The

goodness of fit was determined by calculatiory®from the following

formula:
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Figure 2. ITC binding isotherms for (a) tara gallotannin, (b) sumac gallotannin, (c) chestnut ellagitannin, and (d) myrabolan ellagitannin interactions with
gelatin. Symbols denote different gelatin concentrations of 0.01 (circles), 0.007 (squares), and 0.002 mM (crosses).

0 Table 1. Estimated Thermodynamic Binding Parameters for the
5 Interaction of Hydrolyzable Tannins with Gelatin and BSA
] 107 gallotannins ellagitannins
E -15 7 tara sumac chestnut  myrabolan PGG
X 201 Mp(@mol) 5932 2069 780 1249 940
§ -25 4 gelatin
L 54 Ve 6.7 2.9 6.7 2.4 3.9
< m 53.0 35.4 46.0 36.4 30.8
-35 1 Ky (M1 80x103 69x105 15x106 22x106 2.8 x10°
40 . ‘ . . , . AH; (kImol=t) 21,0 -37.6 -222 -27.9 -47
m 57.6 20.7 32.3 38.8 60
0 10 . 20 39 40 5(_) 60 K, (M™% 15x102 42x102 11x10* 83x103 75x10?
tannin:protein molar ratio AHp (kImol=1) =209 —49.4 27 -31.2 —43.8
Figure 3. Analysis of sumac gallotannin binding to gelatin. The solid line BSA
gives the fit assuming two sets of multiple binding sites with binding e gg g-i 2-767 3-220 1-635
GO 2 — . n ) ) ] . i
parameters as detall_ed in Table 1 (y 2:9). T_he_dashed line ShOW_S Ky (M) 10x104 17x10° 9x102  7.0x102 22x105
the fit assuming one independent set of multiple binding sites where n = AH; (Imol™Y)  =33.0 303 -39.8 581 375
33, K=2.8 x 105 M1, and AH = -43.5 kJ mol~* (¥? > 20.0). Solid m 15.4 24.2 67.1
circles represent data used to fit the models. Open circles represent data Kz (M~1) . 6.8x102 22x10° 6 x 10°
not included during fitting of binding parameters. AH (RImol™)  -248 207 —48.6

2MALDI-TOF mass spectrometry suggests that the most abundant molecular

at high molar ratios ¥50:1). Indeed, the slope of the fitted masses (m/z) range from 1432.0 to 1736.2 g mol~! (35). Fitting ITC binding
sigmoidal curve is also not an accurate representation of theisotherms with a mass in this range (1500 g mol=2) influence binding stoichiometries
actual data and the overall fit is poor?(z 20.0). In contrast, (e.g., for gelatin, m = 38.5, and n, = 22.4) and enthalpies (e.g., for gelatin, AH,
the two sets of multiple binding sites model (solid line) gives = —46.8 kJ mol™*, and AH, = —54.0 kJ mol~*), but equilibrium binding constants
a close fit to the data at molar ratios in excess of 1521 remain within the same order of magnitude (e.g., for gelatin, K; = 1.0 x 10* M3,
2.9). Data at tannin:protein molar ratied5:1 were notincluded ~ ad Ko = 4.7 x 102 M™).
in the fitting of the binding model depicted irigure 3 since
these data exhibited increases in exothermicity with subsequentused to determine the thermodynamic parameters for the
tannin injections to the protein solution. Such behavior at lower tannin—gelatin interactions listed ifable 1. The equilibrium
tannin:protein molar ratios was also observed for the ellagitan- binding constants ranged from 8:010° to 2.2 x 10° M~* for
nins (Figure 2c,d) and may be evidence of some cooperative the stronger binding sites (Kand from 1.5x 10?to 1.1 x 10*
behavior such that tannin binding was enhanced or influencedM~* for the weaker binding sitesk¢). Binding stoichiome-
by prebound tannin molecule®9). This feature of the binding  tries (tannin:protein) were in the range 31:1 to 53:1 for the
isotherms (when present) was not accounted for by the binding stronger binding sitesn() and 21:1 to 60:1 for the weaker
models employed. binding sites (p).

Because the two sets of the multiple binding sites model was  Figure 4 shows ITC binding isotherms for the tara, sumac,
more representative of the data presente&igure 2, it was chestnut, and myrabolan tannins to BSA. As wiigure 2,
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Figure 4. ITC binding isotherms for (a) tara gallotannin, (b) sumac gallotannin, (c) chestnut ellagitannin, and (d) myrabolan ellagitannin interactions with
BSA. Symbols signify different BSA concentrations of 0.075 (circles), 0.015 (crosses), and 0.003 mM (triangles).

the plots ofAHgps VS tannin:protein molar ratio feature overlaid 0
data from experiments in which different protein concentrations -5 1
were present in the calorimeter cell. It can be seen that the shapes -10 4
of the binding isotherms for the gallotannins (tara and sumac) -15 1
binding to BSA are similar to those for their binding to gelatin. -20
However, the binding stoichiometries were lower for BSA ( 25 |
+ np = 17.9—33.6) than for gelatim{ + n, = 56.1—110.6). 30
In contrast, the ellagitannins (chestnut and myrabolan) showed 35
a marked difference in their binding to BSA and gelatin. BSA - 40
binding isotherms exhibited evidence of protein concentration S 45 (a)
dependence; that is, at a given tannin:protein molar ratio, the E 5 .
values forAHqpsare more exothermic at higher BSA concentra- 2 0 20 40 60 80
tions in the calorimeter cell. f
As for the tannin—gelatin interaction data, the ITC data for g2 0
tannin—BSA interactions presented kigure 4 were fitted to T 5]
binding models to allow the determination of thermodynamic <
parameters as summarized Table 1. In the case of the -10
gallotannin—BSA interactions, the binding models used con- 15
sisted of two sets of multiple binding sites with different binding
strengths as used earlier for tanngelatin interactions, and 20 1
the equilibrium binding constant&{ and K,) were found to 25{ apn
be of the same order of magnitude as for gallotangelatin
interactions. However, for the ellagitanriBSA interactions, -30 4 (b)
it was not possible to arrive at a unique fit for all data sets (i.e., 35 , .
at different concentrations) because of the protein concentration 0 20 40 60
dependence. Therefore, for the ellagitannins, the quoted fit in tannin:protein molar ratio

Table 1 is for the data at 0.015 mM BSA concentration since
this was the middle concentration. The data at the other BSA
concentrations also were found to fit to a binding model BSA {
consisting of one set of weak binding sites, giving equilibrium Parameters).
binding constants<10® M~1. Therefore, the ellagitannins can

be regarded to have a weaker interaction with BSA than they o ] S
do with gelatin. ally similar compounds but having a distribution of molecular

Figure 5 shows the ITC binding isotherms for the interaction Masses (35). PGG is a gallotannin and interacts with gelatin
of PGG with gelatin and BSA, and the binding parameters from and BSA in a similar fashion as the isolated tara and sumac
these data are summarizedTiable 1. PGG is one of several ~ gallotannins. The PGG data also showed agreement with
closely related compounds that occur in sumac gallotannins andpreviously published ITC data on the binding of tannic acid
was studied to compare the protein interaction of a pure (from which PGG was isolated) to gelatin and BS®), which
compound with those of tannin mixtures consisting of structur- also indicated similar binding strengths for these two proteins.

Figure 5. ITC binding isotherms for PGG binding to (a) gelatin and (b)
open triangles indicate data not used during fitting of binding
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DISCUSSION several elongated chains; therefore, an alternative explanation

o . could be related to the relative abilities to act as multidentate
It is widely accepted that proteins that have a compact ligands.

globular tertiary structure (such as BSA) have a poor affinity
for tannins, whereas proline-rich proteins (such as gelatin),
which have an extended random coil conformation, have a high
affinity for tannins (11). However, the equilibrium binding
constants determined here for the protein binding of gallotannins
and ellagitannins suggest that the tertiary structures of tannins
are also important; gallotannins bind with equal strength to
gelatin and BSA, whereas ellagitannins bind strongly to gelatin
and weakly to BSA. On the other hand, there are clear
differences in binding stoichiometry; gelatin generally binds

While the importance of tannin structure is recognized in the
literature, emphasis has also been given to considerations of
molecular size and water solubility (or polarity§, (37, 38).

The relative importance of these other parameters is shown here
to be low. For example, the water solubilities indicated by the
octanol/water partition coefficientsKg, values) of sumac
gallotannins and myrabolan ellagitannins were found to be
similar (Kow = 1.96 and 1.49, respectively; unpublished data);
yet, each demonstrated radically different protein binding

; - .~ behavior. Myrabolan ellagitannins exhibited an apparent 4 orders
more taqnln molgcules per mple B protem_than does BSA, with of magnitude greater binding strength for gelatin than for BSA,
strong binding sites on gelatin outnumbering those on BSA by while sumac gallotannins had similar binding strengths for
a ratio of at least 2:1 in all cases studied here. Therefore, in agelatin and BSA.

competitive binding assay, it would be expected to observe
greater relative binding affinity for gelatin than for BSA for all
of the hydrolyzable tannins studied here since the binding site

stoichiometries fayor ge'a“”,b'”‘,j'”g' . of the stoichiometry of tanninprotein precipitates have sup-
The observed differences in binding characteristics between e this view with observations of very high stoichiometries
the gallotannins and the ellagitannins highlight the importance {4t indicate that binding is unlikely to be to specific ligand
of conformational flexibility of the tannin molecule, as has been binding sites on the proteirl®, 40, 41). The data from ITC
discussed in previous literaturé, (37, 38). The ellagitannins 5155 suggest that tannins could bind by coating the protein
differ from the gallotannins in that the aromatic rings in the - grface. It was previously estimated that the maximum amount
hydroxydiphenoyl groups are constrained by intramolecular of pGG, which could be bound on the surface of BSA, would
biphenyl linkages (se€igure 1). There is a resulting 10ss of  pa of the order of 100 mol PGG/mol BSAQ); the binding
conformational freedom that appears to play a fundamental role stgichiometry found here indicated binding e84 mol PGG/
in their protein binding capacity. However, it appears that the mo| BSA. However, it is noteworthy that two classes of binding
loss of conformational freedom in ellagitannins has no major sjtes exist on both gelatin and BSA, which suggests that there
impact on the ability to bind to a flexible protein such as gelatin, js some specificity for particular sites (e.g., hydrophobic
whereas it does detrimentally impact the ability to bind to BSA  residues).
as shown by the low binding constants determined from ITC x4 final point, it was found that the ITC binding isotherms

binding |sotherms'l(_able 1). Indeed, this finding is supported_ observed for myrabolan ellagitannins in this study were mark-
by rgcgnt work, which demo_nstratgd that PGG (a gallotaqn|n) edly different to those reported in earlier wo&). In the earlier

precipitated BS_A more eff|C|entI_y (i-e., at lower mass ratios) study, “myrabolan tannins” consisted of the crude commercially
than'the .eIIagltannms pqstalagln @ CF’mp‘?”e”t OT chestnutyyijable product as supplied to the leather industry, which also
ellagitannins) and grandinir1g). The ellagitannins studied here  .jn2ins nontannin impurities. In the present study, chroma-

also exhibited d@fferenqes in binding enthalpy with a change in tography on Sephadex LH20 was used to separate tannins from
BSA concentration. This type of concentration dependence has,gntannin impurities, yielding 0.145 g tannins/g air-dried

been observed previously for the interacti(_)n of e_picatechin With commercial product. It was noted previously that for the crude
BSA (31) and can be a consequence of ligand-induced protein«yyraholan tannin product” there was concentration dependence
aggregation (39). It is apparent that the conclusion that con- for the interaction with gelatin and BSA, whereas in the present
formational flexibility of both the tannin and the protein are  gy,gy on the isolated tannin fraction only the interaction with
important complementary factors leading to strong interactions gsa showed concentration dependence and equivalent binding
is a key point §). However, from the data presented here, further enthalpies to the previous dat29). However, in comparison
refinement should be made to state that conformational flex- (o the data reported here for the isolated myrabolan ellagitannins,
ibility of either the tannin or the protein is necessary for strong  pinding of the crude tannin product to gelatin resuilted in binding
binding, which then would account for the weaker binding of jsotherms with significantly lower binding enthalpies. Poten-
ellagitannins to BSA where both tannin and protein are more tja|ly, some of the impurities in the crude tannin products could
conformationally rigid. be bound to the tannins and thus may have inhibited binding to
Results for the tara gallotannins suggest that the nature ofproteins. This might have important implications for the
the polyol core of the hydrolyzable tannins may also have an extrapolation of data from pure systems to the complexities of
influence on binding strengths. Tara gallotannins exhibited the the real in vivo scenario in which a range of other substances
weakest interaction with gelatin and uniquely, in addition to can be present (42).
the binding model used to generate the binding parameters in
Table 1, their binding could equally well have been described ,pprEVIATIONS USED
as an interaction with a single type of weak binding sitex(n
90, K = 2.6 x 10®° M1, AH = —25.4 kJ mot?). Tara BSA, bovine serum albumin; ELISA, enzyme-linked immu-
gallotannins are distinct from the other tannins studied in that nosorbent assay; GPC, gel permeation chromatography; HPLC,
they contain a quinic acid core as opposed to glucose (seehigh-performance liquid chromatography; ITC, isothermal ti-
Figure 1). However, MALDI-TOF mass spectrometry suggests tration calorimetry; MALDI-TOF, matrix-assisted laser desorp-
that tara gallotannins also contain only one elongated chain in tion/ionization time-of-flight; NMR, nuclear magnetic resonance;
their structure 35), whereas sumac gallotannins may have PGG, pentagalloyl glucose; THF, tetrahydrofuran.

It has been suggested that the interaction of proteins with
tannins is primarily a surface phenomenon and that tannin
molecules effectively coat the surface of a proté@)( Studies



4560 J. Agric. Food Chem., Vol. 55, No. 11, 2007
ACKNOWLEDGMENT

We thank Ann Hagerman for her kind donation of the PGG
sample and her helpful comments on our manuscript.

LITERATURE CITED

(1) Khanbabaee, K.; van Ree, T. Tannins: Classification and
definition. Nat. Prod. Rep2001,18, 641—649.

(2) Yoshida, T.; Hatano, T.; Ito, H.; Okuda, T. Chemical and
biological perspectives of ellagitannin oligomers from medicinal
plants. InStudies in Natural Product Chemistry; Rahman, A.,
Ed.; Elsevier Science: Amsterdam, The Netherlands, 2000; pp
395—453.

(3) Mueller-Harvey, I. Unravelling the conundrum of tannins in
animal nutrition and healtH. Sci. Food Agric2006,86, 2010—
2037.

(4) Haslam, E.; Lilley, T. H.; Cai, Y.; Martin, R.; Magnolato, D.
Traditional herbal medicinesThe role of polyphenolsPlanta
Med. 1989,55, 1-8.

(5) Okuda, T.; Yoshida, T.; Hatano, T. Oligomeric hydrolyzable
tannins, a new class of plant polyphendteterocyclesl 990,

30, 1195—-1218.

(6) Haslam, E. Natural polyphenols (vegetable tannins) as drugs:
Possible modes of actiod. Nat. Prod.1996,59, 205—215.

(7) Okuda, T.; Yoshida, T.; Hatano, T. Correlation of oxidative
transformations of hydrolyzable tannins and plant evolution.
Phytochemistry2000,55, 513—529.

(8) Moore, J. P.; Westall, K. L.; Ravenscroft, N.; Farrant, J. M;
Lindsey, G. G.; Brandt, W. F. The predominant polyphenol in
the leaves of the resurrection plaviyrothamnus flabellifolius,
3,4,5 tri-Ogalloylquinic acid, protects membranes against desic-
cation and free radical-induced oxidati@iochem. J2005 385,
301—308.

(9) Riedl, K. M.; Hagerman, A. E. Tannin-protein complexes as
radical scavengers and radical sinksAgric. Food Chen2001,

49, 4917—-4923.

(10) Arts, M. J. T. J.; Haenen, G. R. M. M.; Wilms, L. C.; Beetstra,
S. A.J. N.; Heijnen, C. G. M.; Voss, H.-P.; Bast, A. Interactions
between flavonoids and proteins: effect on the total antioxidant
capacity.J. Agric. Food Chem2002,50, 1184—1187.

(11) Hagerman, A. E.; Butler, L. G. The specificity of proanthocya-
nidin-protein interactionsl. Biol. Chem1981, 256 4494-4497.

(12) Butler, L. G.; Riedl, D. J.; Lebryk, D. G.; Blytt, H. J. Interaction
of proteins with sorghum tannin: Mechanism, specificity and
significance.J. Am. Oil Chem. S0d 984,61, 916—920.

(13) Asquith, T. N.; Butler, L. G. Interactions of condensed tannins
with selected proteinsP?hytochemistryl986, 25, 1591—-1593.

(14) McManus, J. P.; Davis, K. G.; Beart, J. E.; Gaffney, S. H.; Lilley,
T. H.; Haslam, E. Polyphenol interactions. Part 1. Introduction;
some observations on the reversible complexation of polyphenols
with proteins and polysaccharidels.Chem. Soc. Perkin Trans.
1985,2, 1429—-1438.

(15) Feldman, K. S.; Sambandam, A.; Lemon, S. T.; Nicewonger,
R. B.; Long, G. S.; Battaglia, D. F.; Ensel, S. M.; Laci, M. A.
Binding affinities of gallotannin analogs with bovine serum
albumin: Ramifications for polyphenol-protein molecular rec-
ognition. Phytochemistry1 999,51, 867—872.

(16) Osborne, N. J. T.; McNeill, D. M. CharacterisationLefucaena
condensed tannins by size and protein precipitation capakity.
Sci. Food Agric.2001,81, 1113—1119.

(17) Bacon, J. R.; Rhodes, M. J. C. Binding affinity of hydrolyzable
tannins to parotid saliva and to proline-rich proteins derived from
it. J. Agric. Food Chem2000,48, 838—843.

(18) Hofmann, T.; Glabasnia, A.; Schwarz, B.; Wisman, K. N;
Gangwer, K. A.; Hagerman, A. E. Protein binding an astringent
taste of a polymeric procyanidin, 1,2,3,4,6-penta-O-galfbyl-
p-glucopyranose, castalagin, and grandidirAgric. Food Chem.
2006,54, 9503—9509.

(19) Kawamoto, H.; Nakatsubo, F.; Murakami, K. Stoichiometric
studies of tannin-protein co-precipitatidfhytochemistry. 996,

41, 1427—-1431.

Deaville et al.

(20) Hatano, T.; Hori, M.; Hemingway, R. W.; Yoshida, T. Size
exclusion chromatographic analysis of polyphenol-serum albumin
complexesPhytochemistry2003,43, 817—823.

(21) Murray, N. J.; Williamson, M. P.; Lilley, T. H.; Haslam, E. Study

of the interaction between salivary proline-rich proteins and a

polyphenol by*H-NMR spectroscopyEur. J. Biochem1994,

219, 923-935.

Charlton, A. J.; Haslam, E.; Wiliamson, M. P. Multiple

conformations of the proline-rich protein/epigallocatechin gallate

complex determined by time-averaged nuclear Overhauser ef-

fects.J. Am. Chem. So2002,124, 9899—9905.

Verge, S.; Richard, T.; Moreau, S.; Nurich, A.; Merillon, J. M.;

Vercauteren, J.; Monti, J. P. First observation of solution

structures of bradykinin-penfa-galloyl-o-glucopyranose com-

plexes as determined by NMR and simulated anneaBiachim.

Biophys. Acta(G) 2002,1571, 89-101.

Simon, C.; Barathieu, K.; Laguerre, M.; Schmitter, J. M.;

Fouquet, E.; Pianet, |.; Dufourc, E. J. Three-dimensional structure

and dynamics of wine tannin-saliva protein complexes. A

multitechnique approacBiochemistry2003 42, 10385-10395.

Verge, S.; Richard, T.; Moreau, S.; Richelme-David, S.; Ver-

cauteren, J.; Prome, J. C.; Monti, J. P. First observation of non-

covalent complexes for a tannin-protein interaction model
investigated by electrospray ionisation mass spectroscopy.

Tetrahedron Lett2002,43, 2362—2366.

(26) Chen, X.-L.; Qu, L.-B.; Zhang, T.; Liu, H.; Yu, F.; Yu, Y.-Z,;
Zhao, Y.-F. Direct observation of non-covalent complexes
formed through phosphorylated flavonoid protein interaction by
electrospray ionization mass spectrometBupramol. Chem.
2004,16, 6775.

(27) Prigent, S. V. E.; Gruppen, H.; Visser, A. J. W. G.; van
Koningsveld, G. A.; de Jong, G. A. H.; Voragen, A. G. J. Effects
of non-covalent interactions with 6-caffeoylquinic acid (chlo-
rogenic acid) on the heat denaturation and solubility of globular
proteins.J. Agric. Food Chem2003,51, 5088—5095.

(28) Chen, Y.; Hagerman, A. E. Characterization of soluble non-
covalent complexes between bovine serum albumin and
-1,2,3,4,6-pent@®-galloyl-p-glucopyranose by MALDI-TOF
MS. J. Agric. Food Chem2004,52, 4008—4011.

(29) Frazier, R. A.; Papadopoulou, A.; Mueller-Harvey, |.; Kissoon,
D.; Green, R. J. Probing protein-tannin interactions by isothermal
titration microcalorimetry.J. Agric. Food Chem2003, 51,
5189—-5195.

(30) Pripp, A. H.; Vreeker, R.; van Duynhoven, J. Binding of olive
oil phenolics to food proteing. Sci. Food Agric2005 85, 354—

362.

(31) Frazier, R. A.; Papadopoulou, A.; Green, R. J. Isothermal titration
calorimetry study of epicatechin binding to serum albundin.
Pharm. Biomed. Analk006,41, 1602—1605.

(32) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L.-N. Rapid
measurement of binding constants and heats of binding using a
new titration calorimeterAnal. Biochem1989,179, 131—137.

(33) O'Brien, R.; Ladbury, J. E.; Chowdry, B. Z. Isothermal titration
calorimetry of biomolecules. IfProtein-Ligand Interactions:
Hydrodynamics and Calorimetryarding, S. E., Chowdry, B.

Z., Eds.; Oxford University Press: Oxford, United Kingdom,
2001; pp 263—286.

(34) Jadbstl, E.; O'Connell, J.; Fairclough, J. P. A.; Williamson, M.
P. Molecular model for astringency produced by polyphenol/
protein interactionsBiomacromolecule2004,5, 942—949.

(35) Jaderlund, O.; Plant, J.; da Silva Filho, J. C.; Ferreira, P.; Hayes,
W.; Evason, D. J.; Mueller-Harvey, |. MALDI-ToF MS analysis
of condensed and hydrolysable tanniRslyphenols Commun.
2002,2, 491—-492.

(36) Freire, E.; Mayorga, O. L.; Straume, M. Isothermal titration
calorimetry.Anal. Chem1990,62, 950A—958A.

(37) Spencer, C. M.; Cali, Y.; Martin, R.; Gaffney, S. H.; Goulding,
P. N.; Magnolato, D.; Lilley, T. H.; Haslam, E. Polyphenol
complexatior-Some thoughts and observatioRbytochemistry
1988,27, 2397—2409.

(22)

(23)

(24)

(25)



Globular and Random Coil Protein Binding Strengths

(38) Haslam, E.; Lilley, T. H.; Warminski, E.; Liao, H.; Cai, Y.;
Martin, R.; Gaffney, S. H.; Goulding, P. N.; Luck, G. Polyphenol
complexation: A study in molecular recognition. Rhenolic
Compounds in Food and Their Effects on Health I: Analysis,
Occurrence, and Chemistrio, C.-T., Lee, C. Y., Huang, M.-
T., Eds.; ACS Symposium Series 506; American Chemical
Society: Washington, DC, 1992; pp 8—50.

(39) Hagerman, A. E.; Rice, M. E.; Ritchard, N. T. Mechanisms of
protein precipitation for two tannins, pentagalloyl glucose and
epicatechipe) (4 — 8) catechin (procyanidin)J. Agric. Food
Chem.1998,46, 2590—2595.

(40) Kawamoto, H.; Mizutani, K.; Nakatsubo, F Binding nature and
denaturation of protein during interaction with galloylglucose.
Phytochemistryl 997,46, 473—478.

J. Agric. Food Chem., Vol. 55, No. 11, 2007 4561

(41) Cooper, A.; McAuley-Hecht, K. E. Microcalorimetry and the
molecular recognition of peptides and proteiR#ilos. Trans.
R. Soc. London, Ser. 2993,345, 23-35.

(42) Tanaka, T.; Zhang, H.; Jiang, Z.-H.; Kouno, I. Relationship
between hydrophobicity and structure of hydrolyzable tannins,
and association of tannins with crude drug constituents in
aqueous solutionChem. Pharm. Bull1997,45, 1891—-1897.

Received for review December 29, 2006. Revised manuscript received
March 21, 2007. Accepted March 29, 2007. This work was supported
by the U.K. Department for Environmental, Food and Rural Affairs
(Project LS3653).

JF0637700



