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Design Considerations. The small molecule L2-NO was designed according to the 

incorporation approach which has been employed to prepare small molecules that 

interact with both Aβ species and metal ions (bifunctionality).1-10 In this design 

approach, N and/or O donor atoms for metal chelation are integrated with a molecular 

backbone known to interact with Aβ, e.g., an Aβ aggregate imaging agent, such as p-I-

stilbene (Fig. 1).1,2 The capacity of a small molecule to modulate metal-triggered Aβ 

aggregation was shown to derive from its bifunctionality which confers on the small 

molecule the capability to (re)direct the aggregation pathway of metal–Aβ, possibly by 

forging multiple interactions with metal-bound Aβ species. To demonstrate the feasibility 

of fashioning a bifunctional molecule that interacts and reacts preferentially with Cu(II)–

Aβ over Zn(II)–Aβ, a small molecule (L2-NO) with N and O donor atoms for metal 

chelation was constructed based on the Irving-Williams series which states that N,N-

donation is generally stronger than N,O-donation which is greater in strength than O,O-

donation within similar ligand scaffolds.11 In addition, for a similar ligand and donor atom 

set, ligands generally have greater affinity for Cu(II) than for Zn(II). Previously, we noted 

that bifunctional ligands with higher metal affinity, e.g., L2-b with two N donor atoms, 

exhibited stronger reactivity against Cu(II)– and Zn(II)–Aβ species,2 whereas ligands 

composed of N and O(carbonyl) donor atoms with lower metal binding affinity exhibited 

less pronounced reactivity against metal–Aβ.6 Therefore, tuning metal binding affinity of 

the ligand within a similar framework with donor atoms of intermediate strength, e.g., N 

and O(hydroxyl), could result in a ligand of intermediate metal binding affinity, great 

enough for Cu(II) binding to be reactive against Cu(II)–Aβ, but with low enough affinity 

for Zn(II) to afford reactivity toward Cu(II)–Aβ over Zn(II)–Aβ. Earlier, L2-b, prepared by 

the incorporation approach within a framework of a stilbene derivative displayed 

reactivity against both Cu(II)–Aβ and Zn(II)–Aβ.2 Thus, L2-NO was designed to 

determine whether metal selectivity (Cu(II) versus Zn(II)) could be achieved by varying 

metal binding donor atoms by direct comparison to L2-b within a similar backbone. 

Studies described herein demonstrate (1) the ability of L2-NO to interact with Aβ and (2) 

chelate metals, as well as (3) discern between Cu(II)–Aβ and Zn(II)–Aβ, compared to 

L2-b which interacts and reacts with both species. 
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Experimental Section 
Materials and Procedures 

All reagents were obtained from commercial sources and used without further 

purification unless otherwise noted. L2-NO (2-((4-(dimethylamino)benzyl)amino)phenol) 

was prepared according to previously published methods.2 Aβ40 (DAEFRHDSGYEV- 

HHQKLVFFAEDVGSNKGAIIGLMVGGVV) and Aβ42 (DAEFRHDSGYEVHHQKLVFF- 

AEDVGSNKGAIIGLMVGGVVIA) were purchased from AnaSpec (Fremont, CA, USA). 

Nuclear magnetic resonance (NMR) spectra for structural characterization of 

compounds were recorded on a Varian 600 MHz NMR spectrometer. Mass 

spectrometric data on small molecules were obtained on a Micromass LCT electrospray 

time-of-flight mass spectrometer. Optical spectra were collected on an Agilent 8453 

UV−visible (UV−vis) spectrophotometer (cuvette format, Agilent Technologies, Santa 

Clara, CA, USA) or on a SpectraMax M5 (microplate format, Molecular Devices, 

Sunnyvale, CA, USA). Transmission electron microscopy (TEM) samples were imaged 

on a Philips CM-100 transmission electron microscope. A 900 MHz Bruker Avance 

NMR spectrometer equipped with a triple-resonance z-gradient cryogenic probe was 

used for 2D NMR experiments for inverstigating Aβ interaction of L2-NO. 

 

Synthesis of 2-((4-(Dimethylamino)benzyl)amino)phenol (L2-NO). 2-Aminophenol 

(490 mg, 4.5 mmol) was introduced to a flame dried round-bottom flask and 20 mL of 

dry EtOH was added. 4-(Dimethylamino)benzaldehyde (670 mg, 4.5 mmol, in 20 mL dry 

EtOH) was added dropwise to the flask. The pale yellow reaction mixture turned deep 

orange (indicative of imine formation) after refluxing for 12 h. The solvent was then 

removed and a dry solvent mixture of MeOH (30 mL) and DCM (12 mL) was introduced. 

NaBH4 (1.0 g) was added in aliquots to the solution of the imine form of L2-NO stirring 

on ice. The orange solution of the imine turned pale yellow, indicative of reduction of the 

imine to the amine. The reaction was stirred on ice for an additional 10 min and then 

brought to room temperature over an hour after which the reaction was quenched upon 

treatment with water (10 mL). The resulting green solution was extracted three times 

with DCM. The collected DCM solution was washed with brine, dried over MgSO4, and 

filtered. The DCM solvent was evaporated. The crude brown product was purified by 
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column chromatography (SiO2, EtOAc:Hx = 1:2 with 5% triethylamine (NEt3)). The 

oxygen sensitive product was further washed using hexanes several times to remove 

oxidized forms. The pale yellow solid L2-NO was dried in vacuo and stored under N2. 

L2-NO oxidizes slowly in air in the solid state, in aprotic organic solvents, and in acidic 

aqueous solutions to a yellow product. Oxidation is accelerated in aqueous basic 

solutions. 1H NMR (600 MHz, CD2Cl2)/δ (ppm): 7.23 (d, J = 8.4 Hz, 2H), 6.55-6.85 (m, 

6H), 4.94 (bs, 1H), 4.21 (s, 3H), 2.92 (s, 6H). 13C NMR (151 MHz, CD2Cl2)/δ (ppm): 

150.7, 144.1, 137.8, 129.0, 127.8, 122.1, 117.8, 114.6, 113.2, 112.8, 48.4, 41.0. 

HRESI(+)MS: Calculated for [M+H]+, 243.1492; found, 243.1488.  

 

Amyloid-β (Aβ) Peptide Experiments. Aβ40 and Aβ42 aliquots were prepared following 

the previously reported method.1-3,6,9 1 mg of peptide was dissolved in ammonium 

hydroxide (NH4OH, 1% v/v in H2O), aliquoted, lyophilized, and stored at −80°C. For 

each Aβ experiment performed, a stock solution of Aβ (ca. 200 µM) was prepared by 

dissolving an Aβ aliquot in 10 µL of NH4OH (1% v/v in H2O) followed by dilution with 

ddH2O (200 µL). All Aβ experiments were prepared in 20 µM HEPES (2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid), pH 6.6 for Cu(II) experiments, pH 

7.4 for metal-free and Zn(II) experiments, and 150 µM NaCl. For inhibition experiments, 

Aβ (25 µM) samples, either metal-free or with metal (CuCl2 or ZnCl2, 25 µM), were 

treated with L2-NO (50 µM; 1% v/v final DMSO concentration for each experiment). 

Samples were then incubated with constant agitation at 37 °C for 4, 8, or 24 h. For 

disaggregation experiments, Aβ (25 µM) samples, either metal-free or with metal (CuCl2 

or ZnCl2, 25 µM), were incubated at 37 °C with continuous agitation for 24 h to generate 

peptide aggregates. L2-NO was added (50 µM, 1% v/v final DMSO) to preformed Aβ 

aggregates, and the resulting samples were incubated for an additional 4, 8, or 24 h. 

Compound-free controls, both metal-free or with metal ions, were also prepared in 

parallel for both inhibition and disaggregation experiments.  

 

Gel Electrophoresis and Western Blot. Aβ samples were analyzed by gel 

electrophoresis and Western blot employing an anti-Aβ antibody (6E10).1-3,6,9 A 10 µL 
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aliquot from each Aβ experiment (above) was applied to a well of a 10-20% gradient 

Tris-tricine gel (Invitrogen, Grand Island, NY, USA) and separated at an applied 

potential of 130 V. Gels were transferred to nitrocellulose, and blocked with 3% w/v 

bovine serum albumin (BSA, Sigma, St. Louis, MO, USA) in Tris-buffered saline (TBS, 

Fisher, Pittsburgh, PA, USA) containing 0.1% Tween-20 (TBS-T, Sigma) for either 3 h 

(room temperature) or overnight (4 °C). The blocked membranes were then treated with 

6E10 (1:2,000; 2% BSA in TBS-T, Covance, Princeton, NJ, USA) for 4 h (room 

temperature) or overnight (4 °C). Membranes were subsequently soaked for 1 h at room 

temperature in a 2% BSA/TBS-T solution of a horseradish peroxidase-conjugated goat 

anti-mouse secondary antibody (1:5000; Cayman Chemical, Ann Arbor, MI, USA). 

Protein bands were imaged using Supersignal West Pico Chemiluminescent Substrate 

(Thermo Scientific, Rockford, IL, USA). 

 

Metal Binding Studies. Cu(II) binding was performed in CH3CN (an aprotic solvent in 

which ligand oxidation would be minimal) to a 50 µM sample of L2-NO. Cu(II) binding 

studies were also monitored in EtOH, a protic solvent. A 50 µM sample of L2-NO in 

EtOH was treated with 0.5, 1, 2, 5, and 10 equiv of Cu(II); the first addition required 7 h 

incubation for the transitions to stabilize, but all subsequent additions resulted in no 

further change. Metal binding under strict anaerobic conditions were also performed in 

which all solutions were subjected to at least three freeze-pump-thaw cycles. 

Thoroughly degassed samples of L2-NO (50 µM in EtOH) were treated with 0.5, 1, or 2 

equiv of Cu(II) (CuCl2, 10 mM in H2O).  

 

Metal Selectivity Investigation. For metal selectivity studies, a Cu(II)–L2-NO complex 

was prepared as a reference (50 µM ligand in CH3CN, 1 equiv Cu(II)). In separate 

samples, another divalent metal ion M(II) (MgCl2, CaCl2, MnCl2, FeCl2, CoCl2, NiCl2, or 

ZnCl2, 1 or 25 equiv) was added to L2-NO instead. To test metal selectivity, 1 equiv of 

Cu(II) was then added, and another spectrum was recorded and compared to the 

reference spectrum of Cu(II)–L2-NO. If the new spectrum was the same as the 

reference, this indicated that L2-NO was bound to Cu(II) in the presence of the other 

divalent metal, and thus displayed a preference for Cu(II). This is quantified by AM/ACu at 
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435 nm: after Cu(II) addition, if AM/ACu ~ 1, the preference is for Cu(II), if 0 < AM/ACu < 1, 

the ligand is distributed between Cu(II) and the other divalent metal ion, and, if AM/ACu ~ 

0, there is no selectivity for Cu(II) under these conditions. AM/ACu at 435 nm is also 

calculated prior to Cu(II) addition to verify that M(II)–L2-NO does not contribute to the 

absorbance at 435 nm to complicate the interpretation of AM/ACu post Cu(II) addition. 

Samples which contained Fe(II) were prepared anaerobically using at least three 

freeze-pump-thaw cycles. 

 

Transmission Electron Microscopy (TEM). Formar/Carbon 300-mesh grids (Electron 

Microscopy Sciences, Hatfield, PA, USA) were glow discharged; 5 µL of the sample 

from inhibition and disaggregation experiments was applied to each and incubated for 2 

min.1-3,6,9 Excess buffer was removed by blotting carefully with filter paper, and grids 

were then washed twice with ddH2O. They were then treated with 1% w/v aqueous 

uranyl acetate staining solution for 1 min. Excess stain was blotted off and the grids 

were air dried at room temperature for at least 20 min. Grids were imaged on a Philips 

CM-100 transmission electron microscope (magnification x25,000; 80 kV).  

 

Two Dimensional Band-Selective Optimized Flip-Angle Short Transient 
(SOFAST)–Heteronuclear Multiple Quantum Correlation (HMQC) Spectroscopy. 

The interaction of Aβ40 with L2-NO or L2-b was followed by 2D SOFAST–HMQC NMR 

experiments at 4 °C.12 NMR samples were prepared with 15N-labeled Aβ40 (rPeptide) 

which was lyophilized in 1% NH4OH by resuspending the peptide in 100 µL of 1 mM 

NaOH (pH 10). The peptide was then diluted with 200 mM phosphate buffer, pH 7.4, 1 

M NaCl, D2O, and water to yield a final peptide concentration of 80 µM. Each spectrum 

was obtained using 256 complex t1 points and a 1 s recycle delay. The 2D data were 

processed using TopSpin 2.1 (Bruker). Resonance assignments were performed by 

CARA using published assignments for Aβ as a guide.13,14	   Compiled chemical shift 

perturbation (CSP) was calculated using the following equation: 
 

∆𝛿!" =    ∆𝛿𝐻! +
∆𝛿𝑁
5

!
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CSP is considered significant for an individual residue when its value is greater than the 

average CSP plus one standard deviation of the CSP for all residues. 

 

Isothermal Calorimetric Titration (ITC). ITC titrations of Aβ40 with L2-NO were 

conducted with a MicroCal VP-ITC isothermal titration calorimeter (Northampton, MA, 

USA).6 Solutions of L2-NO (200 µM) and Aβ40 (20 µM) were prepared in 20 µM HEPES 

buffer, pH 7.4, 150 µM NaCl (10% v/v DMSO) and degassed for 10 min prior to titration. 

10 µL of ligand solution was injected into 1.5 mL of Aβ40 solution over 25 injections with 

an interval of 200 sec between each injection at 25 °C using a motor-driven 250 µL 

syringe rotating at 310 rpm. The heat of dilution of L2-NO solution into buffer without 

Aβ40 was measured as control. The heat change caused from L2-NO binding to Aβ40 

was measured by subtracting the control heat of dilution value from the experimental 

values. The titration data was analyzed with MicroCal Origin (version 7.0) and the 

binding curves were fitted to a sequential model to obtain the thermodynamic 

parameters. 

 

Trolox Equivalent Antioxidant Capacity (TEAC) Assay. ABTS (2,2ʹ′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (7 mM in H2O, Sigma, MO, USA) 

was oxidized with potassium persulfate (2.5 mM) overnight to develop ABTS+• 

radicals.15 The aqueous ABTS+• stock was then diluted in EtOH such that 200 µL within 

a plate well produced ca. A734 = 0.7. Stock solutions of the standard Trolox (6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic) and compounds (L2-b and L2-NO) were 

prepared in EtOH (20 mM) and used to prepare serial dilutions of 2, 1.5, 1, 0.75, 0.5, 

0.25, and 0.1 mM. For each run, eight wells were filled with 200 µL ABTS+• solution; one 

well was left untreated to serve as control, while 2 µL of each serial dilution was added 

to the remaining seven wells. The absorbance at 734 nm was measured on a 

microplate reader programmed in kinetic mode to record every 2 min over 30 min in 

total, with 30 second mixing between recordings at 30 °C. Samples were run in triplicate 

for each compound; analysis was performed by generating a standard curve for each 
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run by comparing the extent of ABTS+• bleaching to the non-treated well. The TEAC 

capacity for each compound was calculated by comparing the slope of their standard 

curve to the slope of Trolox and averaging over triplicate runs at each time point. TEAC 

capacity was also recorded on solutions of Trolox and compound left to stand in air for 

72 h (oxidized forms of compounds would exist under this condition) to test whether 

they maintained their antioxidant capacity. In addition, TEAC was recorded in PBS 

buffer (i.e., pH 7.4), and a modified PBS solution buffered about the first pKa1 of H3PO4, 

(i.e., pH 2.5). This was performed in order to test the effect of pH on ease of oxidation. 

 

2-Deoxyribose Assay. Reactions were prepared on a 200 µL scale in 50 mM 

phosphate buffer pH 7.2. Ligand (L2-NO or L2-b, 50-200 µM) and CuCl2 (10 µM) were 

incubated for 6 h at 37 °C with constant shaking.16 Reagents were then added in the 

following order with final concentration: 2-Deoxyribose (15 mM), H2O2 (200 µM), sodium 

ascorbate (2 mM). Control reactions without ligand treatment were also set up. The 

microtubes were agitated continuously at 250 rpm for an additional 2 h at 37 °C, 

quenched upon addition of 200 µL of 2.8% w/v TCA (trichloroacetic acid) and 200 µL of 

1% w/v TBA (2-thiobarbituric acid, Sigma, MO, USA), and heated to 100 °C for 20 min. 

A 200 µL aliquot from each sample was added to a well of a 96-well plate, and the 

absorbance at 532 nm was recorded on a microplate reader. Microtubes for each ligand 

concentration were run in triplicate, and the entire assay was run three times.  

 
Parallel Artificial Membrane Permeability Assay Adapted for Blood-Brain Barrier 
(PAMPA-BBB). A PAMPA Explorer kit (pION Inc., Billerica, MA) was employed, with 

some modifications, to calculate –logPe. Stock solutions of L2-NO were diluted to 25 µM 

in Prisma HT buffer (pH 7.4, pION) to a final concentration of 1% v/v DMSO and 200 µL 

of the solution was added donor plate wells (6 replicates). Each polyvinylidene fluoride 

filter membrane (PVDF, 0.45 µM) on the acceptor plate was coated with 5 µL of BBB-1 

lipid formulation (pION). The acceptor plate was rested over the donor plate, and 200 µL 

of brain sink buffer (BSB, pION) was added to the acceptor wells. This acceptor-donor 

sandwich was incubated for 4 h undisturbed at room temperature. Absorbance of 

reference, donor, and acceptor plates was recorded on a microplate reader, and 
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PAMPA Explorer software v. 3.5 (pION) was used to calculate –logPe for L2-NO. BBB 

permeability is predicted by CNS± (central nervous system) designations, assigned by 

comparison to previously identified compounds.17,18 
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Table S1 Values (MW, clogP, HBA, HBD, PSA, logBB, and −logPe) for L2-NO. 
 

Calculationa L2-NO Lipinski’s rules & others 

MW  242.32 ≤ 450 
clogP        2.587 ≤ 5.0 

HBA 3 ≤ 10 

HBD 2 ≤ 5 

PSA    35.49 ≤ 90 Å2 

logBB       0.007 > 0.3 (crosses readily the BBB) 
< –1 (crosses poorly the BBB) 

−logPe
b 4.50 (±0.06) −logPe < 5.4 (CNS+) 

−logPe > 5.7 (CNS−) 

CNS predictionc CNS+  
 

a MW, molecular weight; clogP, calculated logarithm of the octanol−water partition 
coefficient; HBA, hydrogen-bond acceptor atoms; HBD, hydrogen-bond donor atoms; 
PSA, polar surface area; logBB = −0.0148 × PSA + 0.152 × clogP + 0.139,	   logBB is a 
calculated value to predict compound distribution between the brain and blood, logBB = 
log([compound]brain/[compound]blood). b The values of −logPe were measured using the 
parallel artificial membrane permeability assay (PAMPA).	   Pe is an experimentally 
measured value called the PAMPA effective permeability, which is represented as –
logPe, and is a measure of a compound’s ability to cross the artificial membrane of the 
PAMPA assay. c Compounds categorized as CNS+ are predicted to be BBB permeable 
and can target the CNS. Compounds assigned as CNS− are predicted to have poor 
BBB permeability and therefore low bioavailability in the CNS. 
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Fig S1 L2-NO’s influence on disassembly of metal-free and metal-induced preformed 
Aβ aggregates in vitro. Top: Scheme for the disaggregation experiment. Bottom: (a) 
Visualization of size distribution of the resulting Aβ and metal–Aβ species by gel 
electrophoresis/Western blot using an anti-Aβ antibody (6E10). The size and shape of 
Aβ aggregates could determine their permeation through the gel; thus, smearing 
indicates a broad size distribution of Aβ species, (re)directed by L2-NO from the 
principle aggregation pathway. (b) TEM images of the resultant Aβ and metal–Aβ 
species from 24 h incubated samples. The scale bar indicates 500 nm. Experimental 
conditions: [Aβ] = 25 µM; [CuCl2 or ZnCl2] = 25 µM; [L2-NO] = 50 µM; pH 6.6 (Cu(II) 
samples) or 7.4 (metal-free and Zn(II) samples); 4, 8, or 24 h incubation; 37 °C; 
constant agitation. 
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Fig S2 Normalized chemical shifts of 1H and amide 15N atoms for all uniformly-15N-
labeled Aβ40 residues from the SOFAST-HMQC NMR (900 MHz) spectra of the Aβ40 
peptide with 10 equiv of L2-NO and L2-b. Conditions were described in the 
experimental section (no sodium dodecyl sulfate (SDS) in our NMR samples was 
included). Two horizontal lines represent the average chemical shift (dashed line) and 
the average chemical shift plus one standard deviation (dotted line). * Residues could 
not be resolved for analysis (# no chemical shift was observed). Upon treatment of 
Aβ with L2-b, the amino residues E11, Q15, L17, and F20 were observed to be 
significantly shifted. These residues are close to and/or in the locale of Aβ, the self-
recognition region, as for the interaction of L2-NO, which suggests that L2-b and L2-NO 
likely interact in a similar area of the peptide.  
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Fig S3 Isothermal calorimetric titration (ITC) parameters for a solution of L2-NO (200 
µM) titrated into Aβ40 (20 µM) in 20 µM HEPES buffer, pH 7.4, 150 µM NaCl (10% v/v 
DMSO). The calculated association constant Ka of L2-NO for Aβ40 is 7 (±4) x104 M-1, 
with ΔH = -12 (±5) kJ/mol, ΔG = -28 (±1) kJ/mol. 
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Fig S4 Cu(II) binding to L2-NO under various conditions. (a) Aerobic Cu(II) binding to 
L2-NO (50 µM) in EtOH; an absorbance at ca. 430 nm grew in rapidly (red) and 
decayed (green) quickly, followed by oxidation to a ligand with absorbance also ca. 430 
(purple). Subsequent copper addition (blue and grey) had no influence on optical 
changes. (b) Anaerobic Cu(II) binding to L2-NO (50 µM) in EtOH; similar to the aerobic 
addition, an absorption at ca. 430 developed instantaneously (red); however, it 
persisted longer over one hour (green), instead of 5 min as it did under aerobic 
condition. Consequent addition of Cu(II) did not impact the optical spectra. (c) Cu(II) 
binding to L2-NO (50 µM) in CH3CN. The band at ca. 430 nm was more stable and 
persisted over hours. 
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Fig S5 UV-vis spectra of L2-NO in the presence of 1 equiv (50 µM) or 25 equiv (1.25 
mM) of biologically relevant divalent metal ions. Optical spectra of L2-NO in the 
absence and presence of (a) 1 equiv or (c) 25 equiv of Mg(II), Ca(II), Mn(II), Co(II), 
Ni(II), Zn(II), or Cu(II). (b and d) All spectra from (a and c) after 30 min incubation with 1 
equiv of Cu(II). (e) Spectra of L2-NO with and without 1 equiv of Fe(II) or Cu(II), and L2-
NO with (e) 1 equiv and (f) 25 equiv of Fe(II) followed by addition of 1 equiv of Cu(II) 10 
min later.  
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Fig S6 Biologically relevant properties of L2-NO and L2-b. (a) TEAC assay to measure 
the antioxidant capacity of compounds in EtOH and PBS (pH 7.4, and 2.5). (b) 2-
Deoxyribose assay in 50 mM phosphate buffer (pH 7.2) to determine the ability of 
compounds to regulate the formation of hydroxyl radicals (•OH). 
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