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Metal ion homeostasis in conjunction with amyloid- (A) aggregation in the brain has been implicated 

in Alzheimer’s disease (AD) pathogenesis. To uncover the interplay between metal ions and A 

peptides, synthetic, multifunctional small molecules have been employed to modulate A aggregation in 

vitro. Naturally occurring flavonoids have emerged as a valuable class of compounds for this purpose 

due to their ability to modulate both metal-free and metal-induced A aggregation. Although, flavonoids 

have shown anti-amyloidogenic effects, the structural moieties of flavonoids responsible for such 

reactivity have not been fully identified. In order to understand the structure-interaction-reactivity 

relationship within the flavonoid family for metal-free and metal-associated A, we designed, 

synthesized, and characterized a set of isoflavone derivatives, aminoisoflavones (1-4), that displayed 

reactivity (i.e., modulation of A aggregation) in vitro. NMR studies revealed a potential binding site for 

aminoisoflavones between the N-terminal loop and central helix on prefibrillar A different from the 

non-specific binding observed for other flavonoids. The absence or presence of the catechol group 

differentiated the binding affinities and enthalpy/entropy balance between aminoisoflavones and A. 

Furthermore, having a catechol group influenced the binding mode with fibrillar A. Inclusion of 

additional substituents moderately tuned the impact of aminoisoflavones on Aaggregation. Overall, 

through these studies, we obtained valuable insights on the requirements for parity among metal 

chelation, intermolecular interactions, and substituent variation for A interaction. 

 

Introduction 

 
Alzheimer’s disease (AD) is rapidly becoming one of the most 

prominent public health concerns worldwide, especially due to the 

present lack of a curative treatment.1 AD is commonly classified as a 

protein misfolding disease due to the observation of proteinaceous 

aggregates in diseased brain tissue, including senile plaques and 

neurofibrillary tangles.1b-e,2 The primary components of the senile 

plaques are aggregated forms of amyloid- (A) peptides.1b-e,3 Self-

association of monomeric A into various amyloid assemblies 

produces neurotoxic species, leading to AD pathogenesis;4 however, 

plaques can have a heterogeneous composition, with other 

components identified in the deposits. For example, metal ions have 

been found in association with the plaques and could be linked to 

neurotoxicity in AD.1d,1e,2c,5  

Cu(I/II), Zn(II), and more recently Fe(II) have been shown to 

bind to A peptides in vitro.1b-e,2c,5e,5f,6,7 Consequently, Cu(II)- and 

Zn(II)-bound A peptides have been found to aggregate more 

rapidly than their metal-free counterparts.8 It has also been proposed 

that redox active metal ions, such as Cu(I/II), bound to A could 

participate in redox cycling, leading to an overproduction of reactive 

oxygen species (ROS) and, subsequently, elevated oxidative 

stress.5c,5d,9 As metal binding to A may have multiple potential 

consequences, consideration of the direct interaction between these 

metal ions and A peptides as a pathological factor is warranted; 

however, little evidence has been accumulated to clarify the 

involvement of metal-associated A (metalA) species in vivo and 

their contribution to AD.  

In an attempt to explore the connection between metal–A 

species and AD, employing small molecules as chemical tools may 

be useful. For this purpose, there have been increasing efforts to 

probe Cu(II)–Aand Zn(II)–A in vitro using compounds with 

specific structural moieties for simultaneous interaction with metal 

ions and A (i.e., bifunctionality).1b,1c,10 The majority of molecules 

have been designed by direct modification of known A plaque 

imaging agents.10a-c,11 In the incorporation design approach, 

heteroatoms for metal chelation are directly installed into the 

imaging agent framework.10,11 This design strategy affords several 

advantages for future applications, including careful selection of 

moieties that could facilitate brain uptake and appropriate tuning of 

metal binding affinity to avoid systemic metal chelation and 

disruption of metal ion homeostasis in the brain.1b,10a,10b Although 

several compounds with bifunctionality have provided useful 

insights into the reactivity of metal–A, there remains much to be 

understood about these molecules’ functions at the molecular level 

and the impact of their structural features on interaction and 

reactivity with metal-free and metal–A species. Rational screening 
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or selection of natural products has identified flavonoids as a source 

of chemical structures suitable for such investigation and 

modification.12 Flavonoids are plant-derived compounds that have 

been studied in models of inflammation, cancer, oxidative stress, and 

dementia.13 Initially, myricetin (Fig. 1a) was found to modulate 

metal-mediated A aggregation and neurotoxicity in vitro due to its 

metal chelation and A interaction properties.12a More recently, the 

influence of (−)-epigallocatechin-3-gallate (EGCG, Fig. 1a) on both 

metal-free and metal-induced A aggregation was characterized in 

detail at the molecular level.12b EGCG bound to metal–A was able 

to alter A conformation; off-pathway A aggregation occurred 

leading to amorphous A aggregates.12b,14 This outcome represents 

an additional path by which the formation of toxic oligomeric A 

intermediates may be circumvented. In order to reconcile the 

previously reported findings using myricetin and EGCG with the 

rational design approach, it would be worthwhile to identify the 

essential structural moieties within a flavonoid framework required 

to target metal-free and metal-associated A species and modulate 

their reactivity, which will offer small molecule candidates as 

chemical tools for studying A and metal–A species. 

Herein, we report the design and preparation of simple 

flavonoids derivatives, aminoisoflavones (1-4, Fig. 1b), with the 

intention to merge the qualities attained from rational-based design 

strategy into the isoflavone framework, which are known to contain 

auspicious biological characteristics toward AD (vide infra);13a,15 

along with detailed evaluation of their Cu(II), Zn(II), and A 

interaction properties for understanding their ability to regulate 

metal-free and metal-induced A aggregation. Our overall results 

and observations demonstrate that deconstruction of naturally 

occurring flavonoids for redesign with selective inclusion of only a 

few functional groups is sufficient to effectively target metal ions, 

A, and metal–A and to subsequently influence their reactivity 

(i.e., modulation of A aggregation) in vitro. Moreover, structural 

modification of the isoflavone framework, chosen for its 

synthetically friendly scaffold, does not diminish its innate beneficial 

traits toward AD-related reactivity. Using our aminoisoflavone 

derivatives, the foundation of a structure-interaction-reactivity 

relationship for flavonoids toward metal-free and metal-associated 

A is strengthened by detailed characterization of their properties at 

the molecular level. 

 

 

 
 
Fig. 1. Chemical structures of (a) naturally occurring flavonoids 
(myricetin, EGCG, and genistein) and (b) synthetic aminoisoflavones 
(1-4). (a) Left to right: Myricetin, 3,5,7-trihydroxy-2-(3,4,5-
trihydroxyphenyl)-4H-chromen-4-one; EGCG, (−)-epigallocatechin-3-
gallate or (2R,3R)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)chroman-3-
yl 3,4,5-trihydroxybenzoate; genistein, 5,7-dihydroxy-3-(4-hydroxy 
phenyl)-4H-chromen-4-one. (b) Left to right: 1, 2-amino-7-hydroxy-3-
phenyl-4H-chromen-4-one; 2, 2-amino-3-(3,4-dihydroxyphenyl)-4H-
chromen-4-one; 3, 2-amino-6-chloro-3-(3,4-dihydroxyphenyl)-4H-
chromen-4-one; 4, 2-amino-3-(3,4-dihydroxyphenyl)-7-hydroxy-4H-
chromen-4-one.  

 

Results and Discussion 
 

Design and Synthesis of Aminoisoflavone Derivatives. In search 

of small molecules to interrogate the relationship between metal ions 

and A species, selection of naturally occurring flavonoids has 

offered a new avenue for chemical tool development due to their 

multiple targeting capabilities, which may include various enzymes 

and ROS.12,16 Recognizing that certain structural moieties are 

common to natural flavonoids (e.g., catechol group; potentially for 

metal binding), a new family of synthetic flavonoids, 

aminoisoflavones (1-4, Fig. 1b) with tractable structural 

modifications were designed and prepared. Although the 

coordination chemistry of catechol and its corresponding metal 

complexes is well known,17 knowledge of its role in flavonoid 

derivatives for targeting and modulating metal-free and metal-

induced A aggregation has received little attention. Additionally, 

incorporation of an amine functionality (e.g., NH2) could be used to 

gauge the tolerance of the framework to unnatural substituents,18 

which might be useful for tuning the metal binding and/or A 

interaction properties by rational structure-based modifications in 

later stages.  

 

 

Scheme 1. Synthetic route to aminoisoflavones (1-4)  

 

 
 

 

The aminoisoflavones are derived from the structures of soy 

isoflavones, such as genistein (Fig. 1a), which are known to have 

multiple biological effects, and they have been employed as A 

aggregation inhibitors and as neuroprotective molecules.15 Synthetic 

aminoisoflavone derivatives have been demonstrated previously to 

have inhibitory activity against various isoforms of human carbonic 

anhydrase (hCAI and hCAII),19 a metalloenzyme that has been 

occasionally linked to AD.20 Thus, we were curious to know whether 

the family of compounds could target and modulate another aspect 

of AD-related reactivity. The design of the new aminoisoflavones 1-

4 (Fig. 1b) involves the o-dihydroxy moiety (i.e., catechol) for metal 

chelation in 2, 3, and 4 and substituents, such as OH or Cl, in the A 

ring to modify the electronics or sterics of the molecules to influence 

their reactivity with A or metal–A(vide infra). Compound 1 was 

prepared as an analogue of 4 that lacks the catechol group for 

comparison of interaction and reactivity with metal ions, A, and 

metal–A. The design further employs an unnatural substituent, a 

primary amine, in the 2 position of the C ring within the core 

framework of the isoflavone, which may be beneficial for improving 

solubility compared to naturally occurring flavonoids (Fig. 1).18 The 

inclusion of the amine group is also related to the design of A 

plaque imaging agents and multifunctional small molecules that have 

used amine derivatives to interact with the peptide.11a-d,11i,21 Among 

them, the dimethylamino functionality has been commonly used; 

however, the reported derivatives containing the primary amine can 

also enable interaction with A.11d The aminoisoflavones (1-4) 
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presented here are synthesized by acidic cleavage of the 

 

 

methoxylated aminoisoflavone precursors,16b and they were obtained 

in relatively high yield (76-86%) (Scheme 1). Thus, the multiple 

structural aspects of these aminoisoflavones, including the 

isoflavone framework, the catechol motif, and the primary amine, 

make them attractive candidates for detailed characterization of their 

chemical properties, subsequent influence on metal-free and metal-

induced A aggregation in vitro. 

 

A Aggregation in the Absence and Presence of 

Aminoisoflavones. The extent to which the aminoisoflavones could 

control A aggregation (inhibition experiment; Fig. 2) or alter 

preformed A aggregates (disaggregation experiment; Fig. S1) in the 

absence and presence of Cu(II) and Zn(II) was investigated.10g-

l,10o,10p,12a,12b,22 For both studies, gel electrophoresis with Western 

blot was used to visualize the molecular weight (MW) distribution of 

the resulting A species and transmission electron microscopy 

(TEM) was employed to detect changes to peptide morphology. 

In the inhibition experiment, differences in reactivity of 

compounds were observed toward both metal-free and metal-

induced A aggregation (Fig. 2). Reactivity of compounds is 

inferred by the ability of the compound to modulate the peptide 

aggregation pathway; aiming to generate A species with a wide 

distribution of MW which are soluble to penetrate the gel matrix. All 

of the aminoisoflavones were able to modulate metal-free A40 

aggregation as evidenced by the range of various-sized A species 

visualized (Fig. 2a, lanes 1-4) in comparison to compound-free A 

(lane C). In the presence of Cu(II) or Zn(II), however, varying 

degrees of compounds’ ability to control metal-triggered A40 

aggregation were observed. Cu(II)- or Zn(II)-mediated A40 

aggregation was influenced by catechol containing compounds; 2, 3, 

and 4, but not by 1, generating A40 species having MW ≤ 75 kDa 

(lanes 2-4), which may indicate the redirection of A aggregation as 

previously described for flavonoids.12b,14,23,24 Fewer high MW gel-

permeable aggregates were detected with 2 in comparison to that of 

3 and 4 (lanes 2-4), which may represent a modest effect from the 

inclusion of the additional substituents (i.e., Cl, OH) that are present 

in the A ring for 3 and 4 on peptide aggregation relative to the 

unsubstituted analogue 2 (Figure 1b). Unstructured, amorphous A 

aggregates were shown in previous reports;12b,14,23,24 similarly, TEM 

 

 

 

 

 

 

 

 

 
Fig. 2. Investigation of the ability of 
aminoisoflavones (1-4) to modulate the formation 

of metal-free and metal-induced A40 and A42 
aggregates. Top: Scheme of the inhibition 
experiment. Middle: Analysis of the samples 

including (a) A40 and (b) A42 by gel 
electrophoresis followed by Western blot (6E10). 

Lanes: (C) A± CuCl2 or ZnCl2 (C = control), (1) 
C + 1; (2) C + 2; (3) C + 3; (4) C + 4. Bottom: 

TEM images of samples with 1 or 4 for (a) A40 

and (b) A42. Experimental conditions: [A40 or 

A42] = 10 M; [CuCl2 or ZnCl2] = 10 M; 

[aminoisoflavone] = 20 M; 1% v/v DMSO; 20 
mM HEPES, pH 7.4, 150 mM NaCl; 24 h; 37 °C; 
agitation. 

 

 

images of Cu(II)- and Zn(II)-added A samples treated with 4 

revealed smaller-sized, amorphous species, while larger A 

aggregates were observed with compound-untreated metalA 

samples (Fig. 2). In contrast, 4-added metal-free A samples 

displayed structured A aggregates similar to those of compound-

free A40. In addition, minimal morphological changes were 

exhibited upon treatment of 1 in both metal-free and metal-treated 

conditions, suggesting that 1 may interact with metal-free and metal-

associated A species differently from 4.  

Furthermore, in order to understand structural moieties that 

could play a role in the control of A aggregation, the reactivity of 

catechol (a metal binding site in 2-4) and a mixture of 1 (flavonoid 

only) and catechol with metal-free and metal-associated A40was 

investigated (Fig. S2). In metal-free conditions, some reactivity 

toward A40 was only observed for 1 or a mixture of 1 and catechol 

(Fig. S2, lanes 2 and 4), implying that the structural framework of 1, 

and not catechol, may be important for metal-free A40 aggregation. 

In the case of metal-induced A40 aggregation, no reactivity was 

indicated with 1 (lane 2), while noticeable reactivity was displayed 

with metalA treated with catechol or a mixture of 1 and catechol 

(lanes 3 and 4). Moreover, the reactivity of the mixture of 1 and 

catechol was more distinguishable toward Cu(II)–A40, in 

comparison to that of catechol, similar to that shown by 2-4. On the 

other hand, Zn(II)-induced A40 aggregation was less modulated by 

catechol and a mixture of 1 and catechol than 2-4. These 

observations suggest that the catechol moiety and 1 in the structural 

framework of 2-4 could be important for interaction with 

metalA40 and metal-free A40 species, respectively; however, the 

ability of 2-4 to control metal-free and metal-induced A40 

aggregation is driven by their overall structure (not by individual 

structural components).  

It is also relevant to consider the reactivity of these ligands with 

A42, which has been suggested to primarily compose the senile 

plaques and found to aggregate via different intermediates in 

comparison to A40.
1e,2b,3b,25 Overall patterns observed for A42 were 

similar to those for A40 in the inhibition experiment (vide supra; 

Fig. 2). Metal-free A42 aggregation was modestly influenced by 2, 
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3, and 4, with a lesser extent with 1 (Fig. 2b, lanes 1-4). In samples 

containing metal ions, 2, 3, and 4 showed analogous greater 

reactivity, over metal-free conditions, visualized by the darker 

intensity of gel bands suggesting that all three compounds may alter 

metal-induced A42 aggregation in a similar fashion (lanes 2-4). 

Noticeably less reactivity was displayed with 1 in either metal-free 

or metal-triggered A42 aggregation. From the TEM results, 

mixtures of large, amorphous A42 species were observed in metal-

free and metal-treated conditions upon the treatment of 4 in 

comparison to compound-untreated metal-free or metalA which 

displayed structured A42 aggregates. 

The aminoisoflavones were also evaluated on their ability to 

transform preformed metal-free or metal-associated A40 or A42 

aggregates (Fig. S1). Overall, the pattern of compound reactivity 

observed in the disaggregation experiments were similar to those of 

the inhibition experiment. In samples containing A, metal ions, and 

2, 3, or 4 (lanes 2-4), different distribution patterns was exhibited in 

comparison to those of compound-free conditions (lanes C). In 

contrast to inhibition results, minimal reactivity was observed upon 

the treatment of 1, 2, 3, or 4 to metal-free A40 aggregates (lanes 1-

4). Different from 1, metal chelation via the catechol moiety in 2, 3, 

and 4, could likely play a role in redirecting preformed metalA42 

aggregates. The TEM results showed a mixture of different-sized 

amorphous A aggregates upon the treatment of 4 to either metal-

free or metal-induced A species, while more structured A 

aggregates were present for compound-untreated samples in the 

same conditions (Fig. S1). 

Furthermore, the methoxylated precursors of 1, 2, and 4 (i.e., 1a, 

2a, and 4a, respectively; Scheme 1) were also studied in order to 

determine the potential role of the catechol moiety in the reactivity 

of aminoisoflavones toward metal-free/-induced A aggregation. As 

depicted in Fig. S3, very minimal effect of 1a, 2a or 4a was 

observed only with Cu(II)-A40 in both inhibition and disaggregation 

experiments. In all scenarios, 1a, 2a or 4a did not affect metal-free 

or Zn(II)-mediated A40/42 aggregation. Taken together, our 

inhibition and disaggregation results reveal the scope of flavonoid 

derivatives that can be used to modulate metal-free and metal-

induced A aggregation and validate the requirement for sufficient 

metal binding and A interaction properties to suitably influence this 

reactivity. The absence of metal chelation moiety, catechol, in 1 as 

well as 1a, 2a or 4a hindered the modulation of metal-induced 

A40/42 aggregation, implying that the catechol moiety may be a key 

factor in the reactivity of aminoisoflavones with metalA species. 

Moreover, additional substituents on the A ring (i.e., Cl for 3 and 

OH for 4) may also effect the modulation of A aggregation. 

 

Solution Speciation Studies of Aminoisoflavones. The acidity 

constants (pKa) for the aminoisoflavones were determined by 

variable-pH spectrophotometric titrations (I = 0.1 M, room 

temperature) following previously reported procedures (Fig. 3).10f,10h-

l,10o,10p,26 The primary amine common to all four aminoisoflavones 

was assigned to the most acidic pKa values, consistent with the 

predicted values for these structures.27 Deprotonation of the 

ammonium (RNH3
+) to the primary amine (RNH2) was represented 

by pKa values of 1.3 ± 0.1 for 1, 1.8 ± 0.5 for 2, 2.2 ± 0.9 for 3, and 

1.5 ± 0.4 for 4. With the exception of 1, each of the structures 

contains the catechol moiety that had expected pKa values of ca. 9 

and 13 for the hydroxyl groups.17a-c The pKa values for the 

catechol/catecholate equilibrium were 8.9 ± 0.2 and 12.3 ± 0.4 for 2, 

8.9 ± 0.3 and 11.7 ± 0.2 for 3, and 9.1 ± 0.2 and 12.0 ± 0.2 for 4, 

with the more basic pKa value corresponding to deprotonation of the 

hydroxyl group in the para position.17a-c An additional pKa value 

corresponding to deprotonation of the hydroxyl substituent on the A 

ring in 1 and 4 was 7.9 ± 0.1 and 5.8 ± 0.3, respectively.  

Based on these pKa values, speciation diagrams were drawn to 

illustrate the fraction of ligand protonation states at each pH in 

solution. Each ligand would exist mainly in its fully deprotonated 

form above pH 12 (i.e., L), and would have an overall negative 

charge. At pH 7.4, the dominant species is expected to be neutral for 

1 (LH), 2 (LH2), and 3 (LH2), or monodeprotonated for 4 (LH2). For 

future applications of these molecules, neutral species would be 

favored for facilitating brain uptake via passive diffusion across the 

blood-brain barrier (BBB).28 Furthermore, characterization of the 

species distribution could be valuable for rationalizing the metal/A 

binding properties for these molecules as described below. 
 

Metal Binding Studies. The aminoisoflavones 2, 3, and 4 were 

designed to be capable of metal binding via a catechol group, similar 

to other polyphenols.12a,12b,29 The catechol moiety is a prevalent 

ligand in biology, appearing in naturally occurring molecules, such 

as flavonoids, and in neurotransmitters (e.g., dopamine, 

epinephrine).17b,30 Known to be a strong metal chelator, the inclusion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Solution speciation studies of 
aminoisoflavones (1-4). (a) Variable-pH UV-
Vis titration spectra and (b) solution 
speciation diagrams for 1-4 (FL = fraction of 
species in solution). (c) Summary of solution 
equilibria and acidity constants. Experimental 

conditions: [1 or 4] = 30 M, [2] = 20 M, [3] 

= 15 M; I = 0.1 M NaCl; room temperature. 
Charges are omitted for clarity. 
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of this functionality in the aminoisoflavone framework was 

anticipated to interact with metal ions surrounded by A 

species.17b,17c,31 Thus, the Cu(II) and Zn(II) binding properties of the 

aminoisoflavones were investigated initially by UV-Vis in the 

absence and presence of A40 (Figs. S4-S6). More detailed Cu(II) 

binding properties were also characterized by variable-pH UV-Vis 

titrations. Upon incubation of the aminoisoflavones 2, 3, and 4 (20 

M, 1% v/v DMSO) with CuCl2 in an aqueous buffered solution (20 

mM HEPES, pH 7.4, 150 mM NaCl), differences in the optical 

spectrum of the free ligand were observed (Fig. S4). With 0.5 equiv 

of CuCl2, new absorption features at ca. 480 nm were detected; 

additionally, prolonged incubation of the solution resulted in the 

appearance of a broad feature centered at ca. 800 nm.32 Subsequent 

addition of CuCl2 enhanced the intensity of these peaks (Fig. S4). 

Note that the peak at ca. 800 nm was not observed from the solutions 

containing only the compounds, suggesting the involvement of 

Cu(II) in that optical feature. No noticeable changes in the optical 

spectra were observed with 1, which lacks the catechol group (Fig. 

S4). 

Zn(II) binding to the aminoisoflavones was also investigated by 

UV-Vis. It should be noted that the ligand concentration was 

increased to a ten-fold excess (i.e., 100 M) relative to ZnCl2 (10 

M) in order to detect an optical change upon metal binding (Fig. 

S5). Similar to the Cu(II) binding data, addition of Zn(II) had no 

effect on the spectrum of 1 (Fig. S5a). There were also no substantial 

changes for 3 with Zn(II); however, 2 and 4 showed new features in 

the UV-Vis spectra after ca. 12-24 h incubation. For 2, an increase in 

the peak at ca. 285 nm and a shift to ca. 390 nm were observed (Fig. 

S5b). Similarly, 4 displayed a progressive bathochromic shift from 

ca. 320 nm to 350 nm over 24 h (Fig. S5d). These spectral variations 

could be indicative of partial deprotonation of the hydroxyl groups 

upon Zn(II) binding.30 This partial ligand deprotonation might also 

cause a weak, broad feature around 800 nm that is similar to, but less 

intense than, that of the Cu(II) binding spectra.32 This observation 

correlates to the Cu(II) speciation results at pH 7.4 detailed below, 

which suggests partial deprotonation of the catechol upon metal 

binding.17b,30 Thus, deprotonation of 4 from LH2 to its LH form at 

Zn(II) binding to some extent.  

To anticipate whether the aminoisoflavones might bind to metal 

ions in the presence of A, UV-Vis studies were conducted with 

A40, CuCl2, and 4 (Fig. S6). The titration experiments were 

performed by two different means. First, A40 (10 M) was 

incubated with CuCl2 for 5 min followed by 4. Second, A was 

added into the resulting solution generated after 5 min incubation of 

4 (Fig. S6). Both cases were titrated to result in final 

[A]:[CuCl2]:[4] ratios of 1:0.5:2, 1:1:2, 1:2:2, or 1:4:2. The 

condition using a 1:1:2 ratio was representative of the concentrations 

used in the in vitro aggregation studies (vide supra), and the 

resulting Cu(II) binding spectra in the presence of A were observed 

to have similar features as those acquired without peptide present 

from both titration experiments (Figs. S4 and S6). In the conditions 

using substoichiometric Cu(II) relative to A, it was presumed that 

free Cu(II) in solution was minimal.1b-e,5f Incubation of 4 with the 

solution of A and Cu(II) produced changes in the spectra, which 

was similarly observed when A was introduced to a solution of 4 

and Cu(II). Addition of 4 in Cu(II)-treated A solution suggests 

potential Cu(II)–4 complex formation; furthermore, presence of 

Cu(II)4 complex was still indicated upon A treatment to the 4-

/Cu(II)-added solution (Fig. S6), which implies that this compound 

may possibly compete with A as a ligand for Cu(II). 

Overall, these investigations demonstrate binding of the 

catechol-containing aminoisoflavone derivatives to Cu(II) and 

Zn(II). The samples of solutions containing Cu(II) and the 

aminoisoflavones generated a unique optical feature, dominated by a 

low intensity transition bordering on the near-infrared (IR) region of 

the spectrum. This feature could correspond to changes in the 

electronic structure leading to a charge transfer process that 

populates a lower energy transition, as has been observed for 

different ligand frameworks.33 Another possibility is that this feature 

represents a radical intermediate that was generated upon metal 

binding.17f,28,30 It has been well established that deprotonated 

catechol participates in an equilibrium that involves the partially 

oxidized semiquinone and fully oxidized quinone.17f In the presence 

of divalent cations (e.g., Cu(II)), this process might involve 

concomitant reduction of Cu(II) to Cu(I), while forming an oxidized 

ligand intermediate.17b,17f,35 In a few cases, however, Cu(II)-

semiquinone complexes have been reported; most of these 

complexes are relatively colorless (800 ≈ 500 M-1cm-1) and are 

paramagnetic.32,36 To advance the understanding of the Cu(II) 

binding properties of the aminoisoflavones, 4 was used as a model 

ligand for further investigations. 

Stability constants (log) and the dissociation constants (Kd) of 

Cu(II)4 complexes in solution (1:2 [Cu(II)]/[4], I = 0.1 M, room 

temperature; pH 4–7) were determined by variable-pH UV-Vis 

titration experiments (Fig. 4).10f,10h,10j-l,10o,10p,26 Based on the 

calculated log values, a solution speciation diagram was generated 

and indicated a mixture of Cu(II)4 complexes in 1:1 and 1:2 

Cu(II)/ligand ratios. As depicted in Fig. 4, at pH 7.4, Cu(LH) existed 

relatively predominantly (ca. 80%; LH represents the 

monoprotonated form of 4 where the hydroxyl group in the para 

position of the B ring is protonated). There were additional species 

present at pH 7.4, such as Cu(LH)2 (ca. 18%) and Cu(LH2) (ca. 2%). 

As indicated in Fig. 4, upon titration, the solution was mainly 1:1 

complexes below pH 7 (i.e., Cu(LH), Cu(LH2), Cu(LH3)). From this 

model, 4 was found to have high binding affinity for Cu(II) 

 

 

 
 

Fig. 4. Solution speciation studies of Cu(II)4 complexes. Top: 
Variable-pH UV-Vis titration spectra (left) and solution speciation 

diagram (right) for Cu(II)4 (FCu = fraction of species in solution 
relative to Cu(II)). Bottom: Summary of solution equilibria and stability 

constants (log). Experimental conditions: [CuCl2] = 15 M, [4] = 30 

M; pH 8; I = 0.1 M NaCl; room temperature. Charges are omitted for 
clarity. 
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estimated based on the free Cu(II) concentration measured at a given 

pH (i.e., pCu = −log[Cu(II)unchelated]).
10f,10h,10k,10l,10o,10p,26 At pH 7.4, 

which was used for the in vitro experiments and is physiologically 

relevant, the pCu value for 4 was ca. 17, suggesting an estimated Kd 

for Cu(II)4 in the lower femtomolar range. The estimated Kd value 

for 4 to Cu(II) is slightly stronger than most reported Kd values for 

Cu(II)–A peptides (i.e., nanomolar to picomolar) and could be used 

to rationalize the potential partial chelation of Cu(II) by 4 in the 

presence of A observed by UV-Vis (Fig. S6; vide supra).1b-e,5e,5f 

Along with the Cu(II) binding studies in the presence of A (Fig. 

S6), these data represent the possibility for 4 and other catechol-

containing aminoisoflavone compounds (e.g., 2, 3) could be 

competitive ligands for Cu(II) with A.   

 

Interaction of Aminoisoflavones with A Species. The interaction 

between aminoisoflavones and A species in solution was 

investigated by isothermal titration calorimetry (ITC), NMR, and 

docking studies. ITC was first used to measure thermodynamic 

parameters for the interaction of A with 1, 2, and 4 (Table S1). 

Using a sequential binding model with one identical site to fit the 

data, these ligands were found to bind to A40 with ca. low mM 

affinity (KA = 6.8 (± 3.0) x 104, 7.9 (± 2.9) x 103, and 3.2 ± (0.7) x 

103 M-1 for 1, 2, and 4, respectively) and with favorable values of 

Gibbs free energy (G = −27.3 (± 1.1), −22.2 (± 0.9), and −19.9 (± 

0.6) kJ/mol for 1, 2, and 4, respectively) (Table S1). Different 

peptide–ligand interactions, however, likely accounted for favorable 

binding. For 1, which lacks the catechol moiety, entropic 

contributions (−TS = −38.7 (± 1.6) kJ/mol) were greater than 

enthalpic contributions (H  11.3 (± 1.2) kJ/mol). Conversely, the 

enthalpic term for 4 is large and negative in magnitude (H = 

−116.3 (± 19.6) kJ/mol), while the contribution from entropy is 

unfavorable (−TS = 96.4 (± 19.6) kJ/mol). Similar to 4, compound 

2 showed favorable enthalpic (H = −59.1 (± 22.6) kJ/mol) and 

unfavorable entropic (−TS = 36.9 (± 22.6) kJ/mol) contributions 

(Table S1).  

The thermodynamic parameters governing these peptidesmall 

molecule interactions can be related to the variations in their 

chemical structures. Since 1 is distinguished from 2 or 4 by the 

absence of a catechol moiety for metal binding, it is reasonable to 

expect that these molecules may favor dissimilar interactions with 

the peptide. Compound 1 contains an unsubstituted phenyl ring, 

which might suggest that their interactions are mainly driven by 

hydrophobic interaction with the peptide; these types of interactions 

usually translate to an increase in the entropy as measured by ITC.37 

On the other hand, 4 would potentially facilitate the formation of 

hydrogen bonding contacts between the molecule and the peptide in 

solution due to the o-dihydroxy groups from the catechol moiety, 

resulting in favorable interaction indicated by the large, negative H 

value.37 The compound 2, which has a catechol group in the B ring 

but has no functionality on the A ring, presented a similar result to 4, 

indicating that these molecules interact with A similarly due to the 

presence of the catechol group which facilitates mainly hydrophilic 

contacts. Despite distinctive, direct contacts predicted with the 

peptide for 1 compared to 2 and 4, each of these molecules have 

favorable Gibbs free energy values that could be used to rationalize 

their ability to interact with metal-free A species (vide infra). The 

ITC results suggest that 1, 2, and 4 bind A40. The mechanism of 

binding, however, appears to differ with the relative balance of 

enthalpic and entropic contributions to binding for each compound 

varying depending on the presence of the catechol group.  

Accordingly, the binding of compounds 1 and 4 to A40 was 

subjected to further analysis by NMR. Previously, we have shown 

that monomeric A40 can adopt a 310 helical structure in the central 

hydrophobic region at moderate ionic strength and low temperature 

(PDB ID 2LFM).38 Using similar conditions, the regions of A40 

potentially capable of interacting with the aminoisoflavones were 

mapped. Changes in the SOFAST-HMQC spectra (SOFAST = 2D 

band-selective optimized flip-angle short transient; HMQC = 

heteronuclear multiple quantum correlation) of freshly dissolved 

A40 upon titration with 1 and 4 confirmed their potential interaction 

with three potential peptide sites (Figs. 5 and 6). The chemical shift 

perturbations were slightly larger for 1 (Figs. 5a and 6b) than 4 

(Figs. 5b and 6c), in agreement with the larger free energy change 

upon binding to A40 for compound 1, as measured by ITC. 

Moderate (0.02-0.15 ppm on the scaled chemical shift scale) 

chemical shift perturbations were detected for both compounds in 

two specific regions of the peptide near the N-terminus (R5-S8) and 

the N-terminal part of the 310 helix (H13-L17) (Fig. 6a). These two 

regions are close together in the A40 structure (Fig. 6d) and appear 

to form a potential binding site for the compounds and/or be 

rearranged upon interaction with the compounds. A third area of 

chemical shift perturbation is closer to the C-terminus (M35-V40). 

The chemical shifts near the C-terminus may reflect either the 

rearrangement of the disordered C-terminus to pack against the 

aminoisoflavone or may be an indication of a second lower affinity 

binding site. The perturbation of the chemical shifts on specific 

residues of A40 by aminoisoflavones was notably different than 

 

 

 
 

Fig. 5. Interaction of 1 and 4 with freshly dissolved A40 at near 

stoichiometric ratios. SOFAST-HMQC spectra of 80 M freshly 

dissolved A40 in 20 mM deuterated Tris (pH 7.4) with 50 mM NaCl 
and 10% D2O and titrated with (a) 1 and (b) 4 to the indicated molar 
ratios at 4 °C. Chemical shift perturbations were detected primarily for 
the amide resonances R5-S8 and H13-L17 (see Fig. 6). 
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what was observed with the related catechol EGCG with A40 and 

-synuclein, where large nearly uniform decreases in intensity have 

been observed, suggesting non-specific binding,12b,14,39 and indicates 

that polyphenols do not have a single uniform mechanism of 

binding.23 

 

 

 
 

Fig. 6. Chemical shift changes in A40 induced by 1 and 4 (Fig. 5). (a) 

Chemical shift perturbations for A40 in the presence of 1 or 4 (1:2 
molar ratio). The normalized chemical shift perturbation is equivalent 

to √(   )  
(    ) 

√ 
. Normalized chemical shift perturbations for (b) 1 

and (c) 4. (d) Residues with the largest chemical shift perturbations 

mapped onto the NMR structure of A40 (PDB 2LFM). The residues 
with the largest chemical shift perturbations (> 0.02 ppm) are indicated 
in red, residues with smaller chemical shift perturbations (0.01-0.02 
ppm) are presented in brown. 
 

 

To visualize the potential contacts of 1, 2, and 4 with A40, 

flexible ligand docking studies were employed with the solution 

NMR structure of metal-free A40 (PDB 2LFM) (Fig. S7).38 The 

docked poses of these ligands with the peptide were generally found 

in similar positions around the peptide, situated nearer to the N-

terminus or 310-helix, similar to the chemical shift perturbations 

observed by NMR and similar to previous results obtained with the 

structurally related catechin, EGCG.12b Interaction near the N-

terminus of A40 is desirable because the residues that bind Cu(II) 

and Zn(II) exist in this portion of the sequence, while interaction 

with the helical portion of the peptide could be beneficial to hinder 

the initial stages of the self-association region (L17-A21).1b-e  

The similarity in the pattern of the chemical shift perturbations 

suggests that 1 and 4 bind to the same site in A40 (Fig. 6). Although 

the compounds also often preferred similar binding modes in the 

docking studies, there were some slight deviations among the results 

that could support the findings from ITC. For example, there were a 

few instances where 4 was oriented in a more favourable position to 

facilitate hydrogen bonding contacts while in some poses, 1 was 

more aligned with the helical portion of the peptide. Compound 2 

could dock in similar positions as both ligands, as expected based on 

its structure, with most poses being situated near the N-terminus in 

the area preceding the helical portion of the peptide, similar to the 

NMR results for 1. Although the overall view of the ligand 

interactions with  A40 from NMR and docking are relatively 

consistent with the ITC results, the magnitude of the interactions 

cannot be completely determined from either technique. As noted 

above, only moderate chemical shift perturbations were detected for 

specific regions of A40 at 1:1 and 1:2 protein-to-ligand molar ratios. 

At higher concentrations of compound 1 (1:5 A40:1), much larger 

changes in chemical shift were observed along with a strong 

reduction in intensity (Fig. 7). The changes in chemical shift did not 

appear to match the pattern obtained at lower concentrations of 1, 

although for many residues a definite assignment could not be made. 

Two new negative (folded) broad peaks were also apparent in the 

SOFAST-HMQC spectra in the side-chain region of the spectra 

below 7.5 ppm. The appearance of a new species at higher ligand 

concentrations was also supported by a strong new peak at 7.64 ppm 

and three weaker doublets at 6.77, 6.83, and 6.89 ppm in the 1H 

spectrum of the ligand (Fig. S8). The intensity changes were not 

accompanied by the increase in linewidth that would be expected for 

exchange broadening, suggesting that some of the peptide was lost 

instead to aggregation. The dramatic changes in the SOFAST- 

HMQC spectra suggest that either a global conformational change 

favoring aggregation may have taken place, or compound 1 may 

have covalently attached to the peptide through Schiff base 

formation as has been observed before with other flavonoids.40 
 
 

 
 

Fig. 7. Interaction of A40 with 5 equiv of 1. SOFAST-HMQC spectra of 
80 M freshly dissolved A40 (black) in 20 mM deuterated Tris (pH 7.4) 
with 50 mM NaCl and 10% D2O with 5 equiv of 1 (blue) at 4 ºC. Large 
chemical shift changes indicate that a global change in conformation 
has taken place, possibly due to the formation of covalent adducts. 
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In addition to binding to freshly dissolved A40, compounds 1 

and 4 may have the capability to bind to other forms of A40, such as 

fibrils. To probe these possible interactions, we employed saturation 

transfer difference (STD) NMR experiments to map the regions of 

the ligand which bind preformed fibrils of A40 (Fig. 8)12p,41 and to 

visualize the potential contacts of 4 with A fibrils, flexible ligand 

docking studies were employed with the solid state NMR structure 

of metal-free A40 (PDB 2LMN and 2LMO) (Figs. 8c, S9, and 

S10).42 The normalized signal strengths (STD/STD reference) 

corresponding to each ligand atom are proportional to its proximity 

to the amyloid fibril, allowing an atomic-level map of the binding 

interactions from the ligand to the A fibril to be made.12p,41 The 

results from the STD NMR experiments indicate that both 1 and 4 

interact fairly strongly (mM to µM dissociation constant) with the 

fibril to elicit a relatively strong STD signal (approximately 4.5% 

(for 1) and 5.9% (for 4) of the reference signal at a 3 sec saturation 

power of 50 dB, similar in magnitude to previous results with other 

catechols41). The STD results also suggest that 1 and 4 bind similarly 

to the A fibril (Fig. 8b).  

The STD effect was distributed relatively evenly throughout 

both compounds, implying that the entire molecule could be packed 

to some degree against the fibril. In both compounds the strongest 

interaction is at carbon 8 on the A ring, suggesting the ketone is 

pointed away from the fibril in both compounds. While the STD 

pattern was overall similar, carbon 2’ in the B ring in 4 was shown to 

have a significantly higher STD effect than the corresponding carbon 

in 1. The increase in this region is an indication that the presence of 

the catechol group causes a reorientation of 4 to put the B ring in 

closer contact with the fibril, which may explain the somewhat 

higher affinity of 4 over 1 for the A fibril. This binding mode is 

supported and visualized by simulated poses of 4 toward A fibers 

(PDB 2LMO and 2LMN).42 In consistent with result from STD 

NMR, the lowest energy conformation (Fig. 8c) predicted that ring A 

and B are close to two residues of D23 from adjacent single  

strands. These residues were posed within effective hydrogen 

bonding distance from hydroxyl moieties of 4, and their potential 

hydrogen bonding may stabilize this pose. In addition, the aromatic 

ring A and B were docked to face two hydrophobic I32 residues. 

Furthermore, the amino group was toward the loop motif which is 

solvent accessible region. Well fitted conformation of 4 intervening 

into  sheets around loop region will allow effective hydrogen 

bonding and hydrophobic interaction with some residues of peptides. 

 

Antioxidant Properties. The Trolox antioxidant equivalence 

capacity (TEAC) assay43 was conducted to investigate the radical 

scavenging capability of our aminoisoflavones (Fig. S11).44 

Compared to the vitamin E analogue Trolox, 3 was approximately 

three times more effective to quench the radical (ABTS
•+

). 
Compounds 2 and 4 could also reduce the amount of the radical in 

solution to a similar extent as Trolox. Among the aminoisoflavones, 

1 showed the lowest TEAC value suggesting its limited utility as a 

radical scavenger. Structurally, the most likely radical scavengers 

among these molecules contain the catechol moiety and may be able 

to support the resulting ligand intermediate (e.g., semiquinone) upon 

donation of a hydrogen atom to the organic radical; the absence of 

the catechol moiety in 1 may preclude its formation of a stable 

intermediate upon interacting with ABTS
•+

.44a To account for their 

lower TEAC values compared to that of 3, the possibility for 

resonance stabilization of 2 and 4 might make them less capable of 

hydrogen atom donation; the Cl atom in 3 may be capable of 

producing a radical that could also quench the ABTS
•+

.44a  

 

Conclusions 

 
 

Fig. 8. Interaction of 1 and 4 with A40 fibrils by STD NMR. (a) STD 
NMR spectra of 1 and 4 at 10:1 ligand to peptide ratio using 

preassembled A40 fibrils. A comparison of STD signal intensity to the 
STD reference reflects the relative proximity of the corresponding 

proton to the A40 fibril. (b) Normalized STD intensities mapped onto 
each compound’s structure. Larger blue circles indicate a more 
intense STD effect. Note that the hydroxyl and amine protons were 
not detected by this experiment. (c) Docked conformation of 4 to the 

A40 fiber (PDB 2LMO)
42

 with the lowest energy (right: an expanded 
view of 4’s binding site). Residues within effective hydrogen boding 
distance from 4 were indicated as spheres. Other docked 
conformations and corresponding energies are summarized in Figs. 
S9 and S10. 
 

 

Advancement in the AD research field has been challenged by the 

lack of cohesive evidence to explain the origins of the disease. It has 

been suggested that the formerly competing hypotheses (i.e., metal 

ion and amyloid cascade) are intertwined. In order to target these 

two potential pathological factors, efforts have been made to 

investigate molecules with multiple functions (i.e., metal chelation, 

A interaction) in hopes of devising a comprehensive structure-

interaction-reactivity relationship to govern designs of new chemical 

tools and/or therapeutics. For this purpose, the flavonoid framework 

has been identified as a potential avenue, as multiple flavonoids 

inherently have structural components for interacting with metal ions 

and A.12a,12b In the present study, the flavonoid framework was 

successfully applied to a synthetic design strategy to generate the 

aminoisoflavones (i.e., 1-4). Previous work has shown that flavonoid 

derivatives, designed with slight modification of the parent natural 

product framework, led to significant impact upon reactivity (i.e., no 

reactivity observed)10l; aminoisoflavones reported herein 

demonstrated reactivity, even with alterations upon the flavonoid 

base scaffold. The inclusion of the catechol group with the unnatural 

primary amine was shown to impart noticeable properties for 

interaction and reactivity with metals, A, and/or metalA (i.e., 

metal chelation, hydrophilic and hydrophobic contacts with A 

peptides) while additional functional groups (i.e., OH, Cl) did not 

significantly perturb these properties. This suggests that the catechol 

moiety may be required to achieve a balance in interaction with 

metal ions and/or A to influence A aggregation in the absence and 

presence of metal ions. Furthermore, the catechol moiety was shown 

to be possibly important for interaction between ligands and 

metalA species. In addition, the catechol group also seems to offer 

other potentially useful properties, such as radical scavenging 

activity. Thus, this work demonstrates that the flavonoids can be 
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manipulated into simple structures to tune chemical properties (i.e., 

metal binding, A interaction) and, subsequently, in vitro reactivity 

toward metal-free and metalA aggregation, which offers 

preliminary insights on a structure-interaction-reactivity relationship 

for flavonoid structures with A and metalA species. 
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