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Aggregation of 42-residue amyloid p-protein (AB42) plays a pivotal role in the etiology of Alzheimer's dis-
ease (AD). Curcumin, the yellow pigment in the rhizome of turmeric, attracts considerable attention as a
food component potentially preventing the pathogenesis of AD. This is because curcumin not only inhib-
its the aggregation of AB42 but also binds to its aggregates (fibrils), resulting in disaggregation. However,
the mechanism of interaction between curcumin and the Ap42 fibrils remains unclear. In this study, we
analyzed the binding mode of curcumin to the AB42 fibrils by solid-state NMR using dipolar-assisted

Key W"Tds‘ . rotational resonance (DARR). To improve the quality of 2D spectra, 2D DARR data were processed with
Amyloid p-protein . . .

Curcumin the covariance NMR method, which enabled us to detect weak cross peaks between carbons of curcumin
Solid-state NMR and those of the Ap42 fibrils. The observed '*C-'3C cross peaks indicated that curcumin interacts with the
Covariance 12th and 17-21st residues included in the B-sheet structure in the AB42 fibrils. Interestingly, aromatic
B-Sheet carbons adjacent to the methoxy and/or hydroxy groups of curcumin showed clear cross peaks with

the AB42 fibrils. This suggested that these functional groups of curcumin play an important role in its

interaction with the AB42 fibrils.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer's disease (AD) is generally characterized by the for-
mation of senile plaques in the brain cortex.! The major compo-
nents of the senile plaques are aggregates of 40- and 42-residue
amyloid B-protein (AB40 and Ap42, respectively)?? derived from
proteolytic cleavage of amyloid precursor protein (APP)* by
B- and y-secretases.” Aggregation of AB causes neuronal death,
which is associated with oxidative stress, mitochondrial dysfunc-
tion, disruption of membrane integrity, abnormal calcium homeo-
stasis, and induction of the apoptotic pathways.®” Ap42 is believed
to play a crucial role in the pathogenesis of AD because it is pre-
dominant in the senile plaques of AD patients® and significantly
aggregative and neurotoxic.>1°

The structure of the AP aggregates (fibrils) has been studied
extensively to reveal the aggregation mechanism and develop
new agents that inhibit aggregation. So far, it has been shown that
the AB fibrils are 7-12 nm in diameter and composed of several
protofilaments, which are 3-6 nm in diameter.'’~'®> The Ap fibrils
have a cross-f structure, in which B-strands lie perpendicular to
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the fiber axis and form intermolecular parallel B-sheets in both
AB40 and Ap42.'2"1> Numerous studies proposed models of ter-
tiary structures of the Ap fibrils by systematic replacement with
proline,'® solution NMR in combination with hydrogen/deuterium
exchange,!”~2° and solid-state NMR.?!?? We also proposed a struc-
tural model of the Ap42 fibrils related to their neurotoxicity by
systematic proline replacement and solid-state NMR.2>-27 The
N-terminus is believed to be unstructured in both Ap40 and
ApB42 fibrils. All the structural models of AB42 adopt B-sheets in
the C-terminus as opposed to most models of AB40. In the central
region, the intermolecular parallel pB-sheets exist separated by a
turn or bend structure, whose position slightly differs among the
models. The neurotoxicity of AB could be reportedly ascribed to
soluble AB aggregates (oligomers)?2° whose structure has be-
come a subject of recent research.?%3!

Small molecules that specifically and efficiently inhibit the Ap
aggregation could be therapeutic agents for AD. Congo red®? and
B-sheet breaker peptide>> are well-known inhibitors of Ap aggrega-
tion; however, these artificial compounds require further efforts
for evaluating their safety and modifying their structures to render
them suitable for human therapeutics. Recent studies have shown
that polyphenolic compounds from food products, such as green
tea and red wine, have potent anti-aggregating activity.34->’
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Among these polyphenols, curcumin (diferuloylmethane), the yel-
low pigment in the rhizome of turmeric (Curcuma longa), attracts
considerable attention as a food component preventing the patho-
genesis of AD.3® Although the difference of life expectancies should
be considered, epidemiological studies reported that India, where
curcumin consumption is widespread, has a lower incidence of
AD than the United States.3® In vitro studies have shown that cur-
cumin not only inhibits the Ap aggregation but also disaggregates
the Ap fibrils.*%#! In vivo studies using AD transgenic mice have
shown that chronic dietary curcumin lowered A deposition in
the brain,*? and intravenously injected curcumin crossed the
blood-brain barrier and bound to the amyloid plaques.*!** Inter-
estingly, systemic treatment of mice with curcumin reduced new
amyloid accumulation as well as previously deposited amyloid pla-
ques.*? This can be attributed to the potency of curcumin to disag-
gregate the Ap fibrils and inhibit AB aggregation as previously
described in vitro.?®%! Because curcumin shows a wide range of
properties, such as anti-inflammation, anti-oxidation, metal chela-
tion, and maintenance of protein homeostasis,>84244-48 the possi-
bility that some other actions contribute to the clearance of
amyloid deposits in vivo cannot be neglected. In any case, the bind-
ing of curcumin to the amyloid deposits could be closely related to
their reduction.

Elucidating the interaction sites of curcumin and the Ap42 fi-
brils and important structural features of curcumin contributing
to its potency as an inhibitor is essential for understanding the
mechanism of interaction and developing new medicinal leads.
However, no substantial experimental data directly showing the
binding mode of curcumin to the AB42 fibrils has been recorded
except for some structure-activity studies.***° Solid-state NMR is
an effective tool to analyze the interaction between solid (amyloid
fibrils) and solute (curcumin dissolved in water). In this study, we
analyzed the binding mode of curcumin to the Ap42 fibrils by so-
lid-state NMR. The application of covariance processing®®~>> to im-
prove the 2D spectra quality is also discussed.

2. Results and discussion
2.1. Syntheses of Ap42 and curcumin selectively labeled with 13C

To analyze the intermolecular dipole-dipole interactions be-
tween the AB42 fibrils and curcumin by solid-state NMR, we selec-
tively labeled the Ap42 peptide and curcumin with 3C. As
mentioned in Section 1, AB forms intermolecular B-sheets to aggre-
gate.'>"!> Most of the aggregation inhibitors, including curcumin,
possess planar structures,®>34-37 which could be easily intercalated
between B-sheets. Moreover, curcumin does not bind to the AB
monomers, but to the protofibrils and the fibrils, both of which
are rich in p-sheets.*! On the basis of these data, we expected cur-
cumin to interact with the pB-sheet region of Ap42. Although vari-
ous different structural models of the Ap42 fibrils have been
proposed,'®27 it is widely accepted that the amino acid residues
at positions 17-21 form intermolecular parallel B-sheets and those
at the N-terminus form a random coil structure. In addition, F19
and F20 in the Ap42 fibrils could form intermolecular -7 stacking
interactions, which can be inhibited by the aromatic rings of curcu-
min.>#>* Therefore, we synthesized Ap42 labeled at positions 17-
21 with '3C (Fig. 1A), along with Ap42 labeled at the N-terminus
with 13C for comparison (Fig. 1B). Nitrogen atoms were labeled
with >N to avoid the influence of N quadrupole interaction on
13,3536 To avoid signal overlap, only aromatic carbons were la-
beled in curcumin (Fig. 1C) and only non-aromatic carbons were la-
beled in Ap42 (Fig. 1A and B).

The '3C-labeled peptides and curcumin were chemically syn-
thesized. In short, the AB42 peptides can be synthesized in high

A. AB42 labeled at positions 17—21:

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
1 17 21 42

B. AB42 labeled at the N-terminus:

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
2 4 9 12

C. Curcumin labeled at the aromatic carbons:

% : labeled with 13C

Figure 1. Selective labeling of AB42 and curcumin with 3C and '°N. Labeling
scheme in the AB42 sequence: red letter, uniformly labeled with 'C and '°N; blue
letter, only Cy is labeled with '3C. Curcumin was labeled at its aromatic carbons
with 13C.

yields using HATU? as an effective coupling activator for fluore-
nylmethoxycarbonyl (Fmoc) chemistry as previously reported.’®
Because Ap42 easily aggregates under acidic and neutral condi-
tions, purification by HPLC was performed under alkaline condi-
tions.>® Curcumin labeled at the aromatic carbons was
synthesized from acetylacetone and '3C-labeled vanillin using the
method developed by Pabon (Scheme 51).5°

2.2. Preparation of 13C-labeled Ap42 fibrils mixed with '3C-
labeled curcumin

Because this study focuses on the binding mode of curcumin to
the Ap42 fibrils, >C-labeled curcumin was added after fibrillation
of '3C-labeled AB42 (Fig. S1). Incubation of '3C-labeled Ap42
(10 uM) in phosphate buffered saline (PBS) at 37 °C for 48 h gave
white fibrils. To the fibril suspension, a five-fold excess of '*C-la-
beled curcumin (50 pM) was added. Relatively higher concentra-
tion of curcumin was employed to accurately detect
intermolecular interactions. Because the AB42 fibrils were stained
orange immediately after adding curcumin, the mixture was incu-
bated for only 1 h. After centrifugation, the orange-colored fibrils
stained with curcumin were washed with distilled water, dried
in vacuo, and used for solid-state NMR experiments.

The morphology of the AB42 fibrils stained with curcumin was
examined by transmission electron microscopy (TEM) (Fig. S2). The
morphology of the AB42 fibrils with curcumin was similar to that
without curcumin. Because the co-incubation time with curcumin
was only 1 h, the fibril structures could not have changed signifi-
cantly before and after the addition of curcumin. Ono et al. previ-
ously suggested that curcumin rapidly destabilizes the A fibrils
because adding curcumin to the AB fibrils showed significant de-
crease in the fluorescent intensity within one hour in their thiofla-
vin T (ThT) assay.*® However, Hudson et al. recently reported that
curcumin significantly biases the ThT fluorescence because of di-
rect interaction of curcumin with ThT and/or competitive binding
of curcumin with ThT to the fibrils.%! For this reason, one cannot
convincingly ascribe the decrease in the ThT fluorescence by curcu-
min to destabilization of the AB42 fibrils. On the other hand, other
TEM studies observed destabilization of amyloid fibrils 3-7 day
after adding curcumin to the amyloid fibrils.#*"®> Moreover, Yang
et al. demonstrated dissolution of the AB42 fibrils after 3-day co-
incubation with curcumin using sandwich ELISA.*! Altogether,
destabilization of amyloid fibrils by curcumin is likely to occur
after long-time co-incubation.
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2.3. Solid-state NMR experiments

2.3.1. 3C 1D spectra

Figure 2 shows '3C 1D spectra of the '3C-labeled Ap42 fibrils
mixed with 'C-labeled curcumin. Signals around 100-150 ppm
indicate binding of '3C-labeled curcumin to the Ap42 fibrils. Cross
polarization (CP) efficiency did not significantly affect the signal
intensity ratio of curcumin to the Ap42 fibrils among the con-
tact-time of 0.5-2 ms. Since we used ramped-amplitude cross
polarization (RAMP-CP),%? the CP efficiency could not be very dif-
ferent among carbons with different numbers of attached protons.
Therefore, we estimated the ratio of bound curcumin to A peptide,
measured from the signal intensity, to be ca. 1:4, assuming that the
CP efficiency is almost same for all carbons. This implies that one
curcumin molecule interacts with more than one AB molecule.
Considering the previous report that curcumin does not bind to
monomeric AB, but to the protofibrils and the fibrils,*! the curcu-
min molecules are expected to exist across or between the AR mol-
ecules in the fibrils.

2.3.2. Application of covariance processing to 2D NMR data

For structural analysis, we used dipolar-assisted rotational res-
onance (DARR,%4% also known as RAD®®), which realizes 2D dis-
tance-related solid-state NMR spectroscopy. In the 2D Fourier
transform (FT) DARR spectra (Fig. S3), it was difficult to analyze
weak intermolecular cross peaks buried in noise, which was
mainly comprised of t; noise. To obtain a better representation of
the 2D spectrum, we applied covariance data processing.’®~>>
Covariance matrix C is obtained from C=(F'-F)!/?, where F is the
2D NMR data processed by FT along the t, dimension only, F" is
its transpose, and superscript 1/2 designates the square root of
the entire matrix. On the processed spectrum, the covariance val-
ues are shown as the intensity of cross peaks between 'C spins
causing magnetization transfer. Covariance processing of the 2D
NMR data has proven to be useful for improving the signal to noise
ratio (SNR), reduction of measurement time, and symmetrization
of a 2D spectrum.>®>!>3 Covariance processing is reportedly bene-
ficial for the 3C-13C correlation spectra of solid biomolecules such
as microcrystalline proteins and amyloid fibrils.67:8

The spectra shown in Figure 3 were obtained by covariance-
processing of the 2D DARR data (2D FID data is the same as those
in Fig. S3). Intramolecular cross peaks in the covariance-processed
spectra (Fig. 3) were observed at the same positions as those in
the FT spectra (Fig. S3) with a better SNR. Moreover, intermolec-
ular cross peaks appeared between the Ap42 fibrils and curcumin
(blue squares in Fig. 3C and D). Tekely and Briischweiler recently

1300 of Aliphatic 3C of AB42

AB42
FH

Aromatic 13C
of curcumin

reported that the improvement of SNR by covariance processing
enabled them to detect some weak cross peaks that were not ob-
served in the 2D FT spectra.®’” They also reported that covariance
processing is not susceptible to artifacts under their experimental
conditions when the number of t; points is sufficiently large
(more than 128 points in their experiments).%” To confirm that
the intermolecular cross peaks observed in our experiments (blue
squares in Fig. 3C and D) are not artifacts, we evaluated the mix-
ing time dependence of the cross peaks. In the covariance-pro-
cessed spectra at a mixing time of 50 ms ( Fig. 3A and B), the
intermolecular cross peaks were significantly weak for detection.
One-dimensional cross section spectra at the '3C chemical shift of
positions 7 (7’) and 8 (8’) of curcumin (148.6 ppm, red line in
Fig. 3) demonstrates that the cross peaks apparently got larger
in proportion to the mixing time (Fig. 4). Our simulation study
using two spin systems also confirmed the correlation between
the mixing time and the cross-peak intensity in the covariance-
processed spectra (Figs. S8-S10). These data strongly support
the fact that the observed intermolecular cross peaks (blue
squares inFig. 3C and D) arise from the '>C-'3C dipolar interaction
reintroduced by DARR during the mixing time. In 2D DARR spec-
tra at the mixing time of 50 ms, the cross-peaks of carbon atoms
indicate that their distance is 1.5-3.0 A. On the other hand, when
the mixing time is 500 ms, cross-peaks between carbons 5-6 A
apart are also observed. Thus, the observed intermolecular cross
peak between carbons of curcumin and the AB42 fibrils suggest
that their distance is 4-6 A.

2.3.3. Investigation of interaction sites between curcumin and
Ap42 fibrils

In the covariance-processed 2D DARR spectrum at a mixing
time of 500 ms (Figs. 4C and 5A), we observed several cross peaks
between the carbons of curcumin and the residues at positions 17-
21 of the Ap42 fibrils. This suggests that curcumin interacts with
theses residues which are included in the central B-sheet region
of the Ap42 fibrils. Curcumin had cross peaks with the methyl,
methylene, methine, and carbonyl carbons of all the residues. This
indicates that the binding of curcumin is not specific to a particular
residue in the B-sheet region of the Ap42 fibrils. Cole’s group also
suggested that the binding of curcumin to Ap does not depend
on the primary sequence but on the fibril-related conformation
such as B-sheet because curcumin binds to the protofibrils and
the fibrils made of short AR fragments, such as ABi_s, AB12-2s,
and ABys_35.4! This speculation is supported by the finding that
curcumin is able to interact with other B-sheet-rich amyloid pro-
teins such as o-synuclein and prion protein.5%7°

Aliphatic 3C of Ap42

B

Aromatic 3C
of curcumin

LA DL L L I L L L L L |
180 160 140 120 100 80 60 40 20 O
13C chemical shift (ppm)

T T T LI T T T LI LI T T T T
180 160 140 120 100 80 60 40 20 O
13C chemical shift (ppm)

Figure 2. 1D '3C CP/MAS spectra of Ap42 fibrils labeled at positions 17-21 mixed with curcumin labeled at the aromatic carbons (A) and Ap42 fibrils labeled at the N-

terminus mixed with curcumin labeled at the aromatic carbons (B).
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Figure 3. 2D covariance-processed DARR spectra at mixing times of 50 ms (A and B) and 500 ms (C and D). The samples are Ap42 fibrils labeled at positions 17-21 mixed
with curcumin labeled at the aromatic carbons (A and C), and AB42 fibrils labeled at the N-terminus mixed with curcumin labeled at the aromatic carbons (B and D). The
number of acquisitions was 320 scans (A and B) and 400 scans (C and D) per increment. 1D cross-section spectra at the red lines are shown in Figure 4. Enlarged displays of

the regions framed by the blue lines are shown in Figure 5.

On the other hand, in the covariance-processed 2D DARR spec-
trum of the N-terminus (Figs. 4D and 5B), only V12 of the Ap42 fi-
brils appears to have a cross peak with curcumin. Although many
researchers reported that the residues at positions 1-9 of the
AB42 fibrils are unstructured, it is controversial whether the resi-
dues around positions 10-15 form a p-sheet.’®~23 These discrepan-
cies might be due to differences in analytical methods or sample
preparation conditions. To estimate the secondary structure at
V12 of the Ap42 fibrils in the present study, we evaluated the devi-
ations of the '3C chemical shifts relative to those of their corre-
sponding random coil (A6 =Jopserved — Orandom coil)- Wishart
et al.”!""? reported that the AS values of carbonyl carbons and
13C,, are positive in o-helices and negative in B-sheets and those
of 13C, are negative in o-helices and positive in B-sheets. In our
study (Table S1), the As values of 3C=0 (—1.6) and '3C,, (-2.2)
at V12 were negative and that of '*Cy at V12 (+1.9) was positive;
this suggests that V12 could form a B-sheet. Moreover, the line
widths of 13C in V12 were narrower than those of A2, F4, and G9
(Fig. 2B). The line widths and chemical shifts of 13C in V12 without
curcumin are almost the same as those with curcumin (Fig. 2,
Fig. S4, and Table S1). Thus, curcumin would interact with V12 in
the B-sheet conformation. On the other hand, the cross peaks of
curcumin with A2, F4, and G9 of the Ap42 fibrils are considerably
weaker (Figs. 4D and 5B). The weaker cross peaks between curcu-
min and the N-terminus of the AB42 fibrils can be attributed to

their weak interaction and/or the weak signal intensity of the car-
bons in the N-terminus, which results from broader line width and
less efficient cross polarization for carbons in a random coil.

To investigate the effect of curcumin on the secondary structure
of the AB42 fibrils, the '3C-labeled Ap42 fibrils without curcumin
were prepared and analyzed by the 2D DARR experiments
(Fig. S4). The assigned 'C chemical shifts of the Ap42 fibrils with
and without curcumin are shown in Tables S1 and S2. Most of
the chemical shift differences between the AB42 fibrils with and
without curcumin were less than 0.2 ppm, indicating that the sec-
ondary structure of the Ap42 fibrils did not significantly change
after 1-h incubation with curcumin. This agrees with our TEM re-
sults showing that curcumin did not significantly change the fibril
morphology within one hour (Fig. S2).

Note that the aromatic carbon atoms 7 (7’) and/or 8 (8’) of cur-
cumin at 148.6 ppm had many clear cross peaks with the Ap42 fi-
brils (Fig. 5). This indicates that methoxy and/or hydroxy groups
adjacent to these aromatic carbons could be important for the
interaction between curcumin and the Ap42 fibrils. This agrees
with the results of previous structure-activity studies suggesting
that methylation of the phenolic hydroxy group in curcumin re-
duces its binding activity to the Ap42 fibils.*® The 3’ and 4’ hydroxy
groups of the B ring in flavonoids are reportedly crucial for their
anti-aggregating activity.”> Therefore, the adjacent functional
groups of the aromatic rings in polyphenols might be closely
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Figure 4. 1D cross-section spectra at '>C chemical shift for positions 7(7') and 8 (8') of curcumin (5 148.6 ppm, the red lines in Figure 3) of covariance-processed 2D DARR
spectra. The samples are AB42 fibrils labeled at positions 17-21 mixed with curcumin labeled at the aromatic carbons for (A) and (C), and Ap42 fibrils labeled at the N-
terminus mixed with curcumin labeled at the aromatic carbons for (B) and (D). The mixing times were 50 ms for (A) and (B), and 500 ms for (C) and (D). The asterisked signal

indicates the spinning side band of C7(7’) and C8 (8’) of curcumin.
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Figure 5. Enlarged displays of intermolecular cross peaks (the region framed by the blue line in Fig. 3C and D) in 2D covariance-processed DARR spectra at a mixing time of
500 ms. The samples are AB42 fibrils labeled at positions 17-21 mixed with curcumin labeled at the aromatic carbons (A), and Ap42 fibrils labeled at the N-terminus mixed
with curcumin labeled at the aromatic carbons (B). The asterisked cross peak might be due to intramolecular dipolar coupling between '*Cy and naturally abundant aromatic

13C in F19 and/or F20 of the Ap42 fibrils.

related to the hydrophilic interactions with the Ap42 fibrils. Since
the aromatic carbon atom 5(5’) at 127.9 ppm also possesses some
clear cross peaks compared with carbons 9 (9’) and/or 10 (10’)
(116.1 ppm) and carbon 6 (6’) (109.1 ppm), this position might
be also close to the Ap42 fibrils, supporting the importance of
the linker region between the aromatic rings of curcumin as previ-
ously reported.*®

3. Conclusion

In this study, we analyzed the interaction sites of curcumin and
the AB42 fibrils by solid-state NMR. Because the amount of bound

curcumin was very small, it was difficult to analyze intermolecular
dipole-dipole interactions between curcumin and the Ap42 fibrils.
However, we succeeded in detecting weak cross peaks between
curcumin and the AB42 fibrils by using the covariance NMR meth-
od. The observed '>C-13C cross peaks suggested the binding of cur-
cumin to 12th and 17-21st residues included in the B-sheet
structure in the AB42 fibrils. Because the C-terminus of the Ap42
fibrils also forms B-sheets, we expect that curcumin would also
interact with the C-terminus. In fact, Sato and coworkers indicated
that amyloid inhibitors could possibly interact with GxxxG motifs
in the C-terminus of the Ap fibrils.”* The binding of curcumin to
amyloid fibrils seems not to be site-specific like that of a ligand
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to its receptor. We suppose curcumin would recognize repetitive
structures of peptides and proteins which form intermolecular B-
sheet. Since this ‘semi-specific’ binding of curcumin to amyloid fi-
brils is closely related to their clearance in vitro and in vivo, it is
essential for analyzing binding mode of curcumin to the Ap42 fi-
brils. We also suggested that the methoxy and/or hydroxy groups
of curcumin play a significant role in its interaction with the
Ap42 fibrils. This information would be important for screening
and development of aggregation inhibitors.

4. Material and methods
4.1. General

Following spectroscopic and analytical instruments were used:
electron ionization mass spectrometry (EI-MS) and fast atom bom-
bardment mass spectrometry (FAB-MS), JEOL JMS-600H (JEOL, Aki-
shima, Japan); peptide synthesizer, Pioneer™ peptide synthesizer
(Applied Biosystems, Foster City, CA); HPLC, Waters 600E multisol-
vent delivery system with a 2487 UV dual A absorbance detector
(Waters, Milford, MA); matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS), 4700 Proteo-
mics Analyzer (Applied Biosystems); TEM, H-7650 (Hitachi High-
Technologies, Ibaraki, Japan); solid-state NMR spectrometer, JEOL
ECA-600 spectrometer and a custom-fabricated probe with a Che-
magnetics 3.2 mm spinning system. HPLC was carried out on a
Develosil packed column ODS-UG-5 (20 mm inner diame-
ter x 150 mm) (Nomura Chemicals, Seto, Japan). Wakogel™ C-
200 (silica gel, Wako Pure Chemical Industries, Osaka, Japan) was
used for column chromatography.

HATU,>” N-o.-Fmoc amino acids, Fmoc-Ala-polyethylene glycol-
polystyrene support (PEG-PS) resin, and N,N-diisopropylethyl-
amine (DIPEA) were purchased from Applied Biosystems. N,N-
Dimethylformamide (DMF), trifluoroacetic acid (TFA), 1,2-ethane-
dithiol, thioanisole, m-cresol, and diethyl ether (peroxide free)
were purchased from Nacalai tesque (Kyoto, Japan). Piperidine
was obtained from Sigma (St. Louis, MO). N-Fmoc-glycine
(*3C,,’°N) was purchased from Cambridge Isotope Laboratories
(Andover, MD, USA). L-Alanine ('3Cs,'°N), L-phenylalanine (3-'3C),
1-leucine (13Cg,'°N), L-valine ('3Cs,'°N), and 4-hydroxy-3-methoxy-
benz-13Cg-aldehyde (vanillin-'3Cg-ring) were purchased from Tai-
yo Nippon Sanso Corporation (Tokyo, Japan).

4.2. Preparation of protected amino acids labeled with *C and
15
N

Fmoc derivatives of L-alanine ('3Cs,'°N), 1-leucine (3Cg, °N), L-
phenylalanine (3-'3C), and 1-valine ('3Cs,'>N) were synthesized as
previously reported.”® The crude compounds were purified by col-
umn chromatography on Wakogel™ C-200 using hexane and
increasing amounts of EtOAc containing 0.1% acetic acid, followed
by recrystallization from hexane-EtOAc. The yields were 93-98%.
Each structure was confirmed by '"H NMR, '3C NMR, and FAB-MS
(matrix: glycerol) measurements.

4.3. Synthesis of Ap derivatives labeled with 3C and '°N

The AB42 peptides labeled with stable isotopes (Fig. 1A and B)
were synthesized in a stepwise manner on 0.1 mmol of preloaded
Fmoc-Ala-PEG-PS resin by Pioneer™ using the Fmoc method as
previously reported.”® The coupling reaction was carried out
using Fmoc amino acids (0.4 mmol), HATU (0.4 mmol), and DIPEA
(0.8 mmol) in DMF for 30 min. After each coupling reaction, the
N-terminal Fmoc group was removed with 20% piperidine in
DMF.

After completing the chain elongation, each peptide resin was
washed with DMF and dichloromethane and treated with a mix-
ture containing TFA (16 mL), m-cresol (0.4 mL), thioanisole
(2.4 mL), and ethanedithiol (1.2 mL) for final deprotection and
cleavage from the resin. After shaking at room temperature for
2 h, the crude peptide was precipitated by diethyl ether and puri-
fied by RP-HPLC using the Develosil packed column (20 mm inner
diameter x 150 mm) with elution at 8.0 mL/min by an 80 min lin-
ear gradient of 10-50% CH3CN including 0.1% NH4OH as previously
reported.>® Lyophilization gave the corresponding pure Ap peptide,
whose purity was confirmed by HPLC (>98%). Each purified peptide
gave satisfactory mass spectral data on MALDI-TOF-MS (Fig. S5).

4.4. Synthesis of curcumin labeled at the aromatic carbons

The synthesis of '>C-labeled curcumin (Fig. 1C) was based on
the method developed by Pabon (Scheme S1).°° Acetylacetone
(0.03mL, 0.300mmol) and boric acid anhydride (14.4 mg,
0.207 mmol) were stirred for 0.5 h and formed a thick paste to
which 0.13 mL of dry EtOAc was added. This mixture was then
added to a solution of vanillin-'3>Cg-ring (95.9 mg, 0.607 mmol)
and 0.33 mL (281 mg) of tributylborate in 0.2 mL of dry EtOAc.
After 10 min of stirring, n-butylamine (0.006 mL, 0.066 mmol)
was added dropwise over a period of 10 min. The mixture was stir-
ring for 4 h, followed by the addition of 0.5 mL of 0.6 N aqueous
HCI at 60 °C and stirring was continued for 1 h to hydrolyze the
reaction product. The organic layer was separated, and the aqueous
layer was extracted three times with EtOAc. The combined EtOAc
layer was washed with brine, dried over Na,SO,4, and concentrated.
The residue was purified by column chromatography on Wako-
gel™ (C-200 using hexane and increasing amounts of EtOAc.
Recrystallization from hexane-EtOAc gave the final product as or-
ange needles with 45% yield. The structure was confirmed by 'H
and >C NMR (Figs. S6 and S7), and EI-MS measurements.

4.5. Preparation of aggregates (fibrils) of Ap42 derivatives
labeled with '3C and >N mixed with curcumin labeled at the
aromatic carbons

Each AB42 derivative was dissolved in 0.1% NH,OH at 100 uM.
After 10-fold dilution in 50 mM sodium phosphate containing
100 mM NaCl at pH 7.1, the resultant peptide solution (10 puM,
pH 7.4) was incubated under quiescent conditions at 37 °C for
48 h. To the suspension, >C-labeled curcumin dissolved in EtOH
was added. The final concentration of curcumin was 50 M and
that of EtOH was 2% (v/v). For comparison, the AB42 fibrils without
curcumin (only EtOH was added so that the final concentration
was 2%) were also prepared. The mixture was incubated for 1h
with gentle shaking every 10 min. After centrifugation at 17,712g
and 4 °C followed by washing with distilled water, the resultant
aggregates (fibrils) were dried in vacuo and used for solid-state
NMR experiments. The weights of the samples used for the exper-
iments were as follows: the Ap42 fibrils labeled at positions 17-21
mixed with curcumin labeled at the aromatic carbons, 8.6 mg; the
Ap42 fibrils labeled at the N-terminus mixed with curcumin la-
beled at the aromatic carbons, 7.9 mg; the Ap42 fibrils labeled at
positions 17-21 without curcumin, 1.9 mg; the Ap42 fibrils labeled
at the N-terminus without curcumin, 1.6 mg.

4.6. TEM images of negatively stained preparations of Ap42
fibrils and those mixed with curcumin

Fibrillation of AB42 was detected by a transmission electron
microscope (Fig. S2). The incubation conditions were the same as
those for preparing the samples for solid-state NMR. Each AB42
peptide was dissolved in 0.1% NH4OH at 100 uM. After a 10-fold
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dilution with 50 mM sodium phosphate containing 100 mM NaCl
at pH 7.1, the resultant peptide solution (10 uM, pH 7.4) was incu-
bated at 37 °C for 48 h. To the suspension, a solution of curcumin in
EtOH or EtOH alone was added so that the final concentration of
curcumin was 50 M and that of EtOH was 2% (v/v). The mixture
was incubated for 1 h with gentle shaking every 10 min. After cen-
trifugation, the supernatant was removed from the pellets, and the
aggregates were suspended in distilled water by gentle vortex mix-
ing. The suspensions were applied to a 200-mesh Formvar-coated
copper grid (Nissin EM, Tokyo, Japan) and dried in air before being
negatively stained for a few seconds with 2% uranyl acetate. The
aggregates were examined with the HITACHI H-7650 transmission
electron microscope.

4.7. Solid-state NMR experiments

All solid-state NMR experiments in this study were performed at
14 T (600 MHz for 'H) using a JEOL ECA-600 spectrometer and a
custom-fabricated probe with a Chemagnetics 3.2 mm spinning
system. The 3C chemical shifts were calibrated in ppm relative to
TMS by considering the '>C chemical shift for methine >C of solid
adamantane (29.5 ppm) as an external reference standard. All the
experiments were carried out at a magic angle spinning (MAS) fre-
quency of 21 kHz at room temperature. Increase in temperature
due to sample spinning was estimated to be ca. 20°. We did not ob-
serve any change in chemical shifts and line widths of signals dur-
ing our experiments, which proves a good thermal stability of our
samples. For the broadband 3C-'3C correlation 2D experiment,
DARR®46> was used. Pulse sequence parameters of all NMR experi-
ments were as follows: two pulse phase-modulated (TPPM) 'H
decoupling power = 80 kHz, RAMP-CP contact time = 1.7 ms, pulse
delay = 2 s, t; increment = 23.7 ps, t; points of 2D = 144, and mixing
time (7,) =50 ms or 500 ms. A window function ‘HAMMING’ was
used in all the 2D FT spectra to minimize t; noises.

4.8. Covariance processing of 2D DARR data

The 2D DARR data was zero-filled from 256 to 1024 points and
processed by FT along the t, dimension. After phase correction, the
resulting data matrix was used for covariance processing as previ-
ously reported.’®->3> We developed the calculation program. The
covariance processing step was accelerated by singular value
decomposition.>?
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