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中 文 摘 要 ： 阿滋海默症(Alzheimer's disease, AD)的特徵在於患者大腦中存在
由β-澱粉樣蛋白（β-amyloid, Aβ）形成的細胞外老年斑(senile
plaques)。先前的研究曾發現，AD腦中的斑塊與醣化最終產物
（advanced glycation end products, AGEs）共同出現在某些腦區
，糖化最終產物主要由蛋白質與還原糖或反應較高的二羰基化合物
經由一系列非酶促反應而得到的產物。此外，AGEs的存在證明可以
增加Aβ胜肽的神經毒性。為了闡明醣基化對Aβ聚集的影響，我們
通過分別用Nε-羧甲基賴氨酸 (carboxymethyllysine, CML)代替
Lys16和Lys28來模擬蛋白質醣
基化的發生，從而合成了兩種醣化修飾的Aβ42胜肽。之後，我們監
測了兩種醣基化胜肽的聚集動力學和構象變化，並與原型Aβ42進行
了比較。此外，我們還使用了螢光相關光譜技術(fluorescence
correlation spectroscopy)來探測胜肽在早期階段寡聚化的快慢
，並測試它們在銅結合和活性氧（ROS）產生的能力。我們的數據表
明醣基化顯著減慢了聚集過程，但並未阻止成熟蛋白纖維的形成。
另外，兩個醣基化的Aβ42胜肽保持與銅離子的結合親和力和產生
ROS的能力。我們推測發生醣基化在位置28的醣化Aβ42顯現出較高
毒性可能是由於其相對穩定的寡聚形式造成細胞的損壞。我們的實
驗結果強調了在AD治療中預防醣基化或藥物針對醣基化蛋白的重要
性。

中文關鍵詞： 阿滋海默症; β-澱粉樣蛋白; 醣化最終產物; 神經毒性; 活性氧

英 文 摘 要 ： Alzheimer's disease (AD) is characterized by the presence
of extracellular senile plaques formed by β-amyloid (Aβ)
peptides in the patient's brain. Previous studies have
shown that the plaques in the AD brains are co-localized
with the advanced glycation end products (AGEs), which is
mainly formed from a series of non-enzymatic reactions of
proteins with reducing sugars or reactive dicarbonyls.
Moreover, AGEs were also demonstrated to increase the
neurotoxicity of the Aβ peptides. In order to clarify the
impact of glycation on Aβ aggregation, we synthesized two
glycated Aβ42 peptides by replacing Lys16 and Lys28 with
Nε-carboxymethyllysine respectively to mimic the
occurrence of protein glycation. Afterwards, we monitored
the aggregation kinetics and conformational change for two
glycated peptides and compared with wild-type Aβ42.
Furthermore, we also used fluorescence correlation
spectroscopy to probe the early stage of peptide
oligomerization and tested their abilities in copper
binding and reactive oxygen species (ROS) production. Our
data show that glycation significantly slows down the
aggregation process but does not prevent the formation of
mature fibrils. In addition, two glycated Aβ42 peptides
maintain binding affinity with copper ion and the ability
to produce ROS. We speculated that the higher toxicity of
glycated Aβ42 which glycation occurs at position 28 might



result from its relative stable oligomeric form. The data
shown here emphasized the ways to prevent glycation or
target glycated proteins in AD treatments.

英文關鍵詞： Alzheimer's disease; β-amyloid; advanced glycation end
products (AGEs); reactive oxygen species (ROS); stable
oligomer
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ABSTRACT  

Alzheimer’s disease (AD) is characterized by the presence of extracellular senile plaques formed 

by β-amyloid (Aβ) peptides in the patient’s brain. Previous studies have shown that the plaques in the 

AD brains are co-localized with the advanced glycation end products (AGEs), which is mainly formed 

from a series of non-enzymatic reactions of proteins with reducing sugars or reactive dicarbonyls. 

Moreover, AGEs were also demonstrated to increase the neurotoxicity of the Aβ peptides. In order to 

clarify the impact of glycation on Aβ aggregation, we synthesized two glycated Aβ42 peptides by 

replacing Lys16 and Lys28 with Nε-carboxymethyllysine respectively to mimic the occurrence of 

protein glycation. Afterwards, we monitored the aggregation kinetics and conformational change for 

two glycated peptides and compared with wild-type Aβ42. Furthermore, we also used fluorescence 

correlation spectroscopy to probe the early stage of peptide oligomerization and tested their abilities 

in copper binding and reactive oxygen species (ROS) production. Our data show that glycation 

significantly slows down the aggregation process but does not prevent the formation of mature fibrils. 

In addition, two glycated Aβ42 peptides maintain binding affinity with copper ion and the ability to 

produce ROS. We speculated that the higher toxicity of glycated Aβ42 which glycation occurs at 

position 28 might result from its relative stable oligomeric form. The data shown here emphasized 

the ways to prevent glycation or target glycated proteins in AD treatments. 

INTRODUCTION 

β-amyloid (Aβ) peptides produced from amyloid precursor protein (APP) via β-secretase 

pathway was shown to be neurotoxic and its accumulation as amyloid fibrils may be responsible for 

the pathology of Alzheimer’s disease (AD)1-4. Over the years, what induces Aβ to aggregate and 

which form of Aβ cause neuron death are still undisclosed. In fact, in addition to Aβ, other substances 

have been found to coexist in amyloid plaques in the brains of AD patients. In term of drug 
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development, their existence should be considered and regarded as one of the therapeutic goals. For 

example, advanced glycation end products (AGEs) has been detected under immunohistochemistry 

staining5, 6. The plaque in the AD brains contain 3 fold higher AGEs than normal controls7. AGEs are 

the result of non-enzymatic glycosylation on proteins, also known as protein glycation. Nε-

carboxymethyl-lysine (CML) is the most common structure in AGEs8. Formation of AGEs is initiated 

by a nucleophilic addition reaction of an amine group such as the side chain of lysine, arginine, and 

possibly histidine with a carbonyl group of sugar aldehyde or ketone to form Schiff base. The Schiff 

base rearranges to produce a relative stable Amadori product. Oxidation of the Amadori product could 

produce CML as ultimate additional covalently linked products. CML also can be produced from 

lipid peroxidation; the direct reaction of glyoxal (metabolite formed by lipid peroxidation) with the 

ε-amino group of lysine can lead to formation of CML9, 10. Previous reports also indicated that CML 

was also co-localized with tau protein which is the main component of neurofibrillary tangles found 

in AD patients11. Besides, many studies have pointed out that the formation of AGEs further hinders 

the proteolysis and removal process which seems to increase the deposition of modified proteins. 

When blood sugar rises, the chances of forming AGEs will increase significantly. Although these 

AGEs were initially associated with diabetes, but later they were also shown to be largely involved 

in neurodegenerative diseases6, 12-14.  

Previously, the effect of glycation on the aggregation of several amyloidogenic proteins were 

examined. D-ribose was shown to interact with human β2-microglobulin and generate more AGEs. 

Ribosylated β2-microglobulin had higher propensity in oligomerization when compared with native 

β2-microglobulin and induced significant cytotoxicity to neuroblastoma and fibroblast cells15. 

However, in another in vitro study, modification of β2-microglobulin with D-glucose was indicated 

to inhibit fibrillization16. Glycated bovine insulin was found to exhibit different aggregation 

propensity due to different types of modification and experimental conditions. Glucose glycation in 

reducing condition caused bovine insulin to form more oligomeric species and accelerated amyloid 

formation, but in non-reducing conditions, glucose glycation prevented amyloid formation of bovine 

insulin. Thus, much lower ThT fluorescence and Congo red absorption were detected from non-
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reduced than reduced glycated insulin17. In addition to CML, there are other methylglyoxal-derived 

AGE which is also the result of Lys adducts and commonly increase with CML modification. 

Methylglyoxal is therefore frequently used as glycating agent to produce different AGE18. 

Methylglyoxal was shown to be able to react with Arg46 of the B-chain to produce glycated human 

insulin. In this case, methylglyoxal-induced glycation seemed to block the formation of rigid cross-β 

structure found in amyloid fibrils. More native-like aggregates were formed from different 

aggregation pathways19. In our previous study, we demonstrated that glyoxal glycation promotes 

amyloid formation by islet amyloid polypeptide which is a hormone peptide co-secreted with insulin 

from islet β-cells20. Trace glycated-IAPP fibrils was sufficient to induce normal IAPP aggregation 

and glycated-IAPP fibrils remained cytotoxic properties. Overall, glycation of amyloidogenic 

proteins would lead to different consequence when different glycation agents were applied. Previous 

study have revealed that methylglyoxal glycation could alter the secondary structure of Aβ and 

glycated Aβ is more cytotoxic21. Glycated Aβ used in the study was synthesized by incubating Aβ 

with methylglyoxal for a month under sterile condition. However, it is still not known how glycation 

alter the aggregation of Aβ.  

The aggregation of Aβ is very complex. Aβ is an intrinsically disordered and highly aggregation-

prone peptide. According to a tons of fundamental studies, a nucleation polymerization mechanism 

was most frequently used to describe aggregation behavior22. There are two major forms of Aβ which 

are 40 and 42 residues respectively23, 24. Aβ42 was shown to aggregate more aggressively than Aβ40 

and exhibited markedly higher toxicity than Aβ40 despite Aβ40 is more abundant in the brain25. Since 

Aβ aggregation is apparently a key target for AD treatment, researchers have done tremendous work 

to develop approaches that prevent formation of Aβ or inhibit its abnormal aggregation. Unfortunately, 

AD is still an incurable disease and all the medicinal treatment can merely relief the symptoms of AD 

or delay the progress of disease. In this study, we aim to elucidate the impact of glyoxal glycation on 

Aβ aggregation since these adducts were found to be present in amyloid plaques. One the other hand, 

we also hope to determine whether site-specific modification would exhibit different aggregation 

behavior and cytotoxicity. Lys16 and Lys28 of Aβ are both possible residues which would be modified 
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by reaction with glyoxal. In order to avoid producing non-specific AGEs, we chemically synthesized 

Aβ42 and two glyoxal glycated Aβ variants in which Lys16 and Lys28 were substituted by CML 

respectively (Namely AGE-16 and AGE-28). We first used several biochemical and biophysical 

techniques to characterize native Aβ42 and glycated Aβ42 in terms of oligomerization, fibril 

formation, conformational change, copper binding, and reactive oxygen species (ROS) production 

etc. And later, we also determined how AGE-16 and AGE-28 affect native Aβ42 fibrillization. 

Because it is generally known that Aβ oligomers show greater toxicity, whereas homogeneous fibril 

species show less toxicity26-28. We finally assessed cytotoxicity for three peptides with same 

incubation time. It is important to understand what status of peptides leading toxicity.  

 

EXPERIMENTAL SECTION 

Peptide synthesis and purification 

The Aβ42, AGE-16, and AGE-28 peptides used in this study are all produced via solid-phase 

peptide synthesis (SPPS) based on the fluorenylmethyloxycarbonyl (Fmoc) methods. Automated 

microwave-assisted solid-phase peptide synthesizer (Liberty Lite, CEM Corporation, USA) was 

utilized. In order to comply with Aβ42 in the human body, the C terminus of synthetic peptides is a 

carboxyl group. Therefore, Cl-MPA ProTide resin (CEM Corporation, 0.16 mmole/g low substitution) 

is selected as the solid carrier. First of all, 15 mL dimethylformamide (DMF) was added into 0.05 

mmole of Cl-MPA ProTide in a centrifuge tube, and waited for 30 minutes until the resin swelled. 1.0 

M N,N-diisopropylethylamine (DIEA) mixed with 0.125 M KI solution was prepared for activating 

reaction resin. 0.25 M diisopropylcarbodiimide (DIC) in DMF was used in the activation of the 

carboxylic groups of Fmoc-protected amino acids which were prepared in DMF at a concentration of 

0.2 M. 20%(v/v) piperidine in DMF containing 0.1 M ethyl cyanohydroxyiminoacetate (Oxyma) was 

used to remove Fmoc protection group in every reaction cycle. To increase synthesis yield, arginine 

was coupled twice at 90 oC and reaction temperature of histidine was kept at 50 oC to avoid 

racemization. To mimic the occurrence of protein glycation, reagent material Fmoc-Lys(Boc)-OH 

(CAS number 71989-26-9) was replaced by Fmoc-CML(OtBu)(Boc)-OH (CAS number 866602-35-
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9) for lysine residues at 16 and 28. When synthesis was complete, peptides were cleaved from the 

resin by standard trifluoroacetic acid (TFA) methods; water, triisopropylsilane (TIS) and 3,6-dioxa-

1,8-octanedithiol (DODT) were used as scavengers (TFA/ H2O/ TIS/ DODT= 92.5: 2.5: 2.5: 2.5). 

Crude peptides were precipitated by adding cold ether and collected by filtration. Before purification, 

Aβ peptides were first dissolved in pH 10 diethanolamine (DEA) solution and then frozen dried to 

enhance peptide solubility. Later, peptides dissolved in 2 M urea solution (1 mg/mL) were purified 

by reverse-phase high-performance liquid chromatography (HPLC) using a Proto 300 C18 

semipreparative column (Higgins Analytical, USA) with column heater controlled at 45 oC. A two-

solution gradient was used: solution A was composed of 100% H2O, 0.05% NH4OH, and 0.005% 

DEA (v/v) and solution B was composed of 90% acetonitrile, 10% H2O, and 0.05% NH4OH, and 

0.005% DEA (v/v). The collected fractions were pooled and lyophilized. To increase peptide purity 

and remove DEA, peptides were subjected to HPLC again in which A and B solutions do not contain 

DEA. The molecular weight of three peptides was confirmed by matrix-assisted laser desorption 

ionization-time of flight mass spectrometry (Bruker, ultrafleXtremeTM). 

Sample preparation 

One hundred micrograms of Aβ42 and two glycated Aβ42 variants were first dissolved in 100 

μL of hexafluoro-2-propanol (HFIP) for 5~6 h at room temperature and then lyophilized. The 

resulting peptide powder was treated again with 100 μL, 3 mM NaOH solution. All solution were 

sonicated for 1 min and lyophilized. Before experiments, protein powder was dissolved in 150 μL, 

10 mM Tris buffer at pH 7.8 and centrifuged at 15000 rpm for 10 min to remove any insoluble 

aggregates. 10 μL of stock solution was used to determine protein concentration using BCA protein 

assay kit (Thermo Fisher Scientific, USA) according to user manuals and the rest was diluted to 

desired concentration by 10 mM Tris buffer at pH 8.0. For samples prepared for fluorescence 

correlation spectroscopy (FCS) experiments were further labeled with fluorescent dye, Cyanine 

3(Cy3). 1 mg peptide was first dissolved in 100 μL dimethyl sulfoxide (DMSO) and then mixed with 

30 μL, 10 mM Sulfo-Cyanine 3 NHS ester (Lumiprobe, USA) also prepared in DMSO. All DMSO 

solutions were diluted into 1 mL PBS buffer for 20 h at 4 oC. Extra dyes were separated by injecting 
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to HPLC again. The final labeling efficiencies were 11%, 12% and 1% for Aβ42, AGE-16, and AGE-

28 respectively. 

Thioflavin-T (ThT) assays 

ThT assays were performed at 25 oC in a sealed 384-well nonbinding surface microplate 

(CorningTM 3575) with mild agitation every 2 h. Measurements were made using a SpectraMax M2 

multimode microplate reader (Molecular Devices, USA) with excitation at 430 nm and emission at 

485 nm. Data were collected once every 2 h, averaged from triplicate wells, and plotted as 

fluorescence versus time. The experiments were repeated at least twice from individual sample 

preparation. For seeding experiments, preformed Aβ42 fibrils used as seeds were prepared by 

incubating 24 μM Aβ42 in microtubes in a ThermoMixer (Eppendorf, Germany) with continuous 

shaking at 500 rpm for 3 days to form mature fibrils. 10% seeds (in monomeric units) were added 

into freshly prepared protein solution in the beginning of the reaction. Another ThT experiment were 

performed by incubating Aβ42 and two glycated Aβ42 variants with ThT at 24 μM in microtubes in 

a ThermoMixer (Eppendorf, Germany) with frequency shaking for 1 min every 10 min at 500 rpm. 

At the desired time point, fluorescence intensity was measured and same batch of samples were also 

subjected to circular dichroism (CD), transmission electron microscopy (TEM), and gel 

electrophoresis. 

TEM 

TEM was performed in an instrumentation center at National Taiwan University using a 

transmission electron microscope (Hitachi H-7100, Japan) with an accelerating voltage of 120 kV. 10 

μL of alcohol was first used to rinse the surface of carbon-coated Formvar. 10 μL of peptide solution 

from ThT assays or CD measurement was placed on a carbon-coated Formvar 300 mesh copper grid 

for 1 min and then negatively stained by incubation with 2% uranyl acetate for another 1 min. 

CD 

CD experiments were performed using a circular dichroism spectrometer (JASCO J-715, Japan). 

Peptides were prepared as mentioned above and incubated in the same way as ThT assays in 

microtubes. At the desired time point, samples were transferred into a 1 mm path length quartz cell. 
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Spectra were recorded from 200 to 260 nm at 1 nm intervals at 25oC. The data were averaged from 

10 scans and corrected with buffer background spectrum. 

Photoinduced cross-linking of unmodified proteins (PICUP) 

Peptide samples for PICUP experiments are the same as the ones used for ThT assays and CD. 

At the desired time point, portion of Aβ samples were cross-linked by adding 2 mM 

Tris(bipyridine)ruthenium(II) chloride (Ru(bpy)3
2+) and 20 mM ammonium persulfate (APS) and 

illuminated with a 150 W incandescent light bulb for 5 s. The ratio of peptide to Ru(bpy)3
2+ and APS 

was 1: 2: 5. The reaction was quenched by the addition of 4× sodium dodecyl sulfate (SDS) sample 

buffer and samples were separated by electrophoresis through a 4%-20% mini protein TGX stain free 

precast gel (Bio-Rad). Later, the gel was visualized by Western blotting. In brief, separated Aβ species 

on the gel were electrophoretically transferred to a nitrocellulose membrane at 250 mA for 90 min at 

4 °C. The membrane was blocked with 5% skim milk in Tris buffered saline containing 0.1% Tween-

20. Aβ samples were probed by 6E10 antibody (1:5000, Bio-Legend) and anti-mouse IgG secondary 

antibody (1:5000, GeneTex). The signals were visualized by chemiluminescence detection kit 

(Clarity™ Western ECL Substrate, Bio-Rad). 

FCS experiment and data analysis 

FCS was carried out on a homemade confocal system based on Nikon Ti eclipse. The 532 nm 

laser was directed via 405/488/532/635-nm dichroic mirror (Semrock, Di01-R405/488/532/635) and 

focused with a Nikon Apochromat 100× NA 1.4 oil immersion objective to excite experimental 

samples containing Cy3. Fluorescence emission was collected using a 405/488/532/635-nm notch 

filter (Semrock, NF03-405/488/532/635E-25) and recorded by a set of avalanche photodiodes 

(Picoquant, MPD-5C5T). The analyzed wild-type A42, AGE-16, or AGE-28 were labeled with Cy3. 

During the course of the experiment, the formation of oligomers was signaled by the occurrence of 

slower motion component. The aggregation process was conducted at 25C, 250 rpm. To analyze the 

aggregation process, we prepared a volume of 300 μL of the reaction mixture containing wild-type 

A42 or two glycated A42, AGE-16 or AGE-28 in a complete reaction buffer (10 mM Tris-HCl, 

pH=8.0) with a final concentration ~25 M. At each time point, a small amount of analyst (~1L) 
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will be diluted with tris-HCl pH 8.0 buffer into a suitable concentration ([Cy3-labeled A42]  10 nM) 

immediately before FCS data acquisition. Then, a 120 s fluorescence intensity fluctuation 

measurement was acquired to build a FCS curve in Symphotime (Picoquant). All the acquired FCS 

curves were fitted with either one-component or two-component 3-dimension (3D) free diffusion 

model: 

G (τ) =
1

<𝐶>𝑉𝑒𝑓𝑓
∑ (𝜌𝑖 ×

1

(1+𝜏
𝜏𝐷𝑖⁄ )(1+𝜏

𝜔2𝜏𝐷𝑖
⁄ )

0.5
𝑗
𝑖=1 )    𝑗 = 1 𝑜𝑟 2 (eq 1) 

Veff is the excitation volume and <C> is the average concentration of molecules in the observation 

volume. τ is the correlation time and τD is the diffusion time, it presents the average lateral transition 

time of the particle through the observation volume with an axial (z0) to lateral (r0) dimension ratio 

w(=z0/r0). The parameter w is known as “structural parameter”. The structure parameter and Veff can 

be determined by calibrating the experimental system using a standard dye, R6G (D = 414 m2/s)29. 

All of the calculations, including the evaluation of the autocorrelation curves, were performed using 

symphotime (Picoquant). The hydrodynamic diameters are converted with diffusion coefficients 

obtained from 3D free diffusion model based on Stokes-Einstein equation 

              D =
𝑘𝐵𝑇

6𝜋𝜂𝑅
                         (eq 2) 

Here, D is diffusion coefficient obtained from FCS experiment, kB is Boltzmann constant, T is 

temperature,  is the dynamic viscosity and R is hydrodynamic radius.  

Tyrosine intrinsic fluorescence titration 

Aβ samples at a concentration of 20 μM were freshly prepared in 10 mM Tris buffer at pH 7.8 

and transferred into 1 cm path length quartz cuvette. Fluorescence measurements were recorded on a 

fluorescence spectrophotometer (Hitachi F-7000) at 25 °C. In order to avoid concentration deviation 

caused by adding copper solution, CuSO4 solution was prepared at 1 mM and total volume of added 

copper solution did not exceed 10% of the original volume of Aβ solution. In all measurements, after 

each addition of Cu(II), the solution was gently pipetted and fluorescence was recorded from 285 nm 

to 375 nm with excitation at 270 nm. 

Measurement of hydroxyl radicals (·OH) production 



9 
 

The ROS production catalyzed by copper-Aβ complex in the presence of ascorbate was 

determined by using coumarin-3-carboxylic acid (3-CCA) which will be oxidized to form 7-

hydroxycoumarin-3-carboxylic acid (7-OH-CCA). 7-OH-CCA is fluorescent at 452 nm upon 

excitation at 395 nm. Fluorescence measurements were made using a multimode microplate reader 

(Hidex Sense, Hidex, Finland). The reaction was started by adding ascorbate (300 μM) into the wells 

containing peptide (10 μM), Cu(II) (10 μM), and 3-CCA (100 μM) in 10 mM Tris buffer at pH 7.8. 

Data were collected once every 30 s, averaged from triplicate wells, and plotted as fluorescence versus 

time. 

Cytotoxicity assay 

We applied the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to 

exam the cytotoxicity of wild-type Aβ42, AGE-16, and AGE-28 as previously described30. In short, 

the human embryonic kidney cells 293 lines (ATCC #CRL-2268, HEK-293T) were cultured in the 

90% Dulbecco's Modified Eagle Medium (Gibco, ThermoFisher Scientific, USA) with 10% FBS 

(04-001-1A, Biological Industry, USA) at 37 °C with 5% CO2. Before the MTT assay, the HEK-293T 

cells were seeded in a 96-well plate (104 cells for each well) for 24 h. Then, the DMEM medium was 

changed to serum-free DMEM medium, which contained with buffer control, Aβ42, AGE-16, and 

AGE-28 respectively (the concentration used in a series of tests was 0.32, 0.16, 0.08 μM). After 

treated for 24 h, 100 µL MTT solution (0.4 mg/mL) was added into the wells and incubated 4 h for 

formation of formazan crystals. Then, the supernatant was removed and 100 µL DMSO was added 

into the wells to lyse the formazan crystals. To evaluate the cell viability, the absorbance at 570 nm 

was detected by the ELISA microplate reader (Synergy H1 Multi-Mode Reader, BioTek, USA). The 

difference between each group was analyzed by repeated two-way ANOVA and the p-value for each 

condition was calculated by Bonferroni’s post-hoc test.   
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RESULTS AND DISCUSSION 

Glycated Aβ42 shows significant delayed aggregation kinetic profile. The primary sequences 

of wild-type Aβ42, AGE-16 and AGE-28 are shown in Figure 1. To determine how glyoxal glycation 

alter the aggregation of Aβ, we chemically synthesized glycated Aβ42 by replacing Lys at position 

16 and 28 individually with CML which is supposed to be after glyoxal modification. Although Aβ 

is a short majorly unstructured polypeptide, a large amount of data has showed that its aggregation is 

sensitive to amino acid components. A single mutation or slightly change on side-chain orientation 

would influence the propensity of Aβ aggregation. The familial variants (A21G, E22Q, E22G, E22K, 

and D23K) found in AD have been shown to exhibit different performance in nucleation phase and 

elongation phase relative to wild-type31. Very recently, the cryo-EM structure of Aβ amyloid fibrils 

purified from Alzheimer’s brain tissue was revealed32. Aβ amyloid fibrils were suggested to be 

polymorphic but composed of similarly structured protofilaments. In basic, the fibril consists of two 

stacks of peptide. Each peptide contains four cross-β sheets which are residues 2–8, 10–13, 15–19 

and 32–34. Each β-sheet is parallel with the same β-sheet region on another peptide with slightly 

right-handed twist. Although these mutations are not located in β-sheet region, they may still 

contribute certain interactions involved in aggregation. Therefore, we initiated the experiments by 

testing kinetics of Aβ aggregation to evaluate the impact of glyoxal glycation. Nowadays, ThT is the 

most commonly used assay to monitor protein aggregation. ThT is a small molecule that gives strong 

fluorescence upon binding to cross-β sheet structure in amyloids. In a previous study, ThT 

fluorescence was shown to correlate linearly with amyloid concentration over a range of ThT 

Figure 1. The primary sequence of and Ab42, AGE-16, and AGE-28. X presents CML to mimic the consequence of 

glyoxal glycation at positions of Lys16 and Lys28. 
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concentration from 0.2 to 500 µM and the maximal fluorescence for Aβ42 was observed at ThT 

concentrations of 20–50 µM33, 34. Therefore, we performed the ThT kinetic assays here using the same 

protein and ThT concentration which were fixed at 24 μM in 10 mM Tris buffer pH 8.0. Figure 2 

illustrates the results of ThT kinetic tests for Aβ aggregation. At this concentration, we barely saw the 

lag time for Aβ42 and the fluorescence curve reached plateau at 8 h. However, AGE-16 started to 

aggregate after 40 h; surprisingly, AGE-28 had almost no tendency to aggregate during the 

observation period in this experiment. From the results of ThT assay, glyoxal glycation apparently 

delayed the aggregation of Aβ. To ensure that the detection of ThT fluorescence are consistent with 

fibril formation, we also performed TEM to check the end products of ThT assay collected at 90 h. 

Under TEM examinations (Figure 2B-D), we did find typical long and tangled amyloid fibrils from 

the samples of Aβ42. We also observed morphologically similar amyloid fibrils with some short 

protofibrils from AGE-16, but only tiny spherical oligomers were found in the AGE-28 samples.  

On the other hand, we attempted to use preformed Aβ42 fibrils as seeds to test whether it could 

accelerate the aggregation of AGE-16 and induce the aggregation of AGE-28 to form amyloid fibrils 

(Figure 2E). In general, a small amount of amyloid fibrils in solution can serve as template for 

monomer attachment if these protein monomers could associate into fibrils which have structural 

feature similar to template. Under the induction of 10% (v/v) Aβ42 seeds, the ThT fluorescence of 

Aβ42 quickly reaches equilibrium in 3-4 h. Although AGE-16 can be seeded by Aβ42 fibrils resulting 

in bypassing the lag phase, it still took 22 h to reach fluorescence plateau. Similar phenomenon was 

observed for AGE-28, but it took even longer time to reach reaction equilibrium. In brief summary, 

under the induction of Aβ42 fibrillar species, the rate of elongation of the three peptides is in an order 

of Aβ42> AGE-16> AGE-28 (Figure 2F). These results suggest that AGE-28 could aggregate to form 

fibrils, but glycation modification greatly reduces its ability to aggregate. Due to glyoxal glycation, 

AGE-16 and AGE-28 form amyloid fibrils at a much slower rate than Aβ42. 
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Wild-type Aβ42 affects the aggregation of glycated Aβ42 and vice versa. Glycation reaction 

is a long-term reaction. It is impossible for all proteins to be glycated and modified in a very short 

time. In order to understand the aggregation behavior of peptide mixtures, two experiments were 

designed and conducted. We hope to explore what the consequence of the overall Aβ is when more 

and more abnormal glycation occurs. First of all, we prepared AGE-16 and AGE-28 at a fixed 

concentration of 24 μM and then added 4, 8, and 12 μM Aβ42 individually into these peptides. From 

the test result shown in Figure 2A, it is known that there is no apparent change in ThT fluorescence 

intensity for two glycated Aβ42 before 40 h incubation. Therefore, we applied ThT assay again and 

monitored the intensity enhancement. It was found that when more Aβ42 was present in peptide 

mixture, the ThT enhancement is more obvious. It took less time to reach reaction plateau for AGE-

16 than AGE-28 when the same amount of wild-type Aβ42 was added in the beginning (Figure 3A 

and B). On the other hand, we tested aggregation kinetics for peptide mixtures in which total protein 

concentration was fixed at 24 μM (Figure 3C and D). We found, in a nutshell, the mixture of Aβ42 

and AGE-16 would delay the aggregation rate as the concentration of AGE-16 increased. Similarly, 

Figure 2. (A) ThT assay-monitored kinetic experiments for 24 μM Aβ42 (black), AGE-16 (blue), and AGE-28 (green) in 

10 mM Tris buffer at pH 8.0. (B-D) TEM images of Aβ42, AGE-16, and AGE-28 after 90 h of incubation. (E) ThT assay-

monitored kinetic experiments for 24 μM Aβ42 (black), AGE-16 (blue), and AGE-28 (green) in the presence of roughly 

2.4 μM preformed Aβ42 amyloid fibrils (in monomeric unit). (F) Time measured from seeding experiments to reach 

reaction plateau for three peptides. 
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it delayed the overall Aβ42 aggregation rate with increased AGE-28 content. 

Besides CML, Nε-carboxyethyllysine (CEL), another methylglyoxal derived AGE, was also 

observed in AD patients. Like CML, the CEL levels in AD brain samples were found elevated relative 

to age-matched controls. Therefore, another study has prepared methylglyoxal glycated Aβ42 to 

explore site-specific glycation on peptide aggregation and neuronal toxicity35. Although the protein 

materials used in two studies were quite similar; CEL is only one methylene group extra compared 

with CML and glycation modifications were both introduced at Lys16 and Lys28, different outcomes 

were detected. Quantitative TEM monitored across 5 days suggested that CEL modification at Lys-

16 delayed fibril formation but CEL modification at Lys-28 had very mild effect on fibril formation. 

At lower concentration, ThT assay showed that Aβ42 exhibited slower rate of fibril aggregation 

compared with two single CEL glycated Aβ42. It is not clear now what cause inconsistent results 

observed in two studies. Although experimental condition is an important matter to protein 

aggregation, we more believed that CML and CEL modifications may have different influences on 

protein behavior. To elucidate the impacts of CML formation, we conducted more experiments 

besides ThT assays to understand the effect of glycation. 

Figure 3. (A-B) ThT assay-monitored kinetic experiments for 24 μM AGE-16 and AGE-28 in 10 mM Tris buffer at pH 

8.0. with 0, 4, 8, and 12 uM Aβ42 (from light color to dark color). (C-D) ThT assay-monitored kinetic experiments for 

peptide mixtures in 10 mM Tris buffer at pH 8.0. Total peptide concentration was fixed at 24 μM in each condition. The 

experiments were performed in duplicate. 
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Glyoxal glycation retards the conformational change of Aβ to form amyloid and AGE-28 

exhibits higher cytotoxicity. Freshly prepared Aβ in aqueous solution is generally unstructured as 

monitored by CD spectroscopy. Aβ would gradually convert to β-sheet rich conformation along with 

amyloid formation. Therefore, we applied CD spectroscopy to record the secondary structure changes 

of Aβ and glycated Aβ. One the other hand, we also characterized the oligomer formation during 

aggregation since soluble oligomer species of Aβ recently have been shown to induce deleterious 

cascades and that would initiate the onset of AD. The identification of Aβ oligomers is a challenge 

because they are known pre-amyloid intermediates and metastable. Although multiple techniques 

have been provided some structural details of Aβ oligomers, further studies are needed to understand 

the correlation of oligomer species and Aβ-associated toxicity. However, most observations were in 

agreement with the concept that Aβ oligomers are ThT signal negative. The size of toxic Aβ oligomers 

is slightly ambiguous depending on the obtained sources. It was roughly 56 kDa in size revealed by 

polyacrylamide gel electrophoresis (PAGE) from brain extracts of 6 month-old AD transgenic 

mouse36. Some studies also have demonstrated that Aβ dimers and Aβ trimers had significant impact 

on long-term potentiation and affect memory of mouse models37. Therefore, we decided to perform a 

series parallel experiments that we were able to minor ThT signal, conformational change of Aβ, Aβ 

oligomer formation, species morphology, and cytotoxicity at desired time points.  

First of all, we changed the way to incubate Aβ samples by preparing fresh Aβ42 and glycated 

Aβ42 in low binding Eppendorf tubes with frequency shaking instead of in sealed microplates. We 

recorded ThT intensity and CD spectra at 0, 4, 8, 12, and 24 h incubation time. Besides, we chose 

three reprehensive time points and subjected the samples to SDS-PAGE. Aβ42 samples were further 

chemically cross-linked before running SDS-PAGE in order not to dissociate potential oligomeric 

assembly. At 24 h, TEM images were also recorded. In this series, we first tested three individual 

peptides (Figure 4) and later tested protein mixtures (Figure 5 and 6) like we have performed in the 

previous ThT assays. From data shown in Figure 4A, significant ThT intensity enhancement was 

detected only from wild-type Aβ42. Thus, we confirmed that wild-type Aβ42 formed amyloid the 

fastest in both experimental conditions (in sealed microplate and in microtubes). From CD spectra 



15 
 

(Figure 4B-4D), we can see that freshly dissolved Aβ42 first displayed a random coil structure and 

formed typical β-sheet conformation after 24 h, but AGE-16 and AGE-28 largely remained in 

unstructured. After separation by PAGE, we basically noticed four sizes of Aβ species revealed by 

immunoblotting using 6E-10 antibody. The species stuck in the top of gels could be amyloid fibrils 

that we noted as F in the figure. For others, they appeared above 150 kDa were noted as high 

molecular weight oligomers (HO); range from 50~75 kDa were noted as intermediate molecular 

weight oligomers (IO); Aβ dimer to trimer were noted as low molecular weight oligomers (LO). At 0 

h, only LO species were detected for three peptides. As time goes by, a small amount of HO and IO 

were formed from wild-type Aβ42 samples after 6 h incubation and later four different size species 

including fibrils were observed at 30 h. AGE-16 also formed some HO and IO species after 30 h 

incubation, but AGE-28 were still LO species dominant. At 24 h, typical amyloid fibrils were only 

found from wild-type Aβ42 samples.  

Figure 5 and Figure 6 show the test results for protein mixtures. Here, we chose to incubate wild-

type Aβ42 separately with AGE-16 and AGE-28 in two different ratios to imitate the condition when 

Figure 4. Monitoring the aggregation of Aβ42, AGE-16, and AGE-28. (A) ThT intensity was recorded at 0, 4, 8, 12, and 

24 h. The protein concentration of each peptide was prepared at 24 μM in 10 mM Tris buffer at pH 8.0. The data were 

normalized using ThT alone at 0 h as 0% and Aβ42 alone at 24 h as 100%. Time course CD spectra recorded for (B) 

Aβ42, (C) AGE-16, and (D) AGE-28. (E) Western-blotting of cross-linked Aβ42 (1), AGE-16 (2), and AGE-28 (3) after 

0, 6, and 30 h incubation. The samples were probed by anti-Aβ residues 1-17 IgG 6E10. TEM images of (F) Aβ42, (G) 

AGE-16, and (H) AGE-28 after 24 h incubation. Scale bar represents 200 nm.  
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more and more glycated Aβ-42 was produced. Measured ThT intensity here suggested that protein 

mixture with a molar ratio of 1: 1 (Aβ42: glycated Aβ42) would form a small amount of fibrils since 

ThT intensity was slightly enhanced comparing to the signal recorded in the beginning. CD spectra 

also showed the β-sheet conformation of protein mixtures after 24 h incubation, however, IO and LO 

species were still main components revealed by SDS-PAGE at 30 h. Some short protofibrils were 

found from TEM images (Figure 5). When the molar ratio of glycated Aβ42 in protein mixture was 

increased, the aggregation behavior was found significantly slow down. After 24 h incubation, ThT 

signal and CD spectra for Aβ mixed with AGE-28 remained the same as measured at 0 h suggesting 

glycation retards the aggregation process. There is no obvious signal indicating fibril formation. From 

TEM images, it was clear that most of the samples had a globulomer-like appearance and protofibrils 

were very rare (Figure 6). These parallel experiments confirmed that glycation on position 16 and 28 

could alter the ability of Aβ42 to form amyloid fibrils but form oligomeric species. In additions, we 

also determined the cytotoxicity of Aβ42 and glycated Aβ42 after 24 h incubation. Form previous 

Figure 5. Monitoring the aggregation of Aβ42 and protein mixtures in which the ratio of Aβ42 to glycated Aβ42 was 1:1. 

(A) ThT intensity was recorded at 0, 4, 8, 12, and 24 h. The data were normalized using the method shown in Figure 4A. 

Time course CD spectra for (B) Aβ42 with AGE-16 at 1:1 ratio and (C) Aβ42 with AGE-28 at 1:1 ratio. The total 

concentration of protein mixture was fixed at 24 μM. (D) Western-blotting of cross-linked Aβ42 (1), Aβ42 mixed with 

AGE-16 at 1:1 ratio (2), and Aβ42 mixed with AGE-28 at 1:1 ratio (3) after 0, 6, and 30 h incubation. TEM images of (E) 

Aβ42 mixed with AGE-16 at 1:1 ratio and (F) Aβ42 mixed with AGE-28 at 1:1 ratio after 24 h incubation. Scale bar 

represents 200 nm. 
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data, we were aware that these peptides had transformed into different status after a long time 

incubation. The difference may result from the ability of peptide assembly. To compare the 

cytotoxicity between the Aβ42, AGE-16, and AGE-28, we applied MTT assay to human embryonic 

Figure 6. Monitoring the aggregation of Aβ42 and protein mixtures in which the ratio of Aβ42 to glycated Aβ42 was 1:2. 

(A) ThT intensity was recorded at 0, 4, 8, 12, and 24 h. The data were normalized using the method shown in Figure 4A. 

Time course CD spectra for (B) Aβ42 with AGE-16 at 1:2 ratio and (C) Aβ42 with AGE-28 at 1:2 ratio. The total 

concentration of protein mixture was also fixed at 24 μM. (D) Western-blotting of cross-linked Aβ42 (1), Aβ42 mixed 

with AGE-16 at 1:2 ratio (2), and Aβ42 mixed with AGE-28 at 1:2 ratio (3) after 0, 6, and 30 h incubation. TEM images 

of (E) Aβ42 mixed with AGE-16 at 1:2 ratio and (F) Aβ42 mixed with AGE-28 at 1:2 ratio after 24 h incubation. Scale 

bar represents 200 nm. 

Figure 7. AGE-28 had higher cytotoxicity in comparison to Aβ42 and AGE-16. Three peptides was first incubated at 24 

μM for 24 h. Cell toxicity were tested by MTT assay in HEK-293T cell for different concentration of Aβ42, AGE-16, 

and AGE-28. The statistical significance was indicated by two-way ANOVA (****, p < 0.0001; ***, p < 0.001; **, p < 

0.01; *, p < 0.1). 
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kidney cell line, HEK-293T cells. After treated with different concentration of Aβ42, AGE-16, and 

AGE-28 for 24 h, the MTT assay result indicated that AGE-28 had the highest cytotoxicity in 

comparison with Aβ42 and AGE-16 (Figure 7: Repeated two-way ANOVA, Bonferroni post-hoc, 

PBS vs. AGE-28: p < 0.0001; Aβ42 vs. AGE-28: p < 0.0001; AGE-16 vs. AGE-28: p < 0.0001). Here, 

AGE-16 showed a similar cytotoxicity level as Aβ42 (Figure 7: Repeated two-way ANOVA, 

Bonferroni post-hoc, Aβ42 vs. AGE16: p > 0.999). Our data here corrlate with a previous study which 

determined toxiciy for glycated Aβ42 which was prepared by mixing peptide with glycation agent for 

a month under sterile conditon21. It was observed glycated Aβ42 is more toxic than Aβ42 by showing 

lower cell viability and higher cell apoptosis. We propose that the toxic species would result largerly 

from glycation modication of Aβ42 on residue 28 which apparently show a much slower process of 

fibril fomation in comparsion with Aβ42 and AGE-16. AGE-28 may remain in a more stable 

oligomeric state which was generally believed to casue more severe cell death rather than amyloid 

fibrils. 

Glyoxal glycation also altered the aggregation behavior of Aβ in the early stage of 

oligomerization. Based on the theory of nucleation-polymerization mechanism, it was believed that 

highly aggregation-prone Aβ would spontaneously associate into oligomers. It has been proposed that 

the aggregation process of amyloids can be defined as nucleation (lag phase) in which soluble Aβ 

monomers proceed into small oligomers and elongation (seeded growth) in which protofibrils proceed 

into fibrils and finally abnormal aggregates1. In the nucleation step, there will be change between 

normal helical conformation and abnormal -sheet conformation followed with the formation of 

nucleus composed with smaller Aβ oligomers. In the seeded growth, the elongation of Aβ oligomers 

through continuous interaction between Aβ monomers and Aβ oligomers promoting the formation of 

protofibrils. Later, interaction between protofibrils can promoting the formation of protofibril bundles, 

leading to the formation of abnormal aggregates. However, the process of nucleation step cannot be 

revealed by current ThT assay. Thus, several other fluorescence-based detection techniques such as 

FCS, fluorescence resonance energy transfer, and total internal reflection fluorescence microscopy 

were utilized to analyze Aβ oligomers since these methods were more sensitive and possibly detected 
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single molecules. We chose to perform FCS experiments in order to investigate the early stage of Aβ 

aggregation here. The intensity changes can be recorded and converted into average diffusion 

coefficient. The change in molecular weight of fluorophore molecule can be reflected in the change 

of diffusion coefficient obtained. To perform FCS experiment, the Aβ42 and glycated Aβ42 were 

labeled with fluorescent dye sulfo-cyanine3 (Cys3) as described in experimental section. An aliquoted 

solution was diluted into suitable concentration before FCS measurement at specific time after the 

initiation of Aβ aggregation process. In the time zero, all the Aβ peptides were present in the form of 

monomer with diffusion coefficient of 38.7 ± 2.8 m2/s (Fig. 8). An observable decrease in diffusion 

coefficient was observed at 1-hour for Aβ42, signaling the initiation of oligomer formation. Then the 

diffusion coefficient decreased to a value of 15.5  4.1 m2/s at 2.5-hours, indicating the growth of 

oligomers with 15.6 ± 3.4 folds increase in molecular weight (Fig. 8). Once entering log phase of 

aggregation, the size of protofibrils was too larger to freely diffuse within detection volume. There 

was no significant change in recorded FCS curves, and the calculated diffusion coefficient approached 

to a plateau (Fig. 8). According to Stokes-Einstein equation, the hydrodynamic diameters of all Aβ42 

monomer were around 11.8  0.5 nm at time zero. After 2.5-hours after initiation of aggregation 

process, the hydrodynamic diameters approached to plateau values of 27.7 7.4 nm for Aβ42 

oligomers (Fig. 9), consistent with previous report38. However, the diffusion coefficient of AGE-16 

exhibited a detectable decrease at 15-hours and approached to a value of 13.4 2.8 m2/s, reflecting 

a 24.1  3.7-fold increase in the molecular weight, at 65-hours after the initiation of aggregation 

process. This observation indicated that glycation at Lys16 of Aβ42 delays not only the initiation of 

nucleation step but also the growth of oligomers. However, AGE-16 oligomers exhibited similar 

hydrodynamic diameters with a value of 31.9  6.6 nm, suggesting that AGE-16 oligomers might 

exhibit similar structure or composition to that of Aβ42 oligomers. Although the nucleation step was 

delayed and impeded, AGE-16 still can form oligomers which can successfully lead to fibrils in a 

much slower rate than Aβ42. Lys16 of Aβ42 is located in the central hydrophobic core and plays an 

important role to facilitate the interchain hydrophobic interactions and promote the growth of 

oligomers. Therefore, the glyoxal glycation on Lys16 impairs the hydrophobic interactions and 
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hampers the oligomerization process, consistent with our observation. As for AGE28, detectable 

decrease in diffusion coefficient occurred at 26 h. Moreover, diffusion coefficient of AGE28 only 

exhibited a small decrease to a value of 20.9  2.5 m2/s, indicating a 6.3  1.0 fold increase in the 

Figure 9. The hydrodynamic diameters converted from diffusion coefficients obtained. (I) A42. (II) AGE-16. (III) AGE-

28. 

Figure 8. The diffusion coefficients obtained from one-component free diffusion model. (I) Aβ42. (II) AGE-16. (III) 

AGE-28. The red dash lines indicated the starting point of decrease in diffusion coefficient. The green dash lines indicated 

that decrease in diffusion coefficient approaches to a steady plain. 
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molecular weight, at 30-hours after the initiation of aggregation process. This phenomenon suggested 

that glycation at Lys28 of Aβ42 not only severely suppresses the initiation of oligomer formation but 

also inhibits the growth of oligomers. Moreover, AGE-28 oligomers possessed a smaller 

hydrodynamic diameter with a value of and 21.2  1.4 nm, suggesting the presence of AGE-28 

oligomers with different structure or composition to that of Aβ42 oligomers (Fig. 9). The glyoxal 

glycation on Lys28 would severely disrupt the salt-bright interactions between Asp23 and Lys28 side 

chains. Therefore, the -sheet motif is difficult to form, and the initiation of oligomerization will be 

delayed, also consistent to our observation.  

Glyoxal glycation does not affect Aβ in Cu2+ binding and ROS production. From previous 

studies, it was known that the interaction of metals with Aβ42 also plays a key role in the pathogenesis 

of AD. Transition metals including copper (Cu2+) and zinc (Zn2+) were found enriched in amyloid 

plaques. In addition, Cu2+ binding to Aβ has been shown to impact aggregation properties and ROS 

production that contribute to oxidative stress in AD39-41. Therefore, we further determined the binding 

affinity of Cu2+ to Aβ and glycated Aβ42 and Cu2+-Aβ complex induced ROS production to see 

whether glycation cause different effect. To evaluate the affinity of Cu2+ for Aβ, we simply used direct 

titration by fluorescence spectroscopy. Figure S1A shows that the addition of Cu2+ to Aβ42 causes 

marked quenching of the tyrosine fluorescence signal at 310 nm. Although the initial fluorescence 

intensity for AGE-16 and AGE-28 was different from measured for Aβ42, quenching curve upon 

addition of Cu2+ was similar for three peptides suggesting glycation does not alter Aβ to bind 

Cu2+(Figure S1D). On the other hand, we measured the formation of the hydroxyl radicals by 

coumarin-3-carboxylic acid (CCA) assay which generated fluorescent 7-hydroxy-CCA in the 

presence of ascorbate under aerobic conditions. Similar results were observed as previous data that 

Aβ42 with Cu2+ generated significant amount of hydroxyl radicals but less than free copper42; its HO· 

generation was about 70% of that produced from free copper. Besides AGE-16 and AGE-28, we also 

included Aβ40 in the test because Aβ40 had been also generally shown to aggregate much slowly 

than Aβ42. We found that Aβ40, AGE-16, and AGE-28 with Cu2+ produced similar amount of 

hydroxyl radicals which were 90~95% of Aβ42 but their reaction took longer time to reach steady 
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state. The data was in accord with copper binding that these peptides would coordinate similarly with 

Cu2+. These results are not very surprising to us because possible binding sites of Aβ toward Cu2+ 

have been suggested and glycation does not alter these residues. So far, several techniques including 

electron paramagnetic resonance, Raman, and nuclear magnetic resonance spectroscopies have 

investigated the coordination chemistry of Cu2+ bound to Aβ43. Three His residues His-6, His-13, and 

His-14 would be responsible for Cu2+ binding and modification of these residues has been 

demonstrated to modulate Aβ toxicity44, 45. Therefore, our finding would suggest that glyoxal 

glycation does not disrupt Aβ with Cu2+ binding and ROS production.  

CONCLUSION 

Protein glycation has been associated with several diabetic-related diseases. Additionally, it 

would be considered as a modulator of protein aggregation46-48. Because accumulation of AGEs was 

linked to many neurodegenerative diseases such as AD, it inspired many groups to explore the 

molecular mechanism of glycation-affected pathologies. In this study, we focus on two potential 

glycation sites of Aβ peptide, Lys16 and Lys28. Interestingly, these two positions were also possible 

acetylation sites, therefore, the effect of Lys16 and Lys28 acetylation has been recently investigated49. 

The experimental results showed that acetylation of Lys16 greatly reduce aggregation properties of 

Aβ and acetylation of Lys28 slows down the Aβ42 fibrillization rate. Here, we found that glycation 

Figure 10. (A) Time course of hydroxyl radical production from different peptide-Cu2+complexes: Aβ42 (blue), Aβ40 

(red), AGE-16 (green), AGE-28 (purple), Cu2+ alone (light blue), and buffer (open circle). The fluorescence was detected 

due to the formation of 7-hydroxy-CCA (excitation wavelength: 395 nm; emission wavelength 450 nm). (B) Relative 

fluorescence of 7-hydroxy-CCA for different peptide-Cu2+complexes after 1500 s incubation. The intensity generated 

from free Cu2+ was normalized to 100% and from buffer was taken as 0%. 
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on both two positions also disrupts formation of amyloid fibrils. Although it is not known why 

increased hydrophobicity of Aβ42 impair fibrillization property, modifications with longer side chain 

on these two positions apparently are not conducive for amyloid formation. Besides, we introduced a 

negatively charged functional group on these two positions due to glycation, it makes peptide 

assembly more difficult. Especially for residue 28, in the past, Lys28 was recognized to form 

important and stable intramolecular salt bridge that facilitates the formation of inter-peptide 

interaction50, 51. We speculated that large and negatively charged side chain will lead to significant 

electrical repulsion that almost diminish the aggregation property of AGE-28. Compared to AGE-16, 

AGE-28 is more difficult to form enough nucleation size to proceed fibril growth as revealed by our 

FCS data. Overall, our study suggests that Aβ would remain in more stable oligomer state when more 

glycated Aβ co-exist. Methods that effectively reduce the occurrence of protein glycation may prevent 

AD progression.             
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