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Noncovalent Cross-Linking of Casein by Epigallocatechin
Gallate Characterized by Single Molecule Force Microscopy
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Interaction of the tea polyphenol epigallocatechin gallate (EGCG) with -casein in milk affects the
taste of tea and also affects the stability of the tea and the antioxidant ability of the EGCG. In addition,
interaction of polyphenols with the chemically similar salivary proline-rich proteins is largely responsible
for the astringency of tea and red wine. With the use of single molecule force microscopy, we
demonstrate that the interaction of EGCG with a single casein molecule is multivalent and leads to
reduction in the persistence length of casein as calculated using the wormlike chain model and a
reduction in its radius of gyration. The extra force required to stretch casein in the presence of EGCG

is largely entropic, suggesting that multivalent hydrophobic interactions cause a compaction of the
casein micelle.

KEYWORDS: Epigallocatechin gallate; polyphenol; casein; single molecule force microscopy; astrin-
gency; compaction

INTRODUCTION thereby, to reduce their antioxidative potenti& 7, 8). It has

. .. also been shown to increase the stability of the casein micelles
Qreen tea contains a large amount of polyphenols, of which to heat denaturation9( 10), oxidative dteygradationla) and
epigallocatechin gallate (EGCE) forms the largest component foaming (8,12). The releva’nce of casein binding to th’e in vivo
at approximately 9% wiw1). EGCG has been suggested to activit gof éGéG is not yet clear: there are cor?ﬂictin reports
have a wide range of largely beneficial effects on human health, Z=0 B - binding to ik (i.e., the addition of milk to ?ea)
including hypocholesFeroIemm, anticancer, antl-HIV, antiin- reduces the bioavailability of .E.C,;CG or nat, (13). A greater
flammatory, and cardiovascular (1—3). Black tea is produced understanding of EGCGeasein bindin wc;uld '&herefore be
from green tea by fermentation, which oxidizes many of the helpful 9 9
tea polyphenols into higher molecular weight species such as : . . . .
theaflavins and thearubigins. These compounds are responsible Atnqthe_r blg]loglcall_ly relevar}_t classhof ex:ended_r;;]rollne]:nch
for the color of black tea and also contribute to the taste as gro fclngism;el e7 O?)Z Ig?rt);\epr%?;;lniontp)tergteé?Ss.alivaeSSn dotrrr:;
well as to various other biological effects, particularly antioxi- mF:'En functionyof the basic S:Iivary proline-rich proteinls (which
dative effects (4). : ) N
EGCG bind(s )to a wide variety of proteins, especially to make up approximately 30% of salivary proteins) is apparently
. . ' . .. to bind to dietary polyphenols and prevent them becomin
noqglobular extended_ proteins, and part|cularl_y 0 proteins with bioavailable (14).)/P%Iy)|g$1enols have tﬁe ability to bind to irong
1 Sortentof S, One sl ot o e and reduce s avalaliy: they dlso block recepiors and
; o prot L channels and inhibit digestive enzymes. Therefore, the binding
protein containing 35 prolines eve_nly d|str|b_u_ted through the of salivary proteins to polyphenois is generally agreed to be
sequence and 1S phpsph_orylated |n_f|v§_ positions close to t.hebeneficial in vivo, since it reduces the harmful effects of the
N-termmus, Wh.'Ch gives it an amphlphlllc character so thgt it polyphenols. By ;:ontrast some polyphenols, such as EGCG
formg micelles in milk (6). The binding of polyphenols 'to. .m"k have well-documented héalth-promoting effe’cts as described
proteins has been suggested to reduce their accessibility anOIabove. This makes the binding of EGCG to protei}ls particularly
N - . _ interesting, since it clearly has both good and bad consequences.
Zsogogﬁfgiﬂ”ﬂhﬁimgﬂggn'ggﬂgﬁfﬁiﬁ_ﬁ% 4224. Faxra4 114 222 Another consequence of polyphenol binding to salivary proteins
' Department of Molecular Biology and Biotechnology. is the formation of insoluble aggregates on the surface of the
gggggmgm gi gﬁigiﬁéitry- mouth, which results in the sensation of astringency, usually
#Current address:  Fresenius Kabi, Hafnerstrasse 36, A-8055 Graz,descr'beqas a drying or pu9kef'n9 sensation, associated with
Austria. consumption of polyphenol-rich foods and beverages, such as
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tea, red wine, and dark chocolate, and (in moderation) is usually ' T ¥
a desirable quality in foods and beverag#s, (L6). 0ok £
We have therefore studied the binding of EGC@1oasein.
We have previously used a range of biophysical techniques to 0.1¢
probe this interaction and have shown that it causes a reduction
in protein dimensions prior to aggregation and precipitatid. (
However, it was not clear from this work whether the reduction
in protein dimensions was a result of intramolecular or
intermolecular cross-linking. We therefore undertook a study -02r
using single molecule force microscopy, with the aim of
studying the interaction between EGCG and single molecules
of f-casein attached to a surface, to characterize the interaction : : :
- . . a 50 100
at a molecular level and in particular to determine whether .
several protein molecules interact cooperatively with one distance /pm
polyphenol molecule or whether a polyphenol interacts coop- Figure 1. Typical force vs distance curve. Stages | and |l represent the
eratively at several sites within the same protein. We demon- approaching and stages Il and VI the retreating tip. The different stages
strate that single protein molecules decrease in size, and becomaere the following: 1, no interaction between the tip and the glass surface;
harder to extend, on addition of EGCG, therefore demonstrating Il/lll, repulsive force between the tip and the glass surface; IV, attractive
the importance of multivalent cross-linking. The results dem- peak due to surface adhesion; V, entropic force due to stretching and
onstrate that individual protein molecules “wrap around” EGCG uncoiling a single protein chain; VI, detachment of the protein.
and have important consequences both for EGCG bioavailability

F/pN

in tea with milk, and for astringency. (Figure 1), of which the most important here is stage V, in
which the protein is being pulled away from the surface, while
MATERIALS AND METHODS being attached both to the glass surface and to the tip. As the

tip is retracted, it encounters a force due to uncoiling of the

Bovinef-casein was donated by Unilever Research, Colworth, U.K. protein molecule. In general the protein chain is coiled to

The five phosphoserine groups were removed by enzymatic dephos- L - .
phorylation. Casein (800 mg) was treated with 24 units of acidic potato m?X"gl.Ze tltgs colnfor(;natltznfal tfltleedr(]) m (entrop%/), and upon
phosphatase (Sigma) while dialysing againg®DHising dialysis tubing extending the relaxed protein, the chain generates an opposing
with a molecular cutoff of 10 kDa for at least 48 h at a temperature of fOrce that arises from the reduction of the entropy of the chain.

4 °C, pH 7.0. The dephosphorylated protein was pure by capillary When the force to stretch the protein is equal to the sum of all

electrophoresis, with 1% mol of phosphate per mol of protein Byp adsorption forces tethering the protein chain to the tip (or the
NMR. EGCG was a donation from Unilever Research, Colworth and surface), the protein chain suddenly desorbs from the tip and
was >98% pure by NMR. the force returns to zerd={gure 1 stage VI). The interaction
f-Casein was dissolved in water/dimethyl sulfoxide (95:5 viv, pH between the tip and the protein is nonspecific, and consequently,
7.0+ 0.5) at a concentration of 4.1 mg/mL or 17 (determined many pulling trials are necessary to obtain a representative
spectrophotometrically using = 10 810 moi* L cm™* at 280 nm). ~ nymper of single pulling events. The majority of attempts result

EGCG was prepared as a 10 mM stock solution in the same solvent
(for reasons of solubility and consistency with our previous studies)
and added t@-casein in molar ratios of between 0.25:1 and 5:1.

either in the tip not picking up any molecule, when the force
trace remains at zero, or picking up more than one molecule or

A molecular force probe-stand alone (MFP-SA) (Asylum Research, aggregates, when an und_efmed force trace or multiple break-
Inc., Santa Barbara, CA) controlled by Igor Pro software (Wavemetrics) off ev_ents are recorded. Either way, those force traces have_ to
was used for data collection. The MFP-SA includes a two-dimensional P€ rejected and only force curves that represent the stretching
submicrometer mechanical stage for positioning the sample as well asOf an individual protein chain were accepted and subjected to
an inverted video microscope for viewing the sample and tip area. A further data analysis.

V-shaped AFM tip made of 9\, (Digital Instruments) with a typical The selected force curves describing the force caused by the
inverse optical lever sensitivity of 73.41 nntVand a spring constant  entropic elasticity of the chain were analyzed using the wormlike
of 24.6 pN nn1* was used to measure the mechanical properties of an chain model (WLC) (19), which is widely used for polymers
individual protein. Each pull was of 200 nm, at a rate of 400 nm/s. g predicts the entropy-restoring elastic fofe@4,) generated

The instrumental setup and method for calibration are describdd)n (o extension of a protein in terms of its persistence lepgth
The position of the cantilever arm was determined using a laser and .
and contour lengticontour (20):

position-sensitive photodiode (18). Tf#ecasein solution was placed

on a glass microscope slide, and the cantilever was wetted prior to the
measurements. All measurements were made in solution. Initial data E = @ 0241 — r
analysis was performed using Igor Pro software, and fitting of the data chain ™ p\~ L
to the wormlike chain model was performed using KaleidaGraph 3.09.

5 !
) —0.25+ )(1)

contou contou

wherer is the measured chain end-to-end separation distance,

RESULTS AND DISCUSSION ks is the Boltzmann constant, is the absolute temperature,

The milk proteing-casein was dephosphorylated before use, andp is the persistence length. The contour lenihhour is
to minimize its tendency to form micelles. The dephosphorylated the fully extended length of the chain between the glass and
B-casein in complex with different concentrations of EGCG was the tip and is defined by
subjected to single molecule force microscopy measurements,
in which a probe tip was lowered onto the protein and pulled L contour= NP 2)
off the surface. The tip adheres to the protein by nonspecific
forces, and the force required to pull away from the surface wherenis the number of segments of persistence lepgtihis
was measuredrigure 1 shows a typical force versus distance being the length of a statistically straight segment in the polymer.
curve. Six different stages of the force curve can be distinguished Values forn andp were obtained by fitting force curves.



Casein—EGCG Interaction Studied by AFM J. Agric. Food Chem., Vol. 54, No. 12, 2006 4079

! EE= — " ) .'T ] 0.28
| £ 0.26 1 T
200¢ [ ¥ 1
4 14 0.24 -
= 150} - 0.22 | 1
o ] ¢
B i 1 E 021
iy | S 0.18 -
*
1 0.16 - L
50 - { i
] 0.14 -
0 B o o, TS L] 1 O 12 |
20 40 60 80 100 :
r{nm 04 -
Figure 2. Family of force vs distance curves at an E_GCG/ﬂ-cas_e_m ratio 0 02 03 05 1 2 3 4 5
of 2:1. The curves were fitted to the wormlike chain model, giving the )
persistence length p and number of segments n. Each color represents EGCG:casein
a different pulling event. Figure 4. Persistence length p as a function of the EGCG//3-casein ratio.
e As EGCG is added p decreases.
200k ] persistence length is 0.39.2 nm, and the decrease in
persistence length on addition of EGCG implies a coiling of
150 L ] the peptide chain. We note that this persistence length is rather
= shorter than the values typically found by other workers for
& 00t ] other proteins. Persistence length has been shown to be
e dependent on context and solution conditions: a length of 0.3
50 F A ] nm seems to be typical for interdomain linkers and lo®&%; (
Ty enby 24), with 0.4 nm being more typical of unfolded chains obtained
B e 2ada ] by the unraveling of normally folded domain25). Casein is
functionally very different from most proteins investigated to

0T BT A e 0T 6 o date, _be!ng physiologica}lly unstructured in micg!les, which may
d/Lcont explain its shorter persistence length. In addition, the solvent
used here is pure water with the addition of 5% dimethyl
sulfoxide, which is likely to have some effect on the persistence
length.
Knowing p andn, the radius of gyratioiiy of the protein

The model describes a linear force versus distance curve atMolecules, free in dilute solution of a good solvent, can be
low extensions, where the chain behaves like an entropic @PProximated using eq 3.
Hookean spring. At moderate strains, a nonlinear and non- 35
Gaussian force curve can be observed. At high stretches the R,= pn- (3)
chain has fewer and fewer configurational options and hence V6
less entropy, and so the force rapidly increases as the contour
length is approached (21). Figure 5illustrates thai, of the 5-casein molecule decreases

Figure 2 shows a family of force versus distance curves with upon complexation with EGCG, implying a compaction of the
the corresponding fits ofi and p to the WLC model for an protein structure. This is consistent with our earlier results on
EGCG/B-casein ratio of 2:1. The curves fit well to the model, the same system in bulk solution using analytical ultracentrifu-
implying the lack of any significant enthalpic transitions, which gation, small-angle X-ray scattering, dynamic laser light scat-
would produce a shoulder in the curv22j. No additional tering, viscometry, and measurements of the self-diffusion
extensibility of the segments was measured, and therefore, theconstant by NMR, some of which are also indicated-tgure
deformation can be assumed to be purely entropic. Each curve5 (15). The significance of the result reported here is that it
represents one pulling event. For each experiment the lengthproves that the protein compacts not only in bulk solution but
of the bridging chain segment is variable and unknown since also when it is bound to a surface as a single molecule, and to
the interactions between the tip and the protein are unspecific,a similar degree. Interestingly, the graphsgfand persistence
and the protein is picked up by the tip, and is attached to the length) and of the light scattering data versus EGCG/casein ratio
glass, at random positions along the chain. Thagiour varies have the same shape: a plateau at low EGCG/casein ratio, a
for each measurement and hence each curve. Normalization offairly sharp decrease with an inflection point around 1:1, and a
the distance values-axis of Figure 2) by the individual contour second plateau at high EGCG/casein ratio. Presumably both
lengths gives the “master curve” which superimposes all of the curves indicate that the coiling up of the protein around EGCG
data onto a single plot=gure 3) (19). The data superimpose occurs most strongly at an approximate 1:1 molar ratio and that
well, consistent with the recordings originating from single the process is similar in solution and on a surface.
homogeneous polymeiisigure 4 shows the change of the fitted Figure 6 shows the various master curves for different ratios
value of the persistence lengthupon increasing the concentra- of EGCG andj-casein (0.2:1 to 5:1). From these assemblies
tion of EGCG, which is constant for low ratios of EGCG/casein of master curves the force encountered by the tip as it
and decreases after a ratio EG@GAsein of 0.5:1. The  approaches the maximum chain distance before dissociation

Figure 3. Master curves, for an EGCGI/[-casein ratio of 2:1. Normalization
of the distance by Leontour results in an overlay of the force curves and in
a final extended length of the protein of ~0.85Lcontour-
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Figure 7. Force exerted by the 3-casein molecule on the AFM tip at a
distance of dlLeonowr = 0.75. As the protein binds to EGCG a higher
force is required to uncoil and stretch the chain apart.

Figure 5. Radius of gyration, Ry, of 5-casein on binding to EGCG, derived
from fitting to eq 3 (filled circles). This is compared to values of the
hydrodynamic radius, Ry, previously obtained for 5-casein in solution in

complex with IE_G(?G, obtaineq by NMR diffusion measurements (squar_es) i.e., the bonds are broken, the entropy change becomes negative
and by dynamic light scattering (triangles). The dynamic light scattering and the free energy of the system increases. Third, there may
results are relative values and for comparative purposes were set to an be an enthalpic component, since the formation of hydrogen
Ry of 3.0 at 0.1 EGCG/casein. bonds (often postulated for proteipolyphenol interactionsle,
. r T - 28,29)) causes a negative enthalpy chantyd), However, no
Casein enthalpic effects were observed, as noted above. Hence,

+ EGCG:Cas0.2:1 hydrogen bonding must be a relatively weak effect in compari-
+ EGCG:Cas0.3:1 i i i ; ;

o6l - 2051 son to the hydrophobic interactions, in agreement with our
. 1]

EGCGPa earlier conclusions (3(1), and the two entropic contributions
determine the overall force required to unravel the protein.

In conclusion, our results have demonstrated thaftbasein
molecule wraps itself around EGCG, becoming stiffer and more
tightly packed. They therefore support the view that the binding
reduces the availability of EGCG and stabilizes the casein
structure (11). The addition of milk to tea (and coffee) is
therefore likely to have a significant impact on its physiological
effects. Astringency is known to be a result of the interaction
between salivary proline-rich proteins and dietary polyphenols.
Astringency is detected on the surface of the mouth, particularly
1 L ! 1 on the hard palate, which is normally coated by a flowing

0.4 05 0B 07 0.8 0s mucous layer of salivary protei82). Our earlier results in bulk
r/L solvent showed that the interaction resulted in compaction of
cort the protein. Here we have demonstrated (with the chemically
Figure 6. Master curves for the different ratios of EGCG/[3-casein. similar proteing-casein) that the compaction also occurs when
the protein is attached to a surface and that it occurs at the level
from the surfaced/Lcontour= 0.75) was determined. IRigure of single protein molecules, implying wrapping of a single

7 the force is plotted against the EG@i=fasein ratio, showing  protein around a multidentate ligand. The sensation of dryness
that a larger force is required to stretch the protein when it is that is perceived as astringency occurs when mucosal wetting
bound to EGCG. Since these data derive from single protein is insufficient. We therefore suggest that a substance is astringent
molecules, they must indicate multivalent cross-linking of a because it reduces the lubricating power of the saliva by
protein strand by the polyphenol. This conclusion is consistent precipitating salivary proteins. Because lubricating proteins
with the compaction shown iRigure 5, implying a wrapping achieve their function mainly by creating a hydrophilic hydrated
of the protein around the multidentate EGCG. The force intermolecular layer, this is equivalent to saying that an
encountered can be attributed to various contributions: First, astringent substance leads to dewetting of the mucosal surface.
there is an entropic component caused by the stretching of theAs a consequence friction in the mouth increases. This
protein chain, the concomitant distortion of its configuration, hypothesis explains why astringency increases with repeated
and reduction in the possible number of conformations available consumption (33), in contrast to the more familiar sweet, salt,
for the segments of the chain in the stretched state. The energybitter, and sour tastes that reduce with repeated exposure. The
of the chain rises with the square of the extension, as is expectechypothesis also fits well with the duration of the astringent
for Hookean springs26). Second, upon progressive stretching sensation, which fades typically 1 min after ingestion of the
of the protein chain, the hydrophobic bonds formed between astringent. Considering that the whole saliva volume in the
p-casein and EGCG will be gradually lost. Hydrophobic mouth amounts to22 mL (34) and that the saliva flow rate
interactions constitute the transfer of a nonpolar moiety from after stimulation is approximately 1 mL/mir8%), it can be
water to a nonagqueous environment and are characterized by aoncluded that the loss of the astringent sensation is due to
positive entropy change (27). When this process is reversed,replacement of the oral protein layer by fresh protein.
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ABBREVIATIONS USED
EGCG, epigallocatechin gallate; WLC, wormlike chain.
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