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ABSTRACT: Stereochemistry is a very important issue for pharmaceutical industry and can determine drug efficacy.
Design and synthesis of small molecules, especially chiral molecules, which selectively target and inhibit amyloid (AB)
aggregation represent valid therapeutic strategies for treatment of Alzheimer’s disease (AD). Herein we report that two
triple-helical dinuclear metallo-supramolecular complexes can act as a novel class of chiral amyloid-p inhibitors.
Through targeting a/B-discordant stretches at the early steps of aggregation, these metal complexes can enantioselec-
tively inhibit A aggregation, which are demonstrated using fluorescent living cell-based screening and multiple bio-
physical and biochemical approaches. To the best of our knowledge, there is no report to show that a chiral compound
can enantioselectively inhibit AP aggregation. Intriguingly, as a promising candidate for AD treatment, the chiral metal
complex can cross the blood-brain barrier (BBB) and have SOD activity. Previous studies have demonstrated that chiral
discrimination between enantiomers is extremely important, as stereopure drugs can often reduce the total dose of drug
given and minimize any toxicity resulting from the inactive enantiomer. And this is also a critical factor which should be
carefully considered in AD treatment. Our work provides new insights into chiral inhibition of AP aggregation and opens

a new avenue for design and screening of chiral agents as AP inhibitors against AD.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia, which afflicts more than 24 million people
worldwide.t 2 A significant body of data has indicated
that polymerization of amyloid-f peptide (AB) into amy-
loid fibrils is a critical step in the pathogenesis of AD.37
Therefore, inhibition of AP aggregation has been consi-
dered as attractive therapeutic and preventive strategy
for AD treatment. Although considerable progress has
been achieved in discovering inhibitors of Ap aggregation
and toxicity8-1°, chiral recognition of A and aggregation
morphology can provide more information on AP effects
involved in AD pathogenesis, and there is no report to
show a chiral compound which has enantioselectivity on
targeting and inhibiting Ap aggregation®. Previous stu-
dies have demonstrated that chiral discrimination be-
tween enantiomers is extremely important especially in
the treatment of cancer or neurodegenerative diseases, as
stereopure drugs can often reduce the total dose of drug
given and minimize any toxicity resulting from the inac-
tive enantiomer.2 13 Therefore, chiral discrimination be-
tween enantiomers should be a critical factor to be con-
sidered in AD treatment.

It has been suggested that the amino acid sequence of
APi6-23, harboring a so-called discordant a-helix, has a
strong statistical preference for B-strand structure, and
forms a f-strand in AP fibrils4. Owing to the critical role

of a/p discordance in A fibril formation, we and others?s:
16 recent demonstrated that targeting the a-helical form
of this region of the AP peptide could be a novel ap-
proach for designing and screening inhibitors of A ag-
gregation. For the chirality of a-helical structure and the
L-amino acids that comprise the peptides, AP is sensitive
to a chiral environment and the interaction between A3
and the chiral inhibitor would exhibit a specific orienta-
tion?. Chiral supramolecular complexes which are suita-
ble for binding and targeting a-helical form of the 16—23
region may show enantioselective effect on inhibiting Af
fibrillation.

Herein, to achieve chiral recognition of AP, we strateg-
ically prepared thermodynamically stable single enan-
tiomers of monometallic units8-20 connected by organic
linkers, [Fe.L]Cly (Are,Sc-[Fe.Li3]Cl; and  Are,Rc-
[Feleg]Cl4) and [F62L23]Cl4 (AFe,RC'[F62L23]C14 and
Are,Sc-[Fe=123]Cly), to enantioselectively target and inhi-
bit AB aggregation. This highly adaptable self-assembly
approach enables rapid preparation of ranges of water-
stable, helicate-like compounds with high stereochemical
purity. Both [Fe.L3]Cl; (complex 1) and [Fe.L23]Cly
(complex 2) commonly comprise a chiral assembly of
three ditopic bidentate organic ligands around two metal
centers (Figure S1). With a diameter of ~1.2 nm (similar
to that of a typical a-helix peptide), these metal complex-
es can be promising candidates for enantioselective inhi-



bition of AP fibrillation (Scheme 1). To the best of our
knowledge, this is the first example to show that one of
the enantiomers can selectively target and inhibit AP
aggregation.

Scheme 1. Representative illustration of chiral
metallosupramolecular complexes enantioselec-
tively bound to Af.

METHODS

Construction of AB-ECFP fusion system. The AB-
ECFP fusion system we constructed was similar to that
previously reported by Hecht and co-workers22. The AB1-42
and ECFP coding sequences were incorporated together by a
short linker DNA. E. coli strain BL21 (DE3) was transformed
by the vector (AB-linker-ECFP) or the control vector (linker-
ECFP), and cultured at 37°C in LB media containing 50 mg
ml? ampicillin. Metallo-supramolecular complexes with
different concentrations were added to the culture 30
minutes prior to the protein expression induced by 1 mM
isopropyl-p-D-thio-galactoside (IPTG). After the expression
of the recombinant proteins for 3 hours, all the samples
were diluted to 0.1 OD at 600 nm. Fluorescence
measurements were carried out by using a Jasco-FP6500
spectrofluorimeter. The excitation wavelength was 433 nm.

Peptide preparation. Ap25-35 (lot no. 70K49532) and
AB12-28 (lot no. 32K12201) were purchased from Sigma and
AB1-40 (lot no. U10012) was obtained from American
Peptide. The peptides prepared as described previously® 2.
Briefly, the peptide was dissolved in HFIP at a concentration
of 1 mg ml* with shaking at 4 °C for 4 hours in a sealed vial
for further dissolution. It was then stored at -20 C as a
stock solution. Before experiments, the solvent HFIP was
removed by evaporation under a gentle stream of nitrogen
and peptide was dissolved in aggregation buffer (10 mM
HEPES, 150 mM NaCl, pH 7.3). For the preparation of
fibrils (fAf), AP1-40 or AB25-35 solutions were incubated at
37 C for 7 days.

ThT binding fluorescence. At different times, all AB1-
40 aliquots in the absence or presence of metal complexes
were diluted 80-fold for ThT binding assay using a Jasco-
FP6500 spectrofluorimeter. The final concentration of ThT
is 10 uM. The excitation wavelength was 444 nm and the
emission intensity at 482 nm was used for analysis.

Atomic Force Microscope (AFM) imaging. 50 uM
APB1-40, and 50 pM Af1-40 in the presence of equimolar
complex 1 or complex 2 were incubated for 7 days at 37 C.
Samples were prepared as described previously'® 2. Briefly,
samples were diluted with deionized H-O to yield a final
concentration of 1 pM. Then aliquots of 50 pL of each
sample were placed on a freshly cleaved mica substrate.
After incubation for 5 min, the substrate was rinsed twice
with water and dried before measurement. Tapping mode
was used to acquire the images under ambient condition.

Circular dichroism (CD) measurements. CD
spectra were collected at 37 ‘C with a JASCO J-810
spectropolarimeter using a 1 mm path length quartz cell.
The parameters were controlled as 0.1 nm intervals, 4
seconds response, and each sample was an average of three
scans in a speed of 5 nm min? over the wavelength range
from 200 nm to 250 nm.

Sedimentation and electrophoresis assay. Af1-40
peptide (50 uM) in the absence or presence of 50 uM metal
complexes was incubated at 37 ‘C for 7 days. The aggregated
peptide in each sample was separated by centrifugation at
13500 rpm for 20 min at 20 C. The pellets were
resuspended and boiled after the addition of sample buffer.
Samples were run on a 12% Tris—tricine SDS gel at 100 V for
1 hour, followed by silver staining.

Trypsin digestion. Af12-28 (10 pL, 20 uM) was
incubated at 37 C for 1 h with trypsin (0.1 mg ml?) in the
absence or presence of increasing concentrations of complex
2. At the end of the reaction, all samples were supplemented
with SDS-PAGE reducing sample buffer, and heated at 100
C for 5 min. Gels were run in a Tris/Tricine system after
which the gels were silver-stained. Lysozyme, which can also
be digested by trypsin, was used as control.

NMR Spectroscopy. Samples for NMR were run in
aqueous Tris buffer with 10% 2H.O added. Samples
containing AP1-40 were run at 0.1 mM. The metal
complexes (Are,Rc-[Fe21.23]Cl; and Are,Sc-[Fe2123]Cly) were
incubated with AB1-40 at 37 C for 2 h. NMR measurements
were carried out on a Bruker 600-MHz AVANCE NMR
spectrometer equipped with a triple channel cryoprobe at 5
C. The concentrations of the metal complexes were 0.1 mM.

Docking studies. Flexible ligand docking studies were
performed using AutoDock Vina. Metal Complexes (Are,Rc-
[FeoL23]Cl; and Are,Sc-[Fe.L23]Cly) were created using
PyMOL and studies were conducted against the AP1-40
monomer (aqueous solution NMR structure, PDB 2LFM).
The structures for these metal complexes and AP1-40 were
prepared for use with AutoDock Vina using AutoDock Tools.
All hydrogens were added to AB1-40 and the peptide was
contained within a search space sized to contain the whole
monomer. No modifications were made to the metal
complexes, and torsions were kept as the default selected in
AutoDock Tools.

Reactive oxygen species detection. PC12 cell (Rat
pheochromocytoma, American Type Culture Collection)
cultures grown on 24-well plateswere incubated with 50 uM
2’ 7'-dichlorofluorescin (DCF) diacetate (Beyotime, China)
for 30 min at 37 ‘C after 12 h with samples. The cells were
then rinsed with PBS solution. Intracellular esterases
convert DCF diacetate to anionic DCFH which is trapped in
the cells. The fluorescence of DCF, formed by the reaction of
DCFH with ROS was examined with a spectrofluorometer
(JASCO-FP6500, Japan).

SOD Activity Determination. The SOD activities of
these metal complexes were assayed by measuring
inhibition of the photoreduction of nitro blue tetrazolium
(NBT), by a method slightly modified from that originally
described by Beauchamps and Fridovich. The solutions
containing riboflavin (20 pM), methionine (0.013 M), NBT
(75 uM), and metal complex of various concentrations were
prepared with 50 mM phosphate buffer (pH 7.8). The
mixtures were illuminated by a lamp with a constant light
intensity for 10 min at 25 ‘C. After illumination,
immediately the absorbance was measured at 560 nm. The
entire reaction assembly was enclosed in a box lined with
aluminum foil. Identical tubes with the reaction mixture
were kept in the dark and served as blanks. Inhibition



percentage was calculated according to the following
formula: % inhibition = [(Ao — A)/Ao] x 100, where Ao is the
absorbance of the control and A is the absorbance of the
samples.

Cell culture and neurotoxicity assay. PC12 cells (Rat
pheochromocytoma, American Type Culture Collection)
were maintained in Iscove’s modified Dulbecco’s medium
(IMDM) (Gibco, BRL) supplemented with 5% Fetal bovine
serum and 10% heat inactivated horse serum at 37 C in a
humidified atmosphere of 5% CO. and 95% air.
Differentiation was induced by 50 pg ml* nerve growth
factor (NGF) (invitrogen) until about 80% cells extended
neuronal-like processes. Cells were plated at 30 000 cells
per well on poly-L-Lysine coated 96-well plates in fresh
medium. After 24 hours, AB1-40 peptides (5 uM) that had
been aged with or without various concentrations of metal
complexes were dispensed into the PC 12 cells, and the cells
were further incubated for 36 hours at 37 C. Cytotoxicity
was measured by using a modified MTT assay Kit
(Promega). Absorbance values of formazan were determined
at 490 nm with an automatic plate reader. All tests were
repeated three times in quadruplicate wells.

Assay of intracellular free calcium. PCi12 cells were
plated at a density of 3x105 cell/mL on glass overslips
coated with poly-L-lysine. Two days later, the cells, when at
approximately 80% confluence, were exposed to either Af
or AP plus the metal complexes for 2 hours. Cells were then
washed and fixed with paraformaldehyde (4%) for 10
minutes at room temperatures. Fixed cells were incubated at
37°C for 1 hour in IMDM-serum free media containing 3 uM
Fluo-3 AM (Beyotime, China). Fluorescence from Fluo-3
AM was captured using flow cytometry. The excitation
wavelength was 488 nm.

RESULTS AND DISCUSSION

By using a high-throughput screening method based
on the fluorescence of an AB-enhanced cyan fluorescent
protein (ECFP) fusion expression system constructed in
our laboratory¢: 2t 23 which was originally developed by
Hecht and co-workers22, we have identified the two pairs
of metal complexes capable of inhibiting A} aggregation
(Figure 1A). ECFP folds into its native state slowly and
the fluorescence of the AB-ECFP fusion depends on AB
folding and solubility. AP aggregation can lead to the
entire AB-ECFP fusion to misfold and not to emit fluo-
rescence. Inhibitors that can block or retard Ap aggrega-
tion would enable ECFP fold into native structure to re-
cover its fluorescence. Figure 1B unambiguously indi-
cated that all of these metal complexes could strongly
inhibit AP aggregation. In the presence of these metal
complexes, metal complex concentration-dependent flu-
orescence enhancement was observed. The complex 1
had significantly higher inhibition activity compared to
complex 2. Further study demonstrated that enantio-
mers A1 (Are,Sc-[Fe.L13]Cl;) and A2 (Are,Rc-[Fe.L23]Cly)
exhibited higher inhibition effects on AP aggregation
than their mirror image A1 (Are,Rc-[Fe.L3]Cly) and A2
(Are,Sc-[Fe2L13]Cly), respectively. Importantly, the enan-
tioselectivity of complex 2 was even more obvious than
complex 1. Control experiments showed that almost no
fluorescence enhancements were observed for the non-
AP fusion system (Figure S2), indicating that the fluores-
cence enhancements were not due to the interactions of
these complexes with the fluorescent protein.
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Figure 1. (A) Schematic representation of screening Ap ag-
gregation inhibitors using AB-linker-ECFP fusion screen
system. (B) Screening results from the screen system. The
inhibition effect of metal complexes showed both structural
and chiral selectivity. Fibrillation kinetics of AB1-40 as mo-
nitored by the development of thioflavin T binding in the
absence or presence of (C) complex 1 and (D) complex 2.
ApB1-40 concentration was 50 uM and the metal complexes
concentrations were 10 uM. The samples were measured in
10 mM HEPES (pH 7.3) after incubation at 37°C for 7 days.

To verify the chiral effect of these metal complexes on
the assembly of AB1-40 into amyloid fibrils, we employed
commonly used thioflavin T (ThT) fluorescence assay
(Figure 1C and 1D). ThT, an extrinsic fluorescent dye, is
able to bind to amyloid fibrils; upon binding, its fluores-
cence intensity increases.242¢ When fresh AB1-40 alone
was incubated at 37°C, ThT fluorescence showed a sig-
moidal shape as a function of incubation time (Figure 1C).
This result was consistent with the nucleation-dependent
polymerization model. However, all these metal com-
plexes can decrease ThT fluorescence in a dose-
dependent manner (Figure S3). ICso values were esti-
mated to be 1.69 uM for A1, 5.43 uM for A1, 6.62 uM for
A2 and 42.2 uM for A2 (Table 1). In control experiments,
metal complex alone did not influence ThT fluorescence
under our experimental conditions (Figure S4). These
preliminary ICso data indicated two trends in the anti-
aggregation activity of the flexicates. First, systems with
less polar ligands (complex 1) were more effective.
Second, the Are enantiomers showed more effective activ-
ities than the Are enantiomers. Furthermore, the de-
creased ThT fluorescence almost reached maximum at
the equal concentration of metal complex (Figure S3),
indicating that Af1-40 possibly interacted with the metal
complexes at 1:1 ratio, which was consistent with pre-
vious studies?”. As indicated by their work, 1:1 binding
suggested that the inhibition occurred at a very initial
stage of the aggregation process24-26. That was to say that
these metal complexes could target the AB monomers to
inhibit the formation of the early soluble A oligomers
which were reported to be more toxic and responsible for
the neurotoxicity in AD than the extracellular insoluble
Ap deposits.28.29



For further confirming the inhibition effect of these
metal complexes on Af} aggregation, sodium dodecyl sul-
fate (SDS)-PAGE assay was useds©: 31, After incubation for
7 days, the large molecular weight AB1-40 aggregates
were separated from the low molecular A species by
spinning down the samples. The aggregated peptide pel-
lets were resuspended and boiled after addition of sam-
ple buffer, and were run on the SDS-PAGE to check the
total amounts of aggregated AB. Our results showed that
after incubation with complex 1 and 2, the quantity of
the resuspended peptide was significantly decreased,
especially for A1 (Figure S5), indicating that these metal
complexes could inhibit AP aggregation.

We also investigated the effect of these metal complex-
es on the morphology of AB1-40 aggregates using atomic
force microscopy (AFM)3234. As shown in Figure 2A,
classical amyloid fibrils were observed in samples of un-
treated AP1-40. The AP1-40 fibrils were non-branched,
helical filaments with diameters of ~10 nm and lengths
of up to several microns. When incubated with the metal
complexes, especially with A1, numerous small, relatively
amorphous aggregates were observed, demonstrating the
excellent efficacy of metal complexes to inhibit AB1-40
aggregation (Figure 2A and Figure S6). AP oligomers,
protofibrils and fibrils all share the common [B-sheet
structure which drives AP aggregation and toxicity. Cir-
cular dichroism studies (Figure 2B and 2C) indicated that
all these metal complexes could inhibit structural transi-
tion from native Af1-40 random coil to B-sheet confor-
mation in solution. Our inhibition data further demon-
strated that these two metallo-supramolecular complexes
could inhibit AP self-assembly at the early steps, in
agreement with the cell-based screening results, ThT
fluorescence and AFM data.

Intriguingly, ligand L (both R and S) alone showed lit-
tle inhibition effects and chiral discrimination on A ag-
gregation (Figure S7). When assembled into triple heli-
cate metallo-supramolecular structure, these metal com-
plexes could not only inhibit Af} aggregation but also des-
tabilize preformed fibril (Figure S8 and Table 1) with
enantioselectivity. Upon AP1-40 binding, the spectral
position and intensity of the metal-to-ligand charge-
transfer (MLCT) bands of the metallo-supramolecular
complex did not change (Figure S9), indicating that Ap
binding did not destroy the metal complex rigid struc-
ture18-20,
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Figure 2. (A) The morphology of APB1-40 aggregates was
analyzed by AFM images (area corresponding to 2.5 um x
2.5 um). 1) 50 UM AB1-40. 2) 50 pM AP1-40 in the presence
of 50 UM complex A1. 3) 50 uM AP1-40 in the presence of
50 uM complex A1. The ability of (B) complex 1 and (C)
complex 2 to inhibit AB1-40 aggregation was monitored by
CD assay. AB1-40 concentration was 50 UM and the metal
complexes concentrations were 10 uM. The samples were
measured in 10 mM HEPES (pH 7.3) after incubation at
37°C for 7 days.

To further support our enantioselective results, dialysis
experiments3s 3¢ were designed to reveal the structural
selectivity of these metal complex enantiomers. A racem-
ic mixture of complex 1 or complex 2 was prepared by
mixing equimolar amounts of the pure enantiomers
(Figure 3A and 3B). The racemic mixture was dialyzed
against AP1-40, and circular dichroism was used to mon-
itor the dialysate for enrichment of the enantiomer with
lower binding affinity to AB1-40 in the dialysis tube. As
shown in Figure 3A and 3B, the dialysate was enriched in
A1 and A2, respectively. These results indicated unambi-
guously that A1 and A2 bound preferentially to AB1-40
compared with their mirror images, respectively.

Alﬁ 2-28 + + + + + +
trypsin - + + + + +
[A-2V[Ap12-28] - - 1 - 0.2

[A-2)[Ap12-28] - - - 1 - 0.2

lysozyme + + + +
trypsin - + + +
A2 - -+ -
A-2 - - - +

3o 4b0 500 600 | 700
Wavelength / nm

Figure 3. CD spectra of the dialysate for enrichment in the
enantiomer with poorer affinity for the Apf1-40 contained
within the dialysis tube in competition dialysis experiment.
(A) complex 1, (B) complex 2. SDS-PAGE analysis of the
effect of complex 2 on tryptic digests of (C) Af12-28 and (D)



lysozyme was used as control. Experimental details were
described in Materials and methods section.

ESI-MS28.29 was also employed to compare the binding
ability of the metal complexes to A. Here we took com-
plex 2 as an example since the chiral discrimination be-
tween the two enantiomers was more obvious. As shown
in Figure S10A, the AB1-40 peptide alone gave two peaks
at 1083 and 1444, corresponding to the 4+ and 3+ ioni-
zation states of the AB1-40 monomer, respectively. How-
ever, after treatment of AB1-40 with complex 2, extra
peaks were observed at 1208 and 1509 in the mass spec-
trum (Figure S10C and Figure S10D), which corres-
ponded to the 1:1 metal complex-Af monomer complex.
These results further supported that the metal complexes
bound with AP peptide in 1:1 binding ratio. Intriguingly,
after treatment of the AP peptide with A2, the metal
complex fragment peaks in the mass spectrum was
weaker than the samples treated with A2, indicating that
AP1-40 bound more tightly with A2 to prevent the metal
complex to be ionized, which would be supported by our
next quantitative fluorescence titration studies.

Table 1 ICso values of complex 1 and complex 2
for inhibition of the fibril formation and destabi-
lization of the preformed fibrils.

Inhibition (uM) Destabilization (uM)
Metal AP1-40 AP25-35 AB1-40 AB25-35
complexes
A1 1.60+0.23 36.38+4.59 1.97+0.46 41.19+£2.94
A1 5.43+0.86 > 50 8.53+0.71 > 50
A2 6.62+0.58 > 50 9.82+1.23 > 50
A2 42.21+6.13 > 50 > 50 > 50

The four metal complexes showed different inhibition
abilities. To gain better understanding of the inhibition
effects of the metal complexes, we compared the binding
affinity of the four metal complexes to Af1-40 by using
fluorescence titrations methods9 4°. The fluorescence
intensity of APi1-40 was quenched as increasing the
amount of metal complexes. The apparent binding con-
stants (Table 2) yielded by a nonlinear least squares fit
which had been corrected for the inner filter effect4t 42
(Figure S11 and Table 2), were in agreement with the ICso
values of the metal complexes against AB1-40 aggrega-
tion (Table 1). Therefore, we concluded that the different
inhibition ability of these given metal complexes de-
pended mainly on the different binding affinity to Ap1-
40. Although complex 1 and complex 2 had a similar
triple-helical structure, the two iron cylinders showed
different AB inhibition activity and binding affinity due
to their different ligands. The more flexibly linked com-
plex 2 had a weaker hydrophobic interaction and m-n
stacking with the peptide.

On the basis of the above results, we further employed
different AP fragments, AB25-35 and AP12-28 to explore
the specific metal complex-binding site on AB. Previous
studies have shown that AB25-35 fragment similar with
AP1-40 can form AP fibrils43-45, However, under our ex-
perimental conditions, both the inhibition and destabili-
zation effects of these metal complexes on AP25-35 exhi-
bited much weaker (Figure S8B, S12 and Table 1). The
two pairs of metal complexes could not inhibit the aggre-
gation completely even at a very high concentration, in-
dicating that these metal complexes bound weakly to
AB25-35. The AB binding sites of these metal complexes
might not locate in the region of AB25-35. These metal
complexes we studied here has two metal ions with 4
positive charges and three non-planar hydrophobic li-
gands, and forms a triple helicate rigid structure (diame-
ter 1.2 nm) compatible with peptide a-helical form of the
AB13-23 region. AB13-23 may be a promising binding
region for them. To confirm our hypothesis, competitive
binding assay using 4,4’-bis(1-anilinonaphthalene 8-
sulfonate) (bis-ANS)4¢ 2t was employed. Bis-ANS is suit-
able to study binding site because it can recognize soluble
a-helical or random coil/mixed AP conformers at acidic
pH. The fluorescence intensity of bis-ANS was strongly
enhanced upon binding to AP1-40. These metal com-
plexes showed competitive binding to AP1-40 with bis-
ANS. Fluorescence quenching data was fit with the Stern-
Volmer equation and yielded the quenching constants of
2.29 x10° M, 1.23 x10° M, 1.29 x10°® M- and 6.11 x105
M- for A1, A1, A2 and A2, respectively (Figure S13A).
These results implied that the binding site for the metal
complexes was close to that of bis-ANS. As for AB12-28,
similar competitive binding results were obtained, and
the quenching constants were 2.46 x10°® M, 1.37 x10°® M~
1, 1.50 x10° M and 7.86 x105 M for A1, A1, A2 and A2,
respectively (Figure S13B). Therefore, these metal com-
plexes may bind to the Af12-28 region, the central hy-
drophobic domain of AB1-40.

Table 2 Binding Constants of different metal
complexes with A1-40.

Metal A1 A1 A2 A2
complex
Binding con- 3.81x10® 9.62x105 1.04%x10° 1.97x105

stants2 (M)

aBinding constant was measured by fluorescence titration
method and yielded by a nonlinear least squares fit which
corrected for the inner filter effect. The values were the av-
erage of two independent measurements. Experimental de-
tails were described in Supporting Information.

To further study the binding site, we carried out diges-
tion experiments with trypsint® 2:, Complex 2 was taken
as an example. We chose AB12-28 as the trypsin sub-
strate; the cleavage site (lysine residues) was just next to
the central hydrophobic region. It was clearly shown that
complex 2 could prevent the digestion of this fragment
(Figure 3C), which indicated that complex 2 did bind to
this hydrophobic region of AB1-40 peptide. Therefore,



our enzyme digestion experiments, inhibition data, circu-
lar dichroism, fluorescence quenching and competitive
binding results indicated that these metallo-
supramolecular complexes bound to the Af central re-
gion covering the a/p-discordant stretch of APB13-23,
which had a similar helical size to the metal complexes.

The above results disclosed a remarkable stereoselec-
tive interaction between AP and chiral metallo-
supramolecular complexes. The benzene rings at the cen-
ter of the metal complex (Figure S1) are stacked together
by face-edge mt interactions which forms strong st surface,
and aryl lined cavities also have the potential to trap
small molecules'24. The aromatic amino acid residues in
the central hydrophobic region of AB1-40, phenylalanine
F19 and F20, can bind to the surface of the central ben-
zene rings of metal complex through hydrophobic inte-
raction and st-it stacking. As for AB1-40, the n-nt stacking
is also one of the most important factors influencing its
physical and chemical behaviors47-48, Due to the a-helical
structure of the main chain and the chirality of L-amino
acids that comprise the peptides, Af1-40 would exhibit
different hydrophobic interaction and -7t stacking with
the A/A enantiomers. In addition, the positive charges of
the two metal centers would not only increase the com-
pounds’ solubility but also enhance their binding ability
to negatively charged AP through electronic interactions.

The binding sites and different binding models be-
tween the chiral metal complexes and AB1-40 were fur-
ther confirmed by NMR spectroscopy49-53. The *H NMR
signals of the aromatic moieties (F19F20)4%-5° of AB1-40
underwent remarkably change upon addition of complex
2, revealing their interactions associated with these units
(Figure 4A and 4D). The metal complexes can specifical-
ly bind to the hydrophobic core fragment of ABi-40,
which was consistent with our above results. In addition,
compared with NMR spectrum of Af1-40 alone, there
were obvious peak shifts in signals from amide protons
of K16 (2.95 ppm), and E22 (2.52 ppm) in the presence
of A2 and A2 (Figure 4B and 4C)52 53. The NMR spec-
trum of the AP1-40 in the presence of A2 (Figure 4, blue)
was different from that treated with A2. A2 caused the
peaks shifted to the lower field while A2 made them
moved to the higher field, suggesting that A2 and A2
bound differently with AB1-40 in the 16-23 sequence.

The L-amino acids usually arrange in a specific orien-
tation on the surface of AB1-40, making the AB1-40 sen-

sitive to a chiral environment.® 7 With a triple-helical
array structure and comparable in size to AB1-40 pep-
tide's, the metal complex would make the peptide mole-
cules stacking on the surface of the metal complex. Con-
sidering the different effects of steric hindrance caused
by the large pyridylimine unit and the helical chirality of
the metallo-supramolecular complex, the L-amino acids
arranged on the surfaces of the AB1-40 peptide would
exhibit different hydrophobic interaction with the A/A
enantiomers, resulting in obvious different peak shifts in
signals from amide protons of K16 and E22 (Figure 4).
Therefore, the enantioselective interactions between
AP1-40 and chiral metallo-supramolecular complexes
were due to the high stereospecific binding between these
metal molecules and the L-amino acid arranged on the
surfaces of the AB1-40 peptide.

To better understand and visualize the interactions of
metal complexes with the monomeric AB1-40 peptide,
the metal complex molecules were docked against the
previously reported NMR structure of monomeric AB1-
40 (PDB 2LFM) in an aqueous environment using Auto-
Dock Vina.2s 54 55 Although multiple structures of Ap
(PDB 2LFM, 1IYT, 1BA4, 1ZE9, etc.)5¢ have been demon-
strated, we employed the structure obtained in an
aqueous environment to carry out our study. In this con-
dition, the AP1-40 peptide contained 3.0 helix in the cen-
tral hydrophobic region (residues 13-23) and collapsed in
the N- and C-termini.54 Furthermore, the helical inter-
mediates in early fibrillogenesis events could convert into
B structures, which was in agreement with our experi-
mental results. The structures of the AP1-40 and metal
complexes used to perform the docking studies were
shown in Figure S14. Figure 4 provided the low-energy
conformations of Af1-40-metal complexes. The complex
1 was positioned in the 13-23 region of the AB1-40 pep-
tide, further supporting that the metal complexes inhi-
bited AP aggregation by blocking the intermolecular inte-
ractions of multiple AB1-40 molecules. Binding free
energy changes were -7.9 and -7.1 kcalmol* for A1 and A1,
respectively (Table S1), which demonstrated enantiose-
lective interactions between AP and chiral metallo-
supramolecular complexes, and A1 bound more tightly to
AP1-40 than A1. The two enantiomers of complex 2
binding to AP were shown in Figure S15, enantioselective
interactions were also observed, A2 bound more tightly
to AP1-40 than A2. All these simulation results were in
agreement with our NMR data, the chiral metal complex
bound to the hydrophobic region from K16 to E22.
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average models of A1 (E and F) and A1 (G and H) with AP interactions. Cartoon (left) and surface (right) representations of
complex 1 interacting with AP in the 13-23 region of the AB1-40 peptide.

It has been proposed that Ap can cause signaling am-
plification that inactivates superoxide dismutase (SOD-2)
and generates additional free radicalss®. Moreover, AD
model mice crossed with SOD-2 heterozygous knock out
mice exhibited increased plaque deposition and tau
phosphorylation in their brains’. Administration SOD
reduces hippocampal superoxide and prevents memory
deficits in a mouse model of ADs8.59. The rational design
and synthesis of low molecular weight catalysts which
mimic the SOD enzyme function possesses promising for
use as a human pharmaceutical in the treatment of AD. It
is known that certain metal-containing model com-
pounds show catalase and/or SOD activity® 61. Reports
have appeared on the SOD-like activity of the iron (Il1)
derivative of porphyriné. Considering these facts, we
speculated that the iron supramolecular complex we
used here may form an active artificial enzyme center
and show SOD activity.

The SOD activities of these metal complexes were
quantified using a modified nitro blue tetrazelium (NBT)
assay system®2 63. The NBT assay was based on the ca-
pacities of these metal complexes to inhibit the reduction
of nitroblue tetrazolium (NBT) by photochemically gen-
erated superoxide anion radical in the presence of ribof-
lavin. As shown in Figure 5A, due to the different chiral
catalytic center, the metal complexes exhibited enantio-
difference to mimic SOD activity. The Are enantiomers
were more effective than the Ar. enantiomers.

Next we investigated the effects of the metal complexes
on ROS production generated by AB1-40 aggregation in
PCi2 cells, which has been suggested as one proposed

mechanism of AD pathogenesis. Our results indicated
that the metal complexes could effectively suppress the
AP1-40-induced ROS production (Figure 5B and 5C). On
the basis of these data, these metal complexes could act
as not only SOD mimics but also free-radical scavengers.

The ability of these metal complexes to inhibit Ap as-
sembly suggested that they might be useful in blocking
AB-mediated cellular toxicity. To address this question,
we used differentiated PC12 cells to perform MTT assay
to probe cellular metabolism?t 3234, Cells, forced to un-
dergo neuronal differentiation, have been demonstrated
to mimic the neurons in the brain and be more sensitive
to neurotoxicity of AP aggregation than normal PCi2
cells34. As shown in Figure 5D and 5E, aged AB1-40 led to
a decrease of 42% in cellular reduction of MTT. Complex
1 or Complex 2 could prevent cell death in a dose-
dependent manner. The complex 1 or complex 2 alone,
under our experimental conditions and concentration
range, had little effect on PC 12 cell viability (Figure S16),
showing their low toxicity against PC12 cells. As expected,
due to their different binding affinity to AB1-40, the Ar.
enantiomers were more effective than the Are enantio-
mers to inhibit AB-induced cytotoxicity, which demon-
strated that the chiral discrimination of these metal
complexes was obvious even in the complex culture me-
dium. However, the complex 1 showed slightly stronger
protection effect than complex 2, indicating that AS-
induced cytotoxicity was complicated when incubated
with AB1-40 and the metal complexes together, although
the complex 1 had a higher binding affinity to AB1-40.
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Figure 5. (A) Percentage inhibition of NBT oxidation by superoxide radicals generated in riboflavin-NBT-light system in vitro
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exposed to 5 uM AP1-40 or 5 uM AP1-40 pretreated with metal complexes at concentrations of 5 uM. After 2 hours cells were
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It has been proposed that one of the neurotoxic me-
chanisms of Af is a direct consequence of the ability of
AP to form calcium channels in the target neurons. Per-
turbation of calcium homeostasis may also contribute to
a self-amplifying cascade of free radical- and Ca2*-
mediated degenerative processes which involved in the
neurodegenerative phenotype of Alzheimer’s disease.64-66
Effective blocking AP formed calcium channel can be
critical for protection of the cells from AP cytotoxicity. To
test the hypothesis that these metal complexes were in-
terfering with AB-dependent intracellular calcium
change, we used the cell-permeant calcium-sensitive dye
Fluo-3 AM to measure intracellular calcium levels in
treated cells. As shown in Figure 5F, calcium accumula-
tion into the AB-treated cells was substantial and statisti-
cally significant in the absence of the metal complexes.
In contrast, in the presence of either complex 1 or com-
plex 2, significant decrease of calcium accumulation was
observed. Therefore, these metal complexes interfered
with Af-induced intracellular calcium change. Impor-
tantly, the enantioselectivity of these metal complexes
was also obvious. The A enantiomers could block the AB
calcium channel more effectively than the Ar. enantio-
mers.

As suitable candidates for AD treatment, these metal
complexes should cross the blood-brain barrier (BBB).
To determine whether complex 1 and complex 2 could
passively accumulate in the brain of living animals, we

used ICP-MS to measure the amount of Fe in the mice
brain after intraperitoneal injection for 4 hours. A signif-
icant level of Fe was found in the cerebrospinal fluid
(CSF) of the mouse that treated with metal complexes
compared to the control mouse. The efficiencies of Fe
accumulation in the brain were 1.5% and 0.7% for com-
plex 1 and complex 2 respectively, indicating these metal
complexes possessed the ability to cross BBB. These re-
sults further supported that these metal complexes can
act as promising therapeutic agents for AD treatment.
Furthermore, compared with complex 1, complex 2
showed weaker ability to cross the BBB which could be
due to the larger size.

It was worth noting that these metal complexes with
three-dimensional (3D) structures were comparable in
size to AP1-40 peptide. Strong attraction between the
peptide molecules and metal complexes would result in
their stacking on the edges of the metal complexes and
concomitant scrambling of the 3D lock-and-key match
between the neighbouring peptide molecules®?, which
would further inhibit the self-assembly of Af1-40 and
affect the physiological functions of the AP species. Al-
though several compounds that affect AR polymerization
have been identified via different approaches?°, these
compounds show the inhibition effects only in their ra-
cemic form and lack stereospecific binding interactions
with AP, owing to their smaller size or nonspecific bind-
ing manner. The present investigation suggests that tar-
geting the central a-helix of monomeric AP peptide by



the large synthetic multiple cationic arrays with a similar
size of a-helix peptide can offer an effective approach to
demonstrate the specific effect of chirality of the AB inhi-
bitors on the inhibition of AP self-assembly. Polyvalency
is a powerful means for designing ligands that bind more
strongly to targets6s: 69, Attachment of the metal com-
plexes, in a stable way and active structural conformation,
on the surface of biocompatible/biodegradable and
stealth nanoparticles may increase the binding affinity of
metal complexes for AP peptides and amplify the role of
chirality in the interaction between metal complexes for
AP peptides, due to the multivalency.

CONCLUSIONS

In summary, two triple-helical dinuclear metallo-
supramolecular complexes have been identified as a nov-
el class of chiral amyloid-f inhibitors. Through targeting
a/B-discordant stretches at the early steps of aggregation,
these chiral metal complexes can enantioselectively inhi-
bit AP aggregation, which are demonstrated using fluo-
rescent cell-based screening and multiple biophysical
and biochemical approaches. To the best of our know-
ledge, there is no report to show that one of the enantio-
mers can selectively inhibit AP aggregation. It is well
known that chiral discrimination between enantiomers is
extremely important, as stereopure drugs can often re-
duce the total dose of drug given and minimize any toxic-
ity resulting from the inactive enantiomer. Therefore,
chiral discrimination between enantiomers is a critical
factor to be considered in AD treatment. Our work may
open a new avenue for design and screening of chiral
supramolecular complexes as AP inhibitors against AD.
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