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ABSTRACT: The co-chaperonin GroES (Hsp10) works with
chaperonin GroEL (Hsp60) to facilitate the folding reactions
of various substrate proteins. Upon forming a specific
disordered state in guanidine hydrochloride, GroES is able
to self-assemble into amyloid fibrils similar to those observed
in various neurodegenerative diseases. GroES therefore is a
suitable model system to understand the mechanism of
amyloid fibril formation. Here, we determined the cytotoxicity
of intermediate GroES species formed during fibrillation. We
found that neuronal cell death was provoked by soluble
intermediate aggregates of GroES, rather than mature fibrils.

Dissolution of GroES aggregates to non-toxic form by anthocyanins
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The data suggest that amyloid fibril formation and its associated toxicity toward cell might be an inherent property of proteins
irrespective of their correlation with specific diseases. Furthermore, with the presence of anthocyanins that are abundant in
bilberry, we could inhibit both fibril formation and the toxicity of intermediates. Addition of bilberry anthocyanins dissolved the
toxic intermediates and fibrils, and the toxicity of the intermediates was thus neutralized. Our results suggest that anthocyanins
may display a general and potent inhibitory effect on the amyloid fibril formation of various conformational disease-causing

proteins.

myloid fibrils are insoluble aggregated forms of proteins
with ordered structure, commonly observed as deposits in
tissues of patients with various amyloidoses.' ™ Among the
proteins correlated with various neurological disorders diseases
to date, several proteins, including Af3 (Alzheimer’s disease), a-
synuclein (Parkinson’s disease), and huntingtin (Huntington’s
disease),”> have been found to be intrinsically disordered
proteins that do not adopt a well-defined structure in a free
state.’ Intrinsically disordered proteins are abundant in
eukaryotic proteins and play a number of biologically significant
roles, by folding into highly ordered conformations upon
binding to their cellular targets.” Although it was previously
assumed that the pathological mechanisms of diseases
correlated to intrinsically disordered proteins involved the
mature amyloid fibril form of these proteins, recent studies have
indicated that the toxicity is derived from initial soluble
oligomeric forms that are formed before the insoluble, fully
formed fibrils.*® Further, there is increasing evidence that
amyloid fibrils closely similar to those associated with clinical
amyloidoses may also be formed in vitro from various proteins
unrelated to disease, and this suggests that a general mechanism
involving proteins/polypeptide fibrillation and toxicity may be
attainable.'*""
Currently, many treatments of amyloid-related degenerative
diseases are palliative, and therapeutic agents that are directed
toward preventing or abolishing the underlying process of
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protein fibril formation have yet to be found. One important
approach in this latter effort is the use of small molecular
compounds that specifically and efficiently inhibit fibril
formation.'” Although several types of small molecular
compounds and small polyphenols have been found to act as
inhibitory agents for in vitro protein fibrillation and associated
cytotoxicity,'>'® accumulating fundamental knowledge on these
compounds and their action remains important.

The co-chaperonin GroES, a member of the 10 kDa heat
shock proteins from Escherichia coli, plays a significant role in
protein folding by working with the chaperonin GroEL to
suppress aggregation and facilitate the folding of various
substrate proteins in vivo and in vitro."*"> GroES adopts a
unique dome-like structure composed of seven identical
subunits (10 kDa) rich in f-strands.'®'” A number of studies
regarding the structural stability, unfolding, and refolding of
GroES have been performed.'® > In the course of such studies,
we previously found that when GroES samples were incubated
for an extended interval in solutions containing guanidine
hydrochloride (Gdn-HCI), the samples formed highly viscous
gels, which displayed characteristics common to amyloid
fibrils.”> We subsequently determined that this fibrillation of
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GroES was a good model to use in understanding the general
mechanism of protein fibrillation. In addition, since fibrils of
GroES were formed from samples unfolded extensively in Gdn-
HCL,>*** the system may provide interesting details on the fibril
formation of proteins that are highly disordered or intrinsically
unfolded in the cell.

Here, we set out to investigate whether GroES amyloid fibrils
or associated molecular intermediates could display cytotox-
icity, by adding various species derived from the reaction to
neuronal cell cultures. We also tested the inhibitory effects of
small polyphenols obtained from extracts of bilberry (Vaccinium
myrtillus anthocyanoside, VMA). Bilberries are an abundant
source of natural polyphenols with structures similar to the
polyphenol inhibitors previously reported in various studies
involving in vitro amyloid fibril formation of intrinsically
disordered proteins.'>"* Interestingly, we found that inter-
mediate species of GroES formed during fibrillation display
toxicity toward cell cultures, and both this cytotoxicity and
formation of fibrils were inhibited by addition of bilberry
anthocyanins. Surprisingly, we found that adding the
polyphenols resulted in the resolubiliation of GroES amyloid
fibrils and toxic intermediate molecular species. The findings
obtained from our experiments provide insights into the general
mechanism of amyloid fibril formation and the toxicity of
intermediate aggregate forms, as well as demonstrate that
bilberry polyphenols act as potent inhibitors of fibril formation
and toxicity.

B MATERIALS AND METHODS

Preparation of GroES. GroES protein was expressed in E.
coli BL21(DE3) (Novagen) and purified as described
previously.””** Purified GroES samples were dialyzed against
Milli-Q water and stocked at 4 °C after lyophilization. The
purity of GroES was checked by SDS-PAGE. The concen-
tration of GroES protein was determined by using either an
extinction coefficient determined at 280 nm (1 mg/mL of
absorbance in path length of 1 cm is 0.143 (ref 26)) or a
protein dye assay (protein assay kit, Bio-Rad Laboratories)
using bovine serum albumin (Sigma) as a standard.

Amyloid Fibril Formation and ThioT Binding Assay.
Experiments of amyloid fibril formation were performed with 1
mg/mL (96 uM monomer) GroES dissolved in S0 mM sodium
phosphate buffer (pH 7.4) containing 1.6 M Gdn-HCl with
linear agitation at 37 °C in glass test tubes. ThioT fluorescence
was measured using a F-4500 fluorescence spectrophotometer
(Hitachi) at 25 °C. At appropriate times, aliquots of GroES
samples were withdrawn and mixed thoroughly with staining
solution (25 uM ThioT, S mM sodium phosphate (pH 7.4),
150 mM NaCl). The concentration of GroES during
measurement was 7.5 ug/mL. Fluorescence intensities were
monitored at 480 nm with excitation at 440 nm. VMA was
provided by Wakasa Seikatsu Co. Ltd. (Kyoto), and the purified
polyphenols delphinidin, cyanidin, delphinidin 3-galactoside
(del 3-gal), and cyanidin 3-galactoside (cya 3-gal) were
purchased from Tokiwa Phytochemical.

Preparation of Soluble Aggregates, Amyloid Fibrils,
and Amorphous Species for Cytotoxicity Assays.
Aliquots of GroES samples incubated in Gdn-HCI for the
appropriate times were ultracentrifuged for 1 h at 174000g and
4 °C. Supernatant fractions were subjected to a desalting PD
Spin Trap G-25 (GE Healthcare) in order to remove Gdn-HCI.
Mature amyloid fibrils isolated in precipitates after ultra-
centrifugation were suspended in 50 mM sodium phosphate
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buffer (pH 7.4), ultracentrifuged, then resuspended in the same
buffer. Sonicated fibrils were prepared by ultracentrifugation of
mature fibril samples (determined by Thio-T assay) and
resuspending the pellets in 50 mM sodium phosphate buffer
(pH 7.4). These samples were sonicated for 30 s using a Vibra-
cell sonicator (Sonics and Materials). For preparation of
amorphous aggregated species, native GroES was dissolved in
50 mM sodium phosphate (pH 7.4) containing 0.5 M Gdn-
HCl (a denaturant concentration where GroES is partially
unfolded'”**) and diluted 10-fold with 20 mM Glycine-HCl
(pH 3.4). After 24 h, samples were centrifuged (18000g, 10
min, 4 °C), and the supernatant and amorphous precipitates
were collected.

MTS Assay. Mouse neuroblastoma Neuro-2a cells
(ECACC) were plated onto 48-well plates and cultured in a
humidified chamber containing 5% (v/v) CO, at 37 °C in
MEM medium supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, 0.1 mM MEM nonessential amino acids, 1
mM sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin. These reagents were purchased from GIBCO.
When cells reached confluence (~50000 cells per well), the
medium was replaced with serum-free medium. Cells were then
exposed to 10 pg of GroES samples for 24 h. Cell viability was
assessed using the AQueous one solution cell proliferation
assay (Promega) following the manufacturer’s instructions. The
absorbance at 490 nm was recorded for MTS reduction using
an Infinite M200 (TECAN) or SpectraMax M2° (Molecular
Devices) plate reader. The percentage of cell viability was
normalized as follows: 0% corresponds to the absorbance value
obtained when cells were treated with 10 uM melittin from
honey bee venom (Sigma), and 100% corresponds to the
absorbance value obtained when cells were treated with 50 mM
sodium phosphate buffer.

DiBAC,(3) Assay. Changes in cell membrane potential were
detected using a bisoxonol dye, bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DiBAC,(3), Dojindo), following the
method provided by the manufacturer. Confluent Neuro-2a
cells cultured in 48-well plates were rinsed twice with assay
buffer (20 mM HEPES (pH 7.4), 120 mM NaCl, 2 mM KCl, 2
mM CaCl,, 1 mM MgCl,, S mM glucose, S uM DiBAC,(3))
and incubated with assay buffer in a cell incubator for 30 min.
Ten micrograms of GroES samples was added to each well and
incubated for S min at 37 °C. Then, fluorescence intensities
were measured at 37 °C using an Infinite M200 (TECAN)
plate reader with excitation and emission wavelengths of 495
and 517 nm, respectively. The percentage of the relative
fluorescence intensity of DIBAC,(3) was normalized as follows:
0% corresponds to the fluorescence intensity detected from
cells treated with SO0 mM sodium phosphate buffer and 100%
corresponds to the fluorescence intensity detected from cells
treated with 10 #M melittin.

Transmission Electron Microscopy (TEM). TEM meas-
urements were performed on a JEOL-100CX transmission
electron microscope operated at 80 kV, as previously
described.”” Samples (1 mg/mL GroES protein) were diluted
10-fold with water and negatively stained with 2% (w/v) uranyl
acetate solution on copper grids (400-mesh) covered by
carbon-coated collodion film (Nisshin EM).

Atomic Force Microscopy (AFM). AFM measurements
were performed on a Digital Instruments Nanoscope IV
scanning microscope (model MMAFM-2) at 25 °C. Measure-
ments were performed using tapping mode in air atmosphere.
Fifteen microliters of 10-fold diluted fibril solution was put
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Figure 1. Cytotoxicity evaluation of GroES species formed during amyloid fibril formation and nonspecific aggregation. (A) Amyloid fibril formation
of GroES traced by ThioT fluorescence and MTS assay. 96 uM GroES samples were incubated in SO mM sodium phosphate buffer (pH 7.4)
containing 1.6 M Gdn-HCI with linear agitation at 37 °C. At appropriate times, aliquots of samples were withdrawn and separated into Gdn-HCl-
free supernatant and precipitate fractions as described in Materials and Methods, followed by sterile addition to Neuro-2a culture medium. Statistical
significance was calculated by using Student’s t-test: *p < 0.0S. (B) Determination of ICS0 of toxic intermediates formed after 48 h incubation
(148hr). The ICS0 (0.6 uM) was estimated by plotting of dose-dependent cell viability (inset figure). (C and D) MTS cell viability assays upon
addition of mature intact and sonicated fibrils (C) and of supernatant and precipitate fractions derived from nonspecific amorphous species of GroES
(D). (E) Amyloid fibril formation of GroES NS1A mutant traced by ThioT fluorescence (square symbols) and MTS assay (gray bars) (*p < 0.05).
For comparison, the fibril formation trace of wild-type GroES monitored by ThioT fluorescence is also plotted (circle symbols). Experimental

conditions were the same as in A.

onto freshly cleaved mica, incubated for 30 min, and then
washed with 200 yuL of water and dried.

B RESULTS

Amyloid Fibril Formation of GroES and Determina-
tion of Cytotoxicity. Previously, we have studied the
molecular mechanism underlying the formation of GroES
protein fibrils from an unfolded state.*~>* In order to
investigate further the mechanism and consequences of
GroES fibrillation, we carried out MTS assays”*>* on Neuro-
2a cells that were treated with samples of GroES obtained
during the course of a typical fibrillation reaction. As shown in
Figure 1A, the formation of fibrils by GroES may be traced
through increases in ThioT fluorescence intensity. The results
reflected a nucleus formation process (little or no fluorescence
increase) during the first 48 h, followed by a rapid fluorescence
increase that indicates fibril elongation, and the fluorescence
attained a plateau after a 120 h incubation under the conditions
we applied. In agreement with this basic time course, formation
of aggregates and mature amyloid fibrils that were 14 & 1.0 nm
in width were observed by TEM as time progressed (Figure
2A-D). At appropriate times, soluble fractions and amyloid
precipitate fractions were obtained, treated to remove Gdn-
HC], and added to samples to Neuro-2a culture. We observed
that, while no impairment of cell function was detected upon
addition of soluble GroES samples isolated at the zero time of
the fibrillation reaction, the cell viability decreased significantly
when samples of 48 h-incubated GroES were added (to S0% of
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the original viability). The toxicity of these detected
intermediates (148hr) was realized in a dose-dependent
manner, and the IC50 of I48hr was determined to be 0.6
uM, as shown in Figure 1B. The I48hr samples were not
fibrillar in form, as determined by TEM (Figure 2E), but rather
granular in appearance, with diameters ranging from 44 to 88
nm. These forms were distinguishable from soluble protein
images (Figure 2A). When soluble samples of GroES incubated
for longer than 48 h were added to the cells, we observed a
reversal of this effect, and no toxicity was observed when
supernatants from mature amyloid fibrils were added (under
our conditions, ~10% of protein remained in the supernatant of
mature fibril samples). In contrast to these results obtained
strictly from soluble fractions, samples obtained from the pellet
fractions did not affect cell viability, regardless of the incubation
time.

We also evaluated the toxicity of various aggregate species of
GroES formed separately from fibrillation to see if the toxicity
observed in Figure 1A was specific only to the soluble samples
of the fibril forming reaction obtained after 48 h (I48hr). We
chose to fragment the mature fibrils samples using sonication
for the experiments shown in Figure 1C, because the effective
molar concentration of mature fibrils would be comparatively
low if the protein concentration was used as a measure of
normalization. The results in Figure 1C show that cell viability
was indifferent to the addition of sonicated mature amyloid
fibrils. Additionally, the cell viability was indifferent to the
addition of various amorphous aggregate forms of GroES,
which were collected from the supernatant and precipitate
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Figure 2. Differences in morphology of intermediate states formed
during GroES fibrillation. TEM observation of the amyloid fibril
formation process after the indicated incubation time (A—D), the toxic
supernatant fraction obtained after a 48 h incubation (E), and acid-
denatured amorphous species (F). The scale bar in each panel
represents 200 nm.

fractions of GroES acid-denatured in glycine-HCl (pH 3.4),
and 0.5 M Gdn-HCl (Figure 1D), respectively. The conditions
where the amorphous aggregates were obtained (0.5 M Gdn-
HCI and pH 3.4) correspond to conditions where the native
GroES heptamer is in equilibrium with partially unfolded
monomeric species.'”>* TEM observation of these amorphous
fractions showed that lamellar shape aggregates ranging from
30 to 900 nm in length were observable under these conditions
(Figure 2F), and these forms were clearly different from rod-
shaped fibrils. We also noted that the morphologies of the toxic
aggregates differ from the amorphous aggregates. In order to
further elucidate a general mechanism that explains the
formation of toxic intermediate species of GroES protein
during the course of fibril formation, we performed similar
experiments using the GroES NSIA mutant, whose fibrillation
time course is slower compared to wild-type GroES.>® As
shown in Figure 1E, fibril formation of GroES NS5S1A was
detectable by fluorescence after incubation for 144 h and
attained completion after an incubation time of 194 h. The
process of fibril formation was clearly prolonged compared to
the wild-type GroES protein. The cytotoxicity of GroES NS1A
fibril samples monitored by MTS assay indicated that cell
toxicity was detectable in samples of GroEL NS51A incubated
for 144 h, whereas samples incubated for 194 h (matured
fibrils) failed to display any cytotoxicity. The results show that
cytotoxicity is attained only through intermediate aggregates of
GroES that are soluble and formed specifically during the early
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stages of fibril assembly, rather than through mature amyloid
fibrils or rapidly formed amorphous aggregates.

Next, to observe how the GroES aggregates specifically
induce the disruption of neuronal cell function, we used an
optical technique using DiBAC,(3), a voltage-sensitive
membrane-resident bis-oxonol dye, which is capable of
detecting immediate changes in membrane potential of cultured
cells as an increase of fluorescence intensity.**" The results of
the DiBAC,(3) assay shown in Figure 3 demonstrate a
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Figure 3. Effects of adding GroES samples obtained during amyloid
fibril formation on cell membrane integrity. ThioT assay and
DiBAC,(3) assay of incubated GroES. Aliquots of samples obtained
at the indicated times were withdrawn and separated into the
supernatant and precipitate fractions, followed by addition of each
fraction to Neuro-2a cultures (*p < 0.05).

significant increase in the fluorescence intensity when cells
were treated with cytotoxic I48hr samples of wild-type GroES,
indicating that these aggregates invoked the depolarization of
cell membrane. We therefore concluded that the soluble
aggregates formed prior to mature amyloid fibrils interacted
with the surface of cell membrane and disrupted its structural
integrity, which subsequently induced cell death.

Inhibition of the Fibril Formation and Cytotoxicity by
Polyphenols. We next attempted to examine if various
polyphenols obtained from bilberry had any direct effects on
GroES amyloid fibril formation. Bilberry is a rich source of
natural polyphenols, and bilberry extracts are mainly composed
of glycoside forms of various anthocyanins and a minor fraction
of basic skeletal anthocyanidins that are detectable by HPLC
and mass analysis.’>*> Figure 4 shows the structures of
delphinidin, cyanidin, del 3-gal, and cya 3-gal used in this
study. These delphinidin-based and cyanidin-based polyphenols
are relatively abundant in VMA. As shown in Figure SA, when

R
A Delphinidin OH
Cyanidin H

B Delphinidin 3-galactoside OH
Cyanidin 3-galactoside H

OH

Figure 4. Chemical structures of (A) delphinidin, cyanidin, (B) del 3-
gal, and cya 3-gal present in bilberry extracts.
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Figure 5. VMA prevents GroES fibril formation and the formation of
toxic I148hr. (A) ThioT assay of GroES samples (96 uM) in the
presence of VMA (0.2—3.6-fold molar ratio to GroES): Absence of
VMA as control (circles), X 0.2 (triangles), X 0.4 (squares), X 0.7
(diamonds), X 1.2 (white circles), and X 3.6 VMA (white triangles).
TEM observation of GroES samples formed in the absence (B) and
the presence of 347 uM VMA (C). The scale bar in each panel
represents 200 nm. (D) MTS assay of cells incubated with 347 uM
VMA dissolved in S0 mM sodium phosphate buffer (pH 7.4). (E)
MTS assay of cells in the presence of GroES sample supernatants
obtained from aliquots of GroES incubated with 347 yM VMA for the
indicated times. A trace of the ThioT fluorescence changes during
incubation is also shown in the figure (closed circles).

VMA was added to GroES samples under conditions that
promoted amyloid fibril formation, at concentrations corre-
sponding to a 0.2—3.6-fold molar ratio to GroES, noticeable
differences in the ThioT fluorescence intensity traces were
observed. The increases in fluorescence that represented fibril
formation of GroES were significantly suppressed in a VMA
concentration-dependent manner up to 0.7-fold molar ratio and
were completely inhibited in the presence of 1.2- and 3.6-fold
VMA. In addition, the duration of the initial nucleus formation
step was prolonged in the presence of VMA. TEM analysis
revealed that, while mature amyloid fibrils of GroES were
formed in the absence of VMA (Figure SB), nonfibrillar and
soluble aggregated species were formed in the presence of 3.6-
fold VMA instead (Figure SC). Detection of these soluble
aggregated species raised an important question: whether these
species formed in the presence of VMA were cytotoxic. To
address this question, we conducted cell cytoxicity assays using
these samples. It was observed that VMA, by itself, did not
affect cell viability (Figure SD). GroES samples incubated
under fibril-promoting conditions with 3.6-fold VMA added
remained soluble and were added to cell culture medium after
the removal of Gdn-HCI following the procedure used in
Figure 1A. Interestingly, no significant toxicity was detected for
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samples taken at any incubation time (Figure SE). These data
indicated that the polyphenols included in VMA were
successful in inhibiting both the amyloid fibril formation of
GroES and also the formation of toxic aggregated inter-
mediates. From the presence of a new form of aggregate
observed in Figure SC in the presence of VMA, we deduced
that GroES had been diverted from its initial fibril forming
trajectory into a nontoxic aggregate form that represented an
off-folding pathway.

We subsequently performed the fibril formation experiments
in the presence of individually purified polyphenol components
that are present in VMA. When we added 0.5- and 1.0-fold
delphinidin to GroES fibrillation samples (Figure 6A), we
observed prolonged nucleus formation times and a suppression
of ThioT fluorescence increases that were analogous to the
results shown in Figure S. The increase in ThioT fluorescence
was completely inhibited in the presence of higher concen-
trations of delphinidin (2-, S-, 10-fold). TEM observation
showed that nonfibrillar soluble aggregated species were
formed in the presence of 10-fold delphinidin, which were
distinct from the morphology seen in amyloid fibrils (Figure
6B—D). We carried out fibril formation experiments using
various other polyphenols: cyanidin, del 3-gal, and cya 3-gal, the
results of which are compared with those of delphinidin and
VMA and plotted relative to the fluorescence intensities seen
for the original GroES fibrillation reaction (Figure 6F). We
found that cyanidin, del 3-gal, and cya 3-gal in particular
effectively inhibited GroES amyloid fibril formation. Aggregates
similar to those observed in samples containing delphinidin
were observed in the presence of 10-fold del 3-gal (Figure 6E).
Our results indicated that the effectiveness of fibril suppression
decreased in the order VMA > anthocyanidins > anthocyanins.
Considering the obtained data, the higher inhibitory effects of
VMA might be attributed to a synergistic effect of various
polyphenols included in VMA. From these experiments, it was
demonstrated that the inhibitory effects of VMA on the
amyloid fibril formation of GroES could be attributed to each
individual polyphenol present in VMA. Notably, our results also
suggested the importance of the anthocyanidin moiety, rather
than the sugar moiety.

Dissolution of the Fibrils and Neutralization of
Cytotoxicity by VMA. Since the experiments in Figure 6
demonstrated that polyphenols in VMA were capable of
suppressing the formation of GroES fibrils, we were curious to
determine if VMA could affect the characteristics of preformed
aggregate forms of GroES. Accordingly, we performed a
delayed-addition assay of VMA into samples of wild-type
GroES undergoing fibrillation. Very surprisingly, as shown in
Figure 7A, addition of 3.6-fold VMA at 48, 96, and 120 h of the
fibrillation reaction all resulted in a decrease in the ThioT
fluorescence intensities. Typical amyloid fibrils of GroES
formed after a 120 h incubation as observed by AFM (Figure
7B) were almost completely dissolved when incubated for 48 h
with VMA (Figure 7C, sample corresponds to Figure 7A, red,
168 h). As shown in Figure 7D, the toxicity of the I148hr
intermediate species was also neutralized; that is, by adding 3.6-
fold VMA into the I48hr samples and incubating for 3 h,
cytotoxicity of these samples were almost completely sup-
pressed (as seen by the increase in cell viability from 35% to
93% for VMA treated 148hr samples, Figure 7D). Analogous
results were also obtained in DiBAC,(3) assays. We also
determined during this assay that VMA in fact prevented the
initial formation of cytotoxic GroES aggregates when the

dx.doi.org/10.1021/bi401135j | Biochemistry 2013, 52, 9202—9211
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Figure 6. Inhibition of GroES fibril formation by pure polyphenols. (A) Fibril formation experiments of GroES in the presence of delphinidin (0.5—
10-fold molar ratio): Absence of delphinidin as control (circles), X 0.5 (triangles), X 1 (squares), X 2 (diamonds), X S (white circles), and X 10
delphinidin (white triangles). TEM images after incubation in the absence (B), and the presence of 0.5-fold (C), and 10-fold delphinidin (D), as well
as in the presence of 10-fold del 3-gal (E). The scale bar in each panel represents 200 nm. (F) ThioT assays in the presence of VMA, delphinidin,
cyanidin, del 3-gal, and cya 3-gal. The ThioT fluorescence intensities in the absence of polyphenols after incubation was set to 100%, and those in the
presence of polyphenols were plotted in each concentrations as [polyphenol]/[GroES].

polyphenols were added prior to the beginning of the
fibrillation reaction.

In order to understand how polyphenol inhibits fibril
formation and/or dissolves the cytotoxic intermediates, we
attempted to detect the interactions between VMA polyphenols
and GroES protein. After incubation of unfolded GroES
protein for 48 h in the presence of 3.6-fold VMA, under which
conditions the toxic soluble intermediates were not produced,
we measured the absorption spectra of desalted sample,
reasoning that if VMA polyphenol binds to GroES protein, it
should be detectable by absorption measurement after this
treatment. As shown in Figure 7E, the desalted sample showed
an increase in absorbance within a broad absorbance range
from 350 nm to 600 nm. This wavelength region corresponds
to a region where anthocyanins strongly absorb light;**
however, a lack of distinct absorbance peaks might suggest
that this increase in absorbance was caused by light scattering
from aggregated GroES. However, when we monitored the
absorbance spectra of VMA over a 24 h interval (Figure 7E,
inset), we found that the absorption spectra of VMA gradually
changed during this time. This phenomenon has been
correlated with oxidation of the polyphenols in VMA after
prolonged incubation.*>*® When we compared the spectra of
the desalted GroES-VMA incubated sample with the
absorbance spectra of pure VMA incubated for 24 h, we now
observed that the two spectra closely matched (Figure 7E,
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compare red and black traces of the main panel). This suggests
that VMA bound tightly to GroES during the fibrillation
reaction and thereby suppressed and dissolved aggregated
GroES species. We note here that samples of 148hr incubated
with VMA for 24 h also showed a similar absorbance spectrum
(data not shown). These findings demonstrate that VMA
polyphenol actively interacts with GroES protein molecules in
the unfolded, solubly aggregated, and fibrillated forms. This
polyphenol bound form of GroES protein was most likely
rerouted to form soluble or nontoxic alternate aggregates
(Figures SC and 6E).

B DISCUSSION

Cytotoxicity of Intermediate Species Formed from
Disease-Unrelated Proteins; Implication of General
Property of Fibril Formation and Toxicity in Proteins.
The causative relationship between several neurodegenerative
diseases and the formation of am;floid—like fibrils by various
intrinsically disordered proteins"** is a scientific puzzle that,
when solved, will provide many medical and societal benefits.
Studies to date indicate that amyloid oligomers, rather than
mature fibrils, play important roles of the impairment of cell
viability.*” Tt has also been reported that proteins, such as the
SH3 domain of bovine phosphatidyl-inositol-3’-kinase (PI3-
SH3) and the N-terminal domain of the E. coli HypF protein
(HypF-N), proteins that are not directly implicated in diseases,

dx.doi.org/10.1021/bi401135j | Biochemistry 2013, 52, 9202—9211
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Figure 7. VMA is able to dissolve preformed I48hr intermediates and mature fibrils of GroES and neutralize cytotoxicity. (A) Delayed addition of
3.6-fold VMA to GroES samples incubated for 48 (green triangles), 96 (blue squares), and 120 h (red circles) under conditions promoting fibril
formation. VMA addition times are denoted by an arrow in each sample. (B) AFM image of GroES amyloid fibrils obtained after a 120 h incubation
(120hr after the start of the experiment, panel A, red, arrow). (C) Typical AFM image obtained after VMA was added to samples shown in panel B
and subsequently incubated for 48 h (168 h after the start of the experiment, panel A, red). The scale bar in each panel represents 200 nm. (D) MTS
assay (cell viability) and DiBAC,(3) assay (membrane potential) of cells incubated with GroES 148hr samples and preformed 148hr incubated with
VMA. VMA (3.6-fold) was added to I48hr samples (denoted by I48hr + VMA), and the assay was performed after 3 h incubation at 25 °C (*p <
0.05). In the DiBAC,(3) assays, the sample denoted +VMA indicates results of an assay performed by adding GroES fibrillation samples formed in
the presence of VMA. (E) Absorption spectra analysis to detect polyphenols bound to GroES protein. +VMA; typical absorption spectrum of GroES
fibrillation samples formed in the presence of 3.6-fold VMA. Inset figure shows absorption spectra of VMA dissolved in fibril formation buffer
measured after an incubation at 25 °C for the indicated times. The 24 h trace is reproduced in the main panel (in black) for comparison.

form fibrils in vitro that closely resemble the specific molecular Here, toxicity assays for mouse Neuro-2a cells were
forms associated with neurodegenerative disorders.'®” The performed using various aggregates of GroES, as shown in
cytotoxicity of the protein deposits was, in both of these cases, Figure 1—3. From the MTS assays shown in Figure 1, we found
found in the initial, rapidly formed nonfibrillar aggregates rather that soluble intermediate aggregates that were formed during
than the highly organized fibrillar structures."' Cytotoxicity for fibril formation process displayed toxicity toward neuronal cell

cultures, but intact mature fibrils, sonicated mature fibrils, and
amorphous aggregates did not. The toxic intermediate
aggregates were nonfibrillar, as seen in Figure 2E, and were
formed during the early stages of the amyloid fibril formation
reaction. The results from DiBAC,(3) assays shown in Figure 3
suggested that these aggregates would interact with the surface
of cell membrane and perturb the membrane potential, as

PI3-SH3 was observed in rapidly formed granular aggregates
with a diameter ranging between 4—200 nm. In the case of
HypF-N protein, nonfibrillar and nongranular aggregates, and
some aggregates resembling protofibrils were shown to be
highly toxic. These data indicate that the ability of certain
protein aggregates, that subsequently form amyloid fibrils, to

impair cell viability might be a common phenomenon, not observed by the specific increase of fluorescence intensities. We

simply limited to proteins that have already been implicated in also attempted to determine the localization of 148hr in the cell

various diseases.'>®*! It has been proposed that the ability to when it displays cytotoxicity and found that 148hr (GroES

form amyloid fibrils and toxic structures may be itself a general protein) was detected mainly in the soluble cytoplasmic
10,11,41—43

fractions of Neuro-2a cell extracts, and almost none in

property of proteins.
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detergent-solubilized membrane fractions, as determined by
SDS-PAGE analysis (data not shown). The mechanism of
I48hr permeation may involve hydrophobic surfaces that are
exposed in the early aggregates that are more accessible to
nonspecifically interact with cell membrane compared to the
corresponding regions in mature fibrils.""****** Fully formed
fibrils, in fact, are characterized by a trait which is qualitatively
opposite to the notion raised here; fibrils typically possess a
protease-resistant, solvent-inaccessible sequence region thought
to represent the fiber core.”*”” These results suggest the
importance of elucidating the inherent structural properties of
various aggregated protein forms.

Bilberry Polyphenols Contain Powerful Inhibitory
Agents That Are Capable of Altering the Fibril
Formation Reaction and Also Have the Ability To
Dissolve Amyloid Fibrils and Neutralize Cytotoxic
Species. One important strategy for inhibiting amyloid fibril
formation and associated cytotoxicity involves the use of small
molecular compounds that directly interact with amyloidogenic
proteins.'” Polyphenols that are abundant in bilberries have
structures similar to the polyphenol inhibitors,">"* as
exemplified by green tea polyphenol (—)-epigallocatechin-3-
gallate (EGCG) which acts as an inhibitory agent for in vitro
amyloid fibril formation of intrinsically disordered proteins such
as Af, a-synuclein, huntingtin, and the model polypeptide «-
casein.**”* We performed amyloid fibril formation experi-
ments in the presence of VMA and pure polyphenols present in
VMA: anthocyanidins and anthocyanins. Anthocyanidins
strongly inhibited GroES fibril formation, and anthocyanins
that are abundantly included in bilberry also showed inhibitory
effects, indicating the importance of the anthocyanidin skeleton
(Figure 6). From absorption measurement analysis (Figure
7E), we found that VMA polyphenols bound strongly to
GroES. However, when we performed NMR measurements
("H-"N HSQC) of GroES samples in the presence of Gdn-
HCI and cyanidin, reliable data could not be obtained, perhaps
because the effect of Gdn-HCI as a strong chaotropic agent was
dominant in the time scale of NMR measurements compared
to the interactions between GroES and cyanidin (data not
shown).

The most striking finding was the dissolving effect of VMA
toward protein aggregates including amyloid fibrils of GroES
(Figure 7A—C). Addition of VMA into samples containing
toxic intermediates (I48hr) neutralized their toxicity (Figure
7D). This neutralization was explained simply by the ability of
VMA to dissolve I48hr (Figure 7C). Although VMA
polyphenol binding to GroES protein was detected (Figure
7E), details of this binding remain to be elucidated, for
example, the specific structural derivative of VMA that actually
binds to GroES, as well as determining the binding mechanism
(specific site(s)? covalent or noncovalent binding?). These
issues will be addressed in a separate study.

The aggregated species that were formed in the presence of
bilberry polyphenols and remained soluble were not toxic to
neuronal cells (Figure S). It is reported that catechin and
epicatechin were absorbed after oral administration to rats and
present in plasma as intact and metabolites forms including 3'-
O-methylated and 5-O-p-glucuronide-conjugated forms.*’
Additionally, epicatechin glucuronide and 3'-O-methyl epica-
techin glucuronide were detected after oral ingestion in rat
brain tissues.’® Anthocyanins were rapidly absorbed as
glycosides in rats and human, and the intact glycosidic forms
were detected in plasma after oral administration.”' ™
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Experiments showed that the anthocyanins were able to cross
the blood-brain barrier in rats fed with supplemented
anthocyanin mixtures for 15 days,>® as well as after a single
administration.”” Intact delphinidin 3-galactoside and cyanidin
3-galactoside were also observed in the brain of pigs which were
a suitable model for human digestive absorption,*® indicatin
that anthocyanins can have a direct effect on brain processes.”

All of these results demonstrate that polyphenols possess the
ability to permeate into regions that are important in a variety
of neurological disorders and therefore imply that a treatment
based upon the action of these polyphenols on intrinsically
disordered proteins that cause neurodegenerative diseases is
feasible. In this context, studies regarding a-synuclein, an
intrinsically disordered protein implicated in Parkinson’s
disease in its fibrillation, are ongoing.

B CONCLUSIONS

In the present study, we determined that aggregates of co-
chaperonin GroES formed during the course of amyloid fibril
formation were toxic to neuronal cells, and polyphenols
included in bilberry were capable of inhibiting toxic
intermediate and fibril formation, as well as dissolving
preformed toxic aggregates and mature fibrils. The former
result raises the possibility that small amounts of intracellular
proteins that are not clearly implicated in disease development
may spontaneously assemble into aggregates and impair cellular
function. And the latter results point toward a role for bilberry
polyphenols in controlling the fibril formation of various
proteins related to neurodegenerative diseases and develop-
ment of a therapeutic reagent. Understanding the molecular
interactions between small molecules and specific regions of
amyloidogenic proteins also would lead to the elucidation of a
general mechanism of amyloid fibril formation. For both
pathogenic and nonpathogenic proteins, studies to clarify the
relationship between fibril formation and cytotoxicity of early
stage aggregates, as well as their control, are of crucial
importance in the prevention and treatment of neuro-
degenerative diseases.
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