Accepted Manuscript =

Rationally designed divalent caffeic amides inhibit amyloid-p fibrillization, induce fibril
dissociation, and ameliorate cytotoxicity A

Ling-Hsien Tu, Ning-Hsuan Tseng, Ya-Ru Tsai, Tien-Wei Lin, Yi-Wei Lo, Jien-Lin /,

Charng, Hua-Ting Hsu, Yu-Sheng Chen, Rong-Jie Chen, Ying-Ta Wu, Yi-Tsu Chan,
Chang-Shi Chen, Jim-Min Fang, Yun-Ru Chen

PII: S0223-5234(18)30755-4
DOI: 10.1016/j.ejmech.2018.08.084
Reference: EJMECH 10695

To appearin:  European Journal of Medicinal Chemistry

Received Date: 31 December 2017
Revised Date: 28 August 2018
Accepted Date: 28 August 2018

Please cite this article as: L.-H. Tu, N.-H. Tseng, Y.-R. Tsai, T.-W. Lin, Y.-W. Lo, J.-L. Charng, H.-T.
Hsu, Y.-S. Chen, R.-J. Chen, Y.-T. Wu, Y.-T. Chan, C.-S. Chen, J.-M. Fang, Y.-R. Chen, Rationally
designed divalent caffeic amides inhibit amyloid-f fibrillization, induce fibril dissociation, and ameliorate
cytotoxicity, European Journal of Medicinal Chemistry (2018), doi: 10.1016/j.ejmech.2018.08.084.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.ejmech.2018.08.084

Rationally Designed Divalent Caffeic Amides InhibitAmyloid-g Fibrillization, Induce

Fibril Dissociation, and Ameliorate Cytotoxicity

Ling-Hsien Td" ™* Ning-Hsuan Tserld, Ya-Ru Ts&, Tien-Wei Lirt, Yi-Wei Lo, Jien-Lin
Charnd, Hua-Ting Hst, Yu-Sheng Chen Rong-Jie Chén Ying-Ta WU, Yi-Tsu Cha#,

Chang-Shi Cheh Jim-Min Fang?* and Yun-Ru Cheh

'Genomics Research Center, Academia Sinica, TalfiTlaiwan.
’Department of Chemistry, National Taiwan UniversTgipei 106, Taiwan.
3Department of Biochemistry and Molecular BiologyatiNnal Cheng Kung University,

Tainan, Taiwan.

"These authors contributed equally to this work.

*Current address of L.-H.T: Department of Chemishigtional Taiwan Normal University,

Taipei 106, Taiwan.

*To whom correspondence should be addressed: JimHging, E-Mail: jmfang@ntu.edu.tw;

Yun-Ru Chen, E-Malil: yrchen@gate.sinica.edu.tw



Abstract

One of the pathologic hallmarks in Alzheimer’s @dise (AD) is extracellular senile

plaques composed of amylodcAp) fibrils. Blocking AB self-assembly or disassembling A

aggregates by small molecules would be potenteatieutic strategies to treat AD. In this

study, we synthesized a series of rationally desigiivalent compounds and examined their

effects on A fibrillization. A divalent amide Z) derived from two molecules of caffeic acid

with a propylenediamine linker of ~5.0 A in lengtthich is close to the distance of adjacent

B sheets in A fibrils, showed good potency to inhibitBAL-42) fibrillization. Furthermore,

compound? effectively dissociated thepfl-42) preformed fibrils. The cytotoxicity induced

by AB(1-42) aggregates in human neuroblastoma was rdduce¢he presence at, and

feeding 2 to AB transgenicC. elegansrescued the paralysis phenotype addition, the

binding and stoichiometry of to AB(1-40) were demonstrated by using electrospray

ionization—traveling wave ion mobility-mass speatedry, while molecular dynamic

simulation was conducted to gain structural insghto the 4(1-40)-2 complex.
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Research highlights

*  Compounds bearing two units of caffeic acid witfiedent linkers are synthesized.

* Adivalent caffeic amide2) shows potent inhibition againspAibrillization.

e ESI-TWIM-MS reveals the binding of compouBdvith Ap monomer and oligomer.

* Compound disassemblesRfibrils and ameliorates [\induced cytotoxicity

 Compound extends lifespan of \transgenicC. elegans potential for AD therapy.

Abbreviation

AB, amyloidf; AD, Alzheimer’s disease; CA, caffeic acid; CC8llision cross-section; DMF,

dimethylformamide; EDCI, 1-ethyl-3-(3-dimethylampropyl) carbodiimide;

ESI-TWIM-MS, electrospray ionization-traveling waven mobility-mass spectrometry;

HFIP, hexafluoroisopropanol; HOBt, 1-hydroxybeniaxtole; HSQC, heteronuclear single

quantum coherence; SEM, standard error of mean; N&matode Growth Media; PyBop,



benzotriazol-1-yl-oxytripyrrolidinophosphonium; TEMransmission electron microscopy;

ThT, thioflavin T.



1. Introduction

AP peptide composed of 40 or 42 residues is geneffabed proteolysis of amyloid

precursor protein bf- andy-secretases. [Aaggregation is highly implicated in Alzheimer’s

disease (AD) pathogenesis [1]B /s an intrinsically disordered and highly aggrégaiprone

peptide. A fibrillization starts with a lag phase in whichetlprotein monomers gradually

associate into soluble oligomers, and followed bg@d elongation phase of fibril formation

to reach a steady phase where mature amyloidgibrg formed. The structure of8 Aibrils

has been revealed at different level§(1a42) fibrils consist of three parallpisheets (i.e. aa

12-18, 24-33, and 36-40) [2, 3], which are diffaréom the A3(1-40) fibril comprising two

parallel p-sheets (i.e. aa 10-22 and 30-40) [4]. The distasfce4.7 A of intermolecular

in-register B-sheets derived from the measurement of two adjacarbonyl groups by

solid-state nuclear magnetic resonance (NMR) isistent with a typical crogs-diffraction

pattern revealed by X-ray fiber diffraction [5]. @famyloid positron-emission tomography

(PET) tracers are currently used for probing thwilfiamount in brain of the patients to

monitor the progression of Alzheimer’s disease T8je process of B aggregation has been

suggested to induce synaptic dysfunction and caeseotoxicity [7]. Even though [1-40)



Is more abundant thanBfl-42) in AD patient’s brain, f(1-42) aggregates more aggressively

and exhibits markedly higher toxicity [8, 9]. Sin&@ aggregation is apparently a key target

for AD treatment, many researchers aim to develmgrapeutic approaches that prevent

production of A peptides or inhibit their abnormal aggregation{12).

Screening or designing small drug-like moleculeggang A3 has been considered as

one of the promising strategies for therapeuticADBf[13]. The concepts include that small

molecules disrupt protein—protein interactions ag@p monomers, stop conformational

change of A from its intermediates t@-sheet fibrillar state, and indirectly inhibitpA

aggregation by sequestering excess metals [l4)idlie studies have identified small

molecules such as Congo red [15], chrysamine G, [d68 curcumin [17-22] as potent

inhibitors of A3. These inhibitors share a similar chemical matifitaining two substituted

aromatic groups to bind withpA It suggests that an ideapAnhibitor should contain terminal

groups interacting with the residues in or adjaterthe segments that are considered crucial

for peptide aggregation. Thus, the linker shouldehan appropriate length to join the two

terminal aromatic groups spanning the segmentsanisther aspect, caffeic acid (CA), a

chemical constituent widely distributed in ediblanis, is also found to protect neuronal cells



from AB-induced cytotoxicity [23], presumably because tatechol moiety can provide

hydrogen bonding and hydrophobic interaction with geptide. Inspired by these findings,

we thus designed and synthesized a series of divadenpounds based on the scaffold of CA

to examine their effects onpAibrillization.

2. Results

2.1 Design and synthesis of divalent compounds.

To take advantage of multivalent effect on enhargnof binding affinity [24], the

divalent compound4-11 (Fig. 1) were designed as possible inhibitors ragjaiormation of

AB fibrils. Five dimeric CA amide2-6 are equipped with different lengths of straigh&ich

linkers. The linkers include propylenediamine (arstinker of ~5.0 A length) and a series of

ethylene glycol diamines (up to ~22.5 A length)eTimkers are chosen for easy linkage to

two CA motifs, thus the prepared dimeric compounasild have good solubility in PBS

buffer. In comparison, the dimeric CA molecul&@10 have more rigid linkers by

incorporation of phenyl and triazole rings. CA icaechol-containing molecule, whereas

curcumin molecule contains monomethylated catechmgs. Compoundl (R = H), the



demethylated derivative of curcumit R = Me), is also designed because it shares the
structural feature similar to that of divalent eddf compound. Rosmarinic acid (RA) is a
natural compound structurally formed by additionGA to the double bond of another CA
molecule. It would be interesting to synthesizeimedic RA compoundll and examine its

binding potency with A.
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Fig. 1. Structures of divalent compounds derived fromdteffold of caffeic acid. The length
of diamine linker and the distance between two dataik groups in compoun@ were

estimated by ChemDraw 15.0 software (PerkinElmer).

Scheme 1 shows the synthetic pathways to the divatenpound4-11. Demethylation

of curcumin was readily accomplished by treatmeith Wewis acid BBg to give compound



1[25].

Scheme 1Synthesis of divéent compound4-112
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% Reagents and reaction conditions: (a) BEH,Cl, =78 °C (15 min), rt (12 h); 63%. (b)
EDCI, HOBt, EtN, DMF, rt, 18 h;17, 93%; 18, 71%;19, 51%. (c) AeO, py, rt, 12 h. (d)
K>COs, MeOH, rt, 0.5 h;2, 27%; 3, 58%; 4, 58%:; 5, 36%; 6, 34%. (e) CuSE sodium

ascorbate, THF/AO (1:1), 40°C, 12 h;7, 67%;8, 26%:9, 59%:;10, 20%:;11, 52%. (f) PyBop,
EtN, DMF, rt, 18 h; 62%.

The coupling reaction of diamine linker with two Imcules of CA was carried out by the
promotion of  1-ethyl-3-(3-dimethylaminopropyl) carbimide (EDCI) and
1-hydroxybenzotriazole (HOBt) imN,N-dimethyl formamide (DMF) solution. The crude

coupling products were subjected to acetylatiolofeed by deprotection of the acetyl

9



groups, to facilitate isolation of the dimeric CAngspounds2-6. Alternatively, the amines

14-16 containing a terminal alkynyl group were reactethwCA to afford amidesl7-19,

which underwent a Cu(l)-catalyzed (3+2) dipolarlogddition [26] with bis-azide20 or 21

to furnish the triazole formation, giving compoundslO. The coupling reaction between

rosmarinic acid and amine 14 was realized by the promotion of

benzotriazol-1-yl-oxytripyrrolidinophosphonium (PgB) to afford compoun@3, which was

subsequently treated with link@d to give the dimeric RA compouritl via click reaction

[26].

2.2 Inhibition of 4 fibrillization.

Thioflavin T (ThT) assay was employed to monitae thhibitory effect of the synthetic

dimeric compounds on [Aaggregation. ThT is a classic amyloid dye thadbito crossed

B-sheets of amyloid fibrils and emits fluorescenperufibril formation [27]. The percentage

of fibril formation corresponding to the presendenadlividual test compound was calculated

from the relative intensity of fluorescence at 488, compared with 100% fibril formation in

phosphate buffer (pH 7.4). Our initial screeningompoundd-11 indicated that the dimeric

compound2 was an effective inhibitor at a concentration 6f M, rendering about 50%

10



reduction of A(1-40) fibrillization (Table 1).

Table 1.Effect of test compounds against fibril formatiafAB(1-40)2

compound fibril formation (%) | compound fibril formation (%)

1 11.5+0.42 10 61.8+2.5
2 52.9+25 11 65.1 + 10.6
3 64.7 +5.6 13 91.2+9.1
4 79.4+25 17 79.4+6.1
S 61.8+2.0 18 135.3+7.6
6 67.6+4.1 19 67.6+6.1
7 76.5+7.8 22 79.1+7.6
8 88.2+1.5 23 107.0+1.0
9 111.8+2.5

& AB(1-40) of 25uM in PBS (pH 7.4) was incubated with test compo(h@ M), and the
fibril formation was monitored by ThT assay. Therqemtage of fibril formation was
calculated from the relative intensity of fluoresce emission at 485 nm by excitation at
442 nm wavelength. Control is PBS, corresponding(0% fibril formation in the absence
of test compound. The experiments were performetliplicate.

® The percentage of fibril formation was likely uneltimated because compoubdthe
11



demethylated derivative of curcumin) in PBS had &bgorption band atna.x = 437 nm § =
2600 M*cm™), which would interfere with ThT assay using eatitin wavelength of 442

nm.

The inhibitory activities of divalent caffeic am&l8-10 varied depending on the types

and lengths of linkers. The one-arm compounds, agltaffeic acid 13) and its amide

derivatives17-19, were less effective inhibitors. Rosmarinic ac®)(showed a relatively

low inhibitory activity [20], and its amide derive¢ 23 was inactive at 1@M. Nonetheless,

the AB inhibitory activity was enhanced in dimeric RA coound (1). Demethylated

curcumin () in PBS solution likely exists as the enol tautoneehave an absorption band at

Amax = 437 nm, which would interfere with the ThT asseyng 442 nm light for excitation.

Thus, the real inhibitory activity df against A fibril formation could not be determined by

this ThT assay.

Since A3(1-42) is a more aggressive and toxi@ Asoform than A(1-40), we

investigated the efficiency of curcumib?), CA (13) and dimeric CA (diCA2) on preventing

AB(1-42) fibrillization. The solution of f(1-42) at 50uM with 5 uM ThT was co-incubated

individually with 100, 25, 12.5, 3.1, 0.8, 0.1 ad@1uM of test compound at . The ThT

intensity was monitored for a period over 80 h. Wend that all three compounds could

12



inhibit the fibrillization of AB(1-42) in a dose-dependent manner (Fig. 2a-2c). The

normalized final ThT intensity (at 80 h incubatiomjas plotted against compound

concentration and the data were fitted to obtaih haximal inhibitory concentration (I)

for compound (ICs5p = 4.9 + 0.08uM), 12 (IC50 = 3.4 = 0.07uM) and 13 (ICsp = 15.6 +

0.13uM) (Fig. 2d).
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Fig. 2. The inhibitory effect of curcuminl@), caffeic acid {3), and divalent caffeic amide
(diCA, 2) on AB(1-42) fibrillization. Fibrillization of A3(1-42) in the presence of (&2, (b)
13, and (c)2 were monitored by ThT assay. The fluorescencensiity was recordedifx =
442 nm\em = 485 nm). Experiments in triplicate were perfodme 20 mM phosphate buffer
(pH 7.4) at 37C containing 5@:M AB(1-42) in the absence or presence of 0.01, 0.1,3018
12.5, 25, and 100M compounds. Mean value and standard error of ni®@&M) were shown
for each time point. (d) The percentage of inhdmitcalculated from the final normalized ThT
signals was plotted against compound concentrafibe. data were fit to an equation Y =

100/ (1+107(X-LoglGp)) to calculate 16 values. SEM was shown; however, some are too

little to be seen.
13



Next, morphology of the end-point products after [l8BGncubation was examined by

transmission electron microscopy (TEM). In the alogeof test compound, thepfl-42)

sample formed clustered and dense fibrils (Fig.. 3a) contrast, when [(1-42) was

co-incubated with 2uM of test compound, no fibril was found and onlyr@amorphous

aggregates appeared (Fig. 3b—3d). Also, wh@(lAl2) was co-incubated with 1281 of

test compound, only a few fibrils and short filarteewere observed (Fig. 3e—g).

T

Fig. 3. TEM images of 5uM AB(1-42) after incubation in the absence and presehtest
compounds. A(1-42) in the absence of test compound (a) anchéenpresence of 25 pM
curcumin (b), CA (c), and diCA (d). #1-42) in the presence of 12.5 uM curcumin (e), CA
(f), and diCA (g). The scale bar represents 100 nm.

To find the influence of linker length in inhibitioof AB(1-42) fibrillization, we

14



compared the binding affinity of dimeric CA amid2s6. Ap(1-42) was first prepared at 50

uM in the presence of ThT, and then co-incubated/iddally with test compound at 0.8, 3.1,

12.5, 25 and 100M at 37°C. The ThT intensity was normalized with that ¢f(A-42) alone

(Fig. Sla in Supporting Information). Although dle CA dimers can affect jA1-42)

fibrillization with increasing concentration, compua 2 with ~5.0 A linker greatly reduced

the final ThT intensity, suggesting that compouhtas good potential to inhibit p&1-42)

fibril formation. When 50uM Ap(1-42) was incubated with 3.AM of 2, the final ThT

intensity of A3(1-42) with the compound was reduced to ~60% coetpavith that of A

fibrils only. With increase of the inhibitd& to 25 and 100 pM concentrations, the final ThT

intensity significantly reduced to ~8% and ~1%,pexgively. We also confirmed the ThT

results by taking TEM images. All the images wexeorded for & with and without 12.5

uM CA dimers. The result showed that alp(A-42) peptides formed long and extensive

fibrils in the absence (supplementary Fig. S1lb) gwdsence of most CA dimers

(supplementary Fig. S1d—g) except for compogr{dupplementary Fig. S1c). Incubation of

APB(1-42) with compoun@ only led to formation of some short filaments.

15



2.3 Compoun@ disassembles/Aibrils.

In addition, we examined the ability of diCR)(in disassembling preformedpAibrils.

APB(1-42) fibrils were first prepared at 2B1. Then, diCA at different concentrations, ranging

from 0 to 100 uM, was added into the preformedil§bwith 5 uM ThT, and the change of

ThT fluorescence was monitored with buffer backgbsubtracted (Fig. 4a). We found

APB(1-42) fibrils alone have some decrease in ThTnsitg which may be due to gradual

sedimentation of fibrils and/or clustering offfA-42) fibrils after a period of time.

Interestingly, we found that diCA is able to redumeature fibrils in a dose-dependent manner

with 1Cso of 4.2 + 0.03 puM (Fig. 4b). Since fluorescencenalgmay be affected by

environment and binding mode, we further confirnted A3 assembly by loading the

samples in the absence and presence of differemmeotrations of (25, 50 and 100 uM) at

time 0 and after 14 days of incubation to nativis-tnicine gel and subjected to western blot

(Fig. 4c) and TEM (Fig. 4d and 4e) examination. Western blot results showed that there is

a slight reduction of aggregates in the presencdiftédrent concentrations d at time O.

After 14 days of incubation witBA there are much less or even no aggregates orethéveg

also confirmed that little filaments were observeaten A3(1-42) fibrils were incubated with

16



100 uM of2 after 14 days in TEM images (Fig. 4e) where$1A42) fibrils with 100 uM of

2 at time O still remained at least in some degeedeamse fibrils (Fig. 4d). The result showed

that the CA dime® reduced the preformedpAibrils as evidence by reduced ThT intensity,

reduced aggregates on the top of western blotstemhated fibrils in TEM images.
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Fig. 4. Compound (diCA) disassembles preforme@@-42) fibrils. (a) Preformed 1-42)
fibrils were incubated with 0 to 100 uM diCA soluti containing 1% DMSO and M ThT.
The assay was performed in triplicate. (b) The lfihnaT fluorescence intensity (buffer
background subtracted) in the presence of diCAneamalized to &(1-42) fibrils alone and
plotted with the log value of compound concentratibhe data in three sets were fit to an
equation Y = 100/ (1+10” (X-LogKg)) to calculate 1, value. (c) A(1-42) fibrils with 0, 25,
50 and 100 uM diCA were incubated for 0 and 14 dagd the aggregates were visualized by
gel electrophoresis with western blotting probedabyi-AB antibody 4G8 and 6E10. (d) TEM
image of A(1-42) fibrils with 100 uM diCA without incubatiorfe) TEM image of A(1-42)
fibrils with 100 uM diCA after 14 days incubatiofhe scale bar represents 100 nm.
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2.4 Compoun@ binds to & monomer and oligomers

To understand the molecular interaction of CA di@weith Ap, we utilized electrospray

ionization—traveling wave ion mobility-mass speoteiry (ESI-TWIM-MS) to detect the

possible complexes formed by Avith compound®. ESI-TWIM-MS has been widely utilized

in differentiating isomeric structures with similsizes [30, 31]. By applying voltage pulses in

the ion-mobility cell, the ions are propelled taftdagainst a stream of buffer gas [32, 33].

The time that ions need to drift through the ionbitity cell is dependent on them/zratios

and molecular shape. At the sam&ratio, the more compact ion reveals a shortet tinife

so that isomer differentiation can be realized.sTlechnique has been frequently utilized in

characterizing the ion species in a complex mixtdileus, one can use ESI-TWIM-MS to

examine the binding capacity of ligands to targettgin. Recently, several binding modes

classified from a series of small molecules inlitst against A(1-40) and islet amyloid

polypeptide indicated that the potent inhibitorsialsy can bind protein in a stoichiometric

manner [34]. Due to fast aggregation di(&-42) that would complicate the ESI-TWIM-MS

experiment, &(1-40) is commonly used to investigate its molecuiteractions with ligands.

In our study, A(1-40) alone at 3pM or with 200 uM of compoun@ in a 1:5.7 molar ratio

18



(AP/2) were prepared and injected for recording the B8IM-MS spectra. The experiments

revealed that B(1-40) yielded dominantly the 3+ and 4+ monomeoiasi as well as the 4+

and 5+ dimeric ions, appearing rafz 1444, 1083, 2166, and 1733, respectively (Table 2)

The result is consistent with the previous literat[8B4]. When diCA 2) was present in the

APB(1-40) solution, one to four diCA molecules wererid to bind with 3+ ion of B(1-40)

monomer and one to three diCA molecules were dedetti be with 4+ and 5+ ions of

APB(1-40) dimer (Fig. 5 and Table 2). The 3+ ions ¢f-& complexes at 1:1, 1:2 and 1:3

stoichiometry which occurred at/z= 1576, 1709, and 1842, respectively, were inditdy

orange stars in Fig. 5a and 5b. In additiof,ddmer and their diCA complexes of 2:1 and 2:2

stoichiometry in both 4+ and 5+ states were alswlved (Table 2), indicating that the

binding mode of diCA to A(1-40) monomer or dimer is specific. The collisitness-section

(CCS) value of each complex was calculated anedist Table 2.

19



Table 2. Experimental mass to charge ratio, drift time antliston cross-section (CCS) of

AB(1-40) and its complexation species with diCA.(

specied charge state m/z drift time (ms) CCS (A
M 4+ 1083.2816 9.81 695.2
M 3+ 1444.0408 12.24 602.9

M+L 3+ 1576.7568 13.23 633.8
M+2L 3+ 1709.8217 14.33 668.4
M+3L 3+ 1842.5073 15.44 699.3
M+4L 3+ 1975.2498 16.43 727.3

2M 5+ 1733.0510 11.69 973.3
2M+L 5+ 1812.6821 12.02 991.0
2M+2L 5+ 1892.5221 12.35 1008.4
2M+3L 5+ 1971.7124 13.01 1042.9

2M 4+ 2165.8137 15.99 952.4
2M+L 4+ 2265.1050 16.65 977.0
2M+2L 4+ 2365.1323 17.31 1001.2

20



&M represents B(1-40); 2M represents dimer ofpl-40); L represents diCAJ.
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Fig. 5. ESI-TWIM-MS and MD simulation of the complexatiopexies of A(1-40) with
diCA (2). (a) ESI-TWIM-MS plot of 35 puM A(1-40) with 200 uM diCA in 50 mM

ammonium acetate (pH 6.8). DICA binds to the 3+ab®\p monomer and to the 4+ and 5+
21



ions of A3 dimer. A3 and diCA complexes are indicated by orange stard,the number of
orange stars represents the number of diCA bouriBtqb) The positive-mode ESI mass
spectrum of 8(1-40) with diCA. Monomeric A and its diCA complexes are shown. (c) & (d)
represent the two groups of diCA anfl Aomplex structures from MD simulation. The side
chain of first amino acid residue inpAL-40) is shown. The calculated CCSs match our

experimental data.

In an attempt to elucidate the structural basidfoding of A3 with diCA (2) by nuclear

magnetic resonance (NMR) spectroscopy [28, 29],asguired the'H-N heteronuclear

single quantum coherence (HSQC) spectrum (supplemehRig. S2). Despite compouds

a good inhibitor against Afibrillization, we did not observe apparent charmmajechemical

shifts from cross peaks OIN-labeled A(1-42) at 25uM when it was incubated with at 500

uM. The reason for insignificant change in the HS§@ctrum is unclear; however, similar

phenomena have been shown in other inhibition etuf8, 29]. One possible explanation is

that the interaction between compouhdnd A3(1-42) is transient and may be at a relatively

low concentration that cannot effectively induce RMhemical shifts. No further NMR

experiment was attempted in this study.

Alternatively, we employed computational method®lain the structural insights into

the complexation of A monomer with ligan®. Since A8 monomer is natively disordered,
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the only available PDB file for §(1-40) was determined by NMR (PDB code 2LFM) and

used for molecular docking experiment. According dar docking results, 9 dominant

conformations of f—2 complex were revealed. The small molecilgeems to preferentially

interact with A3 near thex-helical region and disrupt the partially foldedikestructure. We

also conducted molecular dynamic (MD) simulatioasddl on 11 docked structures g2

complex to identify the possible conformers obseérire our ESI-TWIM-MS experiments.

From MD trajectory, a hundred structures were sathfitom each starting complex. Each

conformation was converted to the corresponding @gShe trajectory method (TM) in

MOBCAL [35]. Their optimized potential force fieldnergy and individual orientationally

averaged CCS values were also calculated (Fig. 68mparing the CCS values in

ESI-TWIM-MS experiment and MD simulation, most dietcalculated CCS values for the

complex derived from MD simulation are larger ttam experimental data (e.g., 634 far a

3+ state of -2 complex in Table 2). However, we still found salesimilar conformers

whose CCS values matched well to our experimentth.dHence, two groups of

representative B2 complex are depicted in Figure 5¢ and 5d.
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2.5 Compound 2 ameliorateg(A-42) induced cytotoxicity.

To examine possible rescue effect of diC2), the end-point products of&l-42) in

ThT assay after incubation with and without teshpound at different concentrations were

treated to human neuroblastoma SH-SY5Y cells abgested to cytotoxicity assay. After 48

h incubation, cytotoxicity was assessed by laateteydrogenase (LDH) assay (Fig. 6a). The

LDH assay showed thatpfl-42) fibrils induced ~49% cytotoxicity and thisldterious effect

was gradually attenuated after co-incubating withcamin (2), CA (13) or diCA @) in a

dose dependent manner. Among all concentratioedesgiCA is the most potent compound

in comparison to the others. At 0.01 puM, diCA wakeao reduce cytotoxicity from 49% to

30% (rescue ~19%), whereas CA was only able tauees6% and curcumin has no effect at

this concentration. At 25 uM, diCA was able to reglgytotoxicity from 49% to 15% (rescue

~34%), whereas CA and curcumin were able to redwtetoxicity from 49% to ~27%

(rescue ~22%). Although all three compounds wete tbrescue A(1-42) induced toxicity,

diCA provided the most beneficial effect even at moncentration.
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Fig. 6. Rescue effect of test compounds agairfitLA12) induced toxicity. (a) Cytotoxicity of
AB(1-42) in the absence and presence of curcudih CA (13), and diCA ). The end
products of ThT assay were subjected to SH-SY5M eeld the cytotoxicity was determined
by LDH assay. The experiments were performed pilitate. The data were normalized to the
positive control, i.e. cells treated with TritonI2X0. The statistical significance was indicated
by two-way ANOVA (***, p < 0.0001; **, p < 0.005; *p < 0.05). (b) Cytotoxicity of
preformed A(1-42) fibrils in the presence of diCA. The sampleshe absence and presence
of diCA at different concentrations were treated neuroblastoma SH-SY5Y cells.
Cytotoxicity was measured by LDH assay. Cells ggawith Triton X-100 were used as the
positive control for 100% cytotoxicity. The expesnts were performed in triplicate. The
statistical significance was indicated by one-wayGVA (***, p < 0.0001).

To understand whether diCA could rescue the cytoityxinduced by preformed
fibrils, we first prepared B(1-42) fibrils in the absence and presence of datAlifferent
concentrations (0, 25, 50 and 100 uM). The sampése then treated to SH-SY5Y cells and
subjected to LDH assay (Fig. 6b). The result showed A3(1-42) fibrils alone caused
cytotoxicity about 17%, while fibrils in the presen of 50 and 10QuM diCA could

significantly reduce fibril-induced cytotoxicity t€¢2% and 9%. Though [Afibrils in the
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presence of 2M diCA did not reduce the cytotoxicity, our studflsiemonstrated that

diCA at appropriate concentration was able to rescytotoxicity induced by preformed

APB(1-42) fibrils.

2.6 Compoung significantly rescues /A1-42) induced cytotoxicity in transgenic C. elegan

and extends their lifespan.

We further examined thén vivo efficacy of test compounds by feeding them to

transgenicCaenorhabditiselegansthat expresses f1-42) in muscle under temperature

regulation. When temperature shifts aboveéQ5AB peptides start to express and accumulate

in the muscle system, leading to paralysis andhdeb€C. elegans Thus, the percentage of

paralysis and survival time @&. eleganscan be taken as indications of the efficacy of tes

compound in treatment of AD. elegans

At first, the worms were cultured and treated wittividual compound at 1€. After

20 h, we increased temperature to upregulate temnsgxpression, which caused paralysis

and death ofC. eleganswithin 12 h. Over 100 worms were examined withwathout

paralysis in each condition, and the percentagewarms without paralysis were plotted

against time. The result showed that pretreatméitht t@st compounds, especially diC2),(
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significantly delayed the onset of3iAnduced paralysis (Fig. 7). At 26 h, the survivate of
worms treated with diCA (67.9%) was 2.5 fold in@ea@ompared with those treated in buffer
(27.6%) (Fig. 7a). The median survival time, whisha measure of 50% survival of worms,
was also analyzed, showing 25.7, 26.3 and 27.3tleaiment with curcumin, CA and diCA,
respectively, compared with 24.2 h in buffer (cohtrThe worms fed with diCA were able to
increase the median survival time for 3.1 h moentthe buffer control. The result strongly
supported that diCAZ) is a potent compound to suppregstéxicity (Fig. 7b), in agreement
with the in vitro cellular experiment. Overall, we confirm that diG# significantly more

potent than curcumin and CA in reducing the toyioit Ap in vitro andin vivo. .
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Fig. 7. AD-relevantC. elegansanodel suggests that diCA offers protection frofiriAduced
paralysis.(a) The effect of curcuminlg), CA (13) and diCA @) on the paralysis phenotype
observed in the transgeni& elegansstrain CL4176. The number of tested worms is about
100-130. (b) The median survival time was analyzedfer (nematode growth media), 24.2
+ 0.4 h; curcumin, 25.7 £ 0.3 h; CA, 26.3 £+ 0.3diCA, 27.3 £ 0.4 h. The statistical
significance was indicated by one-way ANOVA (*** 0.0001; **, p < 0.005; *, p < 0.05).
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3. Discussion

Caffeic acid (CA), a catechol-containing small noolle with a single ring has shown its

potential in prevention of B\ aggregation. Other catechol-containing compousdsh as

gallic acid, dopamoin, and pyrogallol, seem to hawrilar effects [36]. To develop better

inhibitors for AD therapy, we synthesized a sersdsdivalent compounds based on the

structure of CA to attain possible multivalent effeThe chemical scaffold of our designed

small molecules contains two catechol end groupsdhe connected with various types and

lengths of linkers. With a concern on that the caté moiety may cause pan assay

interference (PAIN), most of our studies also ideld curcumin, which is devoid of catechol

moiety, as positive control.

Among the divalent compounds synthesized in thislystwe found diCA %) with a

propylenediamine linker of ~5.0 A length efficignthhibited A3 fibrillization in vitro. The

inhibitory effect of divalent caffeic amid&(ICso = 4.9uM) is indeed better than monovalent

CA (ICs0 = 15.6uM) against A(1-42) fibrillization.

To date, various Bregions have been proposed fgr éligomerization and aggregation.
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For example, residue 13-16 (HHQK) contributes {® digomerization and neurotoxicity,

[37, 38] and binding to glycosaminoglycans [39,.40he hydrophobic core, residue 17-21

(KLVFF) and 32-42 (IGLMVGGVVIA) are considered asucial motifs that force A to

assembly [41-43]. In addition, the flexible hingetorn region including residue 22-31 is

also important in bringing two hydrophobic segmeritse to each other for formation of the

B-sheet structure. Interference with these regiongdcedisrupt A aggregation [19].

Among the dimeric caffeic amidé&s-10, their A3 inhibitory activities varied depending

on the types and lengths of linkers. Our ESI-TWIN&GMata demonstrated that diC?) (

could bind to A(1-40) and form relative stable complexes sincearhial distribution of the

bound protein peaks were observed (Fig. 5b) [3#f MD simulation revealed that diCA

preferentially binds to the central hydrophobicioeg a helix from H13 to D23 suggested

from a NMR study [44]. Our study indicated that Ai@ight bind to the helical region offA

and disrupted the helical structure, which wasalized in one of our models (Fig. 5). The

diCA molecule might also reside in the place néwr flexible hinge or turn region. It is

known the spacing between two adjadgstands in A fibrils is 4.7 A [2, 45, 46]. According

to our ESI-TWIM-MS experiment, A dimer could form complex with diCA2}, which is
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equipped with a linker of ~5.0 A length close te tlistance between two adjacfritands of

AP fibrils, we speculated that the two catechol megtin a diCA molecule might

concomitantly bind to the hydrophobic regions df dimers (or oligomers) to inhibit fibril

formation. In summary, our study showed that diCA i€ a potent inhibitor againstpA

fibrillization by interacting at different fregions. Finally, by using cell-based assay and AD

C. elegansnodel, we have demonstrated that diCA is a supagent to rescuefAtoxicity.

In comparison with curcumin that quickly precipgatin PBS buffer at higher

concentration, the solubility of our designed males is greatly enhanced by incorporating

additional hydroxyl groups into the aromatic ringed using the relatively hydrophilic

diamine linkers. For example, the diCA sample carplepared at a concentration up to 0.5

mM in aqueous solution; however, curcumin is ndé ab maintain in the same level without

precipitation. The predicted lipophilicity (clog Rnhd other physicochemical properties are

listed in Table S1. According to Lipinski’'s rule e [47], diCA appears to be a drug-like

molecule having appropriate physicochemical progerfThere is another concern on using

ThT assay to evaluate the inhibitory effect of cumin and its demethylated analbggainst

AB fibrillization. In fact, curcumin has been shoveinterfere with ThT assay [48], because
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the absorption band of curcumin is around 425 napdlementary Fig. S4) that partially

overlaps with the excitation wavelength of ThT 442 nm). Hence, the inhibitory effect of

curcumin and analogy by ThT assay could be overestimated. In contf@&tand its dimeric

derivatives having the absorptions below 400 nmldioot interfere with the ThT assay.

4. Conclusion

In this study, we designed and chemically syntleskia series of divalent compounds

based on the structure of CA with various types landths of linkers. We found that diC2)(

with a linker of ~5.0 A in length showed the mositgnt inhibitory effect against pA

aggregation in comparison to other derivatives \atiger or more rigid linkers. Interestingly,

diCA can also disassemble preformef fiorils. We have showed that diCA can bin@ & a

stoichiometric manner by ESI-TWIM-MS, and obtainedights into the binding modes of

AP with diCA by MD simulations. Furthermore, diCA ¢tapable of rescuing Ainduced

toxicity in vitro andin vivo. Collectively, diCA is a dimeric caffeic amide tha an effective

inhibitor against & aggregation and has beneficial effect againgtimduced toxicity. As

diCA has the physicochemical properties fittingihgki’s rule of five for druglikeness, it will
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be worthwhile to investigate whether diCA can bedl@ped into an orally available drug for

AD treatment.

5. Experimental section

5.1 General

All reagents were reagent grade and were used wiithather purification unless

otherwise specified. All solvents were anhydrousadgr unless indicated otherwise.

Dichloromethane (CkCl,) was distilled from Cakl HFIP and ThT were purchased from

Sigma-Aldrich (St. Louis, MO, USA). NaCl were frolamresco (Solon, OH, USA). All

agueous solutions were prepared in double-distMéli-Q water.

All air or moisture sensitive experiments were perfed under argon or nitrogen

atmosphere. Reactions were monitored by thin-laygomatography (TLC) on 0.25 mm

silica gel 60 bEs4 plates. Compounds were visualized by UV, or ugmanisaldehyde,

ninhydrin, and phosphomolybdic acid (PMA) as vigia agents. Silica gel 60 (0.040—

0.063 mm particle sizes) and Lichroprep RP-18 @-04063 mm particle sizes) were used

for flash chromatography. Normal-phase preparaliv€ on 1 mm or 2 mm silica gel 6Qdz
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plates and reversed-phase preparative TLC on 1liilua gel 60 RP-18 f54 plates were used

for compound purification.

Melting points were recorded on a Yanaco micro &upa. Optical rotations were

measured on digital polarimeter of Japan JASCO [@B-1000. fi]p values are given in

units of 10'deg cni g*. Infrared (IR) spectra were recorded on Nicoletghta 550-II.

Absorbance spectra were measured on PerkinElmed&é &% UV-Vis spectrometer. Nuclear

magnetic resonance (NMR) spectra were obtainedasiary Unity Plus-400 (400 MHz) and

chemical shifts ) were recorded in parts per million (ppm) relatieeinternal standards:

CHCI; (04 = 7.24), CD (6¢c = 77.0 for the central line of triplet), GBD (04 = 3.31),

CD;0D (3¢ = 49.15), (CBH),SO @ = 2.50), (CR).SO @c = 39.51), and DHOS| = 4.80).

The splitting patterns are reported as s (singlétdoublet), t (triplet), g (quartet), m

(multiplet) and br (broad). Coupling constanis gre given in Hz. The ESI-MS experiments

were conducted on a Bruker Daltonics BioTOF lllHigsolution mass spectrometer. The

MALDI-TOF-MS experiments were conducted on UltraFlél high-resolution mass

spectrometer. High-performance liquid chromatogya(ttPLC) was performed on Agilent

1100 Series instrument equipped with a degassext Qump, and UV detector. The ThT
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fluorescence assay was detected by SpectraMax M%Maode Microplate Readers.

APB(1-40) and A(1-42) peptides were synthesized by Fmoc solid-pipaptide synthesis

in the Genomics Research Center (Academia Sinaiayah). The peptides were purified by

reversed-phase HPLC. The molecular mass was igehb{y MALDI-TOF-MS.

5.2 Synthetic procedures and compound charactésizat

Compoundsl and2 were prepared according to the previously repopretedure with

slight modification [25, 49]. The purity of compais was determined by HPLC on a

HC-C18 column (Agilent, 4.6 x 250 mm,ubn particle size) at a flow rate of 1 mL/min with

gradient elution of 50% aqueous MeOH.

5.2.1 Representative procedure A for coupling reactf caffeic acid with diamine linker

A mixture of 3,4-dihydroxycinnamic acid (497 mg, 7. mmol),

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC (794 mg, 4.14 mmol),

1-hydroxybenzotriazole (HOBt) (559 mg, 4.14 mmdbiN (0.58 mL, 4.14 mmol) in

anhydrous DMR10 mL) was stirred under an atmosphere of argonlfb min at 26°C.

Propane-1,3-diamine (102 mg, 1.38 mmol) was adaled the mixture was stirred for 18 h at

26 °C. The mixture was concentrated under reduced yme$s give a crude coupling product
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of the title compound?). To facilitate isolation, the coupling product sMaieated with AgO

(10 mL) in pyridine (10 mL) at 28C for 12 h. The mixture was concentrated, and eteth

with EtOAc and water for three times. The orgamigers were combined and washed with

water (10 mL) and brine (10 mL). The organic phases dried over MgS§) filtered,

concentrated, and purified by silica gel chromaapyy (EtOAc elution) to afford the

acetylation compound. To a solution of the aceitytatompound in MeOH (10 mL) was

added KCO; (13 mg, 0.13 mmol). The mixture was stirred fob 0. at 26°C, and then

acidified to pH 5 by addition of Dowex 50WX8-200tioaic exchange resin. The resin was

then removed by filtration. The filtrate was conicated, and purified by silica gel

chromatography (EtOAc, then MeOH/@El, 1:4) to give pure compouna (146 mg, 27%

yield).

5.2.2 Representative procedure B for Cu(l)-cataly£8+2) cycloaddition of alkyne and

azide.

The coupling reaction of 3,4-dihydroxycinnamic aci40 mg, 3.0 mmol) with

propargylamine (198 mg, 3.6 mmol) was performethepresence of EDCI, HOBt and;Ht

in anhydrous DMF at 27C for 18 h to give the caffeic amid&Z (610 mg, 93% vyield). A
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solution of 1,4-bis(azidomethyl)benzene [5@D,(45.2 mg, 0.24 mmol), Cug&H,O (5.2

mg, 0.024 mmol), sodium ascorbate (4.8 mg, 0.02%and caffeic amidd.7 (126 mg,

0.58 mmol) in HO/THF (1:1, 10 mL) was stirred at 4C for 12 h, and then concentrated

under reduced pressure. The residue was washedvafién (2 x 10 mL), EtOAc (2 x 10 mL),

and CHCI; (2 x 10 mL), and dried under reduced pressuréevi® @mpound’ (102 mg, 67%

yield).

5.3 AB preparation

For ThT assay, B(1-42) peptides (Biopeptide, San Diego, CA) werssdived in

hexafluoroisopropanol (HFIP) in 1 mg/mL. The sampkes mixed vigorously using a vortex

for 5 sec and then sonicated for 5 min. After HRJP was evaporated in vacuum, anfl A

peptides were dissolved by anhydrous dimethylsid®XDMSO) in 16 mg/mL, and diluted

in 20 mM phosphate buffer (PB), pH 7.4. The findd éoncentration was 50M and final

DMSO concentration was 1.5%.

For ESI-TWIM-MS experiment, 0.12 mgpfl-40) was first dissolved in BL DMSO

containing 10 mM diCA2Z) and diluted into 80@L, 50 mM ammonium acetate, at pH 6.8.
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The final DMSO concentration was 1%${@A-40) and diCA mixture was centrifuged at

11,000xg for 10 min before injection.

To prepare preformed f1-42) fibrils, 0.1 mg A&(1-42) was dissolved in L DMSO

and diluted into 88@L, 20 mM PB at pH 7.4. The solution was incubatetubes for at least

4 days with continuous shaking.

5.4 ThT assay

APB(1-42) solution (5QuM) was prepared in PB (20 mM, pH = 7.4) with aduhtof 5uM

thioflavin T (ThT) in the absence or presence st tmpound (0.01, 0.1, 0.8, 3.1, 12.5, 25 or

100 uM). The samples were incubated at €7 with agitation for 1 min every hour. ThT

fluorescence was monitored using an ELISA micr@plaader SpectraMax M5 (Molecular

Devices, Sunnyvale, CA) with an excitation wavetbngt 442 nm and emission at 485 nm.

The ThT intensity was recorded at intervals ov@edaod of 80 h incubation. Measurements

from independent triplicate experiments were avedaand the standard error of mean (SEM)

was calculated. To calculatesiCthe final ThT intensity (at 80 h) of each comaliti(buffer

background subtracted) was first normalized tp(1A42) alone and the percentage of

inhibition was calculated and averaged. The nomedlifinal ThT intensity was plotted
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against compound concentration and the data wteel fio obtain half maximal inhibitory

concentration (16g).

For disassembling experiments, the same volumeeaibpned A(1-42) fibril solution

was mixed with different concentrated compould ThT intensity was monitored as

previously described.

5.5 Transmission electron microscopy

Aliquots (5 uL) of the end-point products from ThT assay (seetice 5.4) were

deposited onto 400-mesh Formvar carbon-coated cogds (EMS electron Microscopy

Sciences, Hatfield, PA, USA) for 5 min. The grideres blotted, washed once in droplets of

Milli-Q water, and stained with 2% uranyl acetaibe samples were examined with a FEI

Tecnai G2 TF20 Super TWIN transmission electronrasicope with an accelerating voltage

of 120 kV.

5.6 Gel electrophoresis and western blot

Twenty uL AB(1-42) fibrils incubated with or without diCA werdiluted with 5 puL

sodium dodecyl sulfate (SDS) sample buffer and ddadn the native 13% Tris-tricine gel

without SDS. Separatedpfil-42) species on the gel were electrophoretidadigsferred to a
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nitrocellulose membrane at 250 mA for 75 min 4C4 The membrane was blocked with 5%

skim milk. Proteins were detected by 4G8 and 6Hitibadies and anti-mouse IgG secondary

antibody and visualized by enhanced chemiluminese@aCL) detection Kkit.

5.7 LDH toxicity assay

The end products of ThT assay (see section 5.4¢ waljected to SH-SY5Y cells, and

the cytotoxicity was determined by LDH assay. Cytwd6 NonRadioactive Cytotoxicity

Assay (Promega, Madison, WI) was performed accgrttinthe manufacturer’s instruction.

The human neuroblastoma SH-SY5Y cells (ATCC #CR6&68)2were incubated at 37 °C

under 5% C@ and cultured in DMEM/F12 media with 5% fetal baviserum (FBS). Cells

were seeded in a 96-well microplate with 10,000s6&kll and incubated for 24 h. The media

were discarded, and media without FBS were addédr Adding 1QuL Ap sample (i.e. the

end product of ThT assay), the mixture was incubéie 24 h. Media were spun at 13,3@0x

for 5 min at 4 °C. FiftyuL medium was transferred and incubated withubOreconstituted

substrate for 30 min at room temperature in dakn@eaction was stopped by addingus0

stop solution, then absorbance was read at 490simgy a microplate reader SpectraMax M5

(Molecular Devices, Sunnyvale, CA). Background abance due to plain neuron medium
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without cells was subtracted from all readings. Bignals were normalized to a positive

control in which the cells were lysed by 2% Trité+100 for 100% cytotoxicity.

5.8 Transgenic AD C. elegans paralysis analysis

Average number 130 eggs ofC. elegans strains CL4176 smg-1(cc548)

dvis27[myo-3p::£(1-42) + rol-6(sul006)jwere cultured on Nematode Growth Media (NGM)

plates withE. coli strain OP50 at 18C and each plate was pretreated withutGcurcumin,

CA, or diCA solution which were prepared at a conicgion of 6.27 mM. Paralysis assays

were initiated by raising the temperature to°25when eggs larvae reached into L4 stage.

The number of survival worms was counted every ors and five trials of each condition

were repeated.

5.9 Electrospray ionization—traveling wave ion midigi-mass spectrometry (ESI-TWIM-MS)

The experiments were conducted on a Waters Syn@pHDBMS instrument with a

LockSpray ESI source, using the following paransetBSI capillary voltage, 3.0 kV; sample

cone voltage, 40 V; extraction cone voltage, 0 ¥salvation gas flow, 800 L/h ¢gN trap

collision energy (CE), 4 V; transfer CE, 0 V; trgas flow, 2.0 mL/min (Ar); source

temperature, 108C; and desolvation temperature, 3@ Backing pressure was 2.28 mbar
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and time of flight (TOF) pressure was 2.3 X 1fbar. The reference compound used for the

lock-mass correction was leucine enkephalin (M ¥ H 556.2771 Da). Samples were

infused into the ESI source at a flow rate ofil8min by a syringe pump (KDS-100, KD

Scientific). For IMS experiments, the helium celisgflow was held at 180.0 mL/min and the

ion mobility cell gas flow was held at 90.0 mL/n{id,). The DC traveling wave velocity and

height were set as 683 m/s and 26.3 V, respectiBdya were collected and analyzed by

using MassLynx 4.1 and DriftScope 2.4 (Waters). T@&S calibration curve was established

according to the reported protocol [51, 52], ugpdplished CCSs of cytochroneg(bovine),

reserpine, lysozyme, insulin (human), and polyalajb3-57]. A plot of corrected drift times

vs. CCSs of calibrants fitted with power functions wased for experimental CCS

measurements.

5.10 Docking studies and MD simulation

A partially folded structure of B(1-40) in an aqueous environment (PDB coded 2LFM)

was applied for molecular docking using Glide oh®clinger Program Suite (Schrddinger

Inc.). Initially, the diCA molecular structure wasepared and energy minimized by LigPrep

and was docked flexibly to each of the 20 strud¢toomformers of A(1-40) by using Glide
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under extra-precision (XP) mode. Finally, from tteucture clusters of all docked poses,

eleven complexes of diCA with41-40) were elected as the input structures foukition

works. MD simulation was performed by Desmond [S8}plemented in the Schrddinger

program suite (Schrédinger Inc.), with OPLS/AA feréield. A simulation system was

prepared by immersed diCA ang Aomplex into a cubic periodic box solvated by demp

point charge water (SPC water). To neutralize gstesn, a minimum number of ions were

added by randomly replace the system solvation cotds. After the system was built a

steepest descent minimization with a maximum 00@,6teps was applied to minimize the

system. A total 20 ns MD simulation was conductetth wonstant temperature (300 K) and

pressure (1 bar) controlled by Nose-Hoover and yharT obias-Klein of molecule dynamics.

A 9.0 A cutoff for non-bond interaction was usededfostatic interaction was treated by

Particle-mesh Ewald (PME). Energy and atomic cowidi trajectory was recorded every 1.2

and 4.8 ps. For each simulation, one hundred sitrestwere extracted evenly through time,

and each structure’s CCS was calculated.

5.11'H->*N HSQC NMR

>N-labeled A3(1-42) peptide was prepared via protein expressam BL21 Star (DE3)
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cells harboring pET14b{42 vectors [59]. Cells were transferred to M9 miaimedium

before induction with 0.5 mM isopropftD-1-thiogalactopyranoside (IPTG), and incubated

for another 18-20 h at 3. Protein purification was achieved following coneviously

developed method [59]. HSQC spectra of 2@ of recombinant'®N-labeled A3(1-42)

peptide were acquired at 4 °C using Bruker Avar@@ MHz NMR spectrometer equipped

with 5 mm triple resonance cryoprobe and Z-gradi€éhe concentration of diCA2) is 0.5

mM. The peak assignment BN/*H chemical shifts referenced previous data depbsit¢he

Biological Magnetic Resonance Data Bank (BRMB) ancthbered 25218. Partially unsolved

residues were assigned according to the specffataf Correlation Spectroscopy (TOCXY)

performed on Bruker Avance 850 MHz NMR.
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Legends of Figures, Tables and Scheme

Fig. 1. Structures of divalent compounds derived fromdteffold of caffeic acid. The length
of diamine linker and the distance between two ataik groups in compoun@ were

estimated by ChemDraw 15.0 software (PerkinElmer).

Fig. 2. The inhibitory effect of curcuminl@), caffeic acid 1{3), and divalent caffeic amide
(diCA, 2) on AB(1-42) fibrillization. Fibrillization of A3(1-42) in the presence of (&2, (b)

13, and (c)2 were monitored by ThT assay. The fluorescencensiity was recordedifx =

442 nm\em = 485 nm). Experiments in triplicate were perfodme 20 mM phosphate buffer
(pH 7.4) at 37C containing 5@M AB(1-42) in the absence or presence of 0.01, 0.1,3018
12.5, 25, and 100M compounds. Mean value and standard error of ni®@&M) were shown

for each time point. (d) The percentage of inhdmitcalculated from the final normalized ThT
signals was plotted against compound concentrafibie. data were fit to an equation Y =
100/ (1+107(X-LoglGp)) to calculate I, values. SEM was shown; however, some are too

little to be seen.

Fig. 3. TEM images of 5(uM AB(1-42) after incubation in the absence and presehtest
compounds. A(1-42) in the absence of test compound (a) anchéenpresence of 25 pM
curcumin (b), CA (c), and diCA (d). #1-42) in the presence of 12.5 uM curcumin (e), CA
(f), and diCA (g). The scale bar represents 100 nm.

Fig. 4. Compound (diCA) disassembles preforme@@-42) fibrils. (a) Preformed 1-42)
fibrils were incubated with 0 to 100 uM diCA sotuti containing 1% DMSO andM ThT.
The assay was performed in triplicate. (b) The lfihnaT fluorescence intensity (buffer
background subtracted) in the presence of diCAneamalized to &(1-42) fibrils alone and
plotted with the log value of compound concentratibhe data in three sets were fit to an
equation Y = 100/ (1+10” (X-LogKy)) to calculate 1 value. (c) A(1-42) fibrils with 0, 25,
50 and 100 uM diCA were incubated for 0 and 14 dagyd the aggregates were visualized by
gel electrophoresis with western blotting probedabyi-AB antibody 4G8 and 6E10. (d) TEM
image of A(1-42) fibrils with 100 uM diCA without incubatiorfe) TEM image of A(1-42)
fibrils with 100 uM diCA after 14 days incubatiofhe scale bar represents 100 nm.
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Fig. 5. ESI-TWIM-MS and MD simulation of the complexatiopexies of A(1-40) with
diCA (2). (a) ESI-TWIM-MS plot of 35 pM A(1-40) with 200 uM diCA in 50 mM
ammonium acetate (pH 6.8). DICA binds to the 3+ab®p monomer and to the 4+ and 5+
ions of A3 dimer. A3 and diCA complexes are indicated by orange stard,the number of
orange stars represents the number of diCA boumiBtqb) The positive-mode ESI mass
spectrum of A(1-40) with diCA. Monomeric A and its diCA complexes are shown. (c) & (d)
represent the two groups of diCA anfl Aomplex structures from MD simulation. The side
chain of first amino acid residue inpAL-40) is shown. The calculated CCSs match our

experimental data.

Fig. 6. Rescue effect of test compounds agairfitLA12) induced toxicity. (a) Cytotoxicity of
APB(1-42) in the absence and presence of curcudih CA (13), and diCA ). The end
products of ThT assay were subjected to SH-SY5M egld the cytotoxicity was determined
by LDH assay. The experiments were performed piitate. The data were normalized to the
positive control, i.e. cells treated with Triton2X0. The statistical significance was indicated
by two-way ANOVA (***, p < 0.0001; **, p < 0.005; *p < 0.05). (b) Cytotoxicity of
preformed A(1-42) fibrils in the presence of diCA. The sampleshe absence and presence
of diCA at different concentrations were treated neuroblastoma SH-SY5Y cells.
Cytotoxicity was measured by LDH assay. Cells ggawith Triton X-100 were used as the
positive control for 100% cytotoxicity. The expeents were performed in triplicate. The

statistical significance was indicated by one-wayGVA (***, p < 0.0001).

Fig. 7. AD-relevantC. elegananodel suggests that diCA offers protection frofiriAduced
paralysis.(a) The effect of curcuminl@), CA (13) and diCA @) on the paralysis phenotype
observed in the transgen& elegansstrain CL4176. The number of tested worms is about
100-130. (b) The median survival time was analyzedfer (nematode growth media), 24.2
+ 0.4 h; curcumin, 25.7 = 0.3 h; CA, 26.3 £+ 0.3dCA, 27.3 = 0.4 h. The statistical
significance was indicated by one-way ANOVA (*** 0.0001; **, p < 0.005; *, p < 0.05).

Table 1.Effect of test compounds against fibril format@mAp(1-40).

Table 2. Experimental mass to charge ratio, drift time antliston cross-section (CCS) of

AB(1-40) and its complexation species with diCA.(
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ACCEPTED MANUSCRIPT

Scheme 1Synthesis of divéent compound4-11
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Graphic abstract
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Resear ch highlights

*  Compounds bearing two units of caffeic acid with different linkers are synthesized.

* Adivaent caffeic amide (2) shows potent inhibition against AB fibrillization.

* ESI-TWIM-MS reveals the binding of compound 2 with Ap monomer and oligomer.

*  Compound 2 disassembles Ap fibrils and ameliorates A induced cytotoxicity.

*  Compound 2 extends lifespan of AP transgenic C. elegans, potential for AD therapy.



