
Prime Archives in Molecular Sciences 

1                                                                                www.videleaf.com 

Book Chapter 
 

Implications of Metal Binding and 

Asparagine Deamidation for Amyloid 

Formation 
 

Yutaka Sadakane
1
 and Masahiro Kawahara

2
* 

 
1
Graduate School of Pharmaceutical Sciences, Suzuka University 

of Medical Science, Japan 
2
Department of Bio-Analytical Chemistry, Faculty of Pharmacy, 

Musashino University, Japan 

 

*Corresponding Author: Masahiro Kawahara, Department of 

Bio-Analytical Chemistry, Faculty of Pharmacy, Musashino 

University, 1-1-20 Shinmachi, Nishitokyo, Tokyo 202-8585, 

Japan 

 

Published September 24, 2020 

 

This Book Chapter is a republication of an article published by 

Masahiro Kawahara, et al. at International Journal of Molecular 

Sciences in August 2018. (Sadakane, Y.; Kawahara, M. 

Implications of Metal Binding and Asparagine Deamidation for 

Amyloid Formation. Int. J. Mol. Sci. 2018, 19, 2449.) 

 

How to cite this book chapter: Yutaka Sadakane, Masahiro 

Kawahara. Implications of Metal Binding and Asparagine 

Deamidation for Amyloid Formation. In: Sławomir Lach, editor. 

Prime Archives in Molecular Sciences. Hyderabad, India: Vide 

Leaf. 2020. 

 

© The Author(s) 2020. This article is distributed under the terms 

of the Creative Commons Attribution 4.0 International 

License(http://creativecommons.org/licenses/by/4.0/), which 

permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 

 



Prime Archives in Molecular Sciences 

2                                                                                www.videleaf.com 

Acknowledgments: This work was supported by JSPS 

KAKENHI Grant Number JP16K08207 for Y.S. and Number 

JP18K06669 for M.K. We thank James Murray, PhD, from 

Edanz Editing (www.edanzediting.com/ac) for editing a draft of 

this manuscript. 

 

Abstract  
 

Increasing evidence supports the idea that amyloid formation, 

i.e. protein oligomerization and the conformational changes, is 

based on the pathogenesis of various neurodegenerative 

disorders such as Alzheimer‟s disease, prion diseases, and Lewy 

body diseases. Among factors which accelerate or inhibit the 

oligomerization, we focus here two non-genetic and common 

characteristics of many amyloidogenic proteins: metal binding 

and asparagine deamidation. Both reflect the aging process and 

occur in most amyloidogenic proteins. All of the amyloidogenic 

proteins such as Alzheimer‟s ß-amyloid protein, prion protein, 

-synuclein are metal-binding proteins and are involved in the 

regulation of metal homeostasis. It is widely accepted that these 

proteins are susceptible to non-enzymatic posttranslational 

modifications, and many asparagine residues of these proteins 

are deamidated. Moreover, these two factors can combine 

because asparagine residues can bind metals. We review the 

current understanding of these two common properties and their 

implications in the pathogenesis of these neurodegenerative 

diseases.  
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Bovine Spongiform Encephalopathy; CD- far-UV Circular 

Dichroism; CJD- Creutzfeldt-Jakob disease; CSF- Cerebrospinal 

Fluid; DLB- Dementia with Lewy Bodies; FAP- Familial 

Amyloid Polyneuropathy; FT-ICR MS- Fourier Transform Ion 

Cyclotron Resonance Mass Spectrometry; GPI- 

Glycosylphosphatidylinositol; GSS- Sträussler–Scheinker 

Syndrome; HPLC- High Performance Liquid Chromatography; 

IAPP- Islet Amyloid Polypeptide; IM-MS- Ion Mobility Mass 

Spectrometry; IRE- Iron-Responsive Element; NAC- Non-

Amyloid Component; NFT- Neurofibrillary Tangles;NMDA- N-

methyl-D-Aspartate; PD- Parkinson‟s disease; PIMT- Protein L-

isoaspartyl O-Methyltransferase; PrP- Prion Protein; SOD- 

Superoxide Dismutase; ZIP- Zrt-; Irt-like Protein; ThT- 

Thioflavin T 

 

Introduction  
 

Amyloids are fibril-like deposits observed in various tissues 

including kidney, spleen, liver, and brain. In 1853, Virchow 

found abnormal accumulates in tissues and named them 

“amyloid”, since they exhibited similar characteristics to 

amylum, such as being stained by iodine [1]. In 1968, amyloid 

was determined to be oligomers of proteins. The accumulation of 

amyloid in various organs causes disorders termed 

“amyloidosis”, including familial amyloid polyneuropathy 

(FAP), amyloid-light chain amyloidosis, and dialysis 

amyloidosis [2]. All of these diseases share common properties 

regarding the deposition of amyloids, which are protease-

resistant, insoluble fibril-like structures (amyloid fibrils), and 

stained by congo-red (a ß-sheet specific dye). Although the 

composition of amyloid is identical in each disease, some of the 

amyloidosis are fatal, and there are no effective treatments for 

amyloidosis. 

 

Recent neurochemical studies have suggested a link between 

amyloid formation and the pathogenesis of various 

neurodegenerative diseases such as Alzheimer‟s disease (AD), 

prion diseases, Lewy body diseases (dementia with Lewy bodies 

(DLB) etc.). The disease-related proteins, such as ß-amyloid 

-
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synuclein in Lewy body diseases, are identical in each disease, as 

shown in Table 1. Furthermore, all these proteins, termed 

„amyloidogenic proteins‟, share common characteristics, namely 

that they form amyloids with ß-pleated sheet structures, and 

exhibit cytotoxicity. Thus, a new concept termed 

“conformational disease” was proposed, suggesting that protein 

conformation and its misfolding is an important determinant of 

its toxicity, and consequently, the development of the related 

disease [3]. Considering that these amyloidogenic proteins are 

commonly found in our brain, factors that inhibit or accelerate 

the oligomerization process may play crucial roles in their 

neurotoxicity and pathogenesis [4]. As such, we focus here on 

two non-genetic factors: metal binding and deamidation of 

amino acid residues.  

 

Considerable amounts of trace elements, such as iron (Fe), zinc 

(Zn), copper (Cu), and manganese (Mn) exist in the brain, and 

the concentration and distribution of each metal differs in each 

brain region [5]. These essential trace elements play crucial roles 

in brain functions such as energy production, synthesis of 

neurotransmitters, and myelination. Because an excess or 

deficiency of these essential trace elements disrupts normal brain 

functions, their concentrations are strictly regulated.  

 

It is widely accepted that metal ions are essential factors for the 

regulation of protein conformations. These metals can firmly 

bind to metal-binding residues of proteins, such as arginine 

(Arg), tyrosine (Tyr), histidine (His), and phosphorylated amino 

acids residues, which can cause cross-linking of the proteins and 

influence their conformations (Figure1A). Indeed, all of these 

amyloidogenic proteins possess the ability to bind metals as 

shown in Table 1. Furthermore, most of these proteins, or the 

precursor proteins, are implicated in the maintenance of metal 

homeostasis [6]. We have observed metal-induced 

oligomerization of amyloidogenic proteins using SDS-PAGE, 

thioflavin T (ThT) fluorescence assay, far-UV circular dichroism 

(CD) spectroscopy, and atomic force microscopy (AFM) 

imaging techniques [7-10]. 
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Meanwhile, amyloidogenic proteins are susceptible to non-

enzymatic posttranslational modifications caused by various 

stressors including oxidants, reducing sugars and reactive 

aldehydes owing to their long-life span [11,12]. Asparagine 

(Asn) and aspartyl (Asp) residues are hot spots for such non-

enzymatic posttranslational modifications, and the structural 

alterations of both residues are reported in many amyloidogenic 

proteins (Table 1). These alterations result in a change of local 

charge as well as the addition of extra carbon atoms to the 

polypeptide backbone, which are implicated in various biological 

phenomena including amyloid fibril formation (Figure 1B). For 

determining such structural alterations, we have developed a 

simple method using high performance liquid chromatography 

(HPLC), which allowed us to analyze the amount of structurally-

altered Asp residues in various proteins, including 

amyloidogenic peptide fragments [13,14]. 

 

In particular, the deamidation of Asn residues is a remarkable 

and prevalent phenomenon that occurs during protein aging, and 

has also been predicted by computer simulation. Over 170,000 

Asn residues in 13,300 proteins for which 3D structure is known, 

were analyzed by an automated computational method. The 

calculated results revealed that at least one Asn residue in ~4 % 

or ~17 % proteins was estimated to undergo at least 10% 

deamidation within 1 day or 5 days under the physiological 

conditions, respectively [15]. More importantly, these predicted 

values accord quantitively to the experimental results when the 

rates of over 1370 Asn deamidation are analyzed [16]. Taken 

together, considering the metal-binding ability of Asn residues, 

the interaction between metals and the deamidation may also 

occur in some diseases. 

 

In this article, we review two common characteristics of 

amyloidogenic proteins: metal binding and asparagine 

deamidation and discuss their implications in the pathogenesis of 

conformational diseases. 
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Table 1: Characteristics of amyloidogenic proteins and related peptides. 

 

Disease 

Name 

Sequence 

Binding Metals 

Structural Alteration of Asn 

or Asp 

Functions of Amyloidogenic 

Proteins or Their Precursors 

Alzheimer’s Disease 
AβP1–42 

Al, Zn, Cu, Fe 

 

Isomerization and 

racemization of Asp1 and 

Asp7 

✓ Neuronal proliferation and 

development 

✓ Neurite outgrowth 

✓Fe homeostasis 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGV

VIA 

Prion Diseases 
Prion protein; (PrP106–126) 

Zn, Cu, Fe, Mn 

 

Deamidation of Asn108 

✓SOD activity 

✓Cu homeostasis 

✓Zn homeostasis 

✓Fe homeostasis and ferrireductase 

activity 

KKRPKPGGWNTGGSRYPGQGSPGGNRYPPQGGGGWGQP

HGGGWGQPHGGGWGQPHGGGWGQPHGGGWGQGGGTH

SQWNKPSKPKTNMKHMAGAAAAGAVVGGLGGYMLGSA

MSRPIIHFGSDYEDRYYRENMHRYPNQVYYRPMDEYSNQ

NNFVHDCVNITIKQHTVTTTTKGENFTETDVKMMERVVE

QMCITQYERESQAYYQRGS 

Lewy Body Diseases 
α-synuclein; (NAC, a fragment of α-synuclein) 

Cu, Fe, Al 

 

Deamidation of Asn103 and 

Asn122 

✓dopamine release 

✓Fe homeostasis and ferrireductase 

activity MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGV

LYVGSKTKEGVVHGVTTVAEKTKEQVSNVGGAVVTGVT

AVAHKTVEGAGNFAAATGLVKKDQKNESGFGPEGTMEN

SENMPVNPNNETYEMPPEEEYQDYDPEA 

Type 2 Diabetes 
Islet amyloid peptide (IAPP, amylin) 

Cu, Zn 

 

Deamidation of Asn21 

✓a partner hormone to insulin to 

control blood glucose concentration 
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY 

Dialysis Amyloidosis 
β2-microglobulin 

Al, Cu, Zn, Ni 

 

Deamidation of Asn17, Asn42 

and Asn83 

✓antigen presentation in the 

immune responses 
IQRTPKIQVYSRHPAENGKSNFLNCYVSGFHPSDIEVDLLK

NGERIEKVEHSDLSFSKDWSFYLLYYTEFTPTEKDEYACR

VNHVTLSQPKIVKWDRDM 

Amyotropic Lateral Disorder (ALS) 
Cu, Zn-SOD1 

Cu, Zn 

 

Deamidation of Asn26 

✓SOD activity 

✓cellular defense 
ATKAVCVLKGDGPVQGIINFEQKESNGPVKVWGSIKGLTE

GLHGFHVHEFGDNTAGCTSAGPHFNPLSRKHGGPKDEER

HVGDLGNVTADKDGVADVSIEDSVISLSGDHCIIGRTLVV

HEKADDLGKGGNEESTKTGNAGSRLACGVIGIAQ 

 

The sequence of fragment peptide of each amyloidogenic protein (PrP106–126, NAC) is indicated by an underline. Deamidated Asn or Asp residues are shown as italic bold. 

In “Functions” of Alzheimer‟s disease, possible functions of APP are noted. The numbers in the upper right indicate residues‟ range. Same as below. 
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Figure 1: Metal binding and Asn deamidation in proteins. (A) Trace elements 

act as cross-linkers of amyloidogenic proteins. M stands for metal. (B) 

Deamidation of Asn residue affects the fibril formation by structural alteration 

of the neighboring Asn residue.    
 

Asparagine Deamidation and its Biological 

Significance  
 

There are few reviews summarizing the relationship between 

amyloidogenesis and Asn deamidation. Therefore, we first 

introduce the mechanism that generates Asn deamidation and 

illustrate its biological significance with some examples. The 

deamidation of Asn residues occurs by intramolecular 

rearrangement, for example via a succinimide intermediate. The 

side chain carbonyl groups of the Asn residue is attacked by the 

peptide-bond nitrogen atom of the following residue, forming a 

five-membered succinimide ring intermediate [17] (Figure 2). 

The intermediate has a half-life of hours under physiological 
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conditions before it is hydrolyzed, and a mixture of L-Asp and 

L-isoAsp is generated. The ratio of L-Asp to L-isoAsp is 

experimentally found to be approximately 3:1. Some L-

succinimide intermediates also undergo reversible 

stereoinversion, which results in the formation of a D-

succinimide intermediate. This intermediate is also quickly 

hydrolyzed, and a corresponding mixture of D-Asp and D-

isoAsp is generated. Analyses using various model peptides 

reveal that the rate of succinimide formation is affected by both 

the primary amino acid sequence and the secondary structure of 

the protein. The amino acid residues on the carboxyl side of the 

asparagine/aspartyl (Asx) residue affects the succinimide 

formation rate. A fast rate is obtained when the carboxyl side 

residues are Gly, Ser and Ala [18,19]. The succinimide 

formation is inhibited by higher order structures of protein such 

as α-helixes and ß-sheets [13,20]. The half-lives of degradation 

of Asx residue vary between about 1 and 1000 days, depending 

on the circumstances of the Asx residue [21]. The succinimide 

formation rates of Asn residues is 10 ~ 30 times faster than those 

of Asp residue [18]. 

 

Since the deamidation of Asn is a dominant event for protein 

aging, the repair enzyme for isoAsp residue, which is the main 

primary reaction product of deamidation, is found in various 

organisms from bacteria to human. Protein L-isoaspartyl O-

methyltransferase (PIMT) catalyzes the transfer of a methyl 

group from S-adenosyl-L-methionine to the internal α-carboxyl 

group of a L-isoAsp residue (Figure 2). The methylation strongly 

accelerates the L-succinimide intermediate formation. The 

repetition of this repair cycle finally results in the replacement of 

an isoAsp with an Asp residue because the Asp residue is not a 

substrate for PIMT [22]. In knockout mice lacking PIMT, the 

amount of damaged protein containing the L-isoAsp residue is 

significantly increased in the brain, heart, liver, and erythrocyte 

in comparison to wild-type mice. The knockout mice show 

significant growth retardation and underwent several tonic-clonic 

seizures, they then die at an average of 42 days after birth [23]. 

Proteomic approaches show that the substrates of PIMT are 

collapsin response mediator protein 2, dynamin 1, synapsin I, 

and synapsin II, which are characterized by having unique roles 
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in neuronal function [24,25]. These shows that deamidation of 

Asn residues is a critical event that causes protein functional 

disorder associated with various physiological systems, 

including neuronal dysfunction. The biological significance of 

deamidation will be explained in the following section with 

some examples.  

 

The aggregation of eye lens crystallins, which may result in the 

formation of cataracts in aged lenses, is a specific example of a 

protein functional disorder caused by the deamidation of Asn 

residues. In human γS-crystallin, one of the major structural 

protein components of the eye lens, the deamidation of Asn
76 

causes a decrease in stability of the protein and promotes dimer 

formation [26]. The deamidation of Asn
76

 and Asn
143

 enhances 

the protein-protein interaction, which leads to the promotion of 

protein aggregates [27]. αA-crystallin, obtained from elderly 

donors, contains D-Asp and D-isoAsp residues, and 

interestingly, the D/L ratios of specific Asp residues are reported 

to be higher than 1.0 [28,29]. The dissociation of αA-crystallin is 

also significantly affected by the structural alteration of Asp 

residues [30]. The results obtained from two types of crystallins 

clearly show that structural alteration of Asx residues affects the 

function of the proteins. [31]. Functional disorder caused by Asn 

deamidation is also reported in the case of calcium modulator 

protein, calmodulin: specifically, the deamidation of two specific 

Asn residues caused a 90 % reduction in activity of calmodulin 

[32]. The repair enzyme PIMT can partially recover the 

calmodulin activity (up to 40 %) because PIMT promotes the 

conversion of L-isoAsp residues to L-Asp, but not to L-Asn. An 

examination using the Xenopus oocyte assay system also showed 

that the aged calmodulin became unstable, suggesting the 

alteration of calmodulin‟s 3D structure by the deamidation of L-

Asn residues [33]. On the contrary, it is reported that the 

deamidation of specific Asn residue causes protein function to be 

gained. Fibronectin is an adhesive protein that mediates various 

cellular interactions with the extracellular matrix. Although the 

Asn
263

-Gly-Arg (NGR) sequence of fibronectin is known to be 

crucial for the binding to the RGD-binding site of integrin, it is 

reported that the isoAsp-Gly-Arg (isoDGR) sequence, generated 

by Asn deamidation, is actually the sequence that binds to 
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integrin [34]. In ceruloplasmin, a copper-binding protein with 

ferroxidase activity present in the cerebrospinal fluid (CSF), the 

ability to bind integrin also arises by the Asn deamidation of two 

internal NGR sites [35]. CSF obtained from AD patients 

promotes the deamidation of these two Asn residues because of 

its pathological pro-oxidative environment, suggesting that the 

environments of senile dementia promotes the integrin signaling 

pathway and cellular adhesion activity via deamidation of Asn 

residues. 

 

 
 
Figure 2: Pathways for spontaneous deaminadion, isomerization and 

racemization of L-Asn and L-Asp residues in the proteins. The PIMT repair 

system for L-isoAsp residue is also shown. 
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Alzheimer’s disease  
Amyloid Cascade Hypothesis  
 

AD is a severe type of senile dementia affecting a large 

proportion of elderly people worldwide. It is characterized by 

profound memory loss and an inability to form new memories. 

The pathological hallmarks of AD are the presence of numerous 

extracellular deposits (senile plaques) and intraneuronal 

neurofibrillary tangles (NFTs) [36]. The degeneration of 

synapses and neurons in the hippocampus or cerebral cortex is 

also observed. The major components of NFTs are 

phosphorylated tau proteins, and that of senile plaques are AßPs. 

Although the precise cause of AD remains controversial, 

numerous biochemical, cell biological, and genetic studies have 

supported the idea, termed the “amyloid cascade hypothesis”, 

that the AßP accumulation and consequent neurodegeneration 

play a central role in AD [37]. Moreover, recent studies on the 

identified AßP species have indicated that the oligomerization of 

AßP and the conformational changes are critical in the 

neurodegeneration process [38].  
 

AßP is a small peptide of 39–43 amino acid long. It is derived 

from the proteolytic cleavage of a large precursor protein 

(amyloid precursor protein, APP). AßP is afforded by the 

cleavage of the N-terminus of APP by ß-secretase (BACE), 

followed by the intra-membrane cleavage of its C- -

secretase (Figure3A). Genetic studies of early-onset cases of 

familial AD indicated that APP mutations and AßP metabolism 

are associated with AD [39,40].  
 

Yankner et al. reported that the first 40 amino acid residues of 

AßP (AßP
1-40

) caused the death of cultured rat hippocampal 

neurons and neurodegeneration in the brains of experimental 

animals [41]. Thereafter, it was agreed upon that the aggregation 

and the subsequent conformational change of AßP contributes to 

its neurotoxicity. AßP is a hydrophobic peptide with an intrinsic 

tendency to self-assemble into insoluble oligomers with ß-

pleated sheet structures. Pike et al. revealed that aged AßP
1-40

 

(aggregated under incubation at 37ºC for several days) were 

considerably more toxic to cultured neurons than freshly 

prepared AßP
1-40

 [42]. Simmons et al. revealed the ß-sheet 
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content of AßP, observed by CD spectroscopy, correlates with its 

neurotoxicity [43]. 
 

  
 

Figure 3: Alzheimer‟s disease and factors affecting AβP aggregation. (A) 

Structure of APP and AβP. AβP is secreted by cleavage from its precursor 

protein, APP by transmembrane cleavage. The mRNA of APP possesses IRE 

domain, and Fe regulates its expression. (B) AβP aggregation. AβP self-

aggregates and forms several types of oligomers (including SDS-soluble 

oligomers, ADDLS, globulomers, or protofibrils) and finally forms insoluble 

aggregates termed amyloid fibrils. Oligomeric soluble AβPs are toxic, although 
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the monomeric and fibril AβPs are rather nontoxic. The aggregation process is 

influenced by the acceleratory factors or the inhibitory factors. (C) Summary of 

Asp isomerization in AβP. The Asp isomerization positions found in an AD 

brain are indicated by open circles. The relationship between chemical 

substitution and fibril formation is also shown. (↑) acceleration or increase of 

fibril formation, (↓) suppression or decrease, (1) suppression of acceleration 

effect by Asp23 substitution [41], (2) unchanged in vitro assay, (3) triggered the 

dense-core congophilic amyloid plaque formation in APP transgenic mice. The 

comparison between the sequence of primate (human or monkey) AβP1–42 and 

rodent (rat or mouse) AβP1–42 is also depicted and the different amino acids are 

indicated by underline. 

 

Recent approaches using size-exclusion chromatography, gel 

electrophoresis, and atomic force microscopy have demonstrated 

that there are several stable types of soluble oligomers: naturally 

occurring soluble oligomers (dimers or trimers), AßP-derived 

diffusible ligands (ADDLs), AßP globulomers, or protofibrils 

[44]. These studies further strengthened and modified the 

amyloid cascade hypothesis, which suggest that AßP oligomers 

are neurotoxic and crucial for the pathogenesis of AD 

(Figure3B) [45].  

 

Metals and AßP  
 

AßP is reportedly secreted from APP into the brain of young 

people or of normal subjects [46]. Therefore, factors which 

accelerate or inhibit the oligomerization process may become 

important determinants of the pathogenesis of AD. Various 

factors, such as the mutations, oxidations of AßP, as well as 

environmental factors, such as pH, composition of solvents, 

concentrations of peptides, and temperature, all reportedly 

influence the oligomerization processes (Figure 3B). Several 

small molecules, such as rifampicin, curcumin, carnosine, ß-

sheet breaker peptide, and aspirin have been reported to inhibit 

AßP oligomerization in vitro [47-51]. Some of these substances 

are considered to be protective agents against AD.  

 

Among the factors that influence AßP ologomerization, trace 

elements are of particular interest. The accumulation of AßP is 

rarely observed in the brains of rodents (rats or mice) compared 

with those of humans or monkeys. As shown in Figure 3C, the 

amino acid sequence of human and rodent AßP are similar, yet 
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they differ by three amino acids. However, rodent AßP is less 

prone to oligomerization compared with that of human AßP [52]. 

Interestingly, these three amino acids (Arg
5
, Tyr

10
, and His

13
) 

have the ability to bind metals as shown in Figure 1A, and such 

trace metals have cross-linking ability. Therefore, it is highly 

possible that these metals might play important roles in the 

accumulation of AßP in the human brain. Indeed, the 

accumulation of these trace elements was observed in the senile 

plaques of AD patients [53,54].  

 

Numerous studies reported the metal-induced oligomerization of 

AßP. Exley et al. first demonstrated that Al
3+

 induces a 

conformational change in AßP
1-40

 by CD spectroscopy [55]. 

Furthermore, exposure to Al
3+

 causes the accumulation of AßP in 

cultured neurons or in the brains of experimental animals or 

humans. Pratico et al. found that Al-fed mice transfected with 

the human APP gene (Tg 2576) exhibited pathological changes 

similar to those of the AD brain, including a marked increase in 

the amount of AßP both in the secreted and accumulated form; 

an increased deposition of senile plaques was also observed [56]. 

We have shown that Al enhances the polymerization of AßP
1-40

 

and forms SDS-stable oligomers in vitro by immunoblotting and 

precipitation [7-9] (Figure 4A). The oligomerized AßP
1-40

 is 

heat- or SDS-stable but re-dissolves on adding deferoxamine, a 

chelator of Al. The oligomerization induced by Al is more 

pronounced than that induced by other metals, including Zn, Fe, 

Cu, and Cd. Furthermore, while Zn-aggregated AßPs are rarely 

observed on the surface of cultured neurons even several days 

after exposure, Al-aggregated AßPs bind tightly to the surface of 

cultured neurons and form fibrillar deposits (Figure4B). Bush et 

al. found that Zn induced the oligomerization of AβP, even at 

low concentrations (300 nM) [57]. They also reported that Cu 

markedly enhanced the AβP aggregation [58]. Zn binds to three 

histidine residues (His
6
, His

13
, and His

14
) and/or to the carboxyl 

group of Asp
1
 of AβP [59]. However, the metal-induced 

oligomerization of AßP is complex and controversial. The 

morphology of AßP oligomers treated with Al, Cu, Fe, and Zn 

were reported to be quite different [60]. Zatta and his colleagues 

demonstrated that metals including Al, Cu, Fe, Zn alter the 

oligomerization of AßP and its toxicity in a different manner 
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[61]. Cu-oligomerized AβP is reportedly more toxic than Zn-

oligomerized AβP [62]. 

 
 

Figure 4: Metal-induced oligomerization of AßP 1-40. A) Oligomerization of 

AßP 1-40 by various metals. The solutions of AßP 1-40 were incubated at 37 °C 

for 24 h with or without various metal ions (each 1 mM), and were separated by 

SDS-PAGE using the tris-tricine method. (from Ref. No. 8 with permission). 

B) Deposition of AßP 1-40 oligomers on neuronal membranes. The solutions of 

AßP 1-40 were incubated at 37 °C for 24 h with Al3+ or Zn2+, and were applied 

onto cultured cortical neurons. After 2 days of exposure, cells were washed out 

and double-immunostained with a polyclonal antibody to AßP (green) and a 

monoclonal antibody to MAP2 (red). The cells were observed under a confocal 

laser scanning microscopy. (a): control, (b): Al-aggregated AßP, (c): Al-

aggregated AßP. Bar represents 50 µm. (From Ref. No. 9 with permission). 

 

Furthermore, APP is a metal-binding protein that has two Cu 

and/or Zn binding domains at its N-terminus (Figure 3A). APP 

reportedly possesses the ability to reduce Cu
2+

 to Cu
+
 [63]. Cu 

and Zn influence the expression and processing of APP and 

enhance AβP production [64]. Cu induces the dimerization and 

trafficking of the APP from the ER to neurites [65]. APP binds 

cont Al3+ Zn2+ Cu2+Fe3+ Cd2+

A

ß

P

AßP 

+ Al

A B (a)

(b)

(c)
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to ferroportin, which controls Fe
2+

 efflux, and regulates Fe 

homeostasis [66]. Meanwhile, the expression of APP is regulated 

by Fe, as well as ferritin (iron storage protein) since APP mRNA 

possesses an iron responsive element (IRE) [67]. These findings 

suggest that APP plays crucial roles in the regulation of metal 

homeostasis [6]. 

 

Isomerization and Racemization of Asp Residues in 

AβP  
 

Delicate chemical analyses with AβPs isolated from the deposits 

reveal that the predominant component of aggregation is the 42 

amino acid form of AβP (AßP
1-42

), and considerable structural 

rearrangements occur at Asp residues at the 1 and 7 positions of 

AβP, e.g. the Asp
7
 residue is changed to isoAsp (~70 %) or Asp 

in the D-configuration (~10 %) [68-71] (Figure 3C). The amount 

of isoAsp residue is considerably lower in the peptide isolated 

from cerebrovascular amyloid in comparison to that from 

parenchymal amyloid plaques [70]. Several familial AD (FAD) 

mutations are reported to occur within the AβP region of APP. 

The Tottori FAD is characterized by the intra-AβP missense 

mutation causing the substitution of Asp
7
 for Asn (D7N), and the 

two affected sisters in the Tottori kindred show the early-onset 

dementia, i.e. the age of onset are 60 and 65 years [72]. Both 

fibril formation and secondary structure transformation of the 

synthetic AβP (D7N) are accelerated in comparison to that of 

intact AβP [73,74]. The seeding effect on fibril formation also 

increases in AβP (D7N). Ion mobility mass spectrometry (IM-

MS) reveals that the early aggregation state of AβP (D7N) is 

different from that of the intact peptide while the monomer 

structures of both peptides have no difference [75]. Another 

FAD mutation causing the substation of Asp
23

 for Asn (D23N), 

designated as Iowa, is also found, and characterized by showing 

symptoms of a progressive aphasic dementia, 

leukoencephalopathy, and occipital calcification [76]. Fibril 

formation of synthetic AβP (D23N) is remarkably accelerated 

and the protofibrils, which are observed as small globular 

oligomeric structures in early stage of fibril formation, also 

appear earlier [77,78]. Both two FAD mutations result in 
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increased fibril formation, suggesting that the increment is one of 

factors for the early onset of AD.  

 

The presence of the isoAsp residue is confirmed by PIMT assay 

in the tryptic AβP
17-28

 prepared from the brain of Iowa kindred 

[77], which is to be expected because the rate of succinimide 

formation is 10 ~ 30 times faster with an Asn residue than it is 

with an Asp residue. Analysis using a synthetic AβP (D7isoD 

and D23isoD) reveals that the isoAsp
23

 residue accelerates the 

fibril formation, but the isoAsp7 residue has little effect on the 

formation [79]. Immunohistochemical studies using anti-isoAsp 

antibodies showed that the senile plaques and vascular amyloid 

of an AD brain are stained by anti-isoAsp
23

 antibody, but those 

of a control brain are not. On the contrary, anti-isoAsp
7
 antibody 

stains the senile plaques and vascular amyloid of both AD and 

control brains [80]. In addition, AβP
1-42

 (D7isoD) acts as a 

trigger for the formation of dense-core amyloid plaques in the 

APP transgenic mouse brain [81]. The phosphorylation of 

proteins such as tau, tubulins and matrin 3 is also accelerated by 

AβP
1-42

 (D7isoD) when the peptide is introduced to cultured cells 

[82]. The effect of Asp racemization on the fibril formation has 

also been examined using synthetic peptides. Stereoinversion of 

the Asp
23

 residue accelerates fibril formation, but that of Asp
7
 

residue had little effect [83], and the stereoinversion of Asp
1
 

residue strongly suppressed the acceleration of fibril formation 

by the D-Asp
23

 residue [84]. The drastically different rate change 

of fibril formation observed in AβP modified with isoAsp or D-

Asp residue, as described above, suggests that the structural 

alteration of specific Asp residue may act as a potential trigger 

for AD amyloidosis. The fibril formation of AβP
1-40

 (N27D) is 

inhibited, indicating that the deamination also affects the 

formation rate [85]. 

 

Prion Diseases  
Pathogenesis of Prion Diseases and Prion Protein  
 

Prion diseases are fatal neurodegenerative diseases, such as 

scrapie in sheep, bovine spongiform encephalopathy (BSE) in 

cattle, and Creutzfeldt-Jakob disease (CJD), Gerstmann–

Sträussler–Scheinker syndrome (GSS) and Kuru in humans [86]. 
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The common pathological hallmarks of prion diseases are the 

spongiform degeneration of glial cells and neurons. The 

accumulation of amyloidogenic prion protein (PrP) as the 

abnormal scrapie type isoform (PrP
Sc

) is also observed in the 

brain of patients. Prion diseases are also called transmissible 

spongiform encephalopathies because their infection 

characteristics caused by the invasion of PrP
Sc

 in the 

pathogenetic tissues. Although the molecular pathogenesis and 

transmission pathway of prion diseases are still controversial, it 

is widely accepted that the conformational conversion of normal 

cellular prion protein (PrP
C
) into an abnormal PrP

Sc
 is the 

transmissible characteristic of prion diseases.  

 

Normal PrP
C
 is a 30-35 kDa cell surface glycoprotein anchored 

to the plasma membrane with a glycosylphosphatidylinositol 

(GPI) domain (Figure5A). PrP
C
 is ubiquitously expressed in the 

body, and most notably in the brain. Both PrP
C
 and PrP

Sc
 have 

the same characteristic chemical modification of the same 

primary sequence. However, PrP
C
 differs from PrP

Sc
 in terms of 

resistance to protease digestion, a high content of ß-sheet 

secondary structure, and the propensity to form insoluble 

amyloid fibrils. When the misfolded PrP
Sc

 enters into the body 

via the ingestion of contaminated food, for example, the 

protease-resistant PrP
Sc

 can aggregate, resulting in fibril 

formation that in turn promotes other PrP
C
 molecules in the brain 

to misfold and aggregate. These lines of evidence suggest that 

the conformational change of PrP is crucial for the pathogenesis 

of prion diseases.  

 

Prion Protein and Metals  
 

There are three possible neurodegenerative pathways in prion 

diseases: 1) supporting the “loss of the normal, protective 

functions of PrP
C
”; 2) supporting a “gain of toxic functions of 

PrP
Sc

”; 3) “a combination of both”. Although the physiological 

roles of PrP
C
 are not yet fully understood despite its wide 

distribution, increasing evidence suggests that PrP
C
 is a metal-

binding protein and regulates metal homeostasis [87].  
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Regarding the first pathway, the link between Cu and prion 

diseases were first reported by Brown et al. in 1997 [88]. They 

demonstrated that the levels of Cu in the brains of PrP-knockout 

mice were significantly decreased compared with that of normal 

mice. The activity of Cu-dependent enzymes was also reduced in 

PrP-null mice. As shown in Figure5, PrP
C
 contains 208 amino 

acid residues and possesses a highly conserved octarepeat 

domain composed of multiple tandem copies of the eight-residue 

sequence PHGGGWGQ at its N-terminus (Figure 5A). Thus, 

PrP
C
 binds to 4 Cu

 
atoms in its octarepeat domain and binds to 2 

Cu atoms in other His residues, namely His
96

 and His
111 

[89].
 

Other metals including Zn
2+

, Mn
2+

, and Ni
2+ 

bind to these 

binding sites with lower affinities compared with Cu
2+

. PrP
C
 

reportedly transports Cu
2+

 from the extracellular space to the 

intracellular space via endocytosis and regulates the intracellular 

concentrations of Cu
2+

. Furthermore, PrP possesses or modulates 

Cu/Zn superoxide dismutase (SOD) activity in the brain and 

plays roles in the cellular resistance to oxidative stress [90]. 

Therefore, the depletion of PrP
C
 and the resulting metal 

dyshomeostasis may trigger neurodegenerative processes. 

Indeed, PrP-deficient neurons exhibit lower glutathione activity 

and susceptibility to hydrogen peroxide [91]. PrP
C
 regulates the 

excitability of N-methyl-D-aspartate (NMDA)-type glutamate 

receptor in a Cu-dependent manner [92]. Meanwhile, Cu
2+

 

influences the gene expression and cellular trafficking of PrP 

[93].  
 

PrP
C
 is also implicated in the homeostasis of other metals such as 

Zn and Fe. Bioinformatics analysis has revealed evolutionary 

similarities between prion genes and genes encoding Zrt-, Irt-like 

protein (ZIP)-type Zn transporters [94]. Watt et al. reported that 

PrP
C
 enhanced cellular uptake of Zn

2+
 via binding to the α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) -

type glutamate receptor, and that PrP
C
 acts as a Zn

2+
 sensor in the 

synapse [95]. PrP facilitates Zn
2+

 influx into the brain, regulates 

Zn homeostasis, and attenuates Zn-induced neurotoxicity. 

Furthermore, PrP
C
 reportedly has the ferrireductase activity that 

converts Fe
3+

 to Fe
2+

, and then modulates the cellular uptake of 

Fe
2+

 [96]. Fe
2+

 ions are oxidized to Fe
3+

 by ferroxidases (such as 

ferritin or ceruloplasmin) in the blood stream, then Fe
3+

 is 

transported with transferrin (an iron-binding protein that binds 
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two Fe
3+

 ions) across the blood–brain barrier via transferrin 

receptors and enters neurons or glial cells. Then, the Fe
3+

 is 

reduced to the bioactive Fe
2+

 by ferrireductase and transferred to 

neuronal enzymes, which require Fe
2+

 as a cofactor. Indeed, PrP-

knockout mice exhibit altered Fe metabolism and Fe deficiency 

[97].  
 

Metals are also implicated in the conformational changes and 

neurotoxicity of PrP
Sc

, which are central for the transmission and 

the pathogenesis of prion disease. To investigate PrP
Sc

 

neurotoxicity, we and other researchers have employed synthetic 

fragment peptides of PrP (PrP
106-126

) as a model peptide of PrP
Sc

, 

considering the methodological difficulties of using a whole 

prion protein owing to its strong infectious characteristics [98]. 

The structure of PrP
106-126

 coincides with the proposed ß-sheet 

structures of PrP
Sc

. PrP
106-126 

forms aggregates with ß-sheet 

structures, similar to amyloid fibrils, that share several 

characteristics of PrP
Sc

 in that it causes the apoptotic death of 

cultured neurons or glial cells.  
 

PrP
106-126

 possesses the ability to bind to metals including Cu
2+

 

and Zn
2+

. We found that PrP
106-126

 forms ß-sheet structures 

during the “aging” process (incubation at 37 °C for several days) 

as determined using the ThT fluorescence assay, CD 

spectroscopy, and AFM imaging [10]. Moreover, aged PrP
106-126

 

exhibits enhanced neurotoxicity on primary cultured rat 

hippocampal neurons. Thus, we added various trace elements or 

metal chelators to solutions of PrP
106-126

 during the aging process 

and evaluated its conformational changes and neurotoxicity. We 

demonstrated that the co-existence of Zn
2+

 or Cu
2+

 during the 

aging process significantly attenuated the neurotoxicity of PrP
106-

126
 and oligomerization ability of PrP

106-126
. Furthermore, aged 

PrP
106-126 

forms amyloid fibrils with distinct straight and long 

morphology on mica plates, as observed using AFM, although 

we did not observe fiber-like structures in freshly prepared 

PrP
106-126

. Moreover, aged PrP
106-126

 in the presence of Cu
2+

 or 

Zn
2+

 exhibited different morphological features compared with 

that of aged PrP
106-126 

alone. Therefore, it is possible that Cu
2+

 

and Zn
2+

 influenced the ß-sheet formation of PrP
106-126

, and 

thereafter attenuated its neurotoxicity.  
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Figure 5: Prion protein structures and analysis of Asn deamidation.  

A) The structure of PrPC and metal-binding sites. Octarepeat domain and 

neurotoxic fragments PrP106-126 are depicted. PrPC possesses six metal-binding 

sites. The HPLC profiles after incubation for 28 days at 37 oC in 50 mM 

phosphate buffer (pH 7.4) are shown. The PrP106–126 was analyzed with a 

mobile phase containing 20% acetonitrile, a 15 mM sodium phosphate solution 

(pH 5.0), and 100 mM NaCl. The amount of each peak is summarized in left 

graph.  

B) Asn deamidation and Asp isomerization in rodent prion protein are shown. 

 

Asn Deamidation in Prion Protein  
 

Human or murine PrP possesses 11 or 13 Asn residues, 

respectively (Table 1). PIMT assay using the recombinant 

murine prion protein revealed that isoAsp residues increased the 

half-life of PrP to 33 days, and 0.8 mol isoAsp is accumulated 

per mol of protein after incubation of 135 days [99]. The Asn
107

 

residue is the main position for isoAsp accumulation, and Asp
226

, 

which exists only in murine PrP is also isomerized. Asn
107

 

residue is deamidated even in the PrP sample stored at -20 °C for 

several months; moreover, the deamidated Asn
107

 residue 
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changes the sensitivity for metal ions
 
[100]. Interestingly, the 

aged PrP, in which Asn
107

 is deamidated forms aggregates and 

gains proteinase-K resistance in the presence of Cu
2+

. To 

quantify the structural alteration of Asp residues, we have 

established a simple method using reversed phase HPLC, with a 

standard octadecylsilane column, and applied it to analyze the 

deamidation of Asn
108

 in human PrP
106-126

 peptide (or Asn
107

 in 

murine prion) [14] (Figure 5A). Under physiological conditions, 

the Asn
108

 is deamidated with a half-life of 10 days. The different 

half-lives between in human and murine prions is due to the 

difference of the amino acid residues on the carboxyl side of the 

Asn residue and the highly ordered structure. D-Asp or D-isoAsp 

residues are also observed in PrP
106-126

 peptide after 28-days 

incubation at 37°C. Although the deamidated amino acids are 

accumulated with a comparatively high rate in Asn
108

 in human 

PrP, there is little information about the biological significance 

of deamidated PrP. 

 

  
Figure 6: Structure of α-synuclein. The metal-binding sites and Asn 

deamidation sites are depicted. The sites of Asn deamidation are indicated by 

the closed circles. 

 

Lewy Body Diseases  
 

Lewy body diseases include Parkinson‟s disease (PD), dementia 

with Lewy bodies (DLB), and multiple system atrophy, etc 

[101]. These diseases commonly exhibit abnormal cellular 

inclusions called Lewy bodies, which are the accumulation of a-

synuclein, and are therefore known as synucleinopathies. DLB 

a-synuclein
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includes approximately 25% of all senile dementia cases and 

shares some pathological changes with AD, such as the 

deposition of senile plaques and tau protein. Moreover, the a-

synuclein fragment peptide - non-amyloid component (NAC) - 

co-accumulates with AßP in the senile plaques of patients with 

AD. The oligomerization and fibrillation of a-synuclein have 

been implicated in the formation of Lewy bodies and the 

etiology of Lewy body diseases, similar to AßP and PrP. a-

Synuclein is abundant in the brain, primarily in presynaptic 

terminals, and is thought to play roles in maintaining the supply 

of synaptic vesicles to the presynaptic terminals and regulating 

the release of the dopamine, as well as in synaptic functions and 

plasticity [102]. A comprehensive analysis with Fourier 

transform ion cyclotron resonance mass spectrometry (FT-ICR 

MS) reveals that two Asn residues at the 103 and 122 positions 

are deamidated dominantly with a half-life of 60 days in α-

synuclein [103] (Figure 6). Furthermore, a-synuclein can bind 

metals including Cu, Mn, and Fe. a-Synuclein has ferrireductase 

activity that converts Fe
3+

 to Fe
2+

, and transfers bioavailable Fe
2+

 

to many enzymes, such as thyrosine hydroxylase, and regulates 

the biosynthesis of neurotransmitters [104]. However, 

oligomerized a-Synuclein reportedly has no ferrireductase 

activity [105]. As shown in section 4.2, PrP
C
 has similar 

ferrireductase activity. Considering that a-synuclein is localized 

in the presynaptic domain and PrP
C
 is in the postsynaptic 

domain, these two amyloidogenic proteins may regulate 

neurotransmitter synthesis by controlling Fe
2+

/Fe
3+

 ratio in the 

synapse [6]. In contrast, Fe regulates the expression of a-

synuclein because its mRNA has an IRE domain, similar to APP 

and ferritin [106]. 
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Figure 7: Summary of deamidation and isomerization in amyloidogenic 

proteins and peptide. Asn deamidation and Asp isomerization are indicated by 

the closed circles and open circles, respectively. The relationship between Asn 

substitution and fibril formation is also shown. (↑) acceleration or increase of 

fibril formation, (↓) suppression or decrease, (-) little or no effect.    

 

Other Amyloidosis  
 

The accumulation of islet amyloid polypeptide (IAPP or amylin) 

in the islets of Langerhans is a hallmark of type 2 diabetes 

mellitus. IAPP is a 37-residure polypeptide with a disulfide 

bridge between the Cys
2 

and Cys
7
 residues, and acts as a partner 

hormone to insulin to control blood glucose concentration [107]. 

IAPP also has affinity for metals, such as Zn
2+

 or Cu
2+

[108]. 

Cu
2+

 inhibits the formation of amyloid by IAPP and attenuates 

the cell toxicity of amylin [109]. IAPP incubated for several 
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months under physiological conditions exhibits deamidation of 

at least four Asn residues at rates of 70 ~ 90 %, and isotope-

labeled IR spectroscopy shows that the fibril formation of 

deamidated IAPP was faster than that of intact IAPP [110] 

(Figure6). Pramlintide is a synthetic analogue peptide of human 

IAPP in which residues 25, 28, 29 are replaced with proline. To 

examine the stability, Asn deamidation was analyzed by HPLC-

MS [111]. After incubation for 45 days at 40
 
°C, deamidation 

was found in four Asn residues, at positions 14, 21, 22, and 35 of 

pramlintide. The seeding effect was examined by using short 

peptide fragment, IAPP
20-29

 [112]. While IAPP
20-29

 alone cannot 

form fibrils, a sample of peptide with as little as 5% deamidated 

peptide leads to the formation of amyloid deposits. The fibril 

formation of IAPP was examined by chemical substitution of 

Asn residues. The IAPP peptides were prepared in which three 

Asn residues at 14, 21, and 35 positions, had been substituted 

with either L-Asp or L-isoAsp and then assayed by using ThT 

[113]. Substitution N14D accelerates the fibril formation, the 

shape of which was long and thick; however, N14isoD shows 

little effect on fibril formation. Substitutions N21D and N21isoD 

drastically inhibit the fibril formation; however, N35D and 

N35isoD shows little effect.  

 

β2-Microglobulin (β2M), which is a single-chain polypeptide 

composed of 99 amino acids is a serum protein that serves as a 

component of major histocompatibility complex class I. Thus, 

β2M is required for antigen presentation in the immune 

responses. However, in some pathological conditions, the protein 

forms amyloid fibrils and is found as the major component of 

deposits associated with dialysis-related amyloidosis [114]. A 

heterogeneity of β2M is reported in patients treated with long-

term hemodialysis. Several metals including Cu
2+

, Zn
2+

, Ni
2+

, 

and Al
3+

 can bind to β2M and influence the amyloid formation 

[115,116]. The sequencing analysis of the minor form of β2M 

reveals that it has identical amino acid sequence except for the 

substitution of Asn
17

 residue for Asp, suggesting that the Asn 

residue has been deamidated during long-term hemodialysis 

[117] (Figure7). Asn deamidation of β2M was analyzed by a 

comprehensive top-down approach with FT-ICR MS [118]. 

Three Asn deamidation residues at 17, 42, and 83 positions were 
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found in aged β2M. The recombinant β2M (N17D) is able to 

form amyloid fibrils faster than the intact β2M under acidic 

conditions [119]. 

 

SOD1 is widely used in our bodies for protection against free 

radicals. It was the first identified protein for familial 

amyotrophic lateral sclerosis (ALS), which is a lethal 

neurodegenerative disease caused by loss of motor neurons 

[120]. Over 180 different mutations in the SOD1 gene have all 

been linked to the cause of ALS. The missense mutations such as 

N86D and N139D in SOD1, which cause familial forms of ALS, 

change the protein‟s thermodynamic stability and folding 

behavior [121]. The deamidation rate of all seven Asn residues 

of SOD1 has been calculated by a computational method 

developed by Robinson et al [122], which indicated that Asn 

residues at positions 26, 131, and 139 will be deamidated with 

99, 55, and 21 % conversion after 450 days under physiological 

conditions, respectively. The lifetime of SOD1 is expected to be 

long enough to allow the accumulation of the deamidated 

residues. The recombinant protein (N139D) forms amyloid 

fibrils two times faster than that of intact SOD1, and the triple 

mutated protein (N26D, N131D and N139D) is also accelerated 

with an identical rate to that of N139D [123] (Figure 7). These 

results suggest that deamidation of Asn residues in intact SOD1 

has the same effect on fibril formation as the familial SOD1 

mutant (N139D).  

 

Curli, observed in various bacteria including Escherichia coli, is 

a functional extracellular amyloid fiber and is associated with 

surface colonization and interaction with the host immune 

system [124]. The major curli subunit is CsgA protein, which has 

a self-polymerization ability, which allows it to form amyloid 

fibers. CsgA is composed of 130 amino acids and has 16 Asn 

residues. LC-MS/MS analysis reveals that deamidation is found 

in 14 Asn residues, and especially those at position 57, 87, and 

102 are rapidly deamidated with a half-life of 2.5 ~ 5.3 days 

[125] (Figure 7). An aged CsgA incubated for 19 days shows 

little or no fibril formation, thus deamidation disables the fibril 

formation in bacterial curli. 
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Conclusion 
 

Based on our findings and other numerous studies, amyloids 

share common characteristics such as metal binding and Asn 

deamidation. These two non-genetic factors can reflect the aging 

process, and influence the oligomerization, conformation and 

ultimately the neurotoxicity of amyloidogenic proteins. 

Moreover, as we have shown here, metal-binding Asn residues 

can be deamidated, and the combination of these two factors 

profoundly affects the amyloidogenesis, such as the effect of 

Cu
2+

 on the aged murine PrP [100]. 

 

Considering these common characteristics, we hypothesized that 

the pathogenesis of conformational diseases is linked with metals 

and deamidation. This hypothesis may help in the development 

of drugs for these diseases, then substances which influence 

these two factors may become candidates for the treatment of 

these diseases. We have already focused carnosine as one of 

such substances because it possesses the various beneficial 

attributes such as, metal-chelating, antioxidant, anti-glycation, 

and anti-crosslinking [126,127]. In particular carnosine is used 

for the treatment of cataracts owing to its anti-crosslinking 

ability [128]. The protective activity of carnosine against the 

accumulation of AβP has also reported [49]. Concerning 

substances that can suppress Asn deamidation, further research is 

urgently required because there are few reports in this under-

researched field. Further research about the detailed 

characteristics, including the conformation and the toxicity, of 

deamidated amyloids is necessary. 

 

References  
 

1. Sipe JD, Cohen AS. Review: history of the amyloid fibril. J. 

Struct. Biol. 2000; 130: 88-98. 

2. Loo D, Mollee PN, Renaut P, Hill MM. Proteomics in 

molecular diagnosis: typing of amyloidosis. J. Biomed. 

Biotechnol. 2011; 754109.  

3. Carrell RW, Lomas DA. Conformational disease. The 

Lancet. 1997; 350: 134-138. 

4. Kawahara M, Negishi-Kato M, Sadakane Y. Calcium 



Prime Archives in Molecular Sciences 

28                                                                                www.videleaf.com 

dyshomeostasis and neurotoxicity of Alzheimer's ß-amyloid 

protein. Expert. Rev. Neurother. 2009; 9: 681-693.  

5. Becker JS, Matusch A, Palm C, Salber D, Morton KA, et al. 

Bioimaging of metals in brain tissue by laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-

MS) and metallomics. Metallomics. 2010; 2: 104-111.  

6. Kawahara M, Kato-Negishi M, Tanaka K. Cross talk 

between neurometals and amyloidogenic proteins at the 

synapse and the pathogenesis of neurodegenerative diseases. 

Metallomics. 2017; 9: 619-633. 

7. Kawahara M, Muramoto K, Kobayashi K, Mori H, Kuroda 

Y. Aluminum promotes the aggregation of Alzheimer's 

amyroid ß-protein in vitro. Biochem. Biophys. Res. 

Commun. 1994; 198: 531-535. 

8. Kuroda Y, Kawahara M. Aggregation of amyloid ß-protein 

and its neurotoxicity: Enhancement by aluminum and other 

metals. Tohoku J. Exp. Med. 1994; 174: 263-268.  

9. Kawahara M, Kato M, Kuroda Y. Effects of aluminum on 

the neurotoxicity of primary cultured neurons and on the 

aggregation of ß-amyloid protein. Brain Res. Bull. 2001; 55: 

211-217. 

10. Kawahara M, Koyama H, Nagata T, Sadakane Y. Zinc, 

copper, and carnosine attenuate neurotoxicity of prion 

fragment PrP106-126. Metallomics. 2011; 3: 726-734.  

11. Trougakos IP, Sesti F, Tsakiri E, Gorgoulis VG. Non-

enzymatic post-translational protein modifications and 

proteostasis network deregulation in carcinogenesis. J. 

Proteomics. 2013; 92: 274-298.  

12. Soskić V, Groebe K, Schrattenholz A. Nonenzymatic 

posttranslational protein modifications in ageing. Exp. 

Gerontol. 2008; 43: 247-257.  

13. Sadakane Y, Fujii N, Nakagomi K. Determination of rate 

constants for β-linkage isomerization of three specific 

aspartyl residues in recombinant human αA-crystallin 

protein by reversed-phase HPLC. J. Chromatogr. B Analyt. 

Technol. Biomed. Life Sci. 2011; 879: 3240-3246.  

14. Sadakane Y, Konoha K, Kawahara M, Nakagomi K. 

Quantification of structural alterations of L-Asp and L-Asn 

residues in peptides related to neuronal diseases by reversed-

phase high-performance liquid chromatography. Chem. 



Prime Archives in Molecular Sciences 

29                                                                                www.videleaf.com 

Biodivers. 2010; 7: 1371-1379. 

15. Robinson NE. Protein deamidation. Proc. Natl. Acad. Sci. 

USA. 2002; 99: 5283-5288. 

16. Robinson NE, Robinson AB. Deamidation of human 

proteins. Proc. Natl. Acad. Sci. USA. 2001; 98: 12409-

12413.  

17. Geiger T, Clarke S. Deamidation, isomerization, and 

racemization at asparaginyl and aspartyl residues in peptides. 

Succinimide-linked reactions that contribute to protein 

degradation. J. Biol. Chem. 1987; 262: 785-794. 

18. Stephenson RC, Clarke S. Succinimide formation from 

aspartyl and asparaginyl peptides as a model for the 

spontaneous degradation of proteins. J. Biol. Chem. 1989; 

264: 6164-6170. 

19. Tyler-Cross R, Schirch V. Effects of amino acid sequence, 

buffers, and ionic strength on the rate and mechanism of 

deamidation of asparagine residues in small peptides. J. Biol. 

Chem. 1991; 266: 22549-22556. 

20. Kossiakoff AA. Tertiary structure is a principal determinant 

to protein deamidation. Science. 1988; 240: 191-194. 

21. Brennan TV, Clarke S. Effect of adjacent histidine and 

cysteine residues on the spontaneous degradation of 

asparaginyl- and aspartyl-containing peptides. Int. J. Pept. 

Protein. Res. 1995; 45: 547-553. 

22. Clarke S. Aging as war between chemical and biochemical 

processes: protein methylation and the recognition of age-

damaged proteins for repair. Ageing Res. Rev. 2003; 2: 263-

285. 

23. Kim E, Lowenson JD, MacLaren DC, Clarke S, Young SG. 

Deficiency of a protein-repair enzyme results in the 

accumulation of altered proteins, retardation of growth, and 

fatal seizures in mice. Proc. Natl. Acad. Sci. U S A. 1997; 

94: 6132-6137. 

24. Reissner KJ, Paranandi MV, Luc TM, Doyle HA, Mamula 

MJ, et al. Synapsin I is a major endogenous substrate for 

protein L-isoaspartyl methyltransferase in mammalian brain. 

J. Biol. Chem. 2006; 281: 8389-8398. 

25. Zhu JX, Doyle HA, Mamula MJ, Aswad DW. Protein repair 

in the brain, proteomic analysis of endogenous substrates for 

protein L-isoaspartyl methyltransferase in mouse brain. J. 



Prime Archives in Molecular Sciences 

30                                                                                www.videleaf.com 

Biol. Chem. 2006; 281: 33802-33013. 

26. Ray NJ, Hall D, Carver JA. Deamidation of N76 in human 

γS-crystallin promotes dimer formation. Biochim. Biophys. 

Acta. 2016; 1860: 315-324.  

27. Pande A, Mokhor N, Pande J. Deamidation of Human γS-

Crystallin Increases Attractive Protein Interactions: 

Implications for Cataract. Biochemistry. 2015; 54: 4890-

4899. 

28. Fujii N, Satoh K, Harada K, Ishibashi Y. Simultaneous 

stereoinversion and isomerization at specific aspartic acid 

residues in alpha A-crystallin from human lens. J. Biochem. 

1994; 116: 663-669. 

29. Fujii N, Sakaue H, Sasaki H, Fujii N. A rapid, 

comprehensive liquid chromatography-mass spectrometry 

(LC-MS)-based survey of the Asp isomers in crystallins 

from human cataract lenses. J. Biol. Chem. 2012; 287: 

39992-40002.  

30. Takata T, Fujii N. Isomerization of Asp residues plays an 

important role in αA-crystallin dissociation. FEBS J. 2016; 

283: 850-859.  

31. Fujii N, Takata T, Fujii N, Aki K. Isomerization of aspartyl 

residues in crystallins and its influence upon cataract. 

Biochim. Biophys. Acta. 2016; 1860: 183-191.  

32. Johnson BA, Langmack EL, Aswad DW. Partial repair of 

deamidation-damaged calmodulin by protein carboxyl 

methyltransferase. J. Biol. Chem. 1987; 262: 12283-12287. 

33. Szymanska G, Leszyk JD, O'Connor CM. Carboxyl 

methylation of deamidated calmodulin increases its stability 

in Xenopus oocyte cytoplasm. Implications for protein 

repair. J. Biol. Chem. 1998; 273: 28516-28523. 

34. Curnis F, Longhi R, Crippa L, Cattaneo A, Dondossola E, et 

al. Spontaneous formation of L-isoaspartate and gain of 

function in fibronectin. J. Biol. Chem. 2006; 281: 36466-

36476. 

35. Barbariga M, Curnis F, Spitaleri A, Andolfo A, Zucchelli C, 

et al. Oxidation-induced structural changes of ceruloplasmin 

foster NGR motif deamidation that promotes integrin 

binding and signaling. J. Biol. Chem. 2014; 289: 3736-3748. 

36. Selkoe DJ. The molecular pathology of Alzheimer's disease. 

Neuron. 1991; 6: 487-498. 



Prime Archives in Molecular Sciences 

31                                                                                www.videleaf.com 

37. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's 

disease: progress and problems on the road to therapeutics. 

Science. 2002; 297: 353-356. 

38. Kawahara M, Ohtsuka I, Yokoyama S, Kato-Negishi M, 

Sadakane Y. Membrane incorporation, channel formation, 

and disruption of calcium homeostasis by Alzheimer‟s ß-

amyloid protein, Int. J. Alzheimer Dis. 2011; 304583.  

39. Goate A, Chartier-Harlin MC, Mullan M. Segregation of a 

missense mutation in the amyloid precursor protein gene 

with familial Alzheimer's disease. Nature. 1991; 349: 704-

706. 

40. Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque 

G, et al. Cloning of a gene bearing missense mutations in 

early-onset familial Alzheimer's disease. Nature. 1995; 375: 

754-760.  

41. Yankner BA, Duffy LK, Kirschner DA. Neurotropic and 

neurotoxic effects of amyloid ß protein: reversal by 

tachykinin neuropeptides. Nature. 1990; 250: 279-282.  

42. Pike CJ, Walencewicz AJ, Glabe CG, Cotman CW. In vitro 

aging of ß-amyloid protein causes peptide aggregation and 

neurotoxicity. Brain Res. 1991; 563: 311-314. 

43. Simmons LK, May PC, Tomaselli KJ, Rydel RE, Fuson KS, 

et al. Secondary structure of amyloid ß peptide correlates 

with neurotoxic activity in vitro. Mol. Pharmacol. 1994; 45: 

373-379.  

44. Walsh DM, Selkoe DJ. Aß oligomers - a decade of discovery. 

J. Neurochem. 2007; 101: 1172-1184. 

45. Wirths O, Multhaup G, Bayer TA. A modified ß-amyloid 

hypothesis: intraneuronal accumulation of the ß-amyloid 

peptide--the first step of a fatal cascade. J. Neurochem. 

2004; 91: 513-520.  

46. Fukuyama R, Mizuno T, Mori S, Nakajima K, Fushiki S, et 

al. Age-dependent change in the levels of Aß40 and Aß42 in 

cerebrospinal fluid from control subjects, and a decrease in 

the ratio of Aß42 to Aß40 level in cerebrospinal fluid from 

Alzheimer's disease patients. Eur. Neurol. 2000; 43: 155-

160. 

47. Tomiyama T, Asano S, Suwa Y, Morita T, Kataoka K, et al. 

Rifampicin prevents the aggregation and neurotoxicity of 

amyloid ß protein in vitro. Biochem. Biophys. Res. 



Prime Archives in Molecular Sciences 

32                                                                                www.videleaf.com 

Commun. 1994; 204: 76-83. 

48. Ono K, Hasegawa K, Naiki H, Yamada M. Curcumin has 

potent anti-amyloidogenic effects for Alzheimer's ß-amyloid 

fibrils in vitro. J. Neurosci. Res. 2004; 75: 742-750.  

49. Corona C, Frazzini V, Silvestri E, Lattanzio R, La Sorda R, 

et al. Effects of dietary supplementation of carnosine on 

mitochondrial dysfunction, amyloid pathology, and cognitive 

deficits in 3xTg-AD mice. PLoS One 2011; 6: e17971.  

50. Thomas T, Nadackal TG, Thomas K. Aspirin and non-

steroidal anti-inflammatory drugs inhibit amyloid-ß 

aggregation. Neuroreport. 2001; 12: 3263-3267.  

51. Soto C, Sigurdsson EM, Morelli L, Kumar RA, Castaño EM, 

et al. ß-sheet breaker peptides inhibit fibrillogenesis in a rat 

brain model of amyloidosis: implications for Alzheimer's 

therapy. Nat. Med. 1998; 4: 822-826. 

52. Dyrks T, Dyrks E, Hartmann T, Masters C, Beyreuther K. 

Amyloidogenicity of ßA4 and ßA4-bearing amyloid protein 

precursor fragments by metal-catalyzed oxidation. J. Biol. 

Chem. 1992; 267: 18210-18217. 

53. Lovell MA, Robertson JD, Teesdale WJ, Campbell JL, et al. 

Copper, iron and zinc in Alzheimer's disease senile plaques. 

J. Neurol. Sci. 1998; 158: 47-52. 

54. Yumoto S, Kakimi S, Ohsaki A, Ishikawa A. Demonstration 

of aluminum in amyloid fibers in the cores of senile plaques 

in the brains of patients with Alzheimer's disease. J. Inorg. 

Biochem. 2009; 103: 1579-1584. 

55.  Exley C, Price NC, Kelly SM, Birchall JD. An interaction of 

-amyloid with aluminium in vitro. FEBS letters. 1993; 324: 

293-295.  

56. Pratico D, Uryu K, Sung S, Tang S, Trojanowski JQ, et al. 

Aluminum modulates brain amyloidosis through oxidative 

stress in APP transgenic mice. FASEB J. 2002; 16: 1138-

1140.  

57. Bush AI, Pettingell WH, Multhaup G, d Paradis M, Vonsattel 

JP, et al. Rapid induction of Alzheimer A amyloid 

formation by zinc. Science. 1994; 265: 1464-1467. 

58. Atwood CS, Moir RD, Huang X, Scarpa RC, Bacarra NM, et 

al. Dramatic aggregation of Alzheimer aß by Cu(II) is 

induced by conditions representing physiological acidosis. J. 

Biol. Chem. 1998; 273: 12817-12826. 



Prime Archives in Molecular Sciences 

33                                                                                www.videleaf.com 

59. Solomonov I, Korkotian E, Born B, Feldman Y, Bitler A, et 

al. Zn
2+

-Aβ40 complexes form metastable quasi-spherical 

oligomers that are cytotoxic to cultured hippocampal 

neurons. J. Biol. Chem. 2012; 287: 20555-20564. 

60. Chen WT, Liao YH, Yu HM, Cheng IH, Chen YR. Distinct 

effects of Zn
2+

, Cu
2+

, Fe
3+

, and Al
3+

 on amyloid-beta stability, 

oligomerization, and aggregation: amyloid-beta 

destabilization promotes annular protofibril formation. J. 

Biol. Chem. 2011; 286: 9646-9656. 

61. Bolognin S, Zatta P, Lorenzetto E, Valenti MT, Buffelli M. β-

Amyloid-aluminum complex alters cytoskeletal stability and 

increases ROS production in cortical neurons. Neurochem. 

Int. 2013; 62: 566-574.  

62. Sharma AK, Pavlova ST, Kim J, Kim J, Mirica LM. The 

effect of Cu(2+) and Zn(2+) on the Aβ42 peptide 

aggregation and cellular toxicity. Metallomics. 2013; 5: 

1529-1536. 

63. White AR, Multhaup G, Maher F, Bellingham S, Camakaris 

J, et al. The Alzheimer's disease amyloid precursor protein 

modulates copper-induced toxicity and oxidative stress in 

primary neuronal cultures. J. Neurosci. 1999; 19: 9170-9179. 

64. Baumkötter F, Schmidt N, Vargas C, Schilling S, Weber R, et 

al. Amyloid precursor protein dimerization and synaptogenic 

function depend on copper binding to the growth factor-like 

domain. J. Neurosci. 2014; 34: 11159-11172.  

65. Gerber H, Wu F, Dimitrov M, Garcia Osuna GM, Fraering 

PC. Zinc and copper differentially modulate amyloid 

precursor protein processing by γ-secretase and amyloid-β 

peptide production. J. Biol. Chem. 2017; 292: 3751-3767.  

66. Wong BX, Tsatsanis A, Lim LQ, Adlard PA, Bush AI, et al. 

β-Amyloid precursor protein does not possess ferroxidase 

activity but does stabilize the cell surface ferrous iron 

exporter ferroportin. PLoS One. 2014; 9: e114174.  

67. Rogers JT, Randall JD, Cahill CM, Eder PS, Huang X, et al. 

An iron-responsive element type II in the 5'-untranslated 

region of the Alzheimer's amyloid precursor protein 

transcript. J. Biol. Chem. 2002; 277: 45518-45528.  

68. Mori H, Takio K, Ogawara M, Selkoe DJ. Mass 

spectrometry of purified amyloid β protein in Alzheimer's 

disease. J. Biol. Chem. 1992; 267: 17082-17086. 



Prime Archives in Molecular Sciences 

34                                                                                www.videleaf.com 

69. Roher AE, Lowenson JD, Clarke S, Wolkow C, Wang R, et 

al. Structural alterations in the peptide backbone of β-

amyloid core protein may account for its deposition and 

stability in Alzheimer's disease. J. Biol. Chem. 1993; 268: 

3072-3083. 

70. Roher AE, Lowenson JD, Clarke S, Woods AS, Cotter RJ, et 

al. β-Amyloid-(1-42) is a major component of 

cerebrovascular amyloid deposits: implications for the 

pathology of Alzheimer disease. Proc. Natl. Acad. Sci. U S 

A. 1993; 90: 10836-10840. 

71. Kuo YM, Emmerling MR, Woods AS, Cotter RJ, Roher AE. 

Isolation, chemical characterization, and quantitation of Aβ 

3-pyroglutamyl peptide from neuritic plaques and vascular 

amyloid deposits. Biochem. Biophys. Res. Commun. 1997; 

237: 188-191. 

72. Wakutani Y, Watanabe K, Adachi Y, Wada-Isoe K, Urakami 

K, et al. Novel amyloid precursor protein gene missense 

mutation (D678N) in probable familial Alzheimer's disease. 

J. Neurol. Neurosurg. Psychiatry. 2004; 75: 1039-1042. 

73. Hori Y, Hashimoto T, Wakutani Y, Urakami K, Nakashima 

K, et al. The Tottori (D7N) and English (H6R) familial 

Alzheimer disease mutations accelerate Aβ fibril formation 

without increasing protofibril formation. J. Biol. Chem. 

2007; 282: 4916-4923. 

74. Ono K, Condron MM, Teplow DB. Effects of the English 

(H6R) and Tottori (D7N) familial Alzheimer disease 

mutations on amyloid β-protein assembly and toxicity. J. 

Biol. Chem. 2010; 285: 23186-23197. 

75. Gessel MM, Bernstein S, Kemper M, Teplow DB, Bowers 

MT. Familial Alzheimer's disease mutations differentially 

alter amyloid β-protein oligomerization. ACS Chem. 

Neurosci. 2012; 3: 909-918.  

76. Grabowski TJ, Cho HS, Vonsattel JP, Rebeck GW, 

Greenberg SM. Novel amyloid precursor protein mutation in 

an Iowa family with dementia and severe cerebral amyloid 

angiopathy. Ann. Neurol. 2001; 49: 697-705. 

77. Tomidokoro Y, Rostagno A, Neubert TA, Lu Y, Rebeck GW, 

et al. Iowa variant of familial Alzheimer's disease: 

accumulation of posttranslationally modified AβD23N in 

parenchymal and cerebrovascular amyloid deposits. Am. J. 



Prime Archives in Molecular Sciences 

35                                                                                www.videleaf.com 

Pathol. 2010; 176: 1841-1854. 

78. Fossati S, Todd K, Sotolongo K, Ghiso J, Rostagno A. 

Differential contribution of isoaspartate post-translational 

modifications to the fibrillization and toxic properties of 

amyloid β and the Asn23 Iowa mutation. Biochem. J. 2013; 

456: 347-360.  

79. Fukuda H, Shimizu T, Nakajima M, Mori H, Shirasawa T. 

Synthesis, aggregation, and neurotoxicity of the Alzheimer's 

Aβ1-42 amyloid peptide and its isoaspartyl isomers. Bioorg. 

Med. Chem. Lett. 1999; 9: 953-956. 

80. Shimizu T, Fukuda H, Murayama S, Izumiyama N, 

Shirasawa T. Isoaspartate formation at position 23 of 

amyloid β peptide enhanced fibril formation and deposited 

onto senile plaques and vascular amyloids in Alzheimer's 

disease. J. Neurosci. Res. 2002; 70: 451-461. 

81. Kozin SA, Cheglakov IB, Ovsepyan AA, Telegin GB, 

Tsvetkov PO, et al. Peripherally applied synthetic peptide 

isoAsp7-Aβ(1-42) triggers cerebral β-amyloidosis. 

Neurotox. Res. 2013; 24: 370-376. 

82. Zatsepina OG, Kechko OI, Mitkevich VA, Kozin SA, 

Yurinskaya MM, et al. Amyloid-β with isomerized Asp7 

cytotoxicity is coupled to protein phosphorylation. Sci. Rep. 

2018; 8: 3518.  

83. Tomiyama T, Asano S, Furiya Y, Shirasawa T, Endo N, et al. 

Racemization of Asp23 residue affects the aggregation 

properties of Alzheimer amyloid β protein analogues. J. Biol. 

Chem. 1994; 269: 10205-10208. 

84. Sakai-Kato K, Naito M, Utsunomiya-Tate N. Racemization 

of the amyloidal β Asp1 residue blocks the acceleration of 

fibril formation caused by racemization of the Asp23 

residue. Biochem. Biophys. Res. Commun. 2007; 364: 464-

469.  

85. Osaki D, Hiramatsu H. Citrullination and deamidation affect 

aggregation properties of amyloid β-proteins. Amyloid. 

2016; 23: 234-241. 

86. Prusiner SB. Prion diseases and the BSE crisis. Science. 

1997; 278: 245–251. 

87. Mizuno D, Koyama H, Ohkawara S, Sadakane Y, Kawahara 

M. Involvement of trace elements in the pathogenesis of 

prion diseases. Curr. Pharam. Biotech. 2014; 15: 1049-1057. 



Prime Archives in Molecular Sciences 

36                                                                                www.videleaf.com 

88. Brown DR, Qin K, Herms JW, Madlung A, Manson J, et al. 

The cellular prion protein binds copper in vivo. Nature. 

1997; 390: 684-687. 

89. Jackson GS, Murray I, Hosszu LL, Gibbs N, Waltho JP, et al. 

Location and properties of metal-binding sites on the human 

prion protein. Proc. Natl. Acad. Sci. U S A. 2001; 98: 8531-

8535. 

90. Vassallo N, Herms J. Cellular prion protein function in 

copper homeostasis and redox signalling at the synapse. J. 

Neurochem. 2003; 86: 538-544. 

91. White AR, Collins SJ, Maher F, Jobling MF, Stewart LR, et 

al. Prion protein-deficient neurons reveal lower glutathione 

reductase activity and increased susceptibility to hydrogen 

peroxide toxicity. Am. J. Pathol. 1999; 155: 1723-1730. 

92. Gasperini L, Meneghetti E, Pastore B, Benetti F, Legname 

G. Prion protein and copper cooperatively protect neurons by 

modulating NMDA receptor through S-nitrosylation. 

Antioxid. Redox Signal. 2015; 22: 772-784. 

93. Alfaidy N, Chauvet S, Donadio-Andrei S, Salomon A, 

Saoudi Y, et al. Prion protein expression and functional 

importance in developmental angiogenesis: role in oxidative 

stress and copper homeostasis. Antioxid. Redox Signal. 

2015; 18: 400-411. 

94. Schmitt-Ulms G, Ehsani S, Watts JC, Westaway D, Wille H. 

Evolutionary descent of prion genes from the ZIP family of 

metal ion transporters. PLoS One. 2009; 4: e7208. 

95. Watt NT, Griffiths HH, Hooper NM. Neuronal zinc 

regulation and the prion protein. Prion. 2013; 7: 203-208. 

96. Singh A, Haldar S, Horback K, Tom C, Zhou L, et al. Prion 

protein regulates iron transport by functioning as a 

ferrireductase. J. Alzheimers Dis. 2013; 35: 541-552. 

97. Singh A, Kong Q, Luo X, Petersen RB, Meyerson H, et al. 

Prion protein (PrP) knock-out mice show altered iron 

metabolism: a functional role for PrP in iron uptake and 

transport. PLoS One. 2009; 4: e6115. 

98. Bonetto V, Massignan T, Chiesa R, Morbin M, Mazzoleni G, 

et al. Synthetic miniprion PrP106. J. Biol. Chem. 2002; 277: 

31327-31334. 

99. Sandmeier E, Hunziker P, Kunz B, Sack R, Christen P. 

Spontaneous deamidation and isomerization of Asn108 in 



Prime Archives in Molecular Sciences 

37                                                                                www.videleaf.com 

prion peptide 106-126 and in full-length prion protein. 

Biochem Biophys Res Commun. 1999; 261: 578-583. 

100. Qin K, Yang DS, Yang Y, Chishti MA, Meng LJ, et al. 

Copper(II)-induced conformational changes and protease 

resistance in recombinant and cellular PrP. Effect of protein 

age and deamidation. J. Biol. Chem. 2000; 275: 19121-

19131. 

101. Kim W, Kågedal K, Halliday GM. Alpha-synuclein 

biology in Lewy body diseases. Alzheimer‟s Research & 

Therapy. 2014; 6: 73.  

102. Benskey MJ, Perez RG, Manfredsson FP. The 

contribution of alpha synuclein to neuronal survival and 

function - Implications for Parkinson's disease. J. 

Neurochem. 2016; 137: 331-359. 

103. Robinson NE, Robinson ML, Schulze SE, Lai BT, Gray 

HB. Deamidation of alpha-synuclein. Protein Sci. 2009; 18: 

1766-1773. 

104. Davies P, Moualla D, Brown DR. Alpha-synuclein is a 

cellular ferrireductase. PLoS One. 2011; 6: e15814.  

105. Angelova DM, Jones HBL, Brown DR. Levels of α- and 

β-synuclein regulate cellular susceptibility to toxicity from 

α-synuclein oligomers. FASEB J. 2018; 32: 995-1006.  

106. Cahill CM, Lahiri DK, Huang X, Rogers JT. Amyloid 

precursor protein and alpha synuclein translation, 

implications for iron and inflammation in neurodegenerative 

diseases. Biochim. Biophys. Acta. 2009; 1790: 615-628. 

107. Fernández MS. Human IAPP amyloidogenic properties 

and pancreatic β-cell death. Cell Calcium. 2014; 56: 416-

427. 

108. Tomasello MF, Sinopoli A, Pappalardo G. On the 

Environmental Factors Affecting the Structural and 

Cytotoxic Properties of IAPP Peptides. J. Diabetes Res. 

2015; 918573.  

109. Lee EC, Ha E, Singh S, Legesse L, Ahmad S, et al. 

Copper(II)-human amylin complex protects pancreatic cells 

from amylin toxicity. Phys. Chem. Chem. Phys. 2013; 15: 

12558-12571.  

110. Hekman CM, DeMond WS, Kelley PJ, Mauch SF, 

Williams JD. Isolation and identification of cyclic imide and 

deamidation products in heat stressed pramlintide injection 



Prime Archives in Molecular Sciences 

38                                                                                www.videleaf.com 

drug product. J. Pharm. Biomed. Anal. 1999; 20: 763-772. 

111. Dunkelberger EB, Buchanan LE, Marek P, Cao P, 

Raleigh DP, et al. Deamidation accelerates amyloid 

formation and alters amylin fiber structure. J. Am. Chem. 

Soc. 2012; 134: 12658-12667. 

112. Nilsson MR, Driscoll M, Raleigh DP. Low levels of 

asparagine deamidation can have a dramatic effect on 

aggregation of amyloidogenic peptides: implications for the 

study of amyloid formation. Protein Sci. 2002; 11: 342-349. 

113. Nguyen PT, Zottig X, Sebastiao M, Bourgault S. Role of 

Site-Specific Asparagine Deamidation in Islet Amyloid 

Polypeptide Amyloidogenesis: Key Contributions of 

Residues 14 and 21. Biochemistry. 2017; 56: 3808-3817. 

114. Radford SE, Gosal WS, Platt GW. Towards an 

understanding of the structural molecular mechanism of β2-

microglobulin amyloid formation in vitro. Biochim. 

Biophys. Acta. 2005; 1753: 51-63. 

115. Dong J, Joseph CA, Borotto NB, Gill VL, Maroney MJ, 

et al. Unique effect of Cu(II) in the metal-induced amyloid 

formation of β-2-microglobulin. Biochemistry. 2014; 53: 

1263-1274.  

116. Netter P, Kessler M, Gaucher A, Burnel D, Fener P. 

Aluminium and dialysis associated arthropathy. Nephron. 

1991; 59: 669. 

117. Odani H, Oyama R, Titani K, Ogawa H, Saito A. 

Purification and complete amino acid sequence of novel β2-

microglobulin. Biochem Biophys Res Commun. 1990; 168: 

1223-1229. 

118. Li X, Yu X, Costello CE, Lin C, O'Connor PB. Top-

down study of β2-microglobulin deamidation. Anal. Chem. 

2012; 84: 6150-6157. 

119. Kad NM, Thomson NH, Smith DP, Smith DA, Radford 

SE. β2-Microglobulin and its deamidated variant, N17D 

form amyloid fibrils with a range of morphologies in vitro. J. 

Mol. Biol. 2001; 313: 559-571. 

120. Tokuda E, Furukawa Y. Copper Homeostasis as a 

Therapeutic Target in Amyotrophic Lateral Sclerosis with 

SOD1 Mutations. Int. J. Mol. Sci. 2016; 17: E636. 

121. Byström R, Andersen PM, Gröbner G, Oliveberg M. 

SOD1 mutations targeting surface hydrogen bonds promote 



Prime Archives in Molecular Sciences 

39                                                                                www.videleaf.com 

amyotrophic lateral sclerosis without reducing apo-state 

stability. J. Biol. Chem. 2010; 285: 19544-19452. 

122. Robinson NE, Robinson AB. Prediction of protein 

deamidation rates from primary and three-dimensional 

structure. Proc. Natl. Acad. Sci. U S A. 2001; 98: 4367-4372. 

123. Shi Y, Rhodes NR, Abdolvahabi A, Kohn T, Cook NP, et 

al. Deamidation of asparagine to aspartate destabilizes Cu, 

Zn superoxide dismutase, accelerates fibrillization, and 

mirrors ALS-linked mutations. J. Am. Chem. Soc. 2013; 

135: 15897-15908. 

124. Evans ML, Chapman MR. Curli biogenesis: order out of 

disorder. Biochim. Biophys. Acta. 2014; 1843: 1551-1558. 

125. Wang H, Shu Q, Frieden C, Gross ML. Deamidation 

Slows Curli Amyloid-Protein Aggregation. Biochemistry. 

2017; 56: 2865-2872. 

126. Mizuno D, Kawahara M. Carnosine: A Possible Drug for 

Vascular Dementia, J. Vasc. Med. Surg. 2014; 2: 3.  

127. Kawahara M, Tanaka KI, Kato-Negishi M. Zinc, 

Carnosine, and Neurodegenerative Diseases. Nutrients. 

2018; 10: pii: E147. 

128. Abdelkader H, Swinden J, Pierscionek BK, Alany RG. 

Analytical and physicochemical characterisation of the senile 

cataract drug dipeptide β-alanyl-L-histidine (carnosine). J. 

Pharm. Biomed. Anal. 2015; 114: 241-246. 


