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Abstract
The aggregation process of peptides and proteins is of great relevance as it is associated with a

wide range of highly debilitating disorders, including Alzheimer’s and Parkinson’s diseases. The nat-

ural product (-)-epigallocatechin-3-gallate (EGCG) can redirect this process away from amyloid

fibrils and towards non-toxic oligomers. In this study we used nuclear magnetic resonance (NMR)

spectroscopy to characterize the binding of EGCG to a set of natively structured and unstructured

proteins. The results show that the binding process is dramatically dependent on the conforma-

tional properties of the protein involved, as EGCG interacts with different binding modes

depending on the folding state of the protein. We used replica exchange molecular dynamics simu-

lations to reproduce the trends observed in the NMR experiments, and analyzed the resulting

samplings to identify the dominant direct interactions between EGCG and ordered and disordered

proteins.

1 | INTRODUCTION

The aggregation of proteins and peptides into amyloid fibrils is associ-

ated with a variety of neurodegenerative and non-neuropathic condi-

tions, including Alzheimer’s and Parkinson’s diseases, type II diabetes

and a number of forms of systemic amyloidosis.[1] In addition, several

proteins have been found to adopt the amyloid state for functional

purposes,[2–4] and there is much interest in the use of amyloid fibrils as

novel biomaterials.[5,6] It is the significance of the amyloid state in

human disease in particular, however, that has led to the considerable

efforts to characterize its structural properties.[7–14]. It has also become

increasingly evident that small and diffusible protein oligomers which

represent intermediates in the formation of amyloid fibrils are likely to

be the most highly toxic species giving rise to the onset and progression

of these diseases.[15–22]

A number of strategies of molecular intervention to reduce the toxic

effects of these oligomeric aggregates have been proposed, including the

use of antibodies and molecular chaperones,[23–25] or the employment of

small molecules.[26,27] Amongst the most promising compounds are natu-

ral products, several of which have been identified for their remarkable

abilities to inhibit protein aggregation both in vitro and in vivo.[28–30]

Thus, for example, polyphenols extracted from black tea have been

shown to inhibit the aggregation of proteins associated with neurodege-

nerative disorders such as the amyloid-b peptide (Ab) and a-synuclein,

linked to Alzheimer’s and Parkinson’s diseases, by inducing the formation

of different forms of oligomers that are non-toxic and highly stable.[31]

Perhaps, the most interesting of these molecules is (-)- epigallocatechin-

3-gallate (EGCG; Figure 1A), the major catechin found in green tea

leaves.[30] EGCG has been associated with beneficial effects in cancer,[32]

HIV pathogenesis,[33] and protein aggregation diseases;[34,35] indeed in

the context of the latter it has been found to interact with a variety of

proteins linked to amyloid formation such as a-synuclein,[36] Ab,[37]

transthyretin,[38] and huntingtin.[39] Despite the considerable degree of

interest in this molecule, the molecular determinants of the interaction of

EGCG with such disease-related proteins remains a matter of debate.

For example, experimental evidence has been obtained that some
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oligomeric protein aggregates formed in the presence of EGCG are

unstructured,[30] whereas other types of EGCG-induced oligomers contain

significant levels of b-sheet structure.[40]

In the present study, we investigated further the effects of EGCG on

the conformational properties of the monomeric states of Ab40 and of

a-synuclein by using solution-state NMR to analyze the populations of

different forms of secondary structure in these intrinsically disordered

systems. We then compared these results with those concerning the

interaction between EGCG and natively folded proteins, showing that

the modes of binding by EGCG are significantly different in structured

and unstructured proteins. Finally, replica exchange molecular dynamics

(REMD) simulations were employed to investigate in detail the molecular

determinants of the binding affinities of EGCG with proteins. Taken

together our results provide insights on the main interactions enabling

EGCG to bind ordered and disordered polypeptide chains.

2 | MATERIALS AND METHODS

2.1 | Production, purification, and NMR experiments
of individual protein systems

2.1.1 | a-synuclein

a-synuclein was purified in Escherichia coli using plasmid pT7-7 encod-

ing for the protein as previously described.[41–43] The protein purity

was analyzed by SDS-PAGE and the protein concentration was deter-

mined spectrophotometrically using E27555600 M21 cm21. NMR

experiments were carried out using a 700 MHz spectrometer at 58C

and using a concentration of 300 lM in 25 mM Tris-HCl (100 mM

NaCl) buffer at pH 7.4. Resonance assignments of the 1H-15N-HSQC

spectrum of a-synuclein derived from our previous studies[41,42] and

directly transferred easily to the spectra measured in the presence of

EGCG. The assignment of the resonances of the backbone atoms was

derived from the 1H-15N-HSQC in combination with 3D experiments

(HNCO, CBCAcoNH, and HNHA) to obtain resonances of 6 atom types

in total, namely Ca, Cb, CO, NH, HN, Ha. BEST (Band-Selective Short

Transient) implementation of HSQC and triple-resonance experi-

ments[44] was used in order to acquire three-dimensional spectra in a

short period of time, and to minimize the effects of the protein oligo-

merization in the NMR data acquisition. Fresh samples for the meas-

urements of the protein in the presence of EGCG were employed for a

maximum of 5 h during the NMR measurements.

2.1.2 | Ab40

Ab40 peptides obtained recombinantly were purchased from Alexo-

Tech (Umea, Sweden) and handled on ice at all times. The powder was

solubilized in 10 mM NaOH at concentrations of 4–7 mg mL21 and

stored at 2808C until required. To prepare NMR samples, Ab40 stock

solutions were diluted into sodium phosphate buffer (50 mM) to give a

FIGURE 1 Interaction of EGCG and Ab40 and a-synuclein. A, Chemical structure of EGCG. B,C, 1H-15N-HSQC spectra of a-synuclein B, and
Ab40 C, in isolation and in the presence of three molar equivalents of EGCG (red and blue spectra, respectively). The spectra were measured at
278 K using a 700 MHz NMR spectrometer. The a-synuclein sample was prepared at a protein concentration of 300 lM in 25 mM Tris-HCl
(100 mM NaCl) buffer at pH 7.4. The Ab40 sample was prepared at a protein concentration of 50 lM in 50 mM phosphate buffer at pH 7.4
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final peptide concentration of 50 lM. The final buffer consisted of

20 mM sodium phosphate, 0.5 mM EDTA, 0.02% (w/v) NaN3 and con-

tained 10% D2O. Samples were ultracentrifuged for 20 min at 8500g

to sediment any aggregates of peptide present before being transferred

to 3 mm MATCH NMR tubes (Bruker BioSpin AG, Fal€lenden, Switzer-

land). NMR experiments were carried out using a 700 MHz spectrome-

ter at 58C in 50 mM phosphate buffer at pH 7.4. Resonance

assignments of the 1H-15N-HSQC spectrum of Ab40 were derived

from our previous studies[45] and directly transferred easily to the spec-

tra measured in the presence of EGCG. The strategy of assignment of

the 3D experiments followed the protocol described above for

a-synuclein.

2.1.3 | Human lysozyme

Human lysozyme was expressed in Pichia pastoris and purified on an

ion exchange column, as previously described.[46] 15N ammonium sul-

fate was used to label the protein with 15N. NMR experiments were

carried out using a 700 MHz spectrometer at 310 K in a 50 mM phos-

phate buffer and pH 5.5, and using a concentration of lysozyme of 200

lM. Resonance assignments of the 1H-15N-HSQC spectrum of human

lysozyme under these conditions were derived from our previous

studies.[46]

2.1.4 | Human mAcP

Purification of mAcP was performed as described previously.[47] 15N

labelled protein was expressed as a GST fusion protein in the E. coli

strain BL21-Gold(DE3) (Invitrogen), grown in minimal medium by using
15N-enriched ammonium chloride, and purified using a glutathione col-

umn (Sigma–Aldrich). The GST/mAcP fusion protein was then cleaved

with thrombin from human plasma (Sigma–Aldrich) in TRIS buffer. The

eluted mAcP was then buffer exchanged into 30 mM ammonium car-

bonate buffer at pH 5.5 and then lyophilized. NMR experiments were

carried out using a 700 MHz spectrometer at 310 K in a 50 mM ace-

tate buffer and pH 5.5, and using a concentration of mAcP of 150 lM.

Resonance assignments of the 1H-15N-HSQC spectrum of human

mAcP under these conditions were derived from our previous

studies.[47]

2.1.5 | EGCG samples

To avoid alteration of the experimental conditions of the protein sam-

ples upon addition of EGCG, for each protein system EGCG stocks of

5 mM were prepared by dissolving the catechin molecule in the equiva-

lent buffer employed for the protein. Using this protocol, we generally

observed no pH changes of the protein sample upon addition of 3

molar equivalents of EGCG and, in cases where minor pH changes

occurred, pH was readjusted using NaOH or HCl.

2.1.6 | Atomic force microscopy (AFM) sample preparation

and imaging

AFM measurements were made using previously published methods[48]

by depositing on freshly etched bare mica substrates that are atomi-

cally flat (Supporting Information Figure S5). Preparation of the mica

AFM samples was carried out at room temperature by the deposition

of a 10 mL aliquot of the fully concentrated solution for 1 min. Then

sample was then rinsed with ultrapure water and dried with a gentle

flow of nitrogen.

High-resolution images (1024 3 1024 pixels) were collected using

an NX10 Atomic Force Microscope (Park Systems, Suwon South Korea)

under ambient conditions and in amplitude modulation noncontact

(NC-AM) mode. We performed all the measurements using PPP-NCHR

cantilevers (Park Systems, Suwon South Korea) with resonance fre-

quency of 330 kHz and typical apical radius of 8 nm. Raw images were

flattened with the built-in software (XEI, Park System, Suwon South

Korea) and roughness measurements (Supporting Information Figure

S5) were performed by SPIP software (Image Metrology, Hørsholm,

Denmark).[48]

2.1.7 | Force field employed in the molecular dynamics

simulations

Two systems were simulated in this study using replica exchange

molecular dynamics (REMD) simulations. These are the full length

mAcP in its native state and the unfolded state of mAcP, both in the

presence of the EGCG molecule. The simulation of the unfolded state

included only the fragment spanning residues 5–23 of mAcP. The

choice of simulating only a segment of the protein is due to the low

compaction of disordered states relative to folded proteins, which

would have required a significantly larger system to simulate the full

length mAcP with consequent dramatic lowering of exchange rates

between replicas of the REMD. Both systems were simulated using the

GROMOS54a7 force field[49] for the protein and the PRODRG[50]

topology for EGCG, following the procedure adopted for our previous

REMD analyses.[51] As REMD was employed to enhance the sampling

of different protein surfaces by EGCG, high temperatures might have

compromised the structural integrity of the mAcP protein. As a result,

in the simulations of the native state of mAcP, a Go-model based on

the method employed in previous investigations of an homologous

acylphosphatase[52] was used to maintain the native topology. The Go-

model was only applied to secondary structure elements of the protein,

by enabling the loop regions to have higher conformational flexibility at

high temperatures. RMSDs of the whole protein at 310 K are shown in

Supporting Information Figure S3d, indicating that this setup was suc-

cessful in preserving the structure of the protein while ensuring a

highly converging exploration of the possible protein-EGCG interac-

tions (Supporting Information Figure S3a). In the case of the disordered

state of the fragment 5–23 of mAcP, we restrain the overall radius of

gyration to have a value of 14.0 Å. This restrained enabled to avoid the

collapse of the disordered fragment, which is typically observed with

standard force fields that are parameterized to simulate folded states

of proteins.

2.1.8 | REMD setup

Simulations were carried out with the GROMACS program[53] by using

the particle mesh Ewald method (grid spacing 0.12 nm) to model the

electrostatic contributions. A distance cut-off of 1.4 nm was used to

account for van der Waals interactions. Simulations were carried out

with an integration time step of 2 fs. mAcP molecules were immersed
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in a box filled with extended single point charge (SPCE) water mole-

cules by applying periodic boundary conditions. After an initial energy

minimization, systems were equilibrated for 1 ns by restraining the pro-

tein coordinates in order to equilibrate the water molecules and the

thermodynamics properties of each replica. All REMD samplings were

performed for 100 ns of each replica, for a total of 3.2 ls in each sam-

pling. Convergence was assessed using a number of parameters (Sup-

porting Information Figure S3), indicating that the simulation time

employed was sufficient to obtain convergence. All REMD samplings

were composed of 32 replicas ranging from 310.0 to 371.5 K. The tem-

peratures followed this pattern: 310.00, 311.85, 313.70, 315.57,

317.44, 319.33, 321.22, 323.12, 325.03, 326.95, 328.88, 330.81,

332.76, 334.71, 336.67, 338.64, 340.63, 342.62, 344.62, 346.63,

348.65, 350.67, 352.71, 354.76, 356.82, 358.89, 360.96, 363.05,

365.15, 367.26, 369.37, 371.5 K. This pattern was optimized for ensur-

ing homogeneous exchange frequencies between replicas (Supporting

Information Figure S2). For consistency of the sampling, the two

REMD were based on the same temperature pattern, although the

larger system size in the unfolded simulation resulted in reduced, but

still high, exchange frequencies (Supporting Information Figure S2).

General statistics of the REMD simulations are reported in Supporting

Information Table S1.

2.1.9 | Analysis of the EGCG-mAcP contacts in REMD

simulations

The probability of contacts between EGCG and mAcP was assessed in

the 310 K replica of the REMD by counting, for every frame, the num-

ber of contacts between the atoms from the EGCG molecule and the

backbone amide NAH groups of mAcP, that is, the groups probed in

the 1H-15N-HSQC NMR spectra, using a 5 Å cutoff for the distance

between the EGCG atom and the amide nitrogen atom. To compute

the probability of contact along the mAcP sequence, for each residue

the average number of contacts that the amide NAH established with

EGCG atoms in the whole REMD simulation was calculated. This num-

ber was normalized with respect to the average number of total con-

tacts that all the backbone NAH amide groups of the protein

established with EGCG atoms in the sampling.

3 | RESULTS AND DISCUSSION

3.1 | Conformational properties of Ab40 and

a-synuclein in the presence of EGCG

We first analyzed the binding of EGCG to natively disordered proteins

whose aggregation is associated with neurodegenerative diseases. Our

results show that most of the peaks in the 1H-15N-HSQC spectra of

Ab40 and a-synuclein are perturbed upon incubation with EGCG, a

finding that is consistent with previous measurements[30,40] (Figure 1B,

C). In the presence of an excess of EGCG relative to protein molecules,

the NMR resonances of the protein are broadened beyond detection

due to the conformational exchange between protein monomers,

whose NMR resonance are visible, and slow-tumbling protein-EGCG

aggregates, whose NMR resonance are invisible. By incubating the

proteins with relatively low ratios of EGCG relative to the protein mol-

ecules, however, the broadening of the protein resonances is not

excessive and allows the acquisition of three-dimensional NMR experi-

ments to measure the 13C resonances of the protein. We therefore

measured the backbone resonances, including 13Ca, 13Cb, 13CO, 1Ha,
1HN, and 13N of Ab40 and a-synuclein in the presence and absence of

three molar excess of EGCG (Figure 1B, Supporting Information Figure

S1A), and analyzed the chemical shifts of the resonances that were pre-

viously assigned[41,45] to assess the effects of the interaction with

EGCG on the conformational properties of the monomeric states of

the two proteins. Backbone chemical shifts of 13Ca or 13Cb in particu-

lar are extremely sensitive probes of the secondary structure content

FIGURE 2 Effects of EGCG on the conformational properties of
Ab40 and a-synuclein. A,B, Properties of the oligomers formed by

Ab40 A, and a-synuclein B, after 48 h of incubation at 310 K with
three molar equivalents of EGCG, as probed by AFM (scale bar
100 nm). Experimental conditions as in Figure 1. C,D, Population of
residual secondary structure elements in Ab40 C, and a-synuclein
D, upon incubation at 278 K with three molar equivalents of EGCG
(sample conditions as in Figure 1). The populations were estimated
using d2D[55] to analyze the measured NMR chemical shifts under
these conditions. a-helix, extended-b population and coil (combin-
ing PPII and unstructured populations from d2D) are shown using
black, red and blue lines, respectively. Continuous and dashed lines
are used for reporting the populations in the absence and presence
of three molar equivalents of EGCG, respectively
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of disordered proteins,[54] and their values can be used in methods

such as d2D[55] to obtain accurate information on the nature of the

residual structure and of the dynamical properties of the residues in

the sequence.[56]

The relatively small quantity of EGCG used in the NMR experi-

ments was observed to still induce the aggregation of both proteins

into oligomers, previously shown to be of spherical shape,[15,40] after

48 h of incubation at 310 K. In particular, atomic force microscopy

(AFM,[48] Figure 2A,B) images revealed protein oligomers with similar

properties to the aggregates observed upon incubation with larger

quantities of EGCG.[15,30] The NMR experiments performed at 278 K

enabled the detection of sharp signals in 3D NMR spectra of the

monomeric states of the proteins in the presence of the EGCG (see

Methods). Under these conditions, the chemical shift perturbation in

the 1H-15N- HSQC spectra of both Ab40 and a-synuclein resulting

from the addition of three molar equivalents of EGCG are on average

smaller than 0.05 ppm. The analysis by d2D[55] indicates that the pres-

ence of EGCG caused no significant changes in the populations of the

residual secondary structure of the monomeric states of the two

intrinsically disordered proteins (Figure 2C,D). In particular, in the case

of a-synuclein, where the NMR chemical shifts are indicative of an

ensemble of conformations that is rather close to a random-coil

state,[57,58] the presence of three equivalents of EGCG does not alter

the very low content of secondary structure (Figure 2D), a finding con-

sistent with the biophysical evidence that the oligomers of a-synuclein

formed in the presence of EGCG are primarily disordered.[30] In the

case of Ab40 (Figure 1C, Supporting Information Figure S1B), the pop-

ulations of secondary structure elements obtained by analyzing the

chemical shifts using d2D[55] are also indicative of a highly disordered

state. Consistently with the case of a-synuclein, three molar equivalent

excess of EGCG was not observed to modify the secondary structure

content in Ab40 (Figure 2C). The finding that the monomeric state of

Ab40 maintains a residual content of secondary structure in the pres-

ence of EGCG is consistent with the conformational properties of the

Ab40 oligomers generated in the presence of this molecule, as

observed using ssNMR.[40]

FIGURE 3 Binding of EGCG to lysozyme and mAcP. A, 1H-15N-HSQC spectra of human lysozyme in the absence (red) and presence (blue)
of three molar equivalents of EGCG. The spectra were measured at 310 K in 50 mM phosphate buffer and pH 5.5, at a concentration of
lysozyme of 200 lM using a spectrometer operating at a 1H frequency of 700 MHz. B, 1H-15N-HSQC spectra of human muscle
acylphosphatase (mAcP) in the absence (red) and presence (blue) of three molar equivalents of EGCG. The spectra were measured at 310 K
in 50 mM acetate buffer and pH 5.5, and using a concentration of mAcP of 150 lM using a spectrometer operating at a 1H frequency of
700 MHz. C, Same as panel B, but in the presence of 6 M guanidinium chloride
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Taken together these data show that the EGCG molecule affects

only weakly the conformational properties of the monomeric states of

Ab40 and a-synuclein, and therefore suggest that the ability to pro-

mote the formation of oligomers by this molecule is likely to originate

from other factors, such as for example the ability of EGCG to promote

protein–protein interactions.

3.2 | Binding preferences of EGCG in natively folded

proteins

We then examined the residue-specific binding of EGCG with two

folded proteins, which have previously been largely characterized in

great detail by NMR, namely human lysozyme,[46] a protein of similar

size to a-synuclein, and human muscle acylphosphatase (mAcP)[47] of

slightly smaller size. In the case of lysozyme, we found that the incuba-

tion with three molar equivalents of EGCG has a different effect on the
1H-15N-HSQC spectra than those measured in the cases of the disor-

dered Ab40 and a-synuclein (Figure 3, Supporting Information Figure

S1). In particular, only a specific small subset of 1H-15N-HSQC peaks of

backbone and side chain N-H groups are affected significantly by the

presence of the EGCG, with the majority of the 1H-15N-HSQC peaks

remaining unperturbed (Figure 3A, Supporting Information Figure S1C).

Analysis of the resonances perturbed by EGCG indicates that the

protein residues interacting most directly with the natural molecule are

located primarily in exposed loops (T70, G72, A76, I89, G105, D120,

V121, G127) or in the exposed N-terminal regions of the a-helices

(I106, V110, Q123) of the protein. A similar behavior was observed in

the case of mAcP (Figure 3B, Supporting Information Figure S1D),

where the specific 1H-15N-HSQC peaks perturbed by the presence of

EGCG are from residues located in the region spanning the catalytic

loop (residues 18–22) and the exposed N-terminal residues of the helix

1 (residues 23–25).

Remarkably, the addition of 6 M guanidinium hydrochloride to

unfold mAcP resulted in the majority of the 1H-15N-HSQC resonan-

ces of the backbone amide groups of the protein being perturbed

by the presence of EGCG (Figure 3C). This finding reveals that

when the protein is folded in its native state, only the exposed and

highly dynamical region 18–25 interacts with EGCG, but when the

same protein chain is denatured, its interaction with EGCG resem-

bles that of the intrinsically disordered Ab40 and a-synuclein pro-

teins (Figure 3C).

Taken together these data suggest that the molecular affinity of

EGCG is specific for highly mobile and exposed backbone and side

chain regions, a condition that in a highly disordered state is uniformly

matched throughout the protein sequence whereas in a folded state is

only found in some specific regions of the protein.

FIGURE 4 Probability of contacts with EGCG mapped on the structure of mAcP in REMD simulations. A, Structure of human mAcP shown
with ribbons and surfaces, and colored using a scale ranging from blue (0% of EGCG contacts) to red (9% of probability contacts per
residue). The contact map was calculated from replicas equilibrated at 310 K using the analysis described in the Methods section. B, Graph
of the probability of contacts (%) between the residues of mAcP and EGCG, as analyzed on replicas equilibrated at 310 K
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3.3 | Molecular basis of the EGCG binding affinity
investigated by molecular dynamics simulations

We next employed enhanced molecular dynamics (MD) simulations to

investigate the nature of the interactions between EGCG and protein

molecules. We aimed at reproducing the conditions of the NMR experi-

ments with mAcP by using replica exchange MD (REMD) to sample the

conformational space of EGCG around the protein in the presence of

water molecules. The simulations were carried out using 32 replicas,

each simulated for 100 ns, using a temperature range between 310

and 371.5 K (see Methods). The high acceptance rates of exchange

steps between consecutive replicas (Supporting Information Figure S2)

and the good convergence of the simulations (Supporting Information

Figure S3) indicated that the simulation setup was appropriate for our

targets. We first assessed if the simulations were able to reproduce the

distributions of selective binding of EGCG to the surface of mAcP. This

analysis was performed by mapping the mAcP:EGCG contacts as a

function of the protein sequence (see Methods). Although the simula-

tions do not comprehensively reproduce the selectivity of binding

detected experimentally, the results from the simulations are remark-

ably consistent with those from the NMR experiments, and support

the conclusion that EGCG has a specific preference for exposed loop

regions of the protein (Figure 4). The region of the protein with highest

degree of contact with EGCG in the simulations is the flexible loop

spanning residues 16–25 (Figure 4B), which agrees well with the region

18–25 found experimentally (Supporting Information Figure S1D) to

have the strongest interactions with the catechin molecule. We then

extended the simulations to compare the binding of EGCG to the

unfolded state of mAcP. To maintain a similar box size and number of

water molecules, which is fundamental to ensure comparable exchange

rates in the two REMD samplings, we simulated a segment of mAcP,

residues 5–23, in the unfolded state. In the simulations of the folded

state of mAcP, this fragment spans the regions establishing the highest

(loop 16–20) and lowest (strand S1, residues 7–16) amount of interac-

tions with EGCG (Figure 4). When this fragment is simulated in its

unfolded state, however, the contacts with EGCG were observed to be

distributed across the whole sequence, including the strand S1 that

showed no contacts with EGCG in the simulations of the folded state

of mAcP (Supporting Information Figure S4). Taken together, these

findings indicate that the REMD simulations reproduce, at the very

least, the trends identified using NMR experiments, with specific bind-

ing of EGCG to the dynamical exposed loops in the folded state of the

mAcP protein (Figure 4) and nonspecific interactions throughout the

main chain in its disordered state (Supporting Information Figure S4).

The high degree of convergence of the REMD samplings and the

agreement with the trends indicated by the NMR experiments

prompted us to analyze the simulations to identify the molecular deter-

minants of the interaction between EGCG and mAcP. The analysis indi-

cates that the majority of the protein–EGCG interactions result from

hydrogen bonds involving amides or carbonyl groups of the protein

backbone (Figure 5A). Moreover, the availability in the EGCG molecule

of multiple groups that are able to engage in the formation of such

hydrogen bonds enables multiple interactions to be established simulta-

neously. Another type of interaction indicated by the REMD sampling

is the stacking of aromatic rings of EGCG and of protein sidechains

(Figure 5B), whose accessibility is also enhanced in disordered protein

states.

4 | CONCLUSIONS

This study has shown that the interaction between EGCG and disor-

dered proteins, represented in this study by Ab40 and a-synuclein,

does not significantly alter their conformational preferences and sug-

gest that other mechanisms are responsible of the induction of oligo-

meric protein aggregates by this molecule, for example EGCG-

mediated induction of protein–protein interactions. We also found that

EGCG binds proteins with very different specificities depending on

their conformational state; in folded states there is selective binding in

specific regions of the protein structure, notably exposed and highly

dynamical loops, while disordered states are bound uniformly along the

protein sequence. Enhanced molecular simulations identified two main

types of interactions between EGCG and protein molecules, namely

hydrogen bonding between the molecule and the protein backbone

and stacking interactions including aromatic groups. Both types of

interaction can be readily formed by disordered proteins as a result of

FIGURE 5 Principal direct interactions between EGCG and mAcP in REMD simulations. A, The primary sources of interactions between

EGCG and the mAcP protein in the simulations are direct hydrogen bonds between donor/acceptor groups on the EGCG molecule and the
main chain and side chain carbonyl and amide groups of the protein. B, The second most frequent interaction involves aromatic rings of
EGCG and of the side chains of mAcP
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the accessibility of backbone atoms and aromatic rings in such states.

We suggest, therefore, that the ability of EGCG to establish simultane-

ously multiple hydrogen bonds and aromatic interactions offers insights

on the molecular basis by which this molecule is able to mediate

protein-protein interactions and induce their aggregation into nontoxic

forms of protein oligomers.
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