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Amyloid-B (AB) peptide ABio_»¢ tends to self-assemble into well-
ordered tubular structures under physiological conditions, while in the
presence of equimolar Cu(i), they assembled into homogeneous
microvesicles; a chelator can competitively bind to Cu(i) from the
Cu(i)—AB19-20 complex, resulting in reforming of the peptide tubular
structure.

Alzheimer's Disease (AD) is an age-related neurodegenerative
disorder characterized by a progressive loss of memory and the
deterioration of higher cognitive functions." More than 26
million people worldwide are afflicted by AD. However, no drugs
or therapeutics have thus far been developed to treat AD.” The
self-assembly of amyloid-p (AB) peptides into highly ordered
amyloid fibril structures represents one of the pathological
hallmarks of AD.®> Under normal conditions, about 90% of
secreted AP peptides are AB;_40, Species that are highly fibril-
logenic and deposited early in individuals with AD.* The central
seven-residue segment AP;¢,, is thought to be crucial for
amyloid fibril formation. While the forepost of such sequences
in the full-length peptide do not have that propensity.’
Furthermore, the amyloid fibril formation of other short beta
peptide fragments, such as AB;_»g,° AB11-17,” AB16-20," AB16-22,"
ABys_35," AB31_35 (ref. 11) and APz 4, (ref. 12) are also reported.
Short peptides serve as an excellent model system for exploring
amyloid fibrils formation in particular and biological self-
assembly processes in general."®

Since its discovery as a core recognition motif of the Alz-
heimer's A peptide, ABio_»o (diphenylalanine, Phe-Phe) has
increasingly become the subject of intense investigation in the
fields of both medicine and nanotechnology.™ It has been
demonstrated that AB;¢, tends to self-assemble into well-
ordered nanotubes. The formed tubular structures may share
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some structural properties with the amyloid fibrils as they have
similar vibrational spectrum and birefringence as compared to
the fibrils." This indicates that the dipeptide aromatic motifs
contain all the molecular information needed to form well-
ordered-supramolecular structures at the nano-scale. One
striking property of the peptide nanotubes is their remarkable
rigidity, with a high Young's modulus of 19-27 GPa using two
independent techniques.'® Scientists try to find out why the
peptide nanostructures are so rigid."” However, little is known
about the forces underlying their stability and relationship with
the AD. The - stacking interactions may accelerate amyloid
fibril formation by providing geometrical restrictions that
promote directionality and orientation of the growing fibril,
together with energetic contributions from the stacking itself.*®
Indeed, replacement of the phenylalanine residues at the C
terminus of AB;_4, by hydrophobic residues resulted in some-
what slower aggregation, while a mutant variant containing four
phenylalanine residues at the C terminus of ApB,_,, displayed
faster amyloidogenesis.*

In an aging brain, metal ions might have a relevant role in
the development and progression of the AD disease.*® The dis-
ordering process associated with Ap aggregation of AD is greatly
influenced by the metal ions (i.e. Cu, Al, Fe and Zn). The metals
are found in both the core and rim of the AD senile plaques.
Analysis of the autopsy of AD patients shows abnormally high
levels of Cu (~393 uM) present in the senile plaques; the normal
cerebral extracellular concentration is 0.2-1.7 uM.?* The vitro
studies also showed that Cu(u) would influence the formation of
amyloid fibrils.?**** Cu(u) has been proposed to play a central
role in the amyloid cascade process linked to the development
of AD. Involvement in both the AP aggregation process and
reactive oxygen species production has been considered.
Researchers have accordingly put forth the “metals hypothesis”
of AD, which postulates that compounds designed to inhibit
Cu(u)/AB interactions and redistribute Cu(un) may offer thera-
peutic potential for treating AD.>

The involvement of Cu(u) with AB in AD and the potential
development of metal chelating therapy indicate the
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importance of elucidating the fundamental mechanisms of
Cu(u) effects on short peptide model AB,¢ 5. Herein, we inves-
tigate the Cu(u) ion effects on self-assembly of AB;4_,, peptide
and the ability of ethylene diamine tetraacetic acid (EDTA)
to compete chelating Cu(u) and then recover the structure of
ABi9o peptide (Fig. 1A). Actually, we observed the visual
change in solutions at the beginning. The addition of Cu(u) to
AB19-0 made the solution appear dark blue. When equimolar
EDTA was added to the above mixed solution, the color of the
solution became greenish blue, which was consistent with that
of Cu(u) with EDTA (Fig. 1B).

Fig. 2 shows the effect of Cu(un) on the self-assembled
AB19-00 tubes aggregates overnight. We could observe the
ABq9-50 peptide formed tubes on the solid substrate (Fig. 2 A
and C), as reported previously by Gazit group.*** The average
diameter of the tubes was about 1.0-2.5 pm with a long
persistence length, ranging from approximately 100 um to
millimeter. However, in the presence of Cu(u) as molecule
ratio to AB9_50 is 1 : 1, we could not observe tubular structure
(Fig. 2B and D). Instead, abundant uniform microvesicles with
an average diameter about 0.8-5.0 um were observed. The
transition from tubular structures to dense microvesicles
evident from the scanning electron microscopy (SEM) images
illustrate that Cu(u) inhibited original peptide tube assembly
and formed a new structure.

Cu(u) induced -7 stacking changes of AB;q4_,, peptide: We
attribute the visual changes in solution and rearrangement of
the structures to the - interactions of the aromatic rings on
phenylalanine. AB;950 peptide features aromatic moieties
which play a key role in the fibril self-assembly process and
drive a well-ordered stacking of aromatic rings by -7 inter-
actions.'*** The UV-vis spectra of various molar ratio of Cu(u) to
AB1920:0:1,1:4,1:2,1:1and?2:1in pH 7.4 Tris-HCI buffer
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Fig.1 Schematic representation of (A), ABis_»0 peptide assembly with
Cu(n) ions and then EDTA competes to chelate Cu(i), meanwhile (B)
the visible change in solutions.
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Fig. 2 (A) Self-assembled structures of AByg_20, (B) 1 : 1 molar ratio of
Cu() to ABig—20. (C) and (D) are SEM enlarged images of (A) and (B),
respectively. Scale bar: (A) and (B) are 10 um, (C) and (D) are 5 pm.

are shown in Fig. 3. The absorption peak of A9, is at 258 nm.
It is known that the absorption is attribute to benzene ring
characteristic absorption band, which corresponds to the mw—m*
transition and the vibration of phenyl rings. The addition of the
Cu(n) noticeably increased the absorption of ABqe_, peptide
(Fig. 3A). The maximum response was observed when molar
ratio of Cu(u) to ABj9_50 reached 1 :1. The result shows that
Cu(u) interacted with AB;9_,0 peptide and, to some extent,
influenced the vibration of AB;9 o phenyl rings.

Further evidence of the involvement of aromatic interactions
with Cu(u) was provided by fluorescence spectra, which is the
crucial to the phenylalanine dipeptide assembly. Fig. 3B shows
the fluorescence titration spectra of ABi9,0 peptide with
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Fig. 3 (A) UV-vis spectra of ABig_50 at 258 nm with various molar ratio
of Cu(i) to ABig_20. Fromatoe: 0:1,1:4,1:2,1:1and 2:1. (B)
Fluorescence titration spectra with different molar ratio of Cu(i) to
ABig_p0. From (@) to (i): 0:1,1:4,1:2,1:13,1:1,125:1,15:1,
175:1and 2 : 1 Inset is enlarged from (f) to (i). (C) Nonlinear fitting
curve of ABig_20 peptide binding to Cuf(i). (D) The Stern—Volmer plots
for the quenching of fluorescence by Cuf(i) at 20, 37 and 47 °C.
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different concentrations of Cu(u) solution. ABig o possesses
two phenylalanine residues that emitted fluorescence with the
maximum at 292 nm upon excitation at 265 nm, which was
belonging to the -7 stacking interactions.”* The decrease in
the fluorescence intensity was the most marked change with the
successive addition of Cu(u), indicating that the fluorescence of
ABq9-»0 Was quenched. The curve has a tendency towards
invariability at Cu(u)/AB19_0 molar ratio of 1 : 1(Fig. 3C), indi-
cating the Cu(u) influenced the m-m stacking of AB1g_p0-

Intrinsic peptide fluorescence is a useful and sensitive tool to
study variations in a peptide conformation and its interactions
with other molecules.” To understand the interaction stoichi-
ometry of AP0 peptide with Cu(u) ions, fluorescence titration
method was used and the nonlinear fitting curve of ABio_50
peptide binding to Cu(u) (ESIT). The fluorescence titration data
processing can be described as follows:***** Assuming a protein-
to-ligand binding reaction (P + nL < PL,), the fraction of bound
ligand (y) can be related to the equilibrium dissociation
constant (Ky), as shown in eqn (1).

Y
Kd = 1
(T L —mP) 2
Where P, and L, are the concentration of ABi9_»o and Cu(u),
respectively. v is the fraction of the observed fluorescence signal
changes and the maximum fluorescence signal changes, as
shown in eqn (2).

AF
YT AR, )
Combining eqn (1) and (2) yields (3):
AF  (Ko+ Lo+ nP) —\/(Ks + Lo +nP)* — 4nP,L, o

AFar 2nP,

According to eqn (3), K4 can be obtained. The fractions of
ABio5o bound with Cu(u) were plotted against the Cuf(u)
concentration. The data could be fitted to a single ligand
binding with the equilibrium dissociation constant, Ky = 4.24
uM, suggesting a high affinity of AB;9_», peptide with Cu(u).

Cu(u) ion caused ABqq_5 peptide endogenous fluorescence
quenching regularly, but did not influence the excited fluo-
rescence molecular state, thus altering the absorption spec-
trum. This may be due to Cu(u) associated with ABi9 5o and
complex form, resulting in peptide fluorescence static
quenching. Static quenching and dynamic quenching vary
temperature. The quenching rate constants decrease with
increasing temperature for static quenching, but the reverse
effect is observed for the case of dynamic quenching.*® To
further characterize the quenching mold, a possible
quenching mechanism was evident from the Stern-Volmer
curves of AB;9_5o with Cu(m) at different temperatures (20, 37
and 47 °C) as shown in Fig. 3D. The Stern-Volmer plots were
linear, the slopes of which decreased with increasing
temperature. This indicated the occurrence of a static
quenching interaction between A9 5o and Cu(u). Quenching
data were then fit into the Stern-Volmer eqn (4).
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Fy
F =1 + KSV[Q] (4)

Where F, and F are the fluorescence intensity in the absence
and in the presence of quencher [Q] respectively and Kgy is the
Stern-Volmer quenching constant. Kgy was the slope of the
linear regression of the Stern-Volmer relationship [eqn (4)] and
itwas 9.8 mM ' (20°C), 8.2 mM " (37 °C)and 7.7 mM "' (47 °C).
Ksy decreased with the increase of temperature, which indi-
cated that lower temperature would ease ABi9,0 peptide
quenching and accessibility to Cu(u).

To demonstrate that Cu(u) influenced and mediated the
assembly of AB;9_59 peptides, we performed chelation compe-
tition experiments with chelator. EDTA exerting an antago-
nizing effect on the Cu(u)-induced changes of the intrinsic
fluorescence of ABi9_50 peptide. The intrinsic fluorescence of
AB19-20 peptide was gradually recovered and reached maximum
at 48 h (ESIt). Morphological changes also reveal the competi-
tive chelation of the chelator to Cu(u) from AB;q_,, (Fig. 4). Co-
existed 3.2 mM AB;9 0 peptide and equimolar Cu(u) self-
assembled into homogeneous microvesicles (Fig. 4A). Interest-
ingly, when the equimolar chelating agent EDTA was injected
into Cu(u) and AB,9-50 peptide mixed solution, enabling it to
chelate Cu(u) from Cu(u)-AB;9_50 complex. As a result, micro-
vesicles disappeared and the peptide tubular structures were
obtained (Fig. 4B).

Cu(u) ions interact with AB,9 ,, peptide and form Cu(u)-
AB19-50 complex, which influenced w-m stacking of ABig 5
peptide and induced its morphology from dense tubes to an
homogeneous microvesicles. Chelator can completely chelate
Cu(n) from Cu(u)-AB19 59 complex and reform AB,q 5, peptide
tubular structure. These results facilitate the understanding of
the clinically related Cu(u) ions with A in AD and provide a
rationalized mechanism for fibrils formation. However, due to
the complex etiology of AD, a simple interaction model
currently is not possible for fully understanding the disease. On
the one hand, high-resolution structural studies of amyloid
fibrils have made huge progress in recent years, such as
utilizing a variety of "*C/*>N-labeling strategies and combined
with multidimensional magic angle spinning (MAS) NMR
techniques,”® and the combination of electron paramagnetic
resonance (EPR) spectroscopy with isotopic labelling.>” These
techniques can unambiguously determine the Cu®**/AB coordi-
nation to provide credible new insights into the assembly. On
the other hand, development of novel classes of potential

Fig. 4 (A) Microvesicles self-assembled by ABi9_ 5o peptide with
equimolar Cu(i). (B) Tubular structures of ABig_p0 reformed in the
presence of EDTA. Scale bar is 10 um.
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therapeutics using the tools of coordination chemistry to create
synthetic ligands for competing metal ions with AB, one can
hope these will actually derail these diseases in the future.

This work was supported by the National Natural Science
Foundation of China (21005032) and the Natural Science
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