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ABSTRACT Amyloid-b (Ab) is a macromolecular structure of great interest because its misfolding and aggregation, along with
changes in the secondary structure, have been correlated with its toxicity in various neurodegenerative diseases. Small drug-like
molecules can modulate the amyloid secondary structure and therefore have raised significant interest in applications to active
and passive therapies targeting amyloids. In this study, we investigate the interactions of epigallocatechin-3-gallate (EGCG),
found in green tea, with Ab polypeptides, using a combination of in vitro immuno-infrared sensor measurements, docking, mo-
lecular dynamics simulations, and ab initio calculations. We find that the interactions of EGCG are dominated by only a few res-
idues in the fibrils, including hydrophobic p-p interactions with aromatic rings of side chains and hydrophilic interactions with the
backbone of Ab, as confirmed by extended (1-ms-long) molecular dynamics simulations. Immuno-infrared sensor data are
consistent with degradation of Ab fibril induced by EGCG and inhibition of Ab fibril and oligomer formation, as manifested by
the recovery of the amide-I band of monomeric Ab, which is red-shifted by 26 cm�1 when compared to the amide-I band of
the fibrillar form. The shift is rationalized by computations of the infrared spectra of Ab42 model structures, suggesting that
the conformational change involves interchain hydrogen bonds in the amyloid fibrils that are broken upon binding of EGCG.
SIGNIFICANCE Inhibition of fibril formation or degradation of amyloid-b (Ab) deposits by small drug-like molecules has
great potential for passive or active therapies of Alzheimer’s disease. Databases comprised of a very large number of
molecules can be tested as potential drugs targeting amyloids. In this context, understanding interactions between these
molecules and Ab are extremely important. We investigate the disruptive effect of EGCG, a natural molecule found in
green tea, on the secondary structure of Ab polypeptides combining extended molecular dynamics simulation, ab initio
calculations, and in vitro immuno-infrared analyses. Beyond EGCG, the reported characterization of drug docking effects
can significantly reduce the number of candidates to be tested in clinical trials, leading to reduced expenses.
INTRODUCTION

Protein aggregation plays a significant role in various neuro-
degenerative diseases, including Alzheimer’s and Parkin-
son’s diseases. These common types of dementia cost
more than $277 billion in 2018 and are estimated to reach
$1.1 trillion by the year 2050 (1). Currently, there is no
cure for either one of these diseases. Available drugs alle-
viate symptoms but do not halt the slow deterioration of
the brain. Plaques formed by the deposition of amyloid-b
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(Ab) aggregates are associated with the Alzheimer’s disease
pathology (2,3). Remarkably, in its monomeric form, Ab is
soluble and nontoxic for cells. Conversion of Ab into insol-
uble aggregates and pathogenic Ab fibrils is mediated by
rapid self-assembly and formation of oligomers (4–9) that
are further aggregated and deposited as plaques (8,10).
Recently, Ab oligomers were found to be toxic variants,
which cause severe damage in the synaptic neurotransmis-
sion and neuron death (11,12). Moreover, fibrils and oligo-
mers are thought to cause lipid bilayer disruption,
inflammation, lipid peroxidation, and production of reactive
oxygen species (11,13–15). Structural studies reveal that Ab
fibrils and oligomers predominantly consist of b-sheets
in a cross-b conformation (11,16). The b-sheet-enriched
structures (100%) of amyloids are more conducive to
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oligomerization than structures with much lower b-sheet
content (17). Therefore, their toxicity could be reduced by
preventing the b-sheet-enriched fibril formation or by
inducing degradation of already formed b-sheet-based
aggregates.

Several naturally occurring polyphenolic molecules have
been identified as anti-amyloidogenic (8,18–25) because
they prevent Ab fibril formation. For example, resveratrol
(found in grapes and red wine) is known to significantly
lower the level of secreted and intracellular Ab (19,22). A
small number of nonphenolic (26) and small-peptide (27)
inhibitors were also identified. Herein, we focus on epigal-
locatechin-3-gallate (EGCG), a small molecule found in
green tea, which is the most notable phenolic amyloid inhib-
itor (18). Although EGCG has been proposed to prevent
fibril formation and induce degradation of the previously
formed fibril structures of a-synuclein and Ab (23,24), the
type of interactions between EGCG and the Ab fibril
responsible for structural disruption remain unknown, pre-
venting the rational design of more effective inhibitors
informed by the EGCG lead molecule. The effects of small
molecules on the secondary structure of Ab can be explored
by infrared (IR) spectroscopy because secondary structures
of Ab can be differentiated by the vibrational frequencies of
the carbonyl stretching (amide-I) modes. Therefore, the
oligomerization of Ab is directly reflected in its amide-I
maxima. In this study, we explore the effect of EGCG on
the vibrational properties of Ab. Although the actual dy-
namics of the corresponding structural rearrangement
induced by EGCG could not be captured even with a nearly
1-ms molecular dynamics (MD) trajectory (28,29), those
MD simulations were indicative of the inhibitory capabil-
ities of EGCG toward fibrillation and oligomerization (29).

Here, we apply a combination of experimental and theo-
retical methods to characterize first the spectral signatures
of structural rearrangements due to b-sheet-enriched Ab
degradation or EGCG-induced inhibition of Ab fibril forma-
tion. The measurements are performed using the immuno-
infrared sensor based on attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) technique.
That sensor can monitor the effects of therapeutic molecules
on disease-related biomarkers in a label-free manner as
shown for methylene blue, Congo red, and berberine on
Ab and t from human body fluids in real time under physi-
ological conditions (30–33). We then investigate the interac-
tions between the Ab fibril model and EGCG using docking
calculations, followed by MD simulations of the docked
complex. Finally, we compute the IR spectra of model di-
mers (fibril and nonfibril models) and monomers of Ab to
rationalize the EGCG-induced spectral shift obtained in
our experiments. Our calculations are based on an ab initio
divide-and-conquer methodology, previously introduced in
the computation of sum-frequency generation spectra
(34,35). We focus exclusively on the effects of EGCG on
Ab42 fibrils because Ab42 is more toxic than Ab40.
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MATERIALS AND METHODS

Experimental details

Chemicals and solutions were purchased from Sigma-Aldrich (Hamburg,

Germany). All antibodies were obtained from NanoTools (Teningen, Ger-

many). Functionalization of the activated sensor surface followed the pro-

cedures reported in our previous work (30–33).

Preparation of Ab monomers

Synthetic Ab42 (Bachem, Bubendorf, Switzerland) was dissolved in hexa-

fluoroisopropanol at a concentration of 2 mg/mL overnight at room temper-

ature to obtain a monomeric stock. We then dispensed this stock to 100-mg

aliquots, followed by evaporation for 15 min in a speed vac (Concentrator

Plus; Eppendorf, Hamburg, Germany) and 45 min in vacuum. For mono-

meric Ab42, the peptide film was dissolved in phosphate buffer (137 mM

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM NaH2PO4) and immediately

used for infrared analysis.

Preparation of Ab fibrils

For fibrillation, the Ab42 peptide film was dissolved in phosphate buffer

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM NaH2PO4) and

shaken (Heidolph, Schwabach, Germany) (optional: treated with ultrasonic)

until the film was in solution. Afterwards, the peptide solution was incu-

bated for at least 24 h at 37�C and 350 rpm (Thermomixer Comfort; Eppen-

dorf). Fibrils were centrifuged for 30 min at 13,000 � g. After discarding

the supernatant, the pellet was gently resuspended in a buffer. We deter-

mined the concentration of denatured peptides by ultraviolet spectrometer

at 280 nm.

FTIR measurements

A vertical variable angle ATR setup (Specac, London, UK), containing a

trapezoid Ge crystal (52 � 20 � 2 mm; Korth Kristalle, Altenholz, Ger-

many) as an internal reflection element, was used in a Vertex 80V FTIR

spectrometer (Bruker, Berlin, Germany). The internal mercury cadmium

telluride detector was cooled with liquid nitrogen. A 45� incidence angle

was used inside the Ge crystal, resulting in a total of 25 internal reflections,

among which effectively 11 were utilized (sample flowthrough only on one

side of the Ge surface). We mounted the Ge crystal with silicone sealings

into the flowthrough cell. Liquid samples passed through the cell with a

constant flow rate of 1 mL/min controlled by a peristaltic pump (Ismatec,

Wertheim, Germany). The dead volume of the flow-cell amounted to 600

mL. All spectra were detected with an instrument resolution of 2 cm�1

and a factor 4 zero filling. Recorded reference spectrum and the sample

spectrum were averaged over 1200 interferograms (mirror velocity 80

kHz), respectively, before the Fourier transformation. Using Fourier trans-

formation, interferograms were converted into single-chain spectra, which

were used to calculate the absorbance spectra according to Lambert-Beer’s

law. For each functionalization step, the aqueous solution was used as refer-

ence (here a 2-propanol, silanized surface or a buffer, antibody, or casein-

coated saturated surface in equilibrium states). To ensure that EGCG did

not have any structural effect on the functionalized sensor surface, we incu-

bated the antibody-terminated and casein-saturated sensor surface with

EGCG, analogously to the preparation protocols in the following sections.

Data correction

Spectral preprocessing was performed using built-in and in-house tools pro-

grammed with MATLAB 2016b (The MathWorks, Natick, MA). Spectral

contributions of water vapor were eliminated by scaled subtraction using

a reference spectrum. High-frequency noise was removed by a Fourier

low-pass filter. For baseline correction, the absorbance was set to zero at

five interpolation points (1000, 1485, 1750, 2700, and 3970 cm�1). Spectral

contributions of EGCG were eliminated by scaled subtraction using a pure

EGCG absorbance spectrum. The absorbance band at 1148 cm�1 was used
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as a scaling factor because this band is not present in the absorbance spectra

of monomeric or fibrillar Ab. Please note that the spectra of EGCGwith and

without a functionalized surface are almost identical (Fig. S1). Therefore,

no extra correction because of oxidation is required. To check the effect

of counterions, we performed ATR-FTIR experiments with varying concen-

trations of counterions (Fig. S2). The counterion solutions were prepared in

phosphate-buffered saline buffer. We concluded that the concentration of

the counterions does not influence the secondary structure of Ab42.

Treatment of fibrillar Ab with EGCG

Fibrillar Ab42 (36 nM; for fibril preparation, see above) was immobilized on

the sensor surface for 60 min. Unbound Abwas rinsed with phosphate-buff-

ered saline buffer until equilibrium in the amide-II absorbance was

observed. Ab immobilization was performed with the monoclonal

MOAB-2 antibody (Novus Biologicals, Wiesbaden-Nordenstadt, Ger-

many), which is specific to the first four N-terminal amino acids of full-

length Ab. These fibrillar Ab isoforms were treated with buffer containing

320 nM EGCG (Sigma-Aldrich) for at least 1 day in a circulating flow un-

der red light. Infrared-difference absorbance spectra were continuously

recorded.

Inhibition of Ab aggregation with EGCG

Monomeric Ab42 (36 nM) was dissolved in buffer containing 320 nM

EGCG and immediately immobilized on the functionalized sensor surface

on monoclonal MOAB-2 antibody. The sample was passed over the flow-

through cell in a circulating flow for at least 1 day to ensure identical incu-

bation time on the sensor as fibrils. Afterwards, unbound monomeric Ab

was rinsed with phosphate buffer until equilibrium in the amide-II absor-

bance was observed. The difference absorbance spectra were continuously

recorded.
Computational details

The structures of Ab isoforms were obtained from the Protein Data Bank

(PDB). For the monomeric form, we used the structure reported by Toma-

selli et al. (36). For the fibrillar Ab, we used four different PDB structures:

5OQV (37), 2BEG (38), 2NAO (39), and 2MXU (40). The monomer con-

tains helix, turns, and coils in its secondary structure. On the contrary, the

fibrillar Ab consists of mainly extended configurations of b-sheets and b-

turns.

Docking and MD simulation

We optimized the EGCGmolecule at B3LYP/6-31þg(d,p) level of theory in

a CPCM implicit water model 41). The optimized EGCG was then used for

docking calculations on the Ab42 fibril. Docking calculations were per-

formed using the Schrödinger suite (42). For MD simulation of the docked

complex, we used the CHARMM36m force field (43) for the protein. The

force-field parameters for the EGCGmolecule were obtained from CGenFF

(44), which assigns them by analogy to existing CHARMM parameters.

Reliability of the CGenFF-generated parameters was indicated by the high-

est penalty for charge assignment of only 23. Before the final MD simula-

tion, we minimized the Ab þ EGCG system and equilibrated the water box

by freezing the Ab and EGCG molecules. Subsequent equilibration of the

entire system was performed first with a 2 kcal/mol/Å2 restraint on the

backbone atoms for 1 ns, followed by a 10-ns equilibration without re-

straints. This equilibration procedure was performed using NAMD (45)

with a 2-fs time step. Production MD simulation was performed using

Amber (46) at a constant temperature of 310 K and a constant pressure

of 1 atm in a TIP3P (47) water box. The particle mesh Ewald method

(48) was used to compute electrostatic interactions in alternate time steps.

A 12-Å cutoff with a switching function from 10 to 12 Å was used in our

simulation. Analysis of the simulation was performed with VMD (49).

Snapshots were collected every 200 ps for further analysis.
Divide-and-conquer approach

The model monomer structure was analyzed to investigate structures with

predominantly helical and coil components. Model dimers were analyzed

to investigate interchain hydrogen bonding between b-sheets (Fig. 1 C).

In each case, the starting model was divided into several smaller fragments.

Sample fragmentation schemes are shown in Fig. 1, A and B. To mimic the

native secondary structure, each fragment was partially optimized while

freezing the backbone dihedral angles (as in (34)) at the BP86/TVZP level

of theory, followed by a frequency calculation at the same level of theory.

Additionally, in the case of a dimer model, distances between the a-carbon

atoms of the same residues from each chain were frozen during the optimi-

zation procedure. Each calculation was performed in the CPCM implicit

water model (41). The frequencies of the normal modes from each fragment

were then collected in the range 1400–1900 cm�1, followed by convolution

of the spectrum using a Gaussian of width 5 cm�1. The convoluted spec-

trum of each fragment was then added to obtain the final spectra. All elec-

tronic structure calculations were performed using the Gaussian16 software

package (50).
RESULTS AND DISCUSSION

Measurements with the immuno-infrared sensor

We used the immuno-infrared sensor to characterize the ef-
fect of EGCG on the formation and remodeling of Ab42
peptides. Therefore, we analyzed the difference in the ab-
sorption spectra of Ab42 peptides in the presence and
absence of EGCG over time. Ab42 spectra are obtained by
immobilizing Ab42 on a surface functionalized with mono-
clonal antibody MOAB-2. One surface was incubated with
monomeric Ab42, and the other one with fibrillar Ab42.
The antibody MOAB-2 is specific to the N-terminus of
Ab42 (residues 1–4) and thus recognizes both monomeric
and fibrillar Ab42 isoforms. Both isoforms are likely to
exhibit several conformations consistent with structures
deposited in the PDB for Ab. Our measurement after
0 min of monomeric Ab42 peptide (Fig. 2, red spectrum)
shows an amide-I absorbance maximum at 1654 cm�1,
which corresponds to dominant helical and coil content
(31,51), indicating that nonfibrillar Ab42 is bound to the
sensor surface. The bound nonfibrillar Ab42 are most likely
monomers. However, we cannot definitively exclude spher-
ical or other types of aggregates with high helical and coil
content. In contrast, the absorption spectrum of fibrillar
Ab42 (Fig. 2, blue spectrum) exhibits a significantly shifted
amide-I band with a maximum at 1628 cm�1, corresponding
to a high content of b-sheet structures (31,51), indicating
that Ab42 fibrils are bound to the sensor surface.

To measure the changes in the secondary structure of
fibrillar Ab42 upon EGCG treatment, 36 nM of freshly pre-
pared fibrillar Ab42 peptide (see Experimental Details) was
immobilized on the sensor surface and treated with 320 nM
EGCG in a circulating flow. We found that the amide-I fre-
quency maximum shifted from 1628 to 1638 cm�1 after
1 day (Fig. 3 A), and the amide-I band became broader be-
tween 1640 and 1660 cm�1 after the addition of EGCG.
These observations point toward increased helix and
Biophysical Journal 119, 349–359, July 21, 2020 351



FIGURE 1 Illustration of fragmentation procedure for model (A) dimeric and (B) monomeric Ab. Each fragment contains five amino acids and thus in-

cludes all possible intrachain H-bonding observed in a helical structure. The hydrogen-bonding network in (C) monomeric and (D) dimeric fibril (bottom)

models is shown. Individual amino acids are shown in different colors. (E) Illustration of the setup for the divide-and-conquer approach and representation of

an individual fragment subjected to partial optimization and the subsequent frequency calculation are shown. To see this figure in color, go online.
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random-coil content in Ab42 in the presence of EGCG. We
interpret this change in shape (and maxima) of the absorp-
tion spectra as conformational changes of the Ab42 fibril
into nonamyloid aggregates without disassembly. Treatment
of fibrillar Ab42 with EGCG for longer times such as 1 day
(Fig. 3 A, red spectra) did not significantly affect the spectra
beyond the changes induced by the 90-min treatment
(Fig. 3 A, green spectra).

Remarkably, preincubation of 36 nM monomeric Ab42
with 320 nM EGCG prevented fibril formation for 1 day
(Fig. 3 B). We dissolved Ab42 monomer in a buffered solu-
tion of 320 nM EGCG and directly immobilized it on the
sensor surface. The immobilized fraction was further incu-
bated with 320 nM EGCG in a circulating flow. After
1 day of EGCG treatment, the amide-I maximum remained
stable around 1647 cm�1, suggesting that the immobilized
Ab42 has a high content of disordered or coil or helical sec-
ondary structure elements under these conditions (buffer þ
EGCG). We note that we could not completely inhibit fibril
or oligomer formation. Therefore, a tiny fraction of them
may still be present in this sample, which is consistent
with results previously demonstrated by other research
groups (23,24). Thus, the spectra of the monomer are
broader than usual. Nevertheless, the dominant fraction of
the immobilized Abwas coil or helical in nature. Further ag-
352 Biophysical Journal 119, 349–359, July 21, 2020
gregation into the b-sheet enriched structure was prevented
by EGCG.

As a control, we prepared monomeric Ab42 in a buffer so-
lution without EGCG before immobilization on a freshly
functionalized sensor surface. The immobilized Ab42 frac-
tion and the circulating Ab42 peptides rapidly aggregated,
forming b-sheet enriched species within the first 60 min,
eventually leading to the formation of mature Ab fibrils
within a day (Fig. 3 C), as seen from the shift in the
amide-I maxima from 1654 cm�1 / 1641 cm�1 /
1632 cm�1 / 1628 cm�1. It is noteworthy that the
maximum of 1654 cm�1 at 20 min and the final maximum
of 1628 cm�1 after 1 day were also observed in the
amide-I maxima of the monomer and fibril, respectively
(Fig. 2). Additionally, we incubated a freshly functionalized
sensor surface with EGCG in the absence of Ab, finding that
EGCG did not alter the functionalized sensor surface and
that the observations with EGCG and Ab experiments
exclusively reflect structural changes of Ab (Fig. S3).
EGCG binding and hydrogen-bonding
interactions

Identifying specific interactions between Ab and EGCG are
critical for understanding the perturbative effects of EGCG



FIGURE 2 Experimental IR spectra of monomeric (red) and fibrillar

Ab42 (blue) measured directly after 0 min. The peak of the absorption

band of fibrillar Ab42 at 1628 cm�1 corresponds to the amide-I stretching

vibrational mode of b-sheets, which is at 1630 cm�1 (31,51), indicating

that Ab42 fibrils are actually immobilized on the sensor surface. The peak

of monomeric Ab42 at 1654 cm�1 corresponds to the amide-I stretching

vibrational mode of helical or coil secondary structure, indicating a nonfi-

brillar structure. To see this figure in color, go online.
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on Ab. Therefore, we performed docking calculations to
locate interaction sites around and inside the Ab fibril using
GLIDE (52). We selected a recent cryo-electron microscopy
structure (37) of Ab42 as the receptor because it contains the
full amino acid sequence, i.e., residues 1–42. Docking cal-
culations revealed three binding sites of EGCG, shown in
Fig. 4 A, that were ranked according to the GlideScore.
We found that the most favorable GlideScore (�6.9; dock-
ing site #1) was obtained when EGCG binds inside the fibril,
stabilized by p-stacking interactions with amino acid resi-
due Phe19. A similar folding pattern is also observed in
Ab40 around the Phe19 residue, which participates in a ‘‘ste-
ric-zipper’’ interaction with another hydrophobic residue
(53). Mutations of Phe19 lead to reduced toxicity of Ab40
(54). One can expect similar effects in Ab42. Indeed,
Ab42-F19S and Ab42-F19D mutants are less prone to aggre-
gate than the wild-type Ab42 (55,56). In addition, EGCG is
further stabilized in site #1 by interactions with the back-
bone of Ile31, Ala30, Gly29, Lys28, and Asn27 residues
of Ab42 (Fig. 4 B). These results are also consistent with
earlier studies, which suggested that EGCG interacts
directly with Ab (29). These interactions may weaken the
interchain and steric-zipper-type interactions (53), which
have been implicated in the fibrillation process (57–59).

The next two docking sites are comparable, despite the
differences in the type of interactions with Ab42. The second
docking site is near the N-terminus of Ab42. EGCG is stabi-
lized by hydrophilic interactions in this docking site because
the N-terminus is dominated by acidic or basic amino acid
residues. Conversely, the third docking site is in the C-termi-
nal region of Ab42, where EGCG is stabilized by hydropho-
bic interaction with the Ile41 and Ala42 side chain and
hydrophilic interactions with the C-terminus and the side
chain of Lys 28 (see Fig. S5). Mutations of these terminal
hydrophobic residues are shown to reduce Ab42 aggregation
(55). Additionally, EGCG interrupts the salt bridge between
the C-terminus and Lys28, which is crucial for the stability
of the S-shaped Ab fibril (60). Conversely, this salt bridge is
replaced by Asp23 and Lys28 in Ab40, which is important
for Ab40 oligomer formation (61,62). Furthermore, a pivotal
hydrophobic contact between Phe19 and Leu34 in Ab40
(54,63) is possibly replaced by a Phe19-Ile31 hydrophobic
contact in Ab42 (see Fig. 4 A). Mutations of either of these
residues lead to reduced aggregation tendency of the Ab42
FIGURE 3 (A) Spectra of fibrillar Ab42 after

immobilization on the immuno-infrared sensor

and treatment with EGCG for 1 day. (B) Spectra

of preincubated monomeric Abwith EGCG, which

prevents the formation of fibrillar species, are

shown. The concentrations of Ab fibril, monomer,

and EGCG in (A) and (B) were 36, 36, and 320 nM,

respectively. (C) Spectra corresponding to the evo-

lution of Ab42 fibrils from monomers in the

absence of EGCG are shown. (D) The chemical

structure of EGCG is shown. To see this figure in

color, go online.
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FIGURE 4 (A) EGCG binding sites (numbered

1–3) in Ab42 with respective docking scores.

Ab42 is shown in surface representation and

colored by residue type: hydrophobic (white),

acidic (red), basic (blue), and polar (green).

EGCG molecules in each site are shown in van

der Waals representation. (B) Interacting residues

of Ab42 with EGCG in each docking pose are

shown. To see this figure in color, go online.
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(55,56). Curcumin is shown to disrupt salt bridges around
the C-terminus, leading to disruption of Ab aggregates
(20,64). Because of similarities in the structural elements
(polyphenolic and aromatic) between curcumin and
EGCG, the C-terminal EGCG interaction site should also
disrupt the salt bridges present in Ab42, leading to the
destruction of Ab42 aggregates.

We analyzed stability of EGCG in the three docking sites
by performing MD simulations over an extended 1-ms tra-
jectory. The average Ab42-EGCG distances over the whole
simulation time were 2.67, 2.70, and 1.78 Å. Therefore,
we concluded that EGCG is stable in the identified docking
sites even in the presence of thermal nuclear fluctuations and
remains in close contact with the Ab42 fibril throughout the
entire duration of the simulation. An additional docking site
(site #4 in Fig. 5) was also identified by the MD simulations,
where EGCG is stabilized by both hydrophilic and hydro-
phobic interactions. Site #4 is populated by multiple
EGCG molecules during a significant fraction of the simu-
lation. To analyze the occupancy of a docking site, we iden-
tified interacting residues that define it, followed by
computation of the distance between an EGCG molecule
354 Biophysical Journal 119, 349–359, July 21, 2020
and the residue(s). When the computed distance is less
than 5 Å, we identify the site as occupied followed by a
count of EGCG molecules in it. Because the size of the
EGCG molecule is fairly large, it can interact with multiple
docking sites at once depending on the pose. The residues
defining each site are the following: site #1, Phe19; site
#2, Glu3; site #3, Ile41; and site #4, Glu11 and His13.
The relative population of each docking site is shown in
Fig. 5 D. Because there are only three EGCG molecules pre-
sent in the system, the maximal possible population is three.
We observe that although the populations of sites #1–3 are
comparable to one another, site #4 is distinctly more popu-
lated. The multiple occupancies of EGCG also occur most
frequently in site #4 compared with any other site.
Conversely, smaller molecules like scyllo-inositol and ho-
motaurine interact with Ab in a nonspecific manner (65).
Small peptides may bind to amyloid in a specific manner
without leading to the disruption of the oligomeric or
fibrillar structure, as recently demonstrated by Levine
et al. for hiAPP using mitochondrially derived peptides
(66). Therefore, EGCG-based molecules can be better
suited for optimization of interactions between Ab
FIGURE 5 Representative figures of EGCG

occupying (A) site #1 and site #4, (B) site #2 and

site #4, and (C) site #3 and site #4. (D) The relative

populations of the docking sites from MD simula-

tion are shown. The populations are grouped by

their site numbers. Ab42 is colored by residue

type: hydrophobic (white), acidic (red), basic

(blue), and polar (green). EGCG molecules are

shown in van der Waals representation. To see

this figure in color, go online.
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and small molecules, leading to disruption of oligomeric
and fibrillar Ab. Mixed hydrophilic and hydrophobic inter-
actions between Ab were initially proposed by Sun and co-
workers (67,68). Their study also showed that the binding
free energy increases in the order Ab1–30 > Ab31–42 >
Ab1–16 (68). Therefore, interaction sites #1 and/or #4
should be favored more energetically. However, switching
between these sites is highly likely, as observed in our sim-
ulations, because the difference in free energy between them
is on the order of 1 kcal/mol (68).

It is also reported that the initial binding of EGCG,
which leads to preferential intramolecular interactions in
Ab, may facilitate recruitment of more EGCG molecules
(69). Lastly, Hyung et al. highlighted the importance of
His6, His13, and His14 in EGCG-Ab40 interactions (69).
We observed similar interactions at site #4 of the EGCG-
Ab42 system.

Although complete disruption of the Ab42 fibril cannot be
captured in the timescale of the MD simulation, we are able
to rationalize the difference between the amide-I maxima
(Fig. 2) and the observed shift in the presence and the
absence of EGCG (Fig. 3) using the Ab42 monomer and
fibril structures. To account for the structural variation in
the Ab fibrils, we used four different fibril models (Fig. 6,
A–D) with distinct shapes and b-sheet contents. We quanti-
fied the secondary structure of each model by using the
Timeline plugin of VMD (49), summarized in Table 1. We
used the default definitions of secondary structure compo-
nents as encoded in the VMD (49). It is noteworthy that
among the four selected Ab42 fibril structures, only two
FIGURE 6 Dimer models of fibrillar A used in the divide-and-conquer approa

(D) 2NAO. (E) Partial disruption of interchain hydrogen bonding observed for on

annotated in red, and the a-carbons of those residues are shown as red spheres.
(PDB: 5OQV and 2NAO) contain the full sequence of
Ab42. PDB: 2MXU and 2BEG contain residues 11–42
and 17–42, respectively. The b-sheet content of 5OQV,
2MXU, and 2BEG is comparable (71–77%), whereas it is
quite low for 2NAO (31%). 2NAO has similar b-sheet
(31%), turn (36%), and coil (33%) content, with the last be-
ing the highest among all model fibrils. Nevertheless, all the
fibril models have strong interchain hydrogen bonds. Sur-
prisingly, only 2NAO has a partial disruption of the
interchain hydrogen bonds between residues 9 and 12.
Fig. 6 E illustrates the broken interchain hydrogen-bonding
network characterized by much longer interchain distances
compared with the rest of the structures.

We computed the IR spectra of models of Ab42 fibril and
one monomer (PDB: 1ZOQ). Fig. 7 and Table 1 summarize
the amide-I maxima obtained using each of the model struc-
tures. The amide-I shift for fibrillar / monomeric transi-
tion or vice versa is estimated as the difference between
the amide-I maxima obtained from the fibrillar PDB struc-
tures and the PDB: 1ZOQ structure. We found that positions
of the maxima are very similar for all the fibril models,
ranging from 1612 to 1621 cm�1, which are very close to
the experimental fibrillar maximum of 1628 cm�1. Addi-
tionally, the computed maximum (1645 cm�1) for the
monomeric model is very close to the experimental mono-
meric maximum (1654 cm�1). More importantly, the
computed frequency shift for the models (24–33 cm�1)
matches the experimental shift of 26 cm�1, with full-length
Ab42 models (24–29 cm�1) being closer to the experiments
than Ab11–42 and Ab17–42 (31–33 cm�1).
ch from four different PDB entries: (A) 2BEG, (B) 5OQV, (C) 2MXU, and

e of the structures used for computation is shown. The relevant residues are

To see this figure in color, go online.
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TABLE 1 Comparison of Computational and Experimental IR Frequencies and Frequency Shifts for Ab Isoforms

The secondary structures were calculated as defined in the Timeline plugin of the VMD package (49).
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Interestingly, the intensities of the maxima in the region
between 1640 and 1660 cm�1 directly correlate with the
coil content of the systems (Fig. 7 A; Table 1), i.e., the inten-
sity of this peak increases with higher coil content. For
example, coil content in the PDB structures, and hence the
intensity of the band between 1640 and 1660 cm�1, in-
creases in the order 2NAO < 2MXU < 5OQV < 2BEG.
The intensity of the peak decreases when we remove the
contributions from residues 9 to 12 from IR calculations
of the 2NAO structure (Fig. 7 B). Therefore, broken inter-
chain hydrogen bonds also contribute to the band in this re-
gion (Fig. 6 E).

We anticipate that the binding of EGCG molecules in the
space between Phe19 and Ala30 (site #1) might produce an
effect similar to the formation of a disulfide bridge in an
A21C-A30C mutant (70). These mutations induce a hairpin
structure that stabilizes the monomeric form of Ab (patent,
WO 2009/128772 A1)). In contrast, cysteine mutations of
other residues such as Ala2, Ser8, Ser26, and Ala42 do
not affect fibril formation. Nevertheless, EGCG docked
into all the binding sites may interfere with the interchain in-
teractions suggesting that EGCG-Ab interactions block the
interchain hydrogen bonds. Therefore, one can expect to
observe stronger C¼O bonds in the monomeric Ab in the
b-sheet-enriched structure. We confirmed that hypothesis
by computing the IR spectra of a model b-enriched mono-
356 Biophysical Journal 119, 349–359, July 21, 2020
mer using only one chain from the 5OQV fibril structure,
a model monomer completely devoid of interchain
hydrogen bonds. As anticipated, we observed that the mono-
mer amide-I maximum is shifted 13 cm�1 relative to the
model dimer, as shown in Fig. 8. The interactions between
protofilaments are also important for the structural integrity
of fibrils. Usually, protofilament interactions protect the
C-terminal hydrophobic stretch from solvent exposure.
Herein, we note that the C-terminus of one protofilament
is close to the N-terminus of another protofilament (37).
Therefore, interaction sites #2 and #3 will collapse to a sin-
gle site in a mature fibril, possibly with multiple occupancy.
Sites #1 and #4 may be inaccessible to solvent initially.
However, the hydrophobic nature of EGCG-Ab42 interac-
tions at these sites should make it more accessible to
EGCG. Regardless, a prior report shows that initial binding
of EGCG induces binding of more EGCG molecules,
possibly in other sites (69). Large-scale simulation with pe-
riodic unit of protofibrils may shed light onto the details of
such interactions.
CONCLUSION

We have analyzed the effect of EGCG binding on the sec-
ondary structure of Ab42 combining in vitro immuno-
infrared measurements, MD simulation, and ab initio
FIGURE 7 Analysis of the computed IR spectra

in the 1600–1700 cm�1 region. (A) Comparison of

IR spectra of all the fibril models is shown. (B) A

comparison of IR spectra of 2NAO structure with

and without the broken interchain hydrogen-

bonding residues is shown. To see this figure in co-

lor, go online.



FIGURE 8 Comparison of the computed amide-I band in monomeric

(orange) and dimeric Ab42 (blue) in b-enriched structures. IR spectrum

of monomeric Ab42 (red) is also shown for reference. To see this figure

in color, go online.

Ab-EGCG Interactions
calculations of the amide-I maxima for monomeric and
fibrillar Ab42 model structures. The analysis of EGCG bind-
ing revealed favorable interactions with the b-sheet-en-
riched Ab. The interaction sites stabilize EGCG through
hydrophilic interactions with the Ab backbone, as well as
specific side-chain interactions with key amino acid resi-
dues and p-stacking interactions with aromatic amino acids.
An extended long (1-ms) MD simulation revealed an addi-
tional interaction site of EGCG, which is more populated
than others identified by docking calculations. We also
found that docking sites with multiple EGCG molecules
were significantly populated. Moreover, EGCG disrupts
the interchain hydrogen bonds and salt bridges, which are
crucial for the fibril structure and shape of Ab.

This study serves as a proof of principle for combining
computational analysis and IR spectra calculations with
experimental data analysis using an immuno-infrared sensor
to study interactions between Ab and small molecules. The
interaction sites identified in this work provide a starting
point for follow-up experimental investigations of drug-
Ab interactions in greater detail. Moreover, the combined
strategy may further contribute to rational drug designs by
unraveling the molecular interactions that lead to the disrup-
tion of b-sheet-enriched Ab by small drug-like molecular
inhibitors.
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