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Using a fluorometric method with a detection limit of 5 nmol/L, here it is reported that albeit positive results 
were got from bovine serum albumin (BSA) and chicken ovalbumin (OVA) as published in literature, no detectable 
amount of hydrogen peroxide (H2O2) was generated during α-synuclein (α-Syn) aggregation in vitro even in the 
presence of transition metal ions Cu(II) or Fe(III). The results suggest that the concentration of H2O2 generated 
during aggregation of α-Syn in vitro be lower than 5 nmol/L beyond the detection limit of the adopted method and 
it is far too poor to be responsible for the cytotoxicity of α-Syn aggregates, thus allowing people to extensively elu-
cidate the mechanism underlying neurotoxicities of the aggregates formed by some amyloidogenic proteins. 
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Introduction 

α-Syn is a major component of Lewy bodies and 
Lewy neurites in the brains of patients with neurode-
generative diseases, such as Parkinson’s disease, the 
Lewy body variant of Alzheimer’s disease, dementia 
with Lewy bodies and multiple system atrophy.1,2 α-Syn 
is prone to aggregate in vitro and the aggregates appear 
to be toxic to neurons, though the reason for the cyto-
toxicity remains unclear.3-6 Previous studies by electron 
spin resonance (ESR) showed that α-Syn could liberate 
hydroxyl radicals upon incubation in vitro followed by 
the addition of Fe(II).7,8 The given explanation was that 
α-Syn and necessary metal ions established a local con-
dition required for H2O2 formation, which was detected 
by ESR via the Fenton reaction and responsible for the 
death of vulnerable cells. 

In order to get more information in this new field, 
we decided to directly detect and quantify H2O2 gener-
ated during aggregation of α-Syn in vitro. As we know, 
four analytical methods are usually adopted for H2O2 
detection. One is a fluorometric method based on the 
oxidation of non-fluorescent reagents into fluorescent 
products by H2O2, the second is founded on chemilu-
minescence produced by chemical reaction caused by 
H2O2, the third employs optical absorbance of products 
generated by reaction of H2O2 with reagents, and the 
last one is an electrochemical method using selective 
electrodes.9-14 Of the four, the fluorometric method 

gives maximum sensitivity and specificity to H2O2 de-
tection besides its convenience in practice. As a result, 
we adopted Amplex Red reagent (10-acetyl-3,7-dihy- 
droxyphenoxazine) in the presence of horseradish per-
oxidase (HRP) and H2O2 to form fluorescent resorufin 
in our experiments.15,16 The experimental results dem-
onstrate that although α-Syn could readily aggregate 
into fibrils upon incubation, no detectable amount of 
H2O2 was generated during the whole aggregation 
process. Even after the addition of transition metal ions, 
Cu(II) or Fe(III), no H2O2 was detected in α-Syn solu-
tions. On the contrary, the positive controls of BSA and 
OVA both generated remarkable H2O2-specific fluores-
cence signals which can be blocked by catalase. Possi-
ble explanations for the results were considered. 

Results and discussion 

By Thioflavine T (ThT) binding assay,17 Figure 1 
shows the time course for the aggregation of α-Syn and 
four control proteins. α-Syn readily aggregated into fi-
brils as revealed by atomic force microscopy in con-
comitance with secondary structural change from ran-
dom coil to β-sheet.6 However, no such characteristic 
changes were found in others.  

As shown in Figure 2a, the calibration curve of 
fluorescence intensity vs. the concentration of H2O2 was 
linear in the 10—400 nmol/L range with a detection 
limit of 5 nmol/L and the correlation coefficient was 
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Figure 1  Comparison of BSA (squares), OVA (up triangles), 
α-Syn (circles), lysozyme (down triangles) and ubiquitin (dia-
monds) for their abilities to aggregate. Data are presented as the 
means SE, next as the same. 

 

 
Figure 2  (a) Calibration curve for assaying H2O2. Background 
for the control without adding H2O2 was subtracted from each 
value. (b) Time course of H2O2 production by BSA (squares), 
OVA (up triangles), α-Syn (circles), lysozyme (down triangles) 
and ubiquitin (diamonds). The fluorescence intensity value of 
resorufin was converted into H2O2 concentration by using the 
H2O2 calibration curve after subtracting the blank (0.1 mol/L 
phosphate-buffered saline, PBS, pH 7.0). 

0.999 (n 9). During the incubation, generation of H2O2 
was detected for BSA and OVA, while for α-Syn, ly-

sozyme and ubiquitin no detectable H2O2 was produced 
(Figure 2b). Furthermore, addition of catalase prior to 
H2O2 assay could block fluorescence change in BSA 
and OVA samples (Figure 3). This suggests that our 
adopted H2O2 assay system be highly specific to H2O2. 

 

Figure 3  The consumption of H2O2 by catalase. (A) Data are 
shown in the order: freshly prepared BSA (10 µmol/L), 6-day 
incubated BSA (10 µmol/L), freshly prepared OVA (10 µmol/L), 
6-day incubated OVA (10 µmol/L) and 0.1 mol/L PBS. (B) Sam-
ples corresponding to the ones in panel A after treatment with 
catalase. 

As it was reported that formation of H2O2 by α-Syn 
was likely to be metal-dependent,7,8 related experiments 
were further performed in the presence of CuCl2 or 
FeCl3. Unexpectedly, the data show that the metal ions 
had no significant effects on the production of H2O2 in 
the incubated mixtures, though the accelerated aggrega-
tion of α-Syn was observed as reported (Figure 4).18 
Repeatedly, H2O2 was not found in the α-Syn aggrega-
tion system or lysozyme solution upon incubation, while 
the amount of H2O2 generated from BSA remained un-
changed. 

 
Figure 4  The effect of metal ions on the generation of H2O2. (A) 
Data are shown in the order: 6-day incubated BSA (10 µmol/L), 
6-day incubated α-Syn (10 µmol/L), 6-day incubated lysozyme 
(10 µmol/L) and 0.1 mol/L PBS. (B) Samples corresponding to 
the ones in panel A after addition of 1 µmol/L Fe(III) before in-
cubation. (C) Samples corresponding to the ones in panel A after 
addition of 1 µmol/L Cu(II) before incubation. 

At present, only hydroxyl radicals were detected in 
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the α-Syn aggregation system by ESR and it is signifi-
cant to directly determine H2O2 for clarification of the 
cytotoxicity caused by α-Syn. Here a H2O2-specific and 
sensitive method was used to determine H2O2 possibly 
generated from α-Syn aggregates in a cell-free manner, 
but it was found that only the positive controls of BSA 
and OVA produced H2O2. Now the absence of H2O2 
formation stands in contrast to the previous studies that 
hypothesized formation of H2O2 by aggregated α-Syn 
based on ESR detection of hydroxyl radicals, so it is 
necessary to further consider the reliability of our 
adopted system. Amplex Red is a highly sensitive and 
chemically stable fluorogenic probe for assaying H2O2. 
It shows very low background fluorescence and its reac-
tion with H2O2 follows a 1 1 stoichiometry to produce 
fluorescent resorufin in the presence of horseradish 
peroxidase.16 Because resorufin has absorption and 
fluorescence emission at 563 and 583 nm respectively, 
there is much less interference from intrinsic fluores-
cence of the proteins under study. Under optimal condi-
tions, the detection limit of the fluorometric method is 5 
nmol/L H2O2. Meanwhile, the amount of H2O2 formed 
by BSA and OVA is proportional to their concentration 
separately (data not shown). As for α-Syn, ubiquitin and 
lysozyme, there is no such correlation. The fact that 
catalase can block fluorescence enhancement also con-
firms the reliability of the adopted method. Therefore, 
the concentration of H2O2 generated during α-Syn ag-
gregation in vitro is likely to be lower than 5 nmol/L, 
beyond the detection limit of our adopted method.  

On the other hand, previous cytotoxicity assay 
showed that aggregated α-Syn was significantly toxic to 
neurons.5,6 It is generally accepted that high levels of 
H2O2, usually above 50 µmol/L, are toxic to cultured 
neurons in a dose-dependent manner.19-22 Thus, the cy-
totoxicity of α-Syn in vitro is in contradiction with the 
poorly generated H2O2. Although in the earlier report 
the cytotoxicity of α-Syn was linked to the generation 
of H2O2, no experiments have ever been done to elimi-
nate H2O2 and protect neurons against toxicity. Fur-
thermore, the circumstances for H2O2 generation in vivo 
is much more complicated than in vitro. Under con-
tinuous oxidative stress associated with aging, the gen-
eration of H2O2 and lipid peroxidation of polyunsatu-
rated fatty acids probably occur accompanied with the 
aggregation of α-Syn in vivo, though it is hard to con-
vincingly correlate the aggregation of α-Syn and the 
generation of H2O2 in vivo based on current research 
work. Such a complicated situation prompted the au-
thors to extensively elucidate the mechanism underlying 
neurotoxicities of the aggregates formed by some amy-
loidogenic proteins. At present, a growing body of evi-
dence supports the hypothesis that the membrane per-
meabilization by protofibrillar intermediates formed 
during aggregation might be associated with the cyto-
toxicities of some neurodegenerative disease-related 
proteins.23,24  

Experimental 

Materials  

Recombinant BL21 human α-Syn was overex-
pressed in Escherichia coli (DE3) and purified as pre-
viously described.25 BSA (Amresco), OVA (Sigma), 
ubiquitin (Sigma) and lysozyme (Amresco) were used 
as controls.  

Methods 

Each 200 µmol/L of the five protein solutions in 0.1 
mol/L PBS and the protein-null buffer were incubated at 
37  with continuous agitation. Aliquots of each sam-
ple were taken at intervals and stored at 20  for 
future use. The aggregation process was monitored by 
ThT fluorescence assay. The enhancement of ThT fluo-
rescence was used to semiquantitatively estimate the 
relative rate of fibril formation. The protein aliquots 
were added to 5 µmol/L ThT (Aldrich) in 50 mmol/L 
Glycine-NaOH buffer (pH 9.0) to give a final protein 
concentration of 4 µmol/L. Fluorescence measurements 
were performed on a Hitachi F-4010 spectrofluorimeter 
at 482 nm with an excitation at 446 nm. 

A sensitive and specific hydrogen peroxide assay kit 
(A-12212, molecular probes) was used for the following 
assays, by which H2O2 was directly detected by its abil-
ity to convert Amplex Red into resorufin.15,16 Immedi-
ately after each stored sample was thawed, 10 µL of 
working solution (400 µmol/L Amplex Red containing 
2 U/mL horseradish peroxidase) and 940 µL of reaction 
buffer (50 mmol/L phosphate buffer, pH 7.4) was 
added into the protein sample and its final concentration 
became 10 µmol/L. The mixed solution was then incu-
bated for 30 min at 37  in dark before measuring the 
fluorescence at 583 nm (excitation at 563 nm). Since the 
samples were stored frozen prior to assay, the produc-
tion of H2O2 was tested with frozen samples and fresh 
ones and it was confirmed that there was no obvious 
difference between them. To ensure that the fluores-
cence enhancement was specifically due to the genera-
tion of H2O2, fluorescence data were recorded after in-
cubation of the samples with 500 U catalase (Sigma) for 
10 min at 25 . 

References 

1 Spillantini, M. G.; Schmidt, M. L.; Lee, V. M. Y.; Troja-
nowski, J. Q.; Jakes, R.; Goedert, M. Nature 1997, 388, 839. 

2 Dickson, D. W. Curr. Opin. Neurobiol. 2001, 11, 423. 
3 Clayton, D. F.; George, J. M. Trends Neurosci. 1998, 21, 

249. 
4 Conway, K. A.; Harper, J. D.; Lansbury, P. T. Jr. Biochemis-

try 2000, 39, 2552.  
5 El-Agnaf, O. M.; Jakes, R.; Curran, M. D.; Middleton, D.; 

Ingenito, R.; Bianchi, E.; Pessi, A.; Neill, D.; Wallace, A. 
FEBS Lett. 1998, 440, 71.  

6 Du, H. N.; Tang, L.; Luo, X. Y.; Li, H. T.; Hu, J.; Zhou, J. 
W.; Hu, H. Y. Biochemistry 2003, 42, 8870. 

7 Turnbull, S.; Tabner, B. J.; El-Agnaf, O. M.; Moore, S.; Da-



α-Synuclein  Chin. J. Chem., 2004, Vol. 22, No. 12  1443 

vies, Y.; Allsop, D. Free Radical Biol. Med. 2001, 30, 1163.  
8 Tabner, B. J.; Turnbull, S.; El-Agnaf, O. M.; Allsop, D. Free 

Radical Biol. Med. 2002, 32, 1076.  
9 Lindsay, S.; Brosnahan, D.; Watt, G. D. Biochemistry 2001, 

40, 3340. 
10 Bass, D. A.; Parce, J. W.; Dechatelet, L. R.; Szejda, P.; 

Seeds, M. C.; Thomas, M. J. Immunol. 1983, 130, 1910. 
11 Qin, W.; Zhang, Z.; Li, B.; Liu, S. Anal. Chim. Acta 1998, 

372, 357. 
12 Yuan, J.; Shiller, A. M. Anal. Chem. 1999, 71, 1975. 
13 Clapp, P. A.; Evans, D. F. Anal. Chim. Acta 1991, 243, 217. 
14 Lvovich, V.; Scheeline, A. Anal. Chem. 1997, 69, 454. 
15 Wentworth, A. D.; Jones, L. H.; Wentworth, P. Jr.; Janda, K. 

D.; Lerner, R. A. Proc. Natl. Acad. Sci. 2000, 97, 10930.  
16 Zhou, M.; Diwu, Z.; Panchuk-Voloshina, N.; Haugland, R. P. 

Anal. Biochem. 1997, 253, 162. 
17 LeVine, H. Methods Enzymol. 1999, 309, 274. 

18 Uversky, V. N; Li, J.; Fink, A. L. J. Biol. Chem. 2001, 276, 
44284.  

19 Hampton, M. B.; Orrenius, S. FEBS Lett. 1997, 414, 552. 
20 Clement, M. V.; Ponton, A.; Pervaiz, S. FEBS Lett. 1998, 

440, 13. 
21 Iwata, E.; Miyazaki, I.; Asanuma, M.; Iida, A.; Ogawa, N. 

Neurosci. Lett. 1998, 251, 49. 
22 Halliwell, B.; Clement, M. V.; Long, L. H. FEBS Lett. 2000, 

486, 10. 
23 Volles, M. J.; Lee, S. J.; Rochet, J. C.; Shtilerman, M. D.; 

Ding, T. T; Kessler, J. C.; Lansbury, P. T. Jr. Biochemistry 
2001, 40, 7812. 

24 Bucciantini, M.; Giannoni, E.; Chiti, F.; Formigli, L.; Zurdo, 
J.; Taddei, N.; Ramponi, G.; Dobson, C. M.; Stefani, M. 
Nature 2002, 416, 5071. 

25 Hu, H. Y.; Li, Q.; Cheng, H. Q.; Du, H. Biopolymers 2001, 
62, 15.

(E0405131  ZHAO, X. J.) 
 


