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ABSTRACT: In the mouth, proline-rich proteins (PRP),
which are major components of stimulated saliva, interact with
tannins contained in food. We report in vitro interactions of
the tannin epigallocatechin gallate (EgCG), with a basic
salivary PRP, IBS, studied through electrospray ionization mass
spectrometry (ESI-MS), small-angle X-ray scattering (SAXS),
and dynamic light scattering (DLS). In dilute protein (IBS)
solutions of low ionic strength (1 mM), the proteins repel each
other, and the tannins bind to nonaggregated proteins. ESI-MS
experiments determine the populations of nonaggregated
proteins that have bound various numbers of tannin molecules.
These populations match approximately the Poisson distribu-
tion for binding to n = 8 sites on the protein. MS/MS

experiments confirm that complexes containing n = 1 to 8 EgCG molecules are dissociated with the same energy. Assuming that
the 8 sites are equivalent, we calculate a binding isotherm, with a binding free energy Au = 7.26RT, (K4 = 706 uM). In protein
solutions that are more concentrated (0.21 mM) and at higher ionic strength (50 mM, pH 5.5), the tannins can bridge the
proteins together. DLS experiments measure the number of proteins per aggregate. This number rises rapidly when the EgCG
concentration exceeds a threshold (0.2 mM EgCG for 0.21 mM of IBS). SAXS experiments indicate that the aggregates have a
core—corona structure. The core contains proteins that have bound at least 3 tannins and the corona has proteins with fewer
bound tannins. These aggregates coexist with nonaggregated proteins. Increasing the tannin concentration beyond the threshold
causes the transfer of proteins to the aggregates and a fast rise of the number of proteins per aggregate. A poisoned growth model
explains this fast rise. Very large cationic aggregates, containing up to 10 000 proteins, are formed at tannin concentrations (2

mM) slightly above the aggregation threshold (0.2 mM).

B INTRODUCTION

About 25% of all proteins in higher eukaryotic organisms are
intrinsically disordered proteins (IDPs), ie. they lack well-
structured 3D conformation and do not form a compact
globular structure but instead populate dynamic conformational
ensembles.' > This is a consequence of their peculiar
sequences, which have sometimes a bias toward charged and
polar amino acids and away from bulky hydrophobic residues,
and often a low sequence complexity with repeated short amino
acid sequences.’ Despite their lack of a well-defined 3D
conformation, IDPs perform a variety of essential functions that
are related to their lack of ordered conformations.'
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Salivary proline-rich proteins (PRPs), which constitute about
two-thirds of proteins secreted by the human parotid gland,
have this type of sequence signature.° ® Salivary PRPs are
divided into acidic and basic types that contain repeated
sequences with high proportions of Pro, Gly, and Glu or Gln
residues, respectively.g_]0 Despite their structural similarities,
they have different functions. While acidic PRPs also bind to
hydroxyapatite, the only described function of basic PRPs is to
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Figure 1. (a) Molecular structure of the tannin EgCG and (b) sequence of the salivary protein IBS.

bind tannins and protect the organism against their antinutri-
tional effects.”"®

Tannins are phenolic compounds ubiquitous in plants and
plant-derived products, known to reduce protein assimilation,
because they bind digestive enzymes and dietary proteins.”” ">
The protective role of PRPs against dietary tannins may take
place through either of two distinct mechanisms: (a) capture of
tannins that thus become unable to inhibit digestive
enzymes’~ "> and (b) astringency, a tactile perception in the
mouth that signals an excessive concentration of tannins.">~>!
There is a debate regarding the mechanism of astringency.'®"”
The most generally accepted view is that it results from tannin
aggregation with salivary proteins, causing a loss in the
lubricating power of saliva.'”'”?°™>* An alternative hypothesis
is that tannins act on receptors in the mucosa, like other
primary tastes such as sourness or bitterness.>* ¢ However,
astringency increases upon repeated exposure, in contrast to
taste sensations,’ suggesting that it involves mechanical rather
than chemosensory (gustatory) processes. Moreover astrin-
gency perception occurs on nongustatory mucosal surfaces and
requires tissue movement to be perceived,”" in agreement with
a tactile mechanism involving an increase of in-mouth friction.

The present work explores the interactions of a common
tannin, epigallocatechin gallate (EgCG), with a recombinant
human salivary basic PRP, IBS. The sequence of IBS and the
structure of EgCG are shown in parts a and b of Figure 1.
EgCG is a multidentate ligand able to bridge two proteins.”’
SAXS experiments have shown that IBS takes unusually
extended conformations compared to other IDPs.”® Circular
dichroism and NMR have given indications of disordered
structures with short polyproline II helical sections that serve as
anchorage for the binding of EgCG.” Studies of EgCG-IBS
interaction by dynamic light scattering, microcalorimetry, and
circular dichroism led to the proposal of a three-stage
mechanism involving binding of tannins to proteins,
aggregation of the proteins when the tannin/protein molar
ratio exceeds a threshold, and precipitation at still higher molar
ratios.>

In the present work we address the following questions: (1)
How strongly do EgCG molecules bind to IBS, how many
binding sites are there on each protein, and what is the
distribution of EgCG on these sites? (2) How many tannins are
needed to cause aggregation of the proteins, what is the average
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number of proteins per aggregate, and what is the structure of
these aggregates?

The answers to these questions should provide a microscopic
basis for understanding the physiological functions of proline-
rich proteins, particularly the phenomena that take place in the
mouth upon ingestion of tannin-rich foods or drinks.

Addressing these questions is challenging because IBS has
several binding sites leading to complex mixtures composed of
IBSeEgCG complexes with several stoichiometries that may
then react with each other. We used an approach combining
mass spectrometry (MS), small-angle X-ray scattering (SAXS),
and dynamic light scattering (DLS). At first we sorted out the
single-protein complexes using MS. Indeed, MS distinguishes
the different noncovalent complexes that coexist in solu-
tion.>"** Its performance in PRP—tannin interactions has been
previously demonstrated.>*™>” Then we used SAXS to
determine the conformations of the complexes, the structures
of the aggregates, and their relative compositions. Finally we
used DLS to determine the mass of protein per aggregate.

These phenomena depend on the concentrations of the
various species. We note T the molar concentration of tannins
(EgCG) in a solution, of which Tyq,q are bound to proteins
and Tg.. = T — Tyounq remain free in solution. We note P the
total protein concentration, of which P, are nonaggregated
proteins and P — P, ., are proteins forming multiprotein
aggregates. The nonaggregated proteins comprise both free
proteins and complexes made of one protein and different
numbers (0, 1,2, ...) of tannins. We note (T/P) the overall ratio
of tannins to proteins in the solution, and (T,.nq4/P) the ratio
of bound tannins to total proteins in the solution.

B MATERIALS

The human salivary proline-rich protein IBS was produced by the use
of the yeast Pichia pastoris as a host organism and purified as
previously described.”®*® It was then freeze-dried and stored at —20
°C until use. Epigallocatechin gallate (EgCG) was purchased from
Sigma (Poole, UK) and ammonium acetate from Merck (Darmstadt,
Germany). The ammonium acetate S0 mM buffer was prepared in
Milli-Q-purified water, acidified to pH 5.5 with acetic acid, filtered at
0.22 pm, and stored at 4 °C.

For SAXS and light scattering, filtered buffer was added to dry
protein powder to yield a stock protein solution, and to EgCG powder
to yield a stock tannin solution; both solutions were filtered again at
0.45 pm, and then centrifuged until SAXS spectra indicated that no
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protein aggregates remained in the stock IBS solution. The protein
solution in buffer was prepared at twice the final protein concentration,
and the tannin solution at twice the final EgCG concentration. Then
equal volumes of each were mixed and agitated on a vortex to reach
final concentrations. The protein concentration was determined from
the SAXS intensity at ¢ — 0 (Supporting Information, section 3.1) and
from the molar mass of the protein: it was 2.4 mg/mL or P = 0.336
mM. For MS the concentrations of the protein solutions were 0.005
and 0.05 M and an ammonium acetate 1 mM buffer acidified to pH 5.5
was used.

The compositions of the solutions were varied over ranges that
overlap the physiological ranges of concentrations. The total
concentration of protein in saliva is in the range 1-3.5 mg/mL.
Most of these proteins originate from the parotid gland. The PRPs are
a large fraction (up to 70%) of this total. The concentration of IBS
used in SAXS experiments (2.4 mg/mL) was near the top of this
range, and the concentrations used for MS were much below. For
tannins, we know that the average concentration of EgCG in green tea
is 0.27 mg/mL (0.1—1 range) or 0.590 mM (0.2—2 range). The SAXS
and DLS experiments were performed in this range. The pH was
slightly lower than that of stimulated saliva, which is comprised
between 5.8 and 7.2,% as is the case when drinking wine or fruit juice.
As the isoelectric point of IBS is 11.2, the charge state of IBS is
expected to be the same in saliva and in our buffer. The ionic strength
used is comprised in the saliva natural variations.*’

B METHODS

At low protein concentration (0.00S and 0.050 mM) and low ionic
strengths (1 mM) we observed the IBS®EgCG complexes using
electrospray ionization mass spectrometry (ESI-MS) and confirmed
their identity by tandem mass spectrometry (MS/MS) using a
collision gas to activate precursor ions. At higher protein
concentrations (0.21 to 0.42 mM) and high ionic strength (50 mM)
we observed protein aggregation through dynamic light scattering
(DLS) and small angle X-ray scattering (SAXS).

Mass spectrometry experiments were realized by using a linear ion-
trap mass spectrometer (LTQ XL, Thermo Electron, San Jose, CA,
USA) and a hybrid quadrupole time-of-flight (Q-TOF) Qstar Pulsar i
mass spectrometer (ABSciex, Framingham, MA). Both instruments are
equipped with an ESI ion source [56]. The solutions were infused
directly into the mass spectrometer at a flow rate of 4 yL/min in the
positive ion mode. The mass spectrometer parameters were optimized
to transfer the noncovalent complexes from the solution to the gas
phase. The source voltage and tube lens voltage of the ion trap were
set at 42 kV and 100 V, respectively, while the heated capillary
temperature was set at 200 °C and the sheath gas flow rate at 20. The
following parameters were used on the Q-TOF: the source voltage was
set to 5.8 kV in positive ion mode, the declustering potential at 47 V,
the focusing potential at 209 V, the declustering potential 2 at 17 V,
the ion source gas 1 set at 22, the ion source gas 2 at 0, the curtain gas
at 10, and the capillary was not heated up. Mass spectra were studied
by using mMass software and Igor Pro (Wavemetrics, Portland, OR).

MS/MS experiments have been performed with use of both mass
spectrometers. However, experiments with the ion-trap have been
realized to confirm ion identification, while the Q-TOF has been used
to establish the dissociation curves of the noncovalent complexes. For
MS/MS experiments with the ion-trap, collision-induced dissociation
(CID) was performed with helium as collision gas. Precursor ions were
activated during 30 ms and at a percentage of normalized collision
energy (% NCE) giving enough dissociation for ion identification.
During MS/MS experiments in the Q-TOF, nitrogen was used as
collision gas in the collision cell (Linac) with a CAD gas setting of S.
The collision-set energy voltage V. was increased from 0 to 50 V. The
kinetic energy of the precursor ion in the laboratory frame of reference
is Ep, = zeV,, where z is the number of charges on the ion and e is the
charge of an electron.

SAXS experiments were performed with the SWING beamline at
the synchrotron SOLEIL. The incident beam energy was 12.0 keV
(wavelength 1.033 A), the distance from the sample to the Aviex CCD
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detector was 1, 2, and S m, and the scattering vector q ranged from
0.002 to 1 A™'. Experiments were performed at 20 °C. Several
successive frames (typically 10) of 0.5 s each were recorded for both
sample and solvent. We checked that X-rays did not damage the
proteins by comparing successive frames. The average intensity and
experimental error of each set of frames were subsequently computed.
Scattering from the solvent was measured and subtracted from the
corresponding intensity of protein + tannin solution. DLS experiments
were performed with a Malvern Nano ZS instrument, using 2 uL
scattering cells.

B RESULTS

Visual Observations and Light Scattering. Visual
Observations. Immediately after mixing tannin (EgCQG)
solutions and protein (IBS) solutions, the samples were
examined visually. For solutions made at high ionic strength
(50 mM buffer), a slight turbidity was observed whenever the
tannin concentration was above 1 mM, indicating that extensive
aggregation took place. Precipitation was observed at 2 mM
EgCG. Over times of the order of a day, the turbidity increased
further, went through a maximum, and then decreased. On the
other hand, there was no turbidity in samples made at low ionic
strength (in 1 mM buffer). Also, we did not observe any
aggregation in pure EgCG solutions at concentrations up to 2
mM and beyond. To obtain more precise and quantitative data
on these aggregation processes, we used light scattering.

Light Scattering from Protein + Tannin Solutions. DLS
experiments were performed to determine the number of
proteins per aggregate. The solutions were made in the 50 mM
buffer with P = 0.21 and 0.42 mM protein and T = 0.0S to 2.18
mM EgCQG. Figure 2 presents the scattered intensities measured
right after mixing, normalized by the intensity of a pure protein
solution as follows. First the value of intensity/protein
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Figure 2. Light scattering by solutions of protein IBS and tannin
EgCG in the acetate buffer. The intensity values have been normalized
by the intensity scattered by a pure protein solution of the same
protein concentration P. The large values of the normalized intensities
are from protein aggregates. The aggregation starts at a threshold in
tannin concentration T = 0.2 mM. Beyond this threshold, the
normalized intensity grows nearly exponentially with T. The lines are
theoretical predictions from a model in which dense aggregates have a
core made of proteins that have bound at least 3 tannins each, and a
surface made of proteins that have bound fewer tannins.
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concentration, I,../P, was determined for pure protein
solutions and extrapolated to low protein concentrations.
Then the values of I/P for the mixed protein + tannin solutions
were measured and divided by that of the pure protein solution.

Three remarkable features emerged from these results. First,
there was a threshold in tannin concentration T, below which
the scattered intensities were practically identical with that of
the pure protein solution. For solutions at P = 0.21 mM, this
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threshold was at T = 0.2 mM (Supporting Information, section
1.1). Then, beyond this threshold, the scattered intensities were
much higher (X100 to X10 000) than those of the pure protein
solutions, and they increased nearly exponentially with the
tannin concentration T. At higher protein concentrations (0.42
mM) it took more EgCG to reach the same number of proteins
per aggregate. Also, the hydrodynamic radii of these aggregates

dx.doi.org/10.1021/1a3041715 | Langmuir 2013, 29, 1926—1937
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were quite large, in the range 100—10000 A (Supporting
Information, section 1.3).

Kinetic Effects. At each composition, the intensity increased
with time over a few hours, went through a maximum at about
4 times the initial intensity, and then decreased. The kinetics of
restructuring was faster for lower EgCG concentrations
(Supporting Information, section 1.2). At longer times, the
intensity of light scattered by the aggregates decreased slowly
but steadily, and the hydrodynamic diameters increased,
indicating that the aggregates continued to dissociate and
reorganize.

Binding through Mass Spectrometry. Mass Spectrom-
etry Experiments. Mass spectrometry experiments were
performed in order to follow the binding of EgCG on IBS.
The experiments were performed by using a buffer with a weak
ionic strength (1 mM) to conserve the IBS cationic charges and
therefore prevent the aggregation.

The mass spectrum obtained by electrospraying the protein
solution displayed a series of protonated peaks corresponding
to four IBS isoforms (a, 6923.70 Da; b, 7238.60 Da; c, 7080.60
Da; d, 7481.80 Da) with charge states ranging from +S to +10
(Supporting Information, section 2.1). We performed two
series of experiments using solutions containing respectively
0.005 and 0.05S mM IBS and tannin/protein ratios ranging from
1/5 to 40/1. Figure 3 shows the mass spectrum of the IBS—
EgCG 0.05—0.5 mM mixture. Though crowded, the spectrum
reveals free IBS and IB5SekEgCG supramolecular complexes
with several charge states. Complexes with stoichiometries
ranging from k = 1 up 8 tannins can be observed on this
spectrum. However, mixtures having higher tannin concen-
tration show complexes having k values up to 14. For high
tannin concentration, the k value might not correspond to the
number n of binding sites on IBS as molecules of EgCG can
stack on top of each other.

Distributions of Tannins on Proteins. For each mixture, the
relative abundance (R) of the different species has been
established via the measurement of their respective peak areas
(A). Each peak area was normalized by the sum of the areas of
all major species (eq 1).

X 100
iz Ai (1)
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As free IBS and IBSekEgCG complexes have different charge
states, their relative abundance is the sum of the relative
abundances of all charge states. The concentrations of bound
and free EgCG were subsequently calculated knowing the IBS
concentration. Figure 4 shows the relative frequencies of
proteins that have respectively 0, 1, .., 14 bound EgCG
molecules.

These populations can be compared with those expected for
a purely statistical distribution of the EgCG molecules on
independent and equivalent binding sites. Accordingly, if Np
proteins capture AN, EgCG molecules, where 4 = Tyq,a/P is
the average number of bound tannins per protein, the relative
populations f(k) of proteins that have captured k EgCG are
given by the Poisson distribution:

2k exp(—4)

o = =%

)

We know the values of the binding ratio A for each ESI/MS
experiment, hence we can calculate the expected population
distribution f(k) according to eq 2, and compare it with the
measured distribution. This comparison is presented in Figure
4.

Study of the IB5eEgCG Complexes through Tandem Mass
Spectrometry Experiments. As molecules of EgCG can stack
on each other, the stoichiometries of IBSekEgCG complexes
cannot correspond to the number of binding sites. To
determine the number of EgCG binding sites on IBS, we
have performed CID MS/MS experiments using a Q-TOF. The
IB5ekEgCG complexes from k = 1 to 9 have been selected and
then activated by collision with a neutral gas (azote). For each
complex, the collision energy was progressively increased until
the full dissociation of the precursor ions. The relative intensity
of the precursor ions was plotted against the collision energy
giving the dissociation curves of each complex (Figure 5). The
curves were fitted by using a Boltzmann sigmoidal function.
From the curves, the collision energy at which half of the
precursor ions are dissociated (ESO) was determined to
compare the stability of the complexes. IBS6kEgCG complexes
from k = 1 to 8 present similar ES0, while IBSe9EgCG
complexes exhibit a smaller value. This observation indicates
that above 8 tannins bound on IBS a different type of

dx.doi.org/10.1021/1a3041715 | Langmuir 2013, 29, 1926—1937
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interaction, which is more labile, is involved. This second type
of interaction could be the stacking of tannins.

Binding Isotherms. From the relative frequencies of proteins
that have bound 1, 2, .., 14 tannins, we have calculated the
concentration Ty,,,q ©of bound tannins, and then the
concentration of free tannins Tgee = T — Tpouna- > These
concentrations are presented in Figure 6.

The Langmuir model is the simplest way to describe the
binding equilibrium of small molecules to a set of identical
independent sites located on a macromolecule.” This model
has two parameters, which are the concentration T, of free
tannins in the solution and the binding free energy per mole of
bound tannins, Apg.. poungy NOrmalized by the energy of thermal
agitation, RT,. The equilibrium condition yields the fraction
Xiouna Of sites on the proteins that are occupied by bound
tannins:

X, - Tbound — KTfree
bound WP K’I‘free 1
Ap
with K = exp[%)
) (3)

This is a relation between T} ,,q and T, with parameters n,
P, and K. We know the actual values of the concentrations
Typound and T, from the MS experiments. Consequently we can
search which values of n and K reproduce the actual relation
between Tjgunq and Tg,.. The fit of the data shown in Figure 6
yields n = 8 and Ay/ RT, = 8.44 or K = 0.216 mM for the
solution with P = 0.005 mM protein, and n = 8 and Au/RT, =
726 or K = 0.706 mM for the solution with P = 0.05 mM
protein. The fact that the parameters n and Ay are so similar in
both cases suggests that the Langmuir model is appropriate, i.e.,
the binding sites are independent and they have similar free
energies.

Small Angle X-ray Scattering. Aggregation of IB5
Caused by EgCG. SAXS experiments were performed in
order to study protein aggregation that occurred at higher ionic
strength (S0 mM acetate buffer), for the more concentrated
protein solutions (P = 0.336 mM), in the presence of tannins
(T = 0.2 to 4 mM). Two series of experiments were done at
different times after the preparation of the solutions: 17 h at 10
°C for the first set of samples (presented below), and 6 h at 20
°C for the second set (Supporting Information, section 3.7),
i.e,, about the time of the maximum intensity according to light
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scattering. In both cases SAXS experiments were performed at
20 °C. Both series gave very similar results.

Figure 7 presents the SAXS spectra for a series of solutions
containing a fixed protein concentration (P = 0.336 mM) and

EGCG 4.367 mM
—EGCG 1.747 mM
—EGCG 1.528 mM
—EGCG 1.095 mM
—EGCG 0.655 mM

EGCG 0.437 mM
—EGCG 0.218 mM

-1.5 1

1 LogI(q)

Logq (A

-3.5 T T T T T T

-2.1 -1.9 -1.7 -1.5 -1.3 -1.1 -0.9 -0.7

Figure 7. SAXS spectra from samples with the same protein
concentration (P = 0.336 mM) but different tannin concentrations
(indicated in the figure). The scattering at q > 0.01 A™! is mainly from
nonaggregated proteins. The excess scattering at g < 0.01 A" signals
the presence of dense protein aggregates. The spectrum of the solution
containing proteins only (blue line) is fitted by the theoretical
scattering curve for worm-like chains with parameters given in Table 1.
A linear combination of nonaggregated proteins and large dense
aggregates fits all other spectra. These samples were equilibrated for 17
h at 10 °C (see also the Supporting Information, section 3.7, for other
equilibration times).

increasing concentrations of tannins (T = 0 to 4.36 mM). The
high-q part of these spectra (q > 0.01 A™") is slowly varied with
q (slower than q72); we argue below that it is characteristic of
nonaggregated proteins with highly extended conformations.”®
The low-q part (g < 0.01 A, dimensions r > 600 A) has a fast
variation with g (close to g~*), which signals the presence of
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very large objects, i.e., aggregates. In this g range the intensities
rise rapidly with EgCG concentration when it exceeds T = 0.5
mM.

Conformations of Proteins with Bound Tannins. We found
that each spectrum could be fitted by a linear combination of
the scattering from aggregates (first term) and that from
nonaggregated proteins in solution (second term):

I(q) = CK(q) + DH(q) (4)

The following analysis aims to reproduce the complete set of
spectra with the smallest number of parameters, while keeping
these parameters meaningful. Regarding the first term, we
found that all K(q) functions can be approximated by power
laws with the same exponent —d; = —3. Since we do not know
precisely the aggregates sizes, K(q) is an empirical function
chosen to match the scattering, and C is proportional to the
concentration of aggregates.

Regarding the second term, it must contain contributions
from proteins that have bound either 0, 1, 2, ... or k tannins:

H(q) = f,Ho(q) + fH(q) + .. + f Hi(q) (3)

The frequencies f; can be deduced from the MS results, and
the form factors Hy(q) could be calculated for thick worm-like
chains similar to the pure protein in solution, but taking into
account the contribution of the bound tannins. However, the
number of parameters of this model would be excessively large.
Indeed, it takes 3 parameters to describe each form factor, so
that if the solution contained proteins with, say, 0, 1, 2, 3, and 4
bound tannins, it would take 15 parameters to determine the
second term of eq S. The precision of the data does not warrant
this. We notice that the spectra obtained at different
compositions are nearly identical at high q values (Figure 7).
Therefore, at each composition, we can use a single form factor
H(q), calculated for a thick worm-like chain with a persistence
length, as we did previously for the pure protein solutions,”®
and a single coefficient D (discussed in the next section):

H%(q) b[4 7 1mn 7
B0y S Z[E e
c (—x>]
P (6)
g(x) =2(e" +x— l)/x2 7)

where x is equal to (q°Lb)/6, b is the length of the statistical
element, and L is the contour length of the chain.*® Finally we
take into account the thickness of the worm-like chain through
a factor that depends on the radius R of its cross section:

—R}

H(q) = H*(q) eXP[—C)
2 (8)

Figure 8 shows the fits to two spectra according to eqs 4—8,
with the parameters C, D, L, b, and R. adjusted for each
spectrum (as in Figure 7). The spectra are from a solution at
low EgCG concentration (T = 0.437 mM) and a solution at
high EgCG concentration (T = 1.747 mM). They are plotted in
the Kratky representation, q°I(q) vs g, which enhances the
effects of structural differences between chains with different
numbers of bound tannins. The other spectra have been fitted
in the same way. Table 1 lists the values of the structural
parameters extracted from all such fits. Only one of these
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2.E-08 |
92 I(q)
1.E-08 1
—EgCG 0.8
—fit EgCG 0.8
—EgCG 0.2
—fit EgCG 0.2
q(A-1)
0.E+00 .
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Figure 8. SAXS spectra of IBS—EgCG solutions, plotted in the Kratky
representation, q°I(q) vs q. This representation enhances the high g
part of the spectra, where the scattering originates from nonaggregated
proteins that have remained in the solution. Upper set of data: solution
containing T = 0.437 mM of the tannin EgCG and P = 0.336 mM of
the salivary protein IBS. Lower set of data: T = 1.747 mM and P =
0.336 mM.

Table 1. Geometrical Parameters Used to Fit the SAXS
Spectra with a “Thick Worm-Like Chain” Model”

T,
mg/mL T, mM  Tyouna/P IL b R, R,

0 0 0 207 + 10 30+1 29.2 2.7+ 04
0 0 0 207 + 10 32+1 29.9 24 + 04
0.1 0.218 0.507 207 £ 15 31x2 29.6 2.7+ 04
0.2 0.437 1 207 + 15 312 29.6 28 +£04
0.3 0.655 1.473 207 + 15 30+2 29.2 29 + 04
0.5 1.095 2.371 207 £ 1§ 29 +2 289 33+ 04
0.7 1.528 3.168 190 + 15 33+2 28.8 32+ 04
0.8 1.747 3.533 200 + 15 32+2 29.5 3.7+ 04
2 4.367 6.124 200 + 15 302 28.8 3.8 +£04

“The parameters are in A: L, contour length of the chain, b, length of
the statistical segment, R;, overall radius of gyration, and R, radius of
the cross-section of the chain. The compositions are specified by T,
total tannin concentration, and P = 0.336 mM; Ty,q/P is the molar
ratio of bound tannins to total proteins, calculated from the adsorption
isotherm determined through MS. For the pure protein solutions there
are slight differences with respect to the value of L given previously,”®
due to differences in the populations of the four IBS isoforms. The two
rows at T = 0 correspond to different experiments, and the differences
between them give an idea of their precision.

parameters has systematic variations: as the number of bound
tannins per protein increases, the chains become thicker (larger
cross-section). This makes sense, since the tannins have a high
contrast and are bound as side groups of the main polypeptide
chain.
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Figure 9. (a) Fraction of proteins that are aggregated, calculated from SAXS (filled dots and filled diamonds are from two experiments), and
comparison with MS results from solutions that do not aggregate (open diamonds, proteins that have bound at least 3 EgCG molecules). Horizontal
scale: total tannin (EgCG) concentration in mM. It is argued that it takes at least 3 tannins per protein to collapse the proteins into dense aggregates.
(b) Fraction of proteins that have bound a set number of tannin molecules, from mass spectrometry. The horizontal axis is the average number of
bound tannins per protein, Ty,,nq4/P, calculated from the Langmuir fit to the MS data.

Protein Aggregation. We calculate the fraction of non-
aggregated proteins from the relative magnitude of the
scattered intensities. For this purpose we extract from the
worm-like chain fit (eqs 6—8) the intensity scattered by the
proteins in the solution containing T tannins, and compare it
with that from the pure protein solution. If proteins that have 0,
1, .., k bound tannins coexist in the solution, the intensity
scattered at ¢ — O by these proteins is:

Botut Ziiﬁaf
H(T, g = 0) = H(T = 0, g — o)l S0 2

i=k
Ei:ofi 9)
where P,

. olution 18 the concentration of nonaggregated proteins in
the solution, H,(q—0) is the intensity extrapolated to ¢ — 0
from proteins that have bound i tannins, f; is the fraction of
such proteins, from MS, and ¢, is the ratio of scattered intensity
between a protein that has bound i tannins and a protein that
has none (Supporting Information, sections 3.1 to 3.4):

2
_ H(q — 0) _ il/tApt

Hy(q — 0) %Ap, (10)

where v, is the volume of a tannin and v, is that of a protein,

and Ap, is the scattering density of a tannin and Ap,, is that of a
protein. Thus we extract P, /P from eqs 9 and 10 and

solution
obtain the fraction of aggregated proteins as 1 — Py on/P
(Supporting Information, sections 3.5 to 3.9). The variation of
this fraction is presented in Figure 9a and Table 2, as a function
of the total tannin concentration. At this point we note that
adding 0.2 mM EgCG is enough to aggregate a significant
fraction of the proteins, in agreement with the light-scattering
result (Figure 2).

Kinetics of Aggregation and Dissociation. Similar sets
of SAXS spectra were obtained at different times after mixing

1933

Table 2. Concentrations of Aggregated and Nonaggregated
Proteins According to SAXS Data”

T,mM  Tgey MM Tioung MM Tiouna/P Piggregateds MM Pygiugiony mM
0 0 0 0 0.000 0.336
0.218 0.048 0.170 0.51 0.043 0.293
0.437 0.101 0.336 1.00 0.073 0.263
0.655 0.160 0.495 147 0.103 0.233
1.095 0.298 0.797 2.37 0.155 0.181
1.528 0.463 1.065 3.17 0.166 0.170
1.747 0.559 1.188 3.53 0.169 0.167
4.367 2.309 2.058 6.13 0.277 0.059

“T is the total tannin concentration (EgCG). T, and Tjgyng are the
concentrations of free and bound tannins, calculated according to the
MS results. Tyguna/P is the number of bound tannins per protein with
P = 0336 mM the total protein concentration. Pgreeed i the
concentration of aggregated proteins and Py, the concentration of
nonaggregated proteins, both calculated by fitting the experimental
spectra according to eqs 4—10.

the protein solutions with the tannin solution (Figure 8,
Supporting Information). In all cases, a linear combination of
nonaggregated proteins and dense aggregates fits all spectra,
according to eqs 4—10. The amounts of aggregated proteins
were highest at short times after mixing. At very long times, on
the order of a day, all these aggregates were found to dissociate
spontaneously to some extent, as also observed through DLS
(Supporting Information, section 1.2).

B DISCUSSION

Aggregating and Nonaggregating Solutions. The aim
of this discussion is to relate binding data, obtained from MS,
and structural data, obtained from SAXS and DLS. Scattering
experiments have been performed in 50 mM acetate buffer,
which has an ionic strength similar to that occurring in the
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mouth. In these conditions, the cationic charges of the proteins
are screened, and the proteins may aggregate through bridges
created by bound EgCG molecules. The MS data were obtained
under 1 mM salt added to the protein + tannin mixture, owing
to the poor tolerance of electrospray ionization to salts.
However, mass spectrometry has been used only to study the
interaction of the ligands to proteins, which is not affected by
ionic strength. The results from both sets of experiments may
then be related with confidence.

The Population of Protein Aggregates. When two
species combine to form aggregates, the first question is: How
many different types of aggregates are there, in terms of
compositions and structures? This question is quite difficult to
answer, since there must be variations in the numbers of
tannins (EgCG) and proteins (IBS) per aggregate, and in the
resulting structures. Hence a detailed description of the
ensemble of aggregates is out of reach. However, we can
answer a simpler question, which is whether the collection of
aggregates can be meaningfully described as a single population,
or else as two coexisting populations.

The SAXS data presented in Figure 7 and the fits according
to eq 4 show that the solutions contain two populations, i.e.,
“dense” aggregates coexisting with nonaggregated proteins. Let
us first discuss the population of nonaggregated proteins. The
SAXS results show that these proteins have similar con-
formations to the proteins in pure IBS solutions. However, the
increasing values of the cross section of the polypeptide chains
(Table 1) indicate that these proteins have bound a significant
number of tannin molecules. The scattered intensities have
been analyzed according to a simplified model where these
proteins have bound the numbers of tannins that are predicted
by the adsorption isotherm. This is adequate when most
proteins are still nonaggregated. We find that the population of
nonaggregated proteins decays continuously with rising tannin
concentrations (Table 2 and Figure 9a). This decay matches
the growth of the population of proteins that have bound at
least 3 tannins (determined from MS), suggesting that they
vanish from the solution.

Next, we consider the population of aggregates. First we
focus on the composition P = 0.336 mM, T = 0.5 mM, for
which the scattering from aggregates shows up in the low-q part
of the spectra (Figure 7). According to the analysis of SAXS
data (Table 2), 20% of the proteins were aggregated and no
longer contributed to the high-q solution scattering. We know
from MS how the tannins were initially distributed on the
proteins before aggregation took place: for the corresponding
composition with the same concentration of free EgCG, the
frequencies of proteins that have respectively 1, 2, 3, 4, 5 bound
EgCG molecules are 26%, 14%, 8%, 8%, and 3% (Table V,
Supporting Information). The SAXS result is recovered if it is
assumed that all proteins with at least 3 bound tannins did
aggregate. The same correspondence is obtained at other
compositions, indicating that the proteins with at least 3 bound
tannins form the aggregates.

This result is in quantitative agreement with those of Pascal
et al* and Poncet-Legrand et al. obtained with polyproline as a
protein®*>** and those of Charlton et al. with proline-rich
peptides.* As EgCG is a multidentate ligand, it may form
bridges between proteins within aggregates, leading to the
collapse of highly connected aggregates. This is in agreement
with the fractal exponent of the aggregate structure, measured
by SAXS, which is d; = 3, characteristic of dense particles. At
first, this dense structure may seem to conflict with the large

hydrodynamic radii measured through DLS, which grow as the
square root of the mass per aggregate (rather than the cube
root law expected for dense particles). This conflict is resolved
by considering that the aggregates have a dense core (seen by
SAXS) and a less dense corona, which controls their
hydrodynamic properties measured by DLS.

A Simple Poisoned Growth Model for Calculating the
Aggregate Size. Here we present a simple model of the
protein + tannin aggregates, in order to calculate the number of
proteins per aggregate, and predict the intensity of scattered
light. This model is based on the idea that aggregates
recombine (and therefore grow to larger sizes) until their
surfaces are “poisoned” by unreactive species.*® To keep the
numbers of parameters to a minimum, we assume that all
aggregates are identical, with the same radius and the same
number of proteins. We further assume that each aggregate is
made of a dense core that contains a high concentration of
bridging tannins, and a corona made of proteins with few
bridging tannins. Two aggregates may recombine during their
collisions, if their surfaces carry enough tannin molecules to
bridge them together. However, there is a large pool of proteins
that carry few tannin molecules. As the aggregates grow, their
surfaces capture a small fraction of these proteins, and they
become unable to make permanent bonds to each other.
Consequently the final sizes of aggregates are limited by the
abundance of “poisons”, i.e., proteins that do not carry enough
tannin molecules to continue the growth process.

Consider a solution containing N proteins, with a
distribution f(k) of tannin molecules on these proteins. The
proteins with k > k, are aggregated, and they have formed a set
of N,, aggregates. Let n,. be the number of proteins in the
core of each aggregate, V.. the volume of this core, and V* the
volume per protein in this core. Some of the proteins with k <
ko are at the aggregate surface (fraction @), but most of them
are free in the bulk solution (fraction 1 — a). Let ny, . be the
number of proteins at the surface of the aggregate, A .. the area
of the core surface, and A* the surface area per protein in this
surface layer. Let ny.o, be the number of free proteins per
aggregate. The distribution of proteins must verify the
following sum rules:

k=k,
V. N 3
Meore = == = _[1 - Z f(k)]
Ve N k=0 (11)
k=k
Acore N ¥
Nsurface = = a_[ Z f(k)]
A¥ N %o (12)
k=k,
N 0
Msolution = (1 - (Z)—[ Z f(k)]
Ny im0 (13)
+ + N
Meore Msurface Nsolution =
Neg (14)

For a globular aggregate, the volume and surface area are
related by V,,..> A = 1/367, which may be rewritten as:

3
Vire = 3»6r[(—°°re )

core (15)

Hence it is easy to calculate 1. and g
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with (k) = [1 — Zf(k) Zf(k)
k=0 (16)

(v
a*(ax) "‘)3 (17)

Beyond this point, it is necessary to obtain some information
on the parameter @, which contains the information on the
poisoning process. Fortunately this problem has already been
studied in another context, for the poisoned growth of oil
droplets in surfactant solutions.*® The conclusions from that
work are that « and n,,, are power laws of the poisoning ratio
¢(k), so that:

n = 367

[p(k))*

surface

nolp(k)1’ (18)

The exponent obtalned for n. through numerical
simulation is # = 2.5.% To apply these predictions to the
growth of protein aggregates bridged by tannin molecules, we
assume that the distribution f(k) is the Poisson distribution
given in eq 2. With this distribution, the data are best fitted by
feore + Nourface With @ < 1, kg =3 + 1, and ff = 2 + 0.5 (Figure
2). This power law reproduces the aggregation threshold and
also provides a good fit to the rest of the data for both protein
concentrations. The aggregation threshold is rather insensitive
to the choice of parameters, and determined mainly by the
tannin concentration at which there is a substantial frequency
of proteins with at least 3 bound tannins (Figure 9b). Moreover
the model reproduces well the fact that, beyond the aggregation
threshold, the aggregates readily reach very large aggregation
numbers. Accordingly the poisoned growth model does
reproduce the aggregation of proteins by tannins.

Aggregation Followed by Dissociation. Over very long
times, the mixed solutions show a slow rise in turbidity
followed by an even slower decay of turbidity. The rise in
turbidity may be caused by the continued recombination of
aggregates, due to their Brownian collisions. Indeed the rate of
increase of the intensity of scattered light matches that expected
for a cluster—cluster aggregation process with a low efficiency
of encounters (1 successful recombination in 3 X 10°). This is
not surprising, given that the proteins and tannins must be in
particular configurations in order to create a bridge.

The slow dissociation observed at long times, followed by
spontaneous redispersion, may be caused by a redistribution of
the tannins among the available proteins. Indeed, molecular
dynamics simulations of the binding of EgCG to IBS suggest
that the tannin molecules may move fairly easily along the
polypeptide chain.*’ For a tannin concentration that is twice
the aggregation threshold, the total number of bound tannins
amounts to T}y,g/P = 1 tannin per protein. If the tannins do
redistribute uniformly among all proteins, there will no longer
be any proteins with 3 or more bound tannins, and therefore
the aggregates will dissociate, expand, and dissolve, as observed.
In addition, some tannins may change their connectivity from a
configuration where they bridge two distinct proteins to a
configuration where they bridge two sites of the same protein.
This will reduce the number of bridges holding the aggregate
together and lead to dissociation and dissolution of the
aggregates.

Neore =

1935

Bl CONCLUSION

In this work we examined the binding of molecules of the
tannin EgCG to a basic proline-rich salivary protein, IBS, the
subsequent aggregation of the protein through bridging tannins,
and the growth of the aggregates, determined by the
distribution of tannins on the proteins (poisoned growth).
We obtained a quantitative description of these processes, at
the microscopic scale. These processes appear to be general.
Thus this description could serve as a model for the
interactions of other disordered proteins (e.g., other salivary
proteins) with tannins or with other bridging ligands.

(1) In very dilute IBS—EgCG solutions of low ionic strength
(1 mM) the proteins repel each other. In these conditions the
tannins bind to individual proteins but do not cause any
aggregation. Using mass spectrometry, we have determined the
distribution of bound EgCG among all the proteins in solution,
i.e, how many proteins have 1, or 2, or 3, .. bound EgCG
molecules. This distribution is close to the Poisson (= random)
distribution, thereby indicating that the sites on the protein are
equivalent and independent. The number of binding sites is n =
8, which matches the number of short proline repeats on the
polypeptide chain. The number of bound EgCG molecules
follows a Langmuir adsorption isotherm with an equilibrium
constant K4 = 0.706 mM, or a free energy of 7.26 + 0.5 RT,,
where RT, is the energy of thermal agitation at 20 °C. This free
energy is in between those found previously for proline-rich
peptides by Charlton et al.** and for poly(r-proline) by Poncet-
Legrand et al.** The differences are presumably due to the
lengths of the polyproline sequences in each case.

(2) In solutions that are more concentrated and at higher
ionic strength (acetate buffer SO mM, pH S.5), the binding of
the tannins causes the protein to aggregate. DLS experiments
indicate that the aggregation threshold is at a tannin
concentration of 0.2 mM (with 0.21 mM protein). Comparing
SAXS and MS results, we found that the proteins that have
bound at least 3 EgCG molecules connect to each other
through EgCG bridges and build the aggregates, in good
agreement w1th the results of Poncet-Legrand et al.**** and
Charlton et al.* These aggregates recombine into larger ones
until their growth is limited by adsorption of proteins that have
bound fewer EgCG molecules, as described by the poisoned
growth model. Through this process, the aggregates become
quite large at concentrations that are not much higher than the
threshold (up to 1000 proteins per aggregate at a total EgCG
concentration of 1 mM). These results are consistent with the
observation of hazes in protein—polyphenol systems.**

(3) The threshold for the formation of these aggregates is in
a range of compositions that matches the physiological ranges:
it is at 0.2 mM EgCG for 0.21 mM protein, and 0.5 mM EgCG
for 0.42 mM IBS. This suggests that the aggregation of salivary
proteins by tannins in the mouth could have a physiological
function. An obvious function could be the regulation of the
amount of free tannins in the ingested food and drinks.

(4) Another function for the aggregation of salivary proteins
by tannins in the mouth could be to cause astringency. From
the present results, we can find out if the ranges of
concentration for the perception of astringency correlate with
those where aggregation and precipitation take place.
Astringency perception has been reported at EgCG concen-
trations in the range 0.2 mM*’ to 0.4 mM.*® These values are
remarkably close to the aggregation threshold that we found
(0.2 mM EgCG in an IBS solution of concentration 0.21 mM).
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Moreover, we have demonstrated that this aggregation process
readily leads to massive aggregates when tannins concentrations
exceed the threshold. These cationic aggregates could then bind
to the salivary film that covers the mucosa,>' and trigger the
astringency perception. Experiments on acid-treated saliva have
evidenced a pathway that involves the preferential binding of
tannins to acidic PRPs and statherins, which are also involved
in the salivary film,>? causing their aggregation.53 This
aggregation may then lead to a cascade of other phenomena
at the colloidal scale, with involvement of the cationic bPRP at
a later stage, and then precipitation or deposition of the cationic
aggregates on the anionic mucosa. Experiments similar to those
reported here but involving mixtures of 2 or more proteins
could make it possible to find out which ones of these pathways
are active in the mouth.

B ASSOCIATED CONTENT

© Supporting Information

Additional results including time evolution of the scattered
intensities in light scattering and SAXS, mass spectra of IBS
solutions, tables of frequencies of all protein populations as
determined through MS, and expressions for the scattering by
proteins in solution with bound tannins. This material is
available free of charge via the Internet at http://pubs.acs.org.
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