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Abstract
(-)-Epigallocatechin-3-gallate (EGCG), a major phenolic constituent of tea, has been shown
to have biological activity within inflammatory pathways involved with food allergies and

intolerances. Proposed mechanisms for this effect include sequestration and structural
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modification of immunostimulatory proteins as a result of interactions with EGCG. The present
study employs biophysical techniques including dynamic light scattering, circular dichroism and
nuclear magnetic resonance to elucidate the likely mechanism(s) by which EGCG interacts with
ox-gliadin (57-89) (02g), an immunodominant peptide in celiac disease pathogenesis. We
demonstrate that EGCG interacts with a2g in a multi-phase reaction driven by non-specific
binding, resulting in the formation of polydisperse EGCG/a2g complexes which induce changes
in peptide structure. We also show that these interactions occur at a range of pH levels associated
with digestion, including pH 2.0, 6.8 and 7.5. Based on previous reports of binding specificity of
enzymes and antigen presenting cells in celiac disease pathogenesis, our results provide
foundational support for EGCG to prevent recognition of immunostimulatory gliadin epitopes by
the body and thus prevent the inflammatory and autoimmune response associated with celiac

disease.

1 Introduction

According to the 2007 — 2010 National Health and Nutrition Examination Survey (NHANES),
the average adult in the United States consumes approximately 200 mg of flavonoids per day, the
majority of which are consumed in the context of green or black tea.! The health benefits
associated with tea and its constituent flavonoids have been extensively explored, both in vitro
and in vivo.>™ In recent years, attention has turned to the potential for flavonoids to aid in the
treatment of inflammatory disorders including inflammatory bowel disease and the alleviation of
symptoms associated with food allergy.®!° These studies have demonstrated that flavonoids can
be multi-functional with respect to prevention and reversal of the disease states investigated. One

flavonoid of particular interest is EGCG, the major catechin found in green tea.
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In models of food allergy, EGCG has been shown to mediate the degranulation of mast cells
via inhibition of histidine decarboxylase as well as reduce the expression of key proteins
involved in immune cell recruitment.!!~!13 As food allergies are stimulated by contact with an
external antigen, “epitope masking”, or physically blocking recognition of immunostimulatory
proteins by immune cells, has also been explored as a possible mechanism by which polyphenols
such as EGCG might mitigate the symptoms of food allergy. This has been demonstrated most
notably with peanut proteins and procyanidins from cranberries and blueberries, which were
shown to decrease allergen binding by IgE and attenuate histamine and 3-hexoaminidase
release.!* In other studies, peanut proteins have been shown to undergo conformational changes
upon binding to EGCG,’ suggesting that structural modification may contribute to the decreased
IgE recognition described by Plundrich et al. (2017). EGCG has also been shown to structurally
modify ovalbumin, a major allergen found in eggs, preventing uptake of the allergen by
monocytes and thus attenuating the allergic response.®

Celiac disease is an autoimmune enteropathy that shares characteristics with both
inflammatory bowel disease and food allergies. In celiac disease, gluten proteins from wheat,
barley and rye stimulate a host of symptoms that primarily manifest in the small intestine,
inducing inflammation and damage to the enterocytes.!> Gluten proteins are rich in proline
residues and feature repeat motifs of polyproline II (PPII) helices and random coils, structures
that are important for their recognition by key receptors in pathogenesis.!® Tissue
transglutaminase (TG2) is an endogenous enzyme secreted by enterocytes in response to gluten
proteins passing the brush border that cross-links with gluten, preferentially deamidating
glutamine residues one amino acid away from proline residues.!” Human leukocyte antigen

(HLA)-DQ2 (DQAT1*05:01, DQB1*02:01) recognizes gluten epitopes and presents them to T
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cells, activating the adaptive immune response which leads to destruction of small intestinal
architecture and secretion of antibodies against gluten and TG2.!®

The present work explores the use of a dietary polyphenol (EGCG) as a gliadin protein
binding agent which, if successful, could represent a novel therapeutic approach for alleviating
celiac disease symptoms by masking binding sites and epitopes capable of being recognized by
TG2 or HLA-DQ2. Characterization of the etiology of the celiac disease autoimmune response
has led to the discovery of physiologically stable, 33-amino acid fragment of a;-gliadin that is
produced upon enzymatic digestion of gluten both in vitro and in vivo. This immunodominant
33-mer, o-gliadin (57-89) (aog; LQLQPF(PQPQLPY);PQPQPF), contains six overlapping
epitopes (1 a-I, PFPQPQLPY; 3 a-II, PQPQLPYPQ; 2 a-III, PYPQPQLPY) that are able to be
deamidated by TG2 and be recognized by HLA-DQ2."°

The tendency for proline-rich proteins such as oog proteins to form PPII helices allows for
increased accessibility of polyphenols to potential binding sites within the proteins, favoring
noncovalent interactions such as hydrogen bonding, van der Waals interactions and nt-nt
stacking.?? This phenomenon has been explored with respect to proline-rich salivary proteins and
wine tannins, as precipitation interactions between the two are thought to drive the oral sensation
of astringency. Interactions between EGCG and proline-rich salivary proteins have been shown
to modify the structure of salivary proteins and result in precipitation of both compounds.?!
Structural characterization of oog has revealed that the peptide transitions between extended PPII
helices and type II B-turns depending on solvent conditions and temperature,?? suggesting that
structural modification as a result of binding with EGCG may also be possible.

The objective of the present study was to explore the potential for EGCG to bind to a.2g and

to determine the structural impact of this interaction on the peptide. We sought to elucidate the
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mechanism by which these interactions occur and define physiological factors which may
influence the interaction. From a functional perspective, structural modification of ag via
interaction with EGCG may provide groundwork for developing a nutraceutical approach to
preventing the autoimmune response associated with celiac disease by preventing recognition of
o2g by TG2 and/or HLA-DQ?2. This protective mechanism could work in conjunction with those
previously explored by our group, including prevention of gliadin digestion and inhibition of

gliadin-stimulated permeability and inflammation in the small intestine.??

2 Materials and Methods
EGCG (> 98% purity) was purchased from Quality Phytochemicals (East Brunswick, NJ)
and a-gliadin (57-89) (LQLQPF(PQPQLPY );PQPQPF; MW = 3911.4 kDa; 95-97% purity)

was synthesized by 21 Century Biochemicals (Marlboro, MA).

2.1 Dynamic Light Scattering

Dynamic light scattering (DLS) experiments were carried out using a Viscotek 802 DLS with
OmniSIZE software (Malvern Instruments, Malvern, UK). Initial samples of varying a.g and
EGCG concentrations were screened for detectable colloids and to ensure experimental
concentrations remained below the turbidity threshold.

DLS was also used to measure the hydrodynamic radii (Ry), molecular weight and size
distribution using a mean of at least ten DLS measurements of EGCG/a2g complexes. EGCG
was added to 12.8 uM a2g at molar ratios of 5-50 times excess EGCG in 10 mM sodium
phosphate buffer, pH 6.8. Samples were prepared 1 h prior to analysis, which was carried out at

37 °C. Samples were filtered using a 0.45 um membrane filter (Millipore Sigma, Burlington,
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MA) prior to loading 12 pl of it into the quartz cuvette for each DLS measurement. Ry were
measured based on 10 separate measurements of 10 s each. Experiments characterizing pH and
concentration effects on Ry were carried out at pH 2.0, 6.8 and 7.5 with concentrations of 0.25

UM o2g and 0.4-50 times excess EGCG in 10 mM sodium phosphate buffer.

2.1 Isotheral Titration Calorimetry

An isothermal titration calorimeter (ITC; MicroCal Auto-iTC200, Malvern Instruments,
Westborough, MA) was used to measure the enthalpies of mixing for cog and EGCG.
Experiments were conducted at 37 °C in 10 mM sodium phosphate buffer, pH 6.8 with a
reference power of 5 pcal/s. EGCG (3.2 mM) was titrated into a cell containing 280 pL of 12.8
mM ong as 38 injections of 1 uLL each. EGCG was injected into buffer alone as a control, and the
results were subtracted from the EGCG/ag results. Data were integrated and analyzed using
Origin (OriginLabs, Inc., Northampton, MA). Each injection lasted 2 s and an interval of 300 s
was maintained between injections. The cell was stirred at 750 rpm throughout the experiment.

Buffer matching was ensured with a reference run prior to running experiments.

2.1 Nuclear Magnetic Resonance

All nuclear magnetic resonance (NMR) experiments were performed on a Bruker Avance-
[II-HD 500-MHz instrument operating at a 'H frequency of 500.20 MHz using a 5-mm Prodigy
BBO BB-'H/"F/D Z-GRD probe at temperature of 298 K. Solvent suppression was achieved
using the Sinc1.100 excitation sculpting sequence.?* Data acquisition and processing for all
experiments were performed with Topspin 3.2 (Bruker, Billerica, MA) and MestReNova 10.0.1

(Mestrelab Research, Santiago de Compostela, Spain).



Page 7 of 36

139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

161

Food & Function

2.3.1 Saturation Transfer Difference NMR

NMR samples were prepared immediately prior to analysis by dissolving o2-gliadin (57-89)
and each ligand in 85% H>0, 15% dimethylsulfoxide-ds (DMSO-ds, 99.8%, deuterium; EMD
Millipore, Billerica, MA) to achieve a final concentration of 0.25 mM in 500 uL.. DMSO-ds was
used to aid with solubility. Ligand mapping experiments were performed with 25 mM ligand per
sample, or 100-fold excess.

In all STD-NMR experiments, on-resonance irradiation of peptide o-gliadin was performed
at 1.84 ppm while off-resonance irradiation was set to 40 ppm. These conditions were selected
based on preliminary experimentation with the peptide and each ligand alone, ensuring that the
on-resonance irradiation frequency would not overlap with ligand resonances, but would fully
saturate the peptide (Figures S1, S2). The water peak originating from wet DMSO-ds was
suppressed in all experiments using the excitation sculpting pulse sequence in order to preserve
exchangeable protons. Spectra were acquired using 100 50-ms E-Burp pulses for selective
saturation of the peptide with a total saturation time of 5.0 s, 12.0 s relaxation delay, and an
acquisition time of 1.7 s for an overall recycle delay of 14 s.2° Other parameters were 90° pulse
of 10.13 us @ 20 W, spectral width of 19.2 ppm and 32 scans per irradiation frequency (in
blocks of 8 scans at each on/off irradiation) and receiver gain of 203.26

Binding epitopes on each ligand were identified by the presence of ligand signal in the
difference spectra. The importance of individual protons in each interaction was evaluated by
comparing their relative degrees of saturation. These values were calculated by setting the most
intense ligand signal to 100% and normalizing all other signals accordingly, given similar

relaxation rates of each hydrogen in the ligand molecules (Figure S3, Table S1).
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2.3.2 2D NMR

2D NMR samples were prepared with 0.25 mM ag in 10 mM phosphate buffer, pH 6.8 with
15% DMSO-ds. EGCG was added to protein-ligand samples 1 h prior to analysis to achieve a
final concentration of 12.5 mM EGCG, or 50-fold ligand excess. All experiments were run at a
temperature of 297 K with a spectral width of 20 ppm ('H) and 170 ppm (!3C). TOCSY
experiments were performed using 256 increments and 24 scans for a total time of 63 hours and
15 minutes. Mixing times of 20, 45, 65, 75 and 110 ms were used during acquisition of the ang
alone and later merged for assignment of the spectra. A mixing time of 110 ms only was used for
acquisition of the a2g/EGCG complex. 'H-13C HSQC experiments were acquired using 256
increments and 136 scans for a total time of 16 hours and 18 minutes.

Partial assignment of a.g was achieved based on previously published literature regarding

chemical shift values for amino acids leucine, glutamine, proline, phenylalanine and tyrosine.?’-?

2.4 Circular Dichroism

Circular dichroism (CD) spectra were recorded in the far-UV region on a Jasco J-1500 CD
spectrometer in a 0.1 mm path length cuvette. Spectra were acquired at every nanometer from
160 to 260 nm at 37 °C. EGCG spectra were recorded at each experimental concentration as
controls to subtract from the corresponding EGCG/a2g spectra. All spectra were averaged from 3
scans. Data were normalized to produce molar residue ellipticity values, smoothed over 5 nm,
and plotted with the JASCO spectra manager software. Changes in secondary structure were

calculated as changes in relative helicity using the following equation:

[0]222

= relative helicity
[6]208
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Effects of concentration and pH were carried out at pH 2.0, 6.8 and 7.5 with concentrations
of 0.25 uM a2g and 10-times excess EGCG in 10 mM sodium phosphate buffer using a 1 mm

cuvette.

2.5 Statistical Analysis

All analyses were repeated in triplicate (n = 3) and analyzed with-one-way ANOVA and two-
way ANOVA analysis for samples with varied pH experiments, then paired with Tukey’s test for
honestly significant differences. Differences of p < 0.05 were considered significant. Statistical

analysis was performed using GraphPad Prism 6.0 (GraphPad, La Jolla, CA).

3 Results and Discussion

3.1 EGCG interacts with a.2g to form insoluble complexes
Upon mixing a2g and EGCG in sodium phosphate buffer (10 mM, pH 6.8), the formation of

insoluble aggregates was observed (Figure 1). The physical state of a.g and EGCG appeared to
be dependent upon concentration ratio. While colloidal particles were measured at some
concentration ratios, a turbidity threshold was reached for others where the upper detection limits
of the Viscotek instrument used for DLS were reached, indicating a turbid solution due to haze
formation and subsequent phase separation. Colloidal particles were detected at low
concentrations protein (0.025 mg/mL) even in the absence of EGCG, and phase separation did
not occur even upon the addition of EGCG in 100-times excess of a2g. In contrast, phase
separation occurred after the addition of EGCG in only 5-times excess of greater protein
concentrations (0.25 mg/mL). This trend is not linear, rather, the turbidity threshold at a given

protein concentration appears to decrease in a similar fashion to a one-phase decay. At a
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concentration of 0.05 mg/mL o»g, the turbidity threshold was over 75-times excess EGCG,
whereas doubling the concentration of protein decreased the relative amount of EGCG required

for phase separation by more than half (25-times excess).

3.2 Cooperative, non-specific binding interactions drive EGCG-a.gliadin complex
formation

Observation of reaction thermodynamics driving the formation of colloidal a2g/EGCG
complexes by isothermal titration calorimetry (ITC) demonstrated that a.g contains multiple
binding sites for EGCG, resulting in a cooperative, multiphasic reaction (Figure 2). The
relatively small exchange of heat observed suggests that these interactions are non-covalent, and
the presence of multiple potential binding sites on each reactant suggest that the interaction is
multivalent.

While the net energy of the reaction appears to be endothermic, the isotherm generated upon
titration of EGCG into a2g demonstrates a complex reaction of both endothermic and exothermic
responses upon injection (Figure 2b). Based on the intensity of primary endothermic phase
observed suggests initial reactions are driven by hydrophobicity of the peptide and EGCG.
Hydrophobic interactions between proline-rich proteins and polyphenols have been well-
documented as occurring between ring structures within peptides including aromatic and
pyrrolidine rings,? both of which are present in a.2g in the form of 13 proline residues and 5
aromatic amino acids including phenylalanine and tyrosine. The change in the sign of the
complexation enthalpy coincides with a sudden increase in the hydrodynamic radius of the
complexes at the onset of the exothermic complexation process. The endothermic response arises

from the co-desolvation of the peptide and polyphenol, which displaces water.>® The weak
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exothermic reaction is likely derived from the formation of hydrogen bonds, which are able to
form between peptide bond carbonyls and phenolic hydroxyl groups.’! The continuation of
endothermic reactions to saturation suggests further hydrophobic interaction which may be due
to the aggregation of EGCG/a.2g complexes.?’

NMR was used to elucidate binding sites on both EGCG and oog in STD-NMR and 2D
NMR experiments, respectively. These data were used in conjunction with findings from ITC to
define the stochiometric characteristics of the interaction based on available interaction sites
within the structures of each reactant. STD-NMR is a pseudo-2D experiment in which a receptor
(e.g., a protein) is selectively irradiated to transfer saturation signals to areas of the ligand that
are in contact with the receptor, resulting in a decreased signal intensity from the free ligand.
This also provides information regarding which parts of the ligand are in contact with the
receptor.3? This method allows for semi-quantitative characterization of binding epitopes on
ligands through calculation of the relative degree of saturation of each proton involved in the
interaction.

Interaction between o-gliadin (57-89) and EGCG was also observed by STD-NMR (Figure
3). Localization of more intense STD signals within the structure of EGCG suggest the
possibility of preferential binding or interaction specificity (Figure 3c). In a comparison of the
overall saturation of each ring constituent of EGCG, the B- and D-rings showed the greatest
degree of saturation with no significant difference between one another, regardless of solvent
system and visualization of phenolic hydroxyl groups (Figure 3d, Figure S4). All hydrogens on
the A- and C-rings show a lesser degree of saturation than those of the B- and D-rings,
suggesting further distance from the peptide and a lesser role in the overall interaction. These

trends suggest the importance of the EGCG’s gallate and galloyl moieties with respect to
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interaction with ang. As relative degree of saturation is a measurement of relative spatial
proximity between ligand and peptide, one can conclude that the flexibility of the galloyl
moieties allow insertion into binding pockets, whereas A- and C-ring hydrogens are more likely
to be affected by steric hindrance and play a less meaningful role with respect to their interaction
with ong.

2D NMR experiments were performed in order to identify areas within the peptide that are
structurally affected upon the formation of EGCG/a2g complexes either as a result of direct
binding with EGCG or conformational changes induced by binding elsewhere on the peptide.
Crosspeaks were assigned to amino acids based on previously determined chemical shift values
and correlation patters with adjustment for solvent effects and neighboring amino acid
residues.?!?’

The 'H-'3C HSQC experiment allowed for elucidation of structural changes as observed by
changes in '*C chemical shifts (Figure 4a-c). Superimposition of the EGCG/ag spectrum over
the spectrum of a2g alone shows slight changes in each nucleus, though more pronounced in the
proton spectrum as the chemical shift spread is smaller and more sensitive to change. The
changes in the HSQC spectra as a result of EGCG addition are primarily 15-30 Hz higher
frequency on 2.

As 'H-'H TOCSY measures correlations between protons in the same spin system, it is
helpful for mapping changes within a group of nuclei, such as the R groups of amino acids in a
peptide (Figure 4d-g). These data demonstrate primarily high frequency shifts as a result of
interaction with EGCG. These shifts can be attributed to binding rather than bulk or solvent
effects, as the DMSO-ds signal remains unchanged between the two spectra. Our findings from

ITC demonstrate that the interaction mechanism could not be fit into a one-site binding model,
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suggesting multiple binding sites. This is corroborated by these findings where changes in
chemical shift are not isolated to specific residues. This is unsurprising due to the size and
simplicity of the peptide in question, as well as the high frequency of residues that have been
implicated as potential binding sites for polyphenolic interaction. Of a2g’s primary sequence, 13
amino acids are proline and 5 possess aromatic R-groups; thus, 54% of the a»g’s amino acids
provide potential binding sites for EGCG not including the hydrogen bonding sites.

High-frequency shifts observed in the NMR spectra have been shown to result from the
binding of aromatic rings between to the peptide of interest, as has been shown previously.?!33:34
The stacking of aromatic rings between two molecules causes the electron density of that area to
increase, inducing the observed high frequency shifts of the proton nuclei, which can be
observed most clearly with the tyrosine signals shown in Figure 5b. The greatest shifts noted
appeared in the HN-H crosspeak regions shown in Figure 5c, which suggest the importance of
the peptide backbone. These shifts may be due to direct interaction and hydrogen bond formation
with EGCG or overarching changes to the chemical environment caused by those interactions,
such as structural modification.?!

Taken together, the findings from ITC and NMR allow for elucidation of the stoichiometry
of the interactions between EGCG and a.g. Based on the inflection point in (I) of the ITC data
(Figure 2a), the stoichiometry of the initial endothermic reaction phases can be estimated to be
~5:1 (EGCG:a2g). The formation of insoluble complexes between proline-rich proteins and
polyphenols is most favorable at (polyphenol binding site):(protein binding site) ratios of
approximately 1:1.2%3 STD-NMR confirms the presence of 3 identified binding sites per EGCG

molecule (phenolic rings A, B, D) and a potential 18 binding sites (proline and aromatic
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residues) per oog molecule, the (polyphenol binding site):(protein binding site) ratio can be

calculated to be 0.83:1, a favorable condition for complex formation.?

3.3 Interactions cause subtle changes to protein structure at physiological pH conditions

The physical characteristics of EGCG/ag complexes were investigated by DLS and CD over
the course of titration (Figure 5a). ITC demonstrated that an endothermic reaction occurs as the
molar ratio of EGCG:og increased from 0-10, at which point the binding isotherm suggests that
a point of saturation has been reached.*® The saturation of binding sites within a peptide by
polyphenols has been described previously as the formation of a “polyphenolic coating”.3” Our
data show only modest increases in Ry by DLS throughout this titration period. The stacking of
phenolic rings onto proline and aromatic residues up to a point of binding site saturation has been
documented with other proline-rich proteins with varying implications for particle size that are
dependent on both the protein and polyphenol. Where our data show that particle size does not
change upon initial interactions with EGCG, other studies have shown decreases in particle size
as measured by DLS at this stage. The rationale for the decrease is that complexation with
polyphenols may cause proteins to become more compact.?’*® Though owg is similar to the
salivary proteins used in the majority of these studies in terms of a high frequency of proline
residues in tandem repeats within the primary structure, the proline residues in o2g are not
mutually adjacent. Moreover, salivary proteins typically feature a high frequency of glycine
residues which contribute to the flexibility of the protein backbone; these residues are notably
absent from ang.

Increases in Ry of EGCG/a2g complexes were recorded as EGCG concentrations increased

beyond 10-times molar excess of azg. These increases correspond to the weakly exothermic

Page 14 of 36
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reaction measured by ITC between 10- and 20-times molar excess of EGCG. One explanation
for the observed exothermic response is the formation of hydrogen bonds within complexes,
which serve to stabilize the complexes. Hydrogen bonds could be occurring between two
EGCG/ang complexes as well via the phenolic hydroxyl groups. The increase in Ry suggests that
the latter crosslinking between EGCG/a2g complexes via noncovalent interactions are beginning
to occur. As binding site saturation is achieved within the peptide structure, EGCG molecules
oriented towards the surface of the complex, or the “polyphenol coating” are able to bind other
EGCG or EGCG/aog complexes, causing the formation of larger intermolecular bridges, or
cross-links.?? This phenomenon explains the sharp increase in Ry measured, which cannot be
explained simply by an additive effect of EGCG alone continuing to bind to singular complexes.
In the second endothermic phase taking place between 20- and 40-times molar excess of
EGCQG, continuous growth of particle size is again observed, culminating in a stabilized
maximum of 52.9 nm + 3.5 from 35- to 50-times molar excess EGCG that corresponds to the
stabilized AHops of part IV in Figure 2. The increase in size suggests a large cluster formed by 6
to 8 EGCG/a2g complexes. Interestingly, heat is still absorbed by the system even after the Ry
measurements have reached a plateau. This may be due to additional binding of EGCG to the
predominant population of large clusters and a lack of single EGCG/a.2g complexes available for
further binding to the clusters. It is also possible that two large clusters cannot in turn bind stably
with each other due to weak interactions. In addition, the findings from CD experiments suggests
that the oog undergoes structural change, as noted by an increase in 0222/60208 as EGCG is titrated
into the system beyond 40-times molar excess. An increase in 0222/0208 denotes an increase in
relative helicity of the a2g, and the heat absorption may be due to the desolvation of functional

groups as the peptide undergoes rearrangement within the EGCG/o2g complex system.
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The ability of EGCG to induce a conformational change in a protein upon binding has been
shown previously, notably causing a similar disorder-to-order transition in proline-rich salivary
protein IB-5 2!, which shares structural similarities to og in terms of molecular weight, primary
amino acid sequence and natively unfolded structure. In general, interactions between
polyphenols and proline-rich salivary proteins have been shown to be similar to the interactions
observed in the present study, in that they are the result of cooperative binding mechanisms and
driven by both entropy and enthalpy.2%-3%-36:3%40 Polyphenols like EGCG have been shown to
interact with multiple areas on a single peptide, causing the peptide to “wrap around” the
polyphenols. This results in a modification of the structure of the protein, which was confirmed
in the present study by CD.

Among the differences in test conditions between these experiments and those previously
characterizing proline-rich protein interactions with polyphenols is pH. As a primary interest in
these interactions is their contribution to astringency in wine, these systems are often tested at
acidic pH (~3.5).20-2136.38 Further, variations in concentration have been explored that may affect
the course of the reaction. An understanding of the effect that pH plays in terms of protein-
phenolic interactions is essential in developing a potential therapy for any disease state involving
the digestive tract. Each experiment to this point has been carried out at pH 6.8, characteristic of
the duodenojejunal junction, where the symptoms of celiac disease tend to manifest.!>#!

In order to investigate the impact of pH throughout the digestive tract on the complexes
formed, DLS and CD were run at pH 2.0. pH 6.8 and pH 7.5. The concentration of o..g was
increased tenfold for these experiments. Overall, the trends observed in terms of particle size
were not affected by pH, showing that increasing EGCG concentration result in the formation of

insoluble complexes (Figure 5b). The notable differences in particle size occur at lower

Page 16 of 36
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concentrations ratios. Where increases in Rn were not observed in the initial experiments until
after 10-times EGCG concentration was achieved, the increases in particle size observed here are
immediate and dependent on pH. At pH 2.0, which represents the gastric environment, larger
particles were observed to form upon the first EGCG addition, whereas the increase in particle
size is more gradual for higher pH levels. This may be attributed to the stability of EGCG at each
pH level as well as the decreased availability of hydrogen bonding partners for EGCG due to
protonation of the peptide, resulting in an equilibrium shift towards complexes that feature a
greater amount of ring-stacking. Nevertheless, as the titration proceeded in each case, the
development of similarly sized particles occurred at the same rate. The plateau of Ry as
EGCG:ang approached 50 suggests that the reaction proceeds in a similar fashion was what was
discussed for lower concentrations.

A non-significant change in peptide structure from disordered to ordered was observed at
these increased concentrations (p = 0.08; Figure 5c); however, the change was observed at only
10-times molar excess of EGCG, which is lower than the observed minimum concentration
excess in previous experiments. This is may be due to a phenomenon known as “macromolecular
crowding”, wherein the reduction in free water caused by increased concentration of
macromolecules can induce protein folding and affect conformational stability.** The potential
for crowding to induce a conformational change in the peptide with lower concentrations of
EGCG has important implications for this interaction, as an in vivo system would be more
complex than what has been tested in vitro with these experiments. Though a more complex
environment would introduce competition for binding between EGCG and a.2g, polyphenols

have been shown to bind preferentially to proline-rich proteins and our findings suggest that the
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presence of potential competitors and other molecules may initiate conformational changes with

a lesser amount of available EGCG.

4 Conclusions

Our findings demonstrate that interactions between EGCG and o2g occur though four distinct
energetic phases which correspond to the formation of insoluble complexes and result in
structural modification of the peptide (Figure 6). The initial endothermic phase (I) of the reaction
corresponded to hydrophobic interactions as EGCG stacks onto the oog. Dynamic light scattering
revealed increases in Ry of particles through the following weak exothermic phase (II), driven by
polar interactions or hydrogen bonding, and further endothermic reactions (III) culminating in
the reaction reaching a saturation point (IV). Structural changes to the peptide backbone were
characterized by both 2D NMR and CD. Changes in chemical shifts within the HN-Ho
crosspeak region of the 'H-'H TOCSY spectrum suggested modification to the chemical
environment through interactions with or refolding of the peptide backbone. Examination of the
relative helicity of the peptide within the EGCG/a2g complex by CD revealed that a structural
change did take place, increasing helicity as a result of a disorder-to-order transition.

The ability of EGCG to interact with a.2g in a range of physiologically relevant environments
and to elicit a conformational change on the peptide highlights the potential for polyphenols to
be used as a nutraceutical approach to mitigating the symptoms and immune response associated
with celiac disease. Previous work has demonstrated that pre-treatment of gliadin proteins with
polyphenol-rich green tea extract mitigates gliadin-mediated inflammatory responses and
permeability in a cell culture model of celiac disease.?* Celiac disease pathogenesis is based

heavily upon the deamidation of glutamine within gluten peptide fragments and upon the
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recognition of epitopes containing proline and glutamine residues by immune cells. Each of these
potential receptors, TG2 and HLA-DQ?2, respectively, feature binding pockets specific to the
structural characteristics of gliadin in terms of both amino acid sequence as well as extended
structuration.'* Minor changes to amino acids within highly immunogenic gliadin fragments
have been shown to greatly decrease recognition by HLA-DQ2 and thus, have the potential to
prevent an immune response. Although direct changes to the amino acid sequence (i.e.
substitution) in vivo would be impossible, these findings support the potential for development of
a post-digestion mechanism for blocking gliadin peptide recognition through sequestration of
binding epitopes and structural modification of the immunostimulatory peptide.

Interactions between gliadin proteins and dietary polyphenols from green tea have been
studied in other in vitro systems which highlight other factors beyond pH which may affect the
formation and stability of the complexes observed in this study. These studies demonstrated the
propensity of tea polyphenols to interact with both native and hydrolyzed gliadins, as well as the
protective effects of polyphenols against gliadin-mediated inflammation and permeability in a
cell culture model of the small intestine.?? At this time, the protective effects of polyphenols
against gliadin has not been tested in vivo, though gliadin sequestration via synthetic polymer
systems that interact with the protein in a similar manner have been shown to prevent celiac-
associated immune responses in gliadin sensitized mice.***> The comprehensive approach taken
in this study to examine physical and chemical interactions between o.2g and EGCG in
physiologically relevant environments provides the foundation for further exploration of EGCG
and other dietary polyphenol as therapeutic or protective agents within the context of celiac

disease.
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Figure 1 Formation of insoluble a2g/EGCG complexes at pH 6.8 as a function of protein
content. Markers indicate a.2g/EGCG combinations that were measured by DLS for the presence
of colloidal aggregates (OI) or turbidity (M). The dotted line indicates the one-phase decay of

EGCG excess required for phase separation as a function of protein concentration.

Figure 2 Titration of EGCG into o2g results in a multiphasic interaction as measured by
ITC. (a) Raw ITC data of EGCG titration (3.2 mM) into a»g (12.8 mM). Sections I-IV
correspond to areas of structural changes as defined by DLS and CD. (b) The raw data
demonstrated a complex isotherm of both endothermic and exothermic reactions upon injection.
(c) EGCAQ titration into buffer yielded weak endothermic responses, which were subtracted from

the data.

Figure 3 EGCG/ang interactions are localized to galloyl moieties on EGCG. The following
descriptions corresponds to spectra a-c, which were recorded in 85% H>O, 15% DMSO-d¢: (a)
"H NMR spectrum of EGCG (25 mM) and (b) the corresponding difference spectrum. (¢)
Relative degree of saturation of EGCG hydrogens upon interaction with o-gliadin (57-89)
normalized to that of H-9,13. (d) Average relative degrees of saturation per EGCG ring
constituent. Different letters denote significant differences in relative degree of saturation

between ring constituents (p < 0.05).

Figure 4 Superimposition of 2D NMR spectra of ang before (gray) and after (multicolor)
addition of EGCG recorded in 10 mM sodium phosphate buffer, pH 6.8 with 15% v/v DMSO-ds.

(a) Full "H-*C HSQC spectrum; (b) comparison of aromatic crosspeak region demonstrates
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shifts in phenylalanine and tyrosine; (c) comparison of the aliphatic sidechain crosspeak region
demonstrates shifts in proline, leucine and glutamine. (d) Full '"H-'H TOCSY spectrum; (e)
comparison of the aromatic crosspeak region demonstrating shifting of tyrosine crosspeaks; (f)
comparison of sidechain HN and HN-Ha crosspeak regions demonstrating changes in glutamine,
leucine and phenylalanine chemical shifts; (g) comparison of Ho/HP} crosspeak regions

demonstrating changes in chemical shift of glutamine and proline.

Figure 5 Relationship between particle size and peptide structure to concentration ratios of
EGCG to aug. (a) Hydrodynamic radii of EGCG/ag complexes (M, solid line) increase as a
function of EGCG:og. This increase in particle size precedes an increase in peptide helicity (O,
dotted line) as measured by 0222/6203, which is also dependent on EGCG:ag. (b) EGCG/ang
aggregate particle sizes (a) increase as a function of EGCG concentration at pH 2.0, 6.8 and 7.5.
Particle size is affected by both EGCG concentration and pH (p < 0.001) and the interaction
between the two parameters (p = 0.004). (c) Circular dichroism of ag upon addition of excess

EGCG. Changes in relative helicity of a2g in the presence of 250 uM EGCG (EGCG:a2g = 10).

Figure 6 Schematic representation of observed interaction and physical implications of
EGCG/o2g complex formation based on ITC, DLS, NMR and CD. Initial samples of og exhibit
Ry (represented by dotted lines) that do not change significantly over the course of the
endothermic reactions taking place during phase I of the titration. As EGCG stacks onto og,
evidence of weak exothermic reactions suggests the formation of hydrogen bonds and

crosslinking between protein-polyphenol complexes, supported by increasing Rn. Further
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613  endothermic reactions coincide with continued increasing Ry up to a point where particle size no

614  longer increases, but NMR and CD suggest structural change to the peptide backbone.
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Figure 1. Formation of insoluble a2g/EGCG complexes at pH 6.8 as a function of protein content. Markers
indicate a2g/EGCG combinations that were measured by DLS for the presence of colloidal aggregates () or
turbidity (O). The dotted line indicates the one-phase decay of EGCG excess required for phase separation
as a function of protein concentration.
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Figure 2 Titration of EGCG into a2g results in a multiphasic interaction as measured by ITC. (a) Raw ITC
data of EGCG titration (3.2 mM) into a2g (12.8 mM). Sections I-IV correspond to areas of structural changes
as defined by DLS and CiDi. (b) The raw data demonstrated a complex isotherm of both endothermic and
exothermic reactions upon injection. (c) EGCG titration into buffer yielded weak endothermic responses,

which were subtracted from the data.
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EGCG (25 mM) and (b) the corresponding difference spectrum. (c) Relative degree of saturation of EGCG

hydrogens upon interaction with a2-gliadin (57-89) normalized to that of H-9,13. (d) Average relative
degrees of saturation per EGCG ring constituent. Different letters denote significant differences in relative
degree of saturation between ring constituents (p < 0.05).
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recorded in 10 mM sodium phosphate buffer, pH 6.8 with 15% v/v DMSO-d6. (a) Full 1H-13C HSQC
spectrum; (b) comparison of aromatic crosspeak region demonstrates shifts in phenylalanine and tyrosine;
(c) comparison of the aliphatic sidechain crosspeak region demonstrates shifts in proline, leucine and
glutamine. (d) Full 1H-1H TOCSY spectrum; (e)comparison of the aromatic crosspeak region demonstrating
shifting of tyrosine crosspeaks; (f) comparison of sidechain HN and HN-Ha crosspeak regions demonstrating
changes in glutamine, leucine and phenylalanine chemical shifts; (g) comparison of Ha/HB crosspeak regions
demonstrating changes in chemical shift of glutamine and proline.
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Figure 5. Relationship between particle size and peptide structure to concentration ratios of EGCG to a2g.
(@) Hydrodynamic radii of EGCG/a2g complexes ([, solid line) increase as a function of EGCG:a2g. This
increase in particle size precedes an increase in peptide helicity ([0, dotted line) as measured by 652/620s,
which is also dependent on EGCG:a2g. (b) EGCG/a2g aggregate particle sizes (a) increase as a function of
EGCG concentration at pH 2.0, 6.8 and 7.5. Particle size is affected by both EGCG concentration and pH (p <
0.001) and the interaction between the two parameters (p = 0.004). (c) Circular dichroism of a2g upon
addition of excess EGCG. Changes in relative helicity of a2g in the presence of 250 uM EGCG (EGCG:a2g =
10).
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Figure 6 Schematic representation of observed interaction and physical implications of EGCG/a2g complex

formation based on ITC, DLS, NMR and CiDi. Initial samples of a2g exhibit Ry (represented by dotted lines)
that do not change significantly over the course of the endothermic reactions taking place during phase I of
the titration. As EGCG stacks onto a2g, evidence of weak exothermic reactions suggests the formation of

hydrogen bonds and crosslinking between protein-polyphenol complexes, supported by increasing Rp.

Further endothermic reactions coincide with continued increasing R up to a point where particle size no
longer increases, but NMR and CiDi suggest structural change to the peptide backbone.
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(-)-Epigallocatechin-3-gallate interacts with celiac-relevant peptide a.2-gliadin (57-89) in a
multi-phase reaction to form protein-polyphenol complexes in physiologically relevant
conditions.
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