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Isothermal titration microcalorimetry (ITC) has been applied to investigate protein—tannin interactions.
Two hydrolyzable tannins were studied, namely myrabolan and tara tannins, for their interaction with
bovine serum albumin (BSA), a model globular protein, and gelatin, a model proline-rich random coil
protein. Calorimetry data indicate that protein—tannin interaction mechanisms are dependent upon
the nature of the protein involved. Tannins apparently interact nonspecifically with the globular BSA,
leading to binding saturation at estimated tannin/BSA molar ratios of 48:1 for tara- and 178:1 for
myrabolan tannins. Tannins bind to the random coil protein gelatin by a two-stage mechanism. The
energetics of the first stage show evidence for cooperative binding of tannins to the protein, while
the second stage indicates gradual saturation of binding sites as observed for interaction with BSA.
The structure and flexibility of the tannins themselves alters the stoichiometry of the interaction, but
does not appear to have any significant affect on the overall binding mechanism observed. This
study demonstrates the potential of ITC for providing an insight into the nature of protein—tannin
interactions.

KEYWORDS: Tannin; polyphenol; protein; albumin; gelatin; titration microcalorimetry

INTRODUCTION ruminants (2,5), although animal studies demonstrate that in

Despite numerous studies, the nutritional implications of vitro toxicity is often not obser\_/ed n V'VCQQ'_ o
tannins (plant polyphenols) for humans and animals are poorly Cur_rently, there are no technlque_s that rellably_relate in vitro
understood (1,2). Tannins form soluble and/or insoluble ~ t© in vivo effects of tannins1(0), particularly to clarify the role
complexes with proteins3], which are thought to account for c_)f protein—tannin interactions. Non(_atheless, _from the existing
the generally poor amino acid absorption from tannin-rich feeds litérature, we can conclude that tannins mo¢universal protein
by monogastric animals4]. However, in ruminants, the binding agents1) and that proteintannin binding afflnl_tu_es
literature is contradictory on the role of tannins, because they ¢@n vary as much as 10,000-fold2). Structure—activity
can reduce or enhance amino acid absorption, and it is not yet'elationships therefore would appear to be important to pretein
known what properties of tannins define these opposite nutri- {2nnin interactions (11—14). Tannins tend to have poor affinity
tional effects B). Consequently, it is questionable whether itis for small, tightly folded globular proteins, whereas it has been
appropriate to determine the total quantity of tannins to predict feported that tannins bind preferentially to proline-rich proteins
the nutritional value of plant$). In humans, tannins have drawn (PRPs) that have either random-coil or collagen-like helical
attention for their beneficial health effects (e.g., antioxidant conformations (1112). Tannins also have a strong affinity for
capacity) (2). However, their propensity for binding to proteins histidine-rich histatinsX5). Results from X-ray crystallography
may impact upon their bioavailability7] and/or mask their ~ @nd NMR spectroscopy suggest that the protésmnin interac-
antioxidant capacity in vivog, 9). There is also evidence that tion is driven initially by hydrophobic effects and that complexes
some tannins can be toxic to humans, monogastric animals, ancre stabilized by hydrogen bonding 17). Tannins may also

act as multidentate ligands to facilitate protein cross-linking and
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the higher MW molecules present in tara tannins had higher
affinity for PRPs than the lower MW tetra- and penta-
galloylglucose, the smaller tetra-galloylglucose had higher
affinity than the larger penta-galloylglucos20j. Similarly, it

has been reported that structurally homologous ellagitannins can
exhibit remarkably different binding properties despite similar
MW (21). These represent a few examples of the many
contradictory results relating to the study of protetannin
interactions.

In the present study, isothermal titration microcalorimetry
(ITC) has been employed to characterize the binding of two
contrasting tannin types, flexible gallotannins (tara tannins) and
more rigid gallo- and ellagitannins (myrabolan tannins), to two
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model proteins, bovine serum albumin (BSA) and gelatin. BSA Time (min)

is a globular protein and has been used previously as a model  (p) o -

for Rubisco, the major protein in green plang 10). Gelatin 2

is proline-rich, has an open random coil conformation, and is a 4

model for seed prolamines and salivary PRPs, the latter being ~ 6 e

the focus of recent research into the molecular basis for g 8 *

astringency (1420, 22). The two tannin samples studied were 2 0] e

the natural mixtures of extracted tannins rather than purified 2l

single compounds, and as such, represented more accurately g" 14 ] o, o®
those tannins that occur naturally in foods and animal feeds. 16 | o, oo
ITCisa powgrful teqhnlque_for the stud_y of Fhe thermo_dynamlc_s 18 ] L  eoete %% 000 % o

of protein-igand interactions and is discussed in detall 20 * . o

elsewhere (23—26). All reversible biomolecular interactions
involve changes in enthalpy (i.e., the liberation or absorption
of heat energy); thus, ITC can be universally applied to their [tannin] (g dm™®)

study (26). Indeed, the technique is particularly attractive rigyre 1. () Typical raw data plot of heat flow against time for the titration
because it can be used to measure the strength and stoichiometry ara tannins into 1.0 g dm~2 gelatin. Each peak corresponds to the
of an interaction in solution and without chemical modification  peat change associated with injection of a 5 x 10~ dm? aliquot of tannin
or immobilization of either interacting species. Our objectives  sojtion into the calorimeter cell containing the gelatin solution. A negative
in this study were to explore the potential of ITC to determine heat flow represents an exothermic change, and a positive heat flow
differences in the nature of proteftannin interactions by represents an endothermic change. (b) Corresponding plot after integration
probing whether tannins bind to conformationally different o neak areas and normalization with respect to injectant concentration

proteins in the same way and whether tannin structure influencesyg yielq a plot of molar enthalpy change (AHqs) against myrabolan tannin
the nature of binding. concentration.

0 01 02 03 04 05 06 07 08 09

Control experiments included the titration of tannin into buffer, buffer
into protein, and buffer into buffer. The corrected experimental data

Materials. Myrabolan (ex India) and tara (ex Peru) tannins were have had the corresponding tannin into buffer and buffer into protein
obtained from Forestal Quebracho Ltd. (Reading, U.K.) and were controls subtracted. The buffer into buffer control is added to the data

prepared &5 g dnt? solutions. BSA (purity= 99%, essentially globulin because buffer dilution is an integral part of the other controls and has
free) and bovine skin gelatin were purchased from Sigma (Poole, Dorset, {uS been subtracted twic@€). The titration of tannin into buffer
U.K.). All solutions were prepared in 50 mM acetate buffer at pH 5 Yielded enthalpy changes that are discussed later.
and were degassed prior to use.

Microcalorimetry. An Omega ITC instrument (MicroCal, Northamp- ~ RESULTS

ton, MA) was used to measure enthalpy changes associated with |nteraction of Myrabolan Tannins with BSA. The interac-
protein—tannin interactions at 298 K. In a typical experiment, protein tion of myrabolan tannins (5 g drf) with BSA was studied at
solution was placed in the 1.4115-€sample cell of the calorimeter three different concentrations of the protein, namely 0.2, 1.0
and tannin solution was loaded into the injection syringe. Tannin and 5.0 g dm?. The calorimetry data for these Ehree experlim,en.ts’

solution was titrated into the sample cell as a sequence of 50 injections e L
of 5 x 106 dm® aliquots. The duration of each injection was 5 s, and and the control titration of myrabolan tannins into buffer are

the time delay (to allow equilibration) between successive injections Plotted as observed molar enthalpy change {fHagainst

was 3 min. The contents of the sample cell were stirred throughout the tannin concentration iigure 2a For the interaction with BSA,
experiment at 400 rpm to ensure thorough mixing. Raw data were the titration plots show that each injection of myrabolan tannins
obtained as a plot of heat flow¢al s*) against time (min) as shown  is accompanied by an exothermic enthalpy change (i.e., heat is
in Figure 1. These raw data were then integrated peak-by-peak and released). A marked effect of BSA concentration on the
normalized to obtain a plot of observed enthalpy change per mole of magnitude ofAHs is observed, although the general shapes
injectant (A kJ mol) against tannin concentration (g d# or of the plots are similar. The titration plot at the lowest

e T AT, Concentaton of BSA (02 g ) s closely paralel i
' the control (difference< 0.6 kJ mofl) at added tannin

by-peak integration was performed using Microcal Origin (Microcal . . .
Software, Northampton, MA), whereas normalization and extrapolation concentrations in excess of 0.35 g dinThis suggests that
of calorimetry data were performed using Micosoft Excel. For the Saturated binding conditions have been reached.

purposes of normalizing data, the average molecular weights were 650 Usually, the control experiment for injection of a ligand into
g mol! for myrabolan tannins and 1500 g mbffor tara tannins. buffer will consist of a series of equal heats of diluti@®). In

MATERIALS AND METHODS
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Figure 2. (a) Plots of molar enthalpy change (AHos) against myrabolan tannin concentration for the interaction with BSA. (b) Binding isotherms extrapolated
to saturation (0.2 g dm=3 BSA, y = 0.41 - Ln(x) — 0.96, R2 = 0.84; 1.0 g dm—3 BSA, y = 1.33 - Ln(x) — 1.47, R? = 0.98; 5.0 g dm—3 BSA, y = 1.85
- Ln(x) — 1.81, R2 = 0.98) showing AHqss against weight ratio (myrabolan tannin/BSA). (c) Plot of molar enthalpy change (AHqs) against tara tannin
concentration for the interaction with BSA. (d) Extrapolated binding isotherm (y = 5.03 + Ln(x) — 0.72, R? = 0.89) showing AHqs against weight ratio
(tara tannin/BSA). (x) buffer; (M) 0.2 g dm~3 BSA; (a) 1.0 g dm~3 BSA; (@) 5.0 g dm—2 BSA.

this case, the myrabolan tannins are injected from a concentratedassuming average molecular weights of 650 g Thdbr
solution in which the tannin molecules will tend to self-associate myrabolan tannins and 66 000 g mbfor BSA). This weight
into aggregrates due to their hydrophobicg,(27). Therefore, ratio corresponds to the apparent saturation point observed in
when injected into buffer, the tannin molecules will undergo the 0.2 g dm® BSA data inFigure 2a, which implies that
an endothermic (i.e., heat absorption) process of deaggregationbinding saturation is indeed reached.
analogous to data for surfactant demicellizati®8) ( The extent Interaction of Myrabolan Tannins with Gelatin. The
of deaggregation will depend inversely on the concentration of interaction of myrabolan tannins (5 g df) with gelatin was
tannin already present in the sample cell, because the tanninalso studied at three different protein concentrations, namely
concentration in the cell will eventually exceed the critical 0.1, 0.2, and 1.0 g dmd. The calorimetry data for these three
aggregation concentration (curfactant critical micelle con-  experiments is plotted iRigure 3a, alongside the control where
centration) and subsequent enthalpy changes will correspondmyrabolan tannins were titrated into buffer. As was the case
to dilution of tannin aggregates. Therefore, further injections for BSA, the titration plots show a similar general shape to each
will lead to the observation of progressively lower endothermic other, with larger exothermiaHqyp,s measured at higher gelatin
AHgps Unfortunately, it is not possible to determine a critical concentration. However, the general shape of the plots is
aggregation concentration from the calorimetry data, becauseradically different from that observed for BSA. The data show
this value usually depends on molecular weight, and the presentevidence of two stages of interaction; the first stage shows
study used a mixture of myrabolan tannins with molecular increasing exothermidHopswith each injection of tannin, and
weights ranging from 332 to 1084 g mél the second stage shows a decrease in the magnitudél gt

The control corrected calorimetry data are plottedrigure with each successive injection (myrabolan tannins and BSA only
2b against the weight ratio of myrabolan tannins to BSA in the interact via this second stage). The two stages of interaction
sample cell. By correcting the data to take into account the are more pronounced when the data are plotted with the controls
effects of tannin dilution, the assumption is made that tannins subtracted against weight ratiokiigure 3b. While the transition
dissociate prior to binding. This representation of the data clearly between stages (determined by inspection as the minimum in
shows the dependence of the interaction upon BSA concentra-each plot) occurs at approximately the same weight ratio when
tion. At higher BSA concentration, the initigdhHqps are of the gelatin concentration is 0.1 and 0.2 gdnthe weight ratio
greater magnitude, and the slopes of the plots are also steepelis lower for this transition at the higher concentration of 1 g
The values forAHqps measured at a given weight ratio do not dm™3. As for the BSA data, the second stages of the gelatin
linearly relate to BSA concentration. However, the binding curves were extrapolated using a logarithmic function at the
isotherms inFigure 2b approximate to logarithmic curves that lower gelatin concentrations of 0.1 and 0.2 g @mSuch
can be extrapolated to intersect at a weight ratio of 1.75, which extrapolation was not possible at the highest gelatin concentra-
converts to an approximate tannin/BSA molar ratio~df78:1 tion, since the quality of the fit was very pooR{ < 0.1).
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Figure 3. (a) Plots of molar enthalpy change (AHqps) against myrabolan
tannin concentration for the interaction with gelatin. (b) Binding isotherms,
with second parts of curves extrapolated at lower gelatin concentrations
(0.1 g dm=2 gelatin, y = 1.18 - Ln(x) — 3.17, R2 = 0.94; 0.2 g dm~3
gelatin, y = 2.62 - Ln(x) — 6.66, R2 = 0.92), showing AHgps against
weight ratio (myrabolan tannin:gelatin). Arrows indicate the transition point
between the first and second stages of the interaction. (c) Plot of molar
enthalpy change (AHqs) against tara tannin concentration for the
interaction with gelatin. The arrow indicates an inflection in the tannin—
gelatin binding isotherm at a tannin/gelatin weight ratio of 0.7. (x) buffer;
(m) 0.1 g dm—2 gelatin; (a) 0.2 g dm~2 gelatin; (@) 1.0 g dm~3 gelatin.

Extrapolation led to intersection of the data at a tannin/gelatin
weight ratio of approximately 11:1, which may indicate binding
saturation.

Interaction of Tara Tannins with Proteins. The calorimetry
data for the interaction of tara tannins with BSA and gelatin
are shown inFigures 2c,d and Figure 3c, alongside the

Frazier et al.

protein reveals differences in the magnitudeAtiyns and the
slopes of the plots. In the case of BSA (Figure 2), the tara
tannins initially give rise to approximately 3-fold larger
exothermic values foAHqps Yet by the end of the experiment,
any difference inAHqps relative to myrabolan tannins is
negligible. This yields a noticeably steeper binding isotherm
and the appearance that apparent saturation would be reached
at a lower tannin/protein weight ratio. Indeed, by fitting a
logarithmic curve to the tara tannins data as-igure 2d, the
extrapolated saturation point appears at a weight ratio of
approximately 1.1, corresponding to a molar ratio~e48:1
(assuming an average molecular weight of 1500 g thior

tara tannins). For gelatin, it is notable that the tara tannin binding
isotherm has an inflection at a tannin/protein weight ratio of
0.7 (seeFigure 3c), whereas such an inflection is absent from
the myrabolan tannins data.

DISCUSSION

Calorimetric isotherms for protein—ligand interactions must
be interpreted carefully, becauadyns will represent the total
enthalpy change for the process(es) occurring in the sample cell.
In the case of the proteiftannin systems, changes in enthalpy
are likely to arise from a combination of binding and aggrega-
tion, because these are the two commonly observed features of
protein—tannin binding (17). Indeed, the observed dependence
of AHgps ON protein concentration is consistent with ligand-
induced changes in the protein aggregation sta®. (

It is clear from the calorimetry data for tannin interactions
with BSA and gelatin that protein structure fundamentally
influences the observed interaction mechanism. BSA is a
globular protein that is low in proline<(5 proline residue %)
(29), and its calorimetry data indicate a single-stage interaction
mechanism. Gelatin, on the other hand, has an open random
coil structure and is rich in proline residues-24 proline/
hydroxyproline residue %)(7). Its interaction with tannins has
two discrete stages with respect to titrated tannins that can be
clearly identified from the calorimetry data.

BSA—Tannin Interactions. Overall consideration of the
general shape of the binding isotherms encourages the hypoth-
esis that tannins interact nonspecifically with BSA rather than
binding to specific receptor sites on the protein. This is because
the binding isotherms do not exhibit the sigmoidal shape
expected for a specific interaction of a ligand with a protein
receptor site or combination of site23, 26). The most
compelling parallel to the shape of the BSfannin isotherms
is with those exhibited for surfactant interactions with hydro-
phobically modified polymers3({). The binding isotherms for
these nonspecific hydrophobic interactions show a gradual
decrease of exothermicity as surfactant is titrated into the
polymer solution that is similar to the BSAannin isotherms.
Moreover, increasing the polymer concentration has the same
affect as observed for increasing the BSA concentration here
(i.e., exothermicity of the interaction is increased, while
saturation occurs at the same ratio of interacting species).
Similarly shaped binding isotherms have also been observed
for the binding of nonionic surfactants to BSA, although no
explanation for the shape of the curves could be resolved (32).

The apparently high number of tannin molecules bound per
BSA molecule, which is in the approximate range of 48—178

corresponding data for myrabolan tannins. The general appear{for the tannins studied here, also does not suggest a specific
ance of the tara tannins data is similar to that observed for theinteraction, although it also does not preclude a specific
myrabolan tannins, both in terms of the control experiment and interaction followed by an aggregation process. Interestingly,

binding to proteins. However, direct comparison of the data for

earlier studies of BSAtannin binding have noted stoichiom-

tara and myrabolan tannins at the same concentration of eactetries in this range after analysis of precipitat@8, (34).
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However, these studies further imply that the stoichiometry of
precipitates is dependent on protein concentrats).(This
does not hold with our observation of a common extrapolated
saturation point for the myrabolan tannins. This anomaly may
indicate that saturation of binding sites is not necessary for
precipitation to occur. Alternatively, injected tannins may
cooperatively associate by hydrophobic interaction with protein-
bound tannins rather than binding to different sites on the
protein. This would affect the observed stoichiometry of
protein—tannin aggregates.

Gelatin—Tannin Interactions. The data for the interaction
of tannins with gelatin indicate a different mechanism than with
BSA. It is apparent from the data for both myrabolan and tara
tannins that there are at least two discrete stages to the
interaction Figure 3). The first stages of the binding isotherms
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binding of the tannin to gelatin, which is indicated by the © OR,

exothermic increase inHopsfor each successive injection. This R0 OR, Ry OR,
observation implies that the tannins already titrated into the
sample cell, and presumably bound to gelatin, have an effect
on the new binding interactions. This participation is an example
of positive cooperativity and is in agreement with the coopera- 2 3

tive effects in PRP-tannin binding observed by other22). Figure 4. Examples of structures for tara tannins (1) and myrabolan
Such effects appear to be absent from the B$#nin tannins (2 and 3) that illustrate the range of oligomeric mixtures of
interactions, which indicates a fundamental difference in the gallotannins (1 and 2) and ellagitannins (3).

nature of the observed binding mechanism.

Interestingly, for the two lower concentrations of gelatin (0.1
and 0.2 g dm3, Figure 3b), the peak exothermicity (i.e., the
most negative value fokHgpg is reached at approximately the
same tannin/gelatin weight ratio (1.5 or 3:2). This may imply
that a transition point has been reached. Following the three-
stage model for tannin binding and precipitation by PRPs
proposed by Charlton et al. (22), it could be argued that the
peak exothermicity indicates the tannin concentration at which
saturation of specific binding sites has been reached. This would
suggest that, unlike BSAtannin, gelatin—tannin interactions
initially occur between the tannins and specific sites on the
protein. At the highest gelatin concentration, the apparent
transition point lies at a 3-fold lower tannin/gelatin weight ratio
(0.5 or 1:2), which could be accounted for by the multidentate
tannin ligands forming intermolecular cross-links between
binding sites on adjacent gelatin molecules in this more
concentrated regime. This would follow the general observation

that less tar_min Is required to precipitqte proteins from concen- of the myrabolan tannins sample used here (unpublished data)
trated solutions than. from _d'IUIe s_olutlorﬂs70. confirmed that they consist of a glucose core surrounded by
The second stage in the interaction commences after the peak g galloyl groups, plus a homologous series of ellagitannins
exothermicity is reached in the binding isotherfigure 3b). as depicted in structures 2 and 3Rigure 4 (35).
After this peak,AHqps becomes progressively less exothermic | the case of binding to gelatin, the obvious difference in
with each injection of tannin. Indeed, the manner of the decreaserigyre 3cis that tara tannins have a more exothermic interaction
in exothermicity appears to follow a similar trend to that \jth gelatin than do myrabolan tannins. Also, the second stage
observed in the BSAtannin systems and could similarly be  of the binding isotherm is steeper, particularly after a weight
fitted to a logarithmic function at the lower gelatin con- ratio of 0.7 is reached, which possibly indicates that aggregation
centrations. This leads to the suggestion thifity,s during this occurs more significantly at a lower tannin concentration. Again,
second stage is dominated by less specific binding and aggregaas for binding to BSA, this could be attributed to the greater
tion. conformational flexibility of tara tannins. Perhaps this flexibility
Myrabolan versus Tara Tannins. The discussion above has allows the tara tannin molecules to act more efficiently as
concentrated on the interactions of myrabolan tannins with BSA multidentate ligands and cross-linkers.
and gelatin. As shown iffigures 2and3, tara tannins exhibit To summarize, the structure and flexibility of the tannins
similar binding isotherms as myrabolan tannins for BSA and alters the energetics and stoichiometry of the interaction, but
gelatin, respectively. However, some differences are apparentdoes not appear to have any effect on the overall binding
from direct comparison of the calorimetry data for myrabolan mechanism observed. This is primarily determined by the nature
and tara tannins. The most immediate difference is in the of the protein involved. Our results have shown that by use of
considerably larger exothermitH,ps values for tara tannins,  ITC it is possible to derive meaningful data for the interaction
indicating a stronger interaction. of tannin mixtures with different proteins. Future work will need

R;, Ry, Ry = Hor galloyl Ry, Ry, Ry = H or galloyl

For binding to BSA Figure 2c), it is clear that the binding
sites on BSA are saturated at a lower tannin concentration by
the tara tannins. Extrapolation of the isothermFigure 2d
using a logarithmic function indicates apparent saturation at a
weight ratio of 1.1, translating to a tannin/BSA molar ratio of
~48:1 for tara tannins. Despite the error inherent in the ex-
trapolation R? = 0.89), it is clear that the saturation point occurs
at lower tara tannins concentration than that for myrabolan
tannins (~178:1). This observation suggests stronger affinity
of the tara tannins for BSA. MALDI-ToF mass spectrometry
of tara tannins revealed that the central quinic acid core is
surrounded by up to 13 galloyl groups, which means that several
gallic acids are depsidically linked and form one or more flexible
chains (see structure 1 Figure 4) (35, 36). Presumably the
greater conformational flexibility of the tara tannins enhances
protein—tannin bindingX7). Myrabolan tannins are more rigid
molecules that do not feature the flexible chains of depsidically
linked gallic acids 85, 37). MALDI-ToF mass spectrometry



5194 J. Agric. Food Chem., Vol. 51, No. 18, 2003

to investigate a wider range of protein and tannin structures to

address several outstanding issues, such as whether binding

mechanisms are related to protein digestibility. In addition, it
will be important to study purified molecules to answer why
some closely related tannin compounds exhibit very different
binding specificity.

ABBREVIATIONS USED

BSA, bovine serum albumin; ITC, isothermal titration micro-
calorimetry; MW, molecular weight; PRP, proline-rich protein.
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