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The mechanism by which flavonoids prevent formation of amyloid-β (Aβ) fibrils, as well as how they
associate with non-fibrillar Aβ is still unclear. Fresh, un-oxidized myricetin exhibited excitation and emission
fluorescence maxima at 481 and 531 nm, respectively. Introduction of either Aβ(1–42) or Aβ(25–40) resulted
in a fluorescence decrease, when measured at 481 nm, suggesting formation of a myricetin–Aβ complex.
Circular dichroism (CD) and ultraviolet resonance Raman (UVRR) studies indicate that the association of
myricetin with the Aβ peptide or its hydrophobic fragment, Aβ(25–40), leads to subtle changes in each
peptide's conformation. Aβ(25–40) formed amyloid fibrils at a similar rate, when compared to the full-length
peptide, Aβ(1–42), using thioflavin T (ThT) fluorescence. Studies also indicated that myricetin was equally
effective at preventing the formation of both Aβ(1–42) and Aβ(25–40) fibrils. Although ThT assays indicated
that Aβ(1–16) did not form amyloid fibrils, CD studies of the hydrophilic fragment, Aβ(1–16), suggest
possible interactions betweenmyricetin and aromatic side chains. UVRR studies of the full-length peptide and
Aβ(1–16) showed increases in the intensity of the aromatic modes upon introduction of myricetin. Our
findings suggest that myricetin interacts with soluble Aβ via two mechanisms, association with the
hydrophobic C-terminal region and interactions with the aromatic side chains.
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1. Introduction

Alzheimer's disease (AD) is characterized by two pathological
hallmarks: senile plaques and neurofibrillary tangles. Senile plaques
are insoluble extracellular accumulations of the amyloid-β peptide
(Aβ), which is typically 39–43 residues in length. In contrast neu-
rofibrillary tangles are intracellular fibrillar accumulations of the tau
protein [1]. However, it was found that the level of soluble Aβ was
correlated to the severity of neurodegeneration in AD, rather than the
abundance of amyloid plaques [2,3]. Clinical symptoms of AD initially
include difficulty with memory, progressive confusion, disorientation,
impaired expression, and progressive loss of mobility [4].

Current therapies primarily involve cholinesterase inhibitors [5] or
the N-methyl-D-aspartate receptor modulator memantine [6], which
reduce symptoms but do not prevent the advancement of AD. Pro-
spective therapeutic strategies aimed at halting, reversing or pre-
venting AD target either Aβ or tau protein. Currently, the predominance
of research focuses ondecreasing theproductionof Aβ fromtheamyloid
precursor protein (APP) by inhibiting ormodulating the APP proteolytic
cleavage enzymes: β-secretase [7], γ-secretase [8] and α-secretase [9].
Alternative strategies entail clearance of existing Aβ plaques through
active and passive immunization against Aβ. Active immunization with
vaccine AN-1792 in PDAPP transgenic mice has been shown to prevent
plaque formation and improve cognition [10]. However, thefirst clinical
trial was halted because 6% of vaccinated patients developed meningo-
encephalitis [11]. Passive immunization with the humanized monoclo-
nal antibody bapineuzumab (AAB-001) has completed phase II clinical
trials [12] and has been shown to reduce fibrillar Aβ in the cerebral
cortex of AD patients [13]. Although immunotherapy is a promising
strategy, there is a lack of consensus on the mechanism involved in
reduction of Aβ deposition [14].

While immunotherapy is a promising treatment for AD, there are
no forthcoming preventative strategies. However, there is evidence
that long-term adherence to a diet rich in plant derived foods is
associated with a reduced risk of AD [15]. In addition, plant derived
products or extracts have been shown to have neuroprotective prop-
erties [16–19], which are thought to be derived from the abundant
polyphenolic compounds found in these products. Thus, investigation
into the neuroprotective activity of small organic molecules has
expanded dramatically. Numerous naturally occurring, small mole-
cules have been identified that inhibit the formation of amyloid fibrils
or disaggregate them [20–25]. Furthermore, many of these com-
pounds significantly decrease the toxicity of Aβ in vitro, including
selected inositol stereoisomers [26], curcumin [19], resveratrol [27],
melatonin [28], and rifampicin [29]. What little known is about the
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mechanisms behind these molecules' anti-amyloidogenic and neuro-
protective activity indicate great variety in their modes of action.

Flavonoids have also been shown to reduce the toxicity of Aβ and its
fragments in vitro [30,31] and in vivo [32,33]. Flavonoids are polyphenolic
antioxidants,which are composed of one ormore aromatic phenolic rings
[34]. Natural flavonoids are abundant in the roots, seeds, flowers, barks
and leaves of a large variety of vegetables and herbs. Beverages, such as
wine and tea also contain high amounts of flavonoids [35].

A study of previously identified anti-amyloidogenic small mole-
cules separated these molecules into three classes: (I) compounds
that inhibit oligomer formation but do not prevent fibrillogenesis, (II)
compounds that inhibit fibrillization but do not interfere with olig-
omerization, and (III) compounds that inhibit both oligomerization
and fibril formation [20]. Myricetin, a flavonoid compound, was cat-
egorized as a class I compound. These findings were echoed in a
more recent study, which showed that Tg2576 transgenic mice fed
myricetin over a 5-month period had reduced levels of A11 anti-
oligomeric reactive oligomers but increased plaque burden with
respect to controls [36]. However, some in vitro studies have shown
thatmyricetin interfereswithAβfibril formation and elongation [37], as
well as prevents conversion to β-sheet sheet structure during incu-
bation [38].

Currently, it is not known how myricetin interacts with Aβ. How-
ever, it has been shown that polyphenols bind disordered proline rich
salivary proteins (PRP) with the main binding sites being proline
residues [39,40]. One study suggested that sequential proline residues
play a role in PRP–polyphenol binding by allowing access to and
hydrogen bonding with the peptide backbone [39], while another
found secondary hydrogen bonding with positively charged arginine
served to stabilize the complex [40]. Along with hydrogen bonding to
the peptide backbone or positively charged arginine, hydrophobic
interactions were also found to be important for complex formation
[39,40]. Although Aβ has no proline residues, the hydrophobic region
is glycine rich, with sequential glycines at residues 37 and 38. Thus it
is possible that transient interactions between myricetin and mono-
meric or oligomeric Aβ play a role in the reduction of Aβ oligomers. A
better understanding of the interactions between small molecules and
Aβmay help to clarify the mechanism underlying Aβ aggregation and
may shed light on the therapeutic properties of small molecules.
Furthermore, a better understanding of these interactions would be
useful in the design of new small molecule based therapies for AD.

In this work, we report the use of various spectroscopic methods to
identify potential binding interactions between Aβ and myricetin.
Tandem experiments using circular dichroism (CD) and thioflavin
T (ThT) fluorescence assay suggests that myricetin does inhibit amy-
loid formation of the hydrophobic fragment, Aβ(25–40), as well as
Aβ(1–42). Furthermore, CD and ultraviolet resonance Raman (UVRR)
studies indicate that myricetin induces a small but immediate (within
the timeframe of the experiments) conformational change in both
Aβ(25–40) and Aβ(1–42), suggesting that hydrophobic or backbone
interactions may contribute to Aβ-flavonoid binding. In addition, both
CD and UVRR studies indicate changes in the environment surrounding
one or more aromatic residues upon introduction of myricetin, sug-
gestingaromatic interactionsmaybeanother factor inflavonoidbinding
to Aβ.

2. Experimental procedures

2.1. Materials

Aβ(1–42), Aβ(25–40) and Aβ(1–16) were purchased from Global
Peptide (Fort Collins, CO) and used without further purification (96%
purity). The phosphate buffer was made from sodium phosphate
monobasic and sodium phosphate dibasic, both of which were
purchased from Fisher Scientific (Pittsburgh, PA). Ammonium hydrox-
ide was also purchased from Fisher Scientific. Sodium perchlorate was
purchased from Sigma-Aldrich (Acros Organics, Geel, Belgium). Myr-
icetin was purchased from Sigma-Aldrich (Saint Louis, MO).

2.2. Sample preparation

Aβ(1–42) (M.W. 4511) and the fragment peptides, Aβ(1–16)
(M.W.1954) and Aβ(25–40) (M.W. 1472), were dissolved in 0.1 M
ammoniumhydroxide. Previous studies have shown that presolubiliza-
tion at high pH increases the final concentration of monomers and
dimers, termed low molecular weight (LMW) peptide [41]. When
necessary a small amount of 1 M ammonium hydroxide was added to
bring thefinal pHupto10.5. The resultant solutionswere then sonicated
in an ice bath for 2 min to break up aggregates. The solutions were then
lyophilized and re-suspended into 10 mM sodium phosphate buffer for
a final pH of 7.4 and sonicated to further break up any remaining
aggregates. Then, the solution was centrifuged for 30 min at 14,000 rcf,
with a 10 kDamolecular weight cutoff (MWCO) filter (Fisher Scientific,
Pittsburgh, PA) to remove aggregates greater thandimers for full-length
Aβ or greater than heptamers for Aβ fragments. The concentrations of
Aβ(1–42) and Aβ(1–16) in the filtrates were estimated from tyrosine
extinction coefficient at 280 nm(1280M−1cm−1). Themolar extinction
coefficient of Aβ(25–40) at 215 nmwas estimated as 17,385M−1cm−1

from side chain and peptide bond extinction coefficients at 215 nm [42].

2.3. Fluorescence measurements

A Cary Eclipse fluorescence spectrometer (Varian, Palo Alto, CA)
was used to collect fluorescence spectra. A 3 mm optical path length
quartz cell (Hellma USA, Plainview, NY) was used for all fluorescence
experiments.

2.3.1. Thioflavin T (ThT) assay
Solutions of Aβ(1–42) and its fragments, Aβ(25–40) and Aβ(1–16),

were prepared as stated. Each sample was then divided into two equal
volume samples. Concentrated myricetin dissolved in ethanol was then
added to one of the samples. The final concentration of myricetin was
25 μM. Samples were then incubated at 37 °C for 10 days. During the
incubation period, 65 μL aliquotswere removed from the samples to test
for amyloid formation. A small volume of concentrated ThT in 10 mM
phosphate buffer was added to each sample to a final concentration of
5 μM ThT. The excitation wavelength was set to 450 nm and emission
spectra were generated between 470 and 600 nm. The fluorescence
intensity at 480 nm versus the number of days incubated was plotted.

2.3.2. Intrinsic fluorescence of myricetin
Solutions of Aβ(1–42) and its fragments, Aβ(25–40) and Aβ(1–16),

were prepared as stated above. Each sample was diluted with 10 mM
phosphate buffer solution at pH 7.4 for a final peptide concentration
of 30 μM and divided into two equal samples. Concentrated myricetin
dissolved in ethanol was then added to one peptide sample for a fi-
nalmyricetin concentration of 10 μM. The excitation and emission reso-
lutionswere set to 10 nm. The excitationwavelengthwas set at 380 nm
and the emission spectra were generated between 450 and 600 nm.

2.4. Circular dichroism (CD)

CD spectra were obtained using an AVIV 62DS Circular Dichroism
Spectrometer (Aviv, Lakewood, NJ). A quartz cell with 1 mm optical
path length was used (Hellma USA, Plainview, NY). The spectral range
was 190–250 nm with a resolution of 0.1 nm and bandwidth of 1 nm.
A scan speed of 1 nm/5 s was employed and 5 scans were measured
for each. The background spectrum was subtracted and the results
were expressed as mean residue molar ellipticity [θMRE]:

θMRE½ � = θ�MRW
10�d�c ð1Þ
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Fig. 1. ThT fluorescence (λem=480 cm), in the presence of ~125 μM Aβ(1–42) (A) or
Aβ(25–40) (B) after incubation at 37 °C in the absence (●) or presence (■) of 25 μM
myricetin.
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where θ is the raw ellipticity from the measurement; MRW is the
mean residue weight, which is equal to molecular weight/number of
residues; d is the path length (cm) of the cell and c is the con-
centration in g/mL (g/cm3).

2.5. Ultraviolet resonance Raman (UVRR) spectroscopy

UVRR spectra were obtained using the fourth harmonic of a 4 kHz
frequency quadrupled Ti:Sapphire laser (Coherent Inc., Santa Clara,
CA), tunable from 193 to 210 nm. The Ti:Sapphire laser was pumped
using a diode-pumped frequency doubled Nd:YLF laser (Coherent Inc.,
Santa Clara, CA). Samples were excited at 200 nm; the average power
at the sample was approximately 0.5 mW To prevent degradation.

Samples were held in a custom-made water-jacketed reservoir
(Mid Rivers Glassblowing, Saint Charles, MO) of in-house design and
circulated using a model 75211–10 gear pump (Cole Palmer, Vernon
Hills, Illinois). Samples were maintained at ~7 °C using a Isotemp
3016D circulating water bath (Fisher Scientific, Pittsburgh, PA). A
wire-guided stream of sample was held within a temperature con-
trolled sample chamber, of in-house design, with a steady stream of
nitrogen gas flowing over the sample to remove ambient oxygen. The
Raman scattering was collected in the 135° backscattering geometry
and dispersed using a 1.25 m spectrometer (Horiba Jobin Yvon Inc.,
Edison, NJ) fitted with 3600 groove/mm grating. The spectrometer
was equipped with a back illuminated, phosphor coated, liquid
nitrogen cooled Symphony CCD camera (Horiba Jobin Yvon Inc.,
Edison, NJ) with a chip size of 2048×512 pixels. The maximum
resolution of the instrumentwas approximately 0.6 cm−1. Pixels were
binned in the horizontal direction in increments of four, for a final
resolution of approximately 2.4 cm−1. Spectra were collected and
exported using Synergy software (Horiba Jobin Yvon Inc., Edison, NJ).

Spectra were calibrated using a standard cyclohexane spectrum.
Each sample contained 50 mM sodium perchlorate (ClO4

−, 932 cm−1),
which was used as an internal intensity standard.

2.6. Data analysis

All spectra were analyzed in the Matlab (Mathworks, Natick, MA)
environment. UVRR and fluorescence spectra were deconvoluted into
a series of Gaussian/Lorentzian bands, which approximate the more
computationally intensive Voight line shape, using the nonlinear
least-squares (NLLS) algorithm with a program written in-house for
the Matlab environment.

3. Results

3.1. ThT assays for amyloid structures

Previous studies have shown that myricetin inhibits the formation
of amyloid fibrils from full-length Aβ [30]. A ThT assay was used to
characterize the propensity of Aβ and its fragments to form amyloid
structures and myricetin's ability to inhibit amyloid formation. As
described earlier, fresh samples of Aβ and its fragments were pre-
pared and divided into two samples, one of which was then treated
with myricetin at a final concentration of 25 μM. Aβ(1–16) failed to
show significant amyloid formation within the time frame of these
experiments (data not shown).

ThT fluorescence assays indicated that Aβ(1–42) formed amyloid
or cross β-sheet structure within 8 days (Fig. 1A). The peptide sample
treated with myricetin exhibited no increase in ThT fluorescence
during the course of the experiment. Similar results were observed for
Aβ(25–40) (Fig. 1B), indicating that Aβ(25–40) is amyloidogenic.
Some small molecules interfere with ThT binding [20]; therefore, CD
spectra were collected over the course of 2 weeks to monitor any
structural changes. The CD results shown in Fig. 2A indicate that
myricetin inhibited Aβ(1–42) from forming β-sheet structure over
the course of the experiment. The control sample formed β-sheet
structure within 7 days (Fig. 2B). Interestingly, the magnitude of the
minima observed at 197 nm appears to decrease over the 2-week
period, perhaps indicating alternate changes in secondary structure,
such as a loss of poly-proline II (PPII) structure. PPII structure is a non-
random extended helical structure initially observed in poly-proline
[43] and later in other unfolded peptides [44,45]. The loss of PPII in
favor of more amorphous structure could account for these spectral
changes [46,47].

3.2. Circular dichroism (CD)

Fresh samples of Aβ(1–42), Aβ(25–40) and Aβ(1–16) were
prepared as described in the preceding section. Each peptide sample
was then divided into two equal samples, one of which was spiked
with myricetin, at final concentration of 25 μM. The difference in
peptide concentration due to the additional volume (2 μL) of
myricetin stock solution added was assumed to be negligible. The
CD spectrum of Aβ(1–16) (Fig. 3) has a strong negative feature at
197 nm and a positive feature at 220 nm, consistent with a significant
proportion of PPII content [45]. The negative feature at 197 nm for
Aβ(25–40) sample (Fig. 3) was less intense with respect to Aβ(1–16),
suggesting a decreased proportion of PPII content. This is consistent
with previous studies that found that the hydrophobic region
contained amixture of amorphous (coil) and β-strand structures [48].
Interestingly, the CD spectrum of Aβ(25–40) had another weak
negative feature around 220 nm. A very small fraction of β-sheet
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structure could account for this small minimum at approximately
220 nm. The CD spectrum of Aβ(1–42) (Fig. 3) has no positive fea-
ture at 220 nm and the least intense negative feature at ~197 nm in
comparison to Aβ(1–16) and Aβ(25–40). A subtle change in themolar
ellipticity at 197 nm was observed for Aβ(1–42) and Aβ(25–40) in
solutions containing myricetin (Fig. 3). Difference spectra show a
single positive feature at approximately 197 nm for both peptides
(Fig. 3, inset). This suggests that a small change in the secondary
structure of the bulk peptide population is occurring upon introduc-
tion of myricetin. Alternatively, a small fraction of the peptide
population could be undergoing a larger scale structural change;
however, this scenario is less likely. In contrast, the change at 197 nm
was not significant upon introduction of myricetin to samples
containing the hydrophilic fragment Aβ(1–16) (Fig. 3), though a
significant change was observed in the region from 210 to 220 nm for
Aβ(1–16). No change was seen in this region with Aβ(1–42) or
Aβ(25–40). Previous studies show that aromatic side chains make
evident contributions to CD spectra in this region. The phenylalanine
side chain contributes to optical activities at 210 nm, as well as 185
and 255 nm [49]. This contribution increases in proportion to the
phenylalanine content of the peptide. Changes in the environment of
phenylalanine can induce CD spectral changes at 210 nm, even if there
is no conformational change in the homo-polypeptide backbone
structure [49]. Another study showed that tyrosine contributes a
broad positive band centered at 221 nm in deep-UV CD spectra of
helical proteins [50]. Thus, the CD spectrum of Aβ(1–16) treated with
myricetin suggests the possibility of interactions between myricetin
and the tyrosine (Y10) or phenylalanine (F4) residues. It is not clear
why similar spectral differences were not observed for Aβ(1–42)
treated with myricetin; however, the lower relative proportion of
tyrosine (1 out of 42 residues), as compared to Aβ(1–16), may be a
factor, which will be discussed in the next section.

3.3. UVRR spectroscopy

3.3.1. Assignments of amide and aromatic bands
UVRR spectra of proteins have four structurally sensitive regions, the

amide I (1600–1690 cm−1), II (1450–1580 cm−1), III (1200–1300 cm−1)
and S (1300–1425 cm−1) regions [51–53]. The main contribution of the
amide I band is the in-plane C=O stretching mode. Hydrogen bonding
will shift the amide I band, because of the concomitant decrease in the
double bond character of the C=O bond and increase in the C-N bond
order [54]. The amide II and IIImodes aremainly the out-of-phase and in-
phase combinations of C-N stretching and N-H in-plane bending,
respectively. The amide S mode is a Cα-H bending mode, which is
resonance enhanced in β-sheet and disordered polypeptides due to the
coupling of the N-H and Cα-H bending vibrations [54].

3.3.2. Aβ(1–42)
Aβ(1–42) is a fully disordered peptide [48,55]. UVRR has been

employed previously to characterize the core structure in Aβ(1–40)
fibrils [56], as well as the fibrillization of other amyloidogenic peptides
and proteins [57–61]. The UVRR spectrum of LMW Aβ(1–42) is visually
similar to other disordered homo-polypeptides (Fig. 4A), including
poly(L-lysine) at low pH values and poly(L-glutamic acid) at high pH
[51,53,62,63]. The amide I band could be fit with single peak centered
at 1667 cm−1. The amide II band could befittedwith twopeaks centered
at 1525 and 1556 cm−1, respectively. Multivariate studies using a
series of well characterized globular proteins indicate that the amide I
band should occur at approximately 1665 cm−1 for disordered struc-
tures [51,64]. However, there is less agreement with respect to the
position of the amide II band, which was predicted to occur at 1560
cm−1 in one study [51], and almost 10 cm−1 lower at 1552 cm−1 in
another study [64]. There is similar variability in theobservedposition of
the amide II band in disordered homo-polypeptides [51,53,62–64].
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Disordered peptides contain both PPII and β-strand structures.
Previous UVRR studies have indentified discrete amide III bands
associated with PPII and β-strand structures [53,64,65]. The amide III
region of the UVRR spectrum of Aβ(1–42) was deconvoluted into four
components centered at 1237, 1262, 1294 and 1329 cm−1. Although the
fitted positions are 5–10 cm−1 lower than previous studies [65], the
lowest frequency components at 1237 and 1262 cm−1 are likely asso-
ciated with PPII and β-strand structures, respectively. The position of
these bands is dependent upon the peptide backbone secondary
structure [51,53,62–64] and exhibits a sinusoidal dependence on the
ψ dihedral angle [66,67]. The component at 1294 cm−1 is similar in
position to a band observed for poly(L-lysine) that has been assigned to
PPII structure [65]. The amide S (Cα-H b) band in disordered homo-
polypeptides is typically asymmetrical with two underling components
in the ranges of 1369–1380 and 1396–1399 cm−1[53,65]. However, a
single component, midway between the two ranges noted above, at
1389 cm−1 was sufficient to model the amide S band of Aβ(1–42); the
observed amide S band could be a composite of two underlying amide S
bands.

Rava and Spiro characterized the UVRR spectra of phenylalanine,
tyrosine and tryptophan [68]. Since Aβ(1–42) contains no tryptophan,
only tyrosine and phenylalanine features will be addressed here. The
majority of the phenylalanine vibrational modes are derived from
the monoalkylbenzene. The ring C–C stretching modes at 1606 (ν8a),
1586 (ν8b) and 1000 cm−1 (ν12) are sensitive to the polarity of the
surrounding environment [69]. The observed band at 1208 cm−1

arises from symmetric Cring–Cext stretching (ν7a), while the band at
1177 cm−1 (ν9a) arises from C-H bending as well as ring C–C
stretching. The ring C–C stretchingmodes of tyrosine are up-shifted to
1601 and 1617 cm−1. Likewise, the symmetric Cring–Cext stretching
mode is at 1210 cm−1, slightly higher than that of phenylalanine.
In addition, tyrosine has a Cring–O stretching mode, which occurs at
1263 cm−1 (ν7a′) and has been found to be highly sensitive to
hydrogen bonding.

Aβ(1–42) has one tyrosine (Y10) and three phenylalanines (F4,
F19, F20) residues, which also make strong contributions to the deep
UVRR spectra of proteins. The strong peak at 1610 cm−1 in the UVRR
spectrum of Aβ(1–42) likely arises from unresolved tyrosine and
phenylalanine ring C–C stretch vibrational modes (ν8a). The band at
1585 cm−1 can be assigned to phenylalanine (ν8b). The peaks at 1177
and 1208 cm−1 are also likely combinations of the tyrosine and
phenylalanine ν7a and ν9a modes, respectively.

Addition of myricetin results in an up-shift of the amide I band
(Fig. 4A), which is shifted from 1666 to 1669 cm−1. However, the
amide III bands remain unchanged. This shift in the amide I band may
suggest a subtle change in the peptide's secondary structure.
Interestingly, the largest change in the Aβ(1–42) spectrum with
myricetin is with the aromatic bands at 1610, 1585 and 1208 cm−1.
These data suggest that the environment surrounding the phenylal-
anine and possibly tyrosine residues is changing.

3.3.3. Aβ(25–40)
Aβ(25–40) has no aromatic residues, which greatly simplifies the

UVRR spectrum (Fig. 4B). One band was needed to fit the amide I
region at 1663 cm−1, which can be assigned to a disordered
structure [64]. Another band at 1691 cm−1, close to the amide I
band, may arise from the symmetrical CO2

− stretch of the C-terminal
carboxylic acid [70]. Two components were again needed to model
the amide II region; the first at 1556 cm−1 can be assigned to the
amide II band of a disordered protein [51,64]. The higher frequency
component at 1584 cm−1 may be associated with the asymmetrical
CO2

− stretch, which occurs in the region of 1560–1600 cm−1 in free
amino acids [70]. Given that Aβ(25–40) is a short peptide and has no
aromatic residues, observation of the symmetrical and asymmetrical
stretches of the C-terminal carboxylic acid is not surprising. The amide
III band region was again deconvoluted into four components at 1235,
1259, 1293 and 1329 cm−1, which are similar in position to those
associated with the amide III region of Aβ(1–42). A single component
at 1389 cm−1 was again sufficient to model the amide S region.

Similar to the CD spectra of Aβ(25–40), addition of myricetin had
only a small effect on the UVRR spectrum of Aβ(25–40). The most
significant changes were slight increases in the intensities of the
amide I and III bands in comparison to the amide S band. Interestingly,
the amide III bands at 1235 and 1293 cm−1 (PPII) increased in
intensity in comparison to the band at 1259 cm−1, suggesting that the
addition of myricetinmay shift the equilibrium towards PPII structure.

3.3.4. Aβ(1–16)
Aβ(1–16) has one phenylalanine and one tyrosine residue at

positions 4 and 10, respectively. The UVRR spectrum of Aβ(1–16)
(Fig. 4C) is dominated by the spectral features of the single tyrosine
residue. The strong band centered at 1615 cm−1 can be assigned to
the unresolved ν8a (1617 cm−1) and ν8b (1609 cm−1) ring C–C
stretching vibrations of tyrosine. Phenylalanine is also expected to
contribute to this band, although to a lesser extent than for the full-
length Aβ(1–42) peptide, which has three phenylalanine residues.
Characteristic tyrosine bands are also observed at 1180, 1209 and
1262 cm−1. The phenylalanine band at 1000 cm−1 is quite weak,
suggesting that the relative contribution of phenylalanine to the
spectrum is small. The amide bands are also quite weak. The position



Table 1
Fitted peak areas from deconvoluted fluorescence spectra of 10 μM myricetin by itself
and with Aβ(25–40), Aβ(1–16) and Aβ(1–42).

Peak center
(nm)

10 μM
myricetin
(10 replicates)

Aβ(25–40)/
10 μMmyricetin
(7 replicates)

Aβ(1–16)/
10 μMmyricetin
(11 replicates)

Aβ(1–42)/
10 μM myricetin
(3 replicates)

481±2 59±8 15±2* 50±20 31±2*
531±2 230±20 140±30* 210±40 210±10
573±1 140±20 110±20* 120±20 133±7

*Significant difference compared to myricetin alone, as determined by the extended t
test at a 95% significant level.
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of the amide I, II and S bands is 1667, 1557 and 1395 cm−1,
respectively, consistent with other disordered peptides. The amide III
region was dominated by the Y7a′ mode of tyrosine. Introduction of
myricetin resulted in a significant increase in the intensity of the
tyrosine band at 1615 cm−1, consistent with reduced exposure to the
solvent environment [68].

3.4. Myricetin's intrinsic fluorescence

A significant binding interaction might affect the intrinsic fluo-
rescent properties of myricetin; therefore, the fluorescence spectra
of myricetin were monitored before and after the addition of each
peptide. In aqueous solutions, myricetin is weakly fluorescent and
has two fluorescence maxima at 481 and 531 nm (Fig. 5). As the
concentration of myricetin increases, the intensity at 531 nm in-
creases proportionally, whereas the intensity at 481 nm remains
essentially unchanged (data not shown). Similar behavior has been
observed for the flavonoid quercetin [71]; the two maxima were
attributed to the enol and keto photo-tautomers, respectively.
Quercetin exhibits greater keto-enol photo-tautomerism at higher
concentrations, where formation of aggregates is expected, suggest-
ing that photo-tautomerism is facilitated by intermolecular transfer of
protons [71]. Thus, it is likely that the two fluorescence maxima of
myricetin can also be assigned to enol and keto photo-tautomers of
myricetin. At 25 μM, the fluorescence intensity of myricetin at 481 nm
is overwhelmed by the relatively higher fluorescence intensity at
531 nm, which may be assigned to keto photo-tautomers resulting
from myricetin's self-association. To better visualize the fluorescence
properties of monomeric myricetin at 481 nm, 10 μM myricetin was
used. The fluorescence spectra of 10 μM myricetin may be deconvo-
luted into three components,which are located at 481, 531 and 573 nm,
respectively. The fluorescence intensity of myricetin at 481 nm
significantly decreased with the addition of 30 μM Aβ(25–40) or
Aβ(1–42) (Fig. 5, Table 1). The addition of Aβ(1–16) did not result in
a significant decrease in myricetin's fluorescence at 481 nm (Fig. 5).
Moreover, the fluorescence intensity of myricetin at both 531 and
573 nm also decreased significantly with the addition of Aβ(25–40),
whereas these peaks were not significantly affected by the addition of
Aβ(1–42) and Aβ(1–16) (Table 1).

4. Discussion and conclusions

ThT fluorescence assays showed that the polyphenolic flavonoid,
myricetin, fully inhibited Aβ(1–42) and the hydrophobic fragment,
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Fig. 5. Fluorescence spectra of (∙−∙−) 10 μM myricetin, (− −) 10 μM myricetin with
30 μM Aβ(25–40), (—) 10 μM myricetin with 30 μM Aβ(1–16) and (∙ ∙ ∙) 10 μM
myricetin with 30 μM Aβ(1–42) in pH 7.4 phosphate buffer (λEx=380 nm).
Aβ(25–40), from forming amyloid (cross β-sheet) structures (Fig. 1).
However, some small molecules displace ThT rather than inhibiting
amyloid formation. Cross β-sheet structures have similar CD spectra
to β-sheet proteins; therefore, CD was employed to confirm that
myricetin fully inhibited β-sheet (amyloid) formation (Fig. 2). Deep-
UVRR spectroscopic studies of Aβ(1–42) and Aβ(1–16) indicated that
introduction of myricetin altered the environment of the aromatic
residues, suggesting that myricetin may be interacting with these
residues. Interestingly, Aβ(25–40) has no aromatic residues; there-
fore, additional interactions with the hydrophobic region may include
hydrogen bonding with the backbone or charged lysine residue and
hydrophobic interactions. A small but reproducible reduction in the
mean residue ellipticity at 197 nm in the CD spectra of Aβ(1–42) and
Aβ(25–40) upon introduction of myricetin likely indicates a small
change in the secondary structure of these peptides; however, a
significant conformational change in a small fraction of the bulk
population cannot be ruled out. In combination, these data suggest
that myricetin interacts with the aromatic residues of Aβ and induces
a small conformational change in the hydrophobic region of the
peptide. A reduction in the negative intensity at 197 nm could
potentially be attributed to a reduction in the relative amount of β-
strand structure [46] or an increase in the amorphous structure of the
peptide [47]. Either scenario could result in a reduced propensity to
form amyloid structure.

A relatively small, but reproducible, shift in the amide I band of
Aβ(1–42) was observed in the presence of myricetin. Surprisingly, no
other changes in the amide regions were observed. The amide III
mode is directly overlapped with the Y7a′mode. Thus, any changes in
this region could be obscured by tyrosine. The amide I and III bands
increased slightly in the UVRR spectrum of Aβ(25–40) when
myricetin was introduced, but again the changes are small and dif-
ficult to assign. In combination, the CD and UVRR data suggest that
the secondary structure of the bulk portion of the peptide remains
unchanged. Interestingly, significant increases in intensity were
observed for the aromatic bands at 1208, 1585 and 1610 cm−1. The
bands at 1208 (F7a+Y7a) and 1610 (F8b+Y8a) cm−1 are a mixture
of tyrosine and weaker phenylalanine modes. The band at 1585 cm−1

(F8a) is attributed solely to phenylalanine. Based on these data it can
be suggested that myricetin interacts with one or more phenylalanine
residues in Aβ(1–42) and possibly the single tyrosine residue.

The CD difference spectrum of the hydrophilic peptide Aβ(1–16)
shows a significant decrease in the ellipticity just above 210 nm (Fig. 3,
inset). It should be noted that no significant changewas observed in this
region for the full-length peptide. Both tyrosine and phenylalanine
contribute to the CD spectrum in this region [50,49]. The UVRR
difference spectrum of Aβ(1–16) shows a strong increase caused by
myricetin in the intensity of the tyrosine band at 1615 cm−1. Taken
together the CD and UVRR data are consistent with myricetin-induced
changes in the environment surrounding the aromatic residues.
Although interactions with phenylalanine cannot be ruled out, the
UVRR spectrum of Aβ(1–16) indicates changes caused by myricetin in
the environment surrounding tyrosine. Furthermore, Aβ(1–16) does
not appear to undergo a conformational change upon introduction of
myricetin.
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Other polyphenols have been shown to interact with disordered
proline rich salivary proteins through hydrophobic and backbone
interactions [72]. The hydrophobic fragment Aβ(25–40) contains no
aromatic residues and is more soluble than the more frequently
studied Aβ(25–35), making it an ideal candidate to determine
whether hydrophobic or backbone interactions can play a role in
the anti-amyloidogenic behavior of myricetin. ThT fluorescence
assays established that Aβ(25–40) was able to form an amyloid
structure and that myricetin inhibited this process. Similar to the
full-length peptide, the CD difference spectrum of Aβ(25–40) (Fig. 1,
inset) also shows a myricetin-induced decrease in the intensity of the
mean residue ellipticity at 197 nm. However, unlike the full-length
peptide, small changes were observed in the amide I and III regions, in
comparison to the amide S band, of the UVRR spectrum of Aβ(25–40),
which is consistent with a small increase in the PPII content.

These data suggest that aromatic and non-aromatic (hydrophobic,
charged residue or backbone) interactions contribute to myricetin's
anti-amyloidogenic effect.What is also interesting is that each peptide
appears to interact with myricetin in a slightly different manner,
Aβ(1–16) through aromatic interactions with tyrosine, Aβ(25–40)
through hydrophobic or backbone interactions and Aβ(1–42) through
aromatic interactions with the phenylalanine residues and non-
aromatic interactions.
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