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Abstract 

The neuropeptide PrP106-126 is used as a common model to study abnormal prion 

proteins. Some metal complexes are able to inhibit the formation of PrP106-126 

fibrils and various compounds exhibit diverse interaction mechanisms. In this study, 

four oxodiperoxovanadate complexes were examined for inhibition of fibril formation 

of PrP106-126 and the mutant peptide M109F. Compounds 1, 3, and 4 directly 

interacted with the peptide or induced methionine oxidation. However, complex 2, 

which contains a large aromatic ligand, eliminated methionine oxidation activity and 

altered the inhibitory mechanism via steric effects. Aggregation was assessed by 

thioflavine T fluorescence and morphology analyses and complexes 1, 3, and 4 

significantly decreased peptide fibril formation in comparison to 2. However, 2 

caused increased cellular viability against amyloid peptide-induced cytotoxicity. This 

work elucidated the distinct role of a large aromatic ligand in peptide aggregation, 

binding affinity, and cytotoxicity.  
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Introduction 

Metal complexes are potential therapeutic agents against various diseases. Platinum, 

gold, and ruthenium compounds are widely used as anticancer agents.
1–3 

These 

compounds may also inhibit fibril formation of amyloid proteins, including Aβ 

protein, human islet amyloid polypeptide (hIAPP), and prion neuropeptide.
4–9

 This 

inhibition may be attributed to metal coordination, as well as hydrophobic and 

electrostatic interactions. Therefore, development of metal complexes with decreased 

cytotoxicity and enhanced inhibitory efficacy has potential applications for use as 

therapies against amyloid-related diseases. Vanadium compounds are insulin mimetic 

agents for the treatment of type I and type II diabetes.10–13 Vanadium has been applied 

since the 19
th 

century to decrease glucose levels, and new vanadium compounds are 

continuously being synthesized.
14,15

 In addition, these compounds can also be used to 

treat endemic diseases, such as dengue fever and SARS,
16–18 

and these complexes 

exhibit anticancer activities due to their interactions with DNA. However, clinical 

antitumor applications of vanadium complexes are limited. Several studies have 

documented that peroxovanadium species mimic insulin via phosphotyrosine 

phosphatase inhibition, and prevent cancerous tumor growth by inducing DNA 

cleavage.
19,20

 Peroxovanadium species were recently investigated for their ability to 

inhibit the fibril formation of hIAPP, which is correlated with type II diabetes. 

Vanadium complexes with aromatic ligands led to increased inhibition against hIAPP 

aggregation, suggesting a putative and distinct role in the treatment of diabetes.
13

 

Another study discovered that peroxovanadate complexes inhibit the aggregation of 
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both Aβ protein and a prion neuropeptide (PrP106-126) by methionine oxidation.
21

 

However, the role of ligands and the redox property of vanadate were not completely 

characterized.  

Prion disease is a neurodegenerative disease found in a variety of animal species, 

including humans. Several neurological diseases in humans have been identified and 

are currently regarded as prion diseases, including Creutzfeldt-Jakob disease, Kuru, 

fatal familial insomnia, and Gerstmann-Sträussler-Scheinker syndrome.
22 

Since 

Creutzfeldt-Jakob disease was first reported in 1996, there have been a total of 229 

confirmed cases worldwide, with a majority of cases occurring in the UK. Among the 

4 cases confirmed in the US, 3 of the individuals had a history of residing in the UK.
23 

Prion diseases are invariably fatal neurodegenerative disorders, annually affecting ~1 

person per million inhabitants worldwide.
24 

A recent study indicated that a naturally 

occurring variant of human prion protein (PrP) may completely prevent the prion 

disease.
25 

The pathogenesis of prion disease is related to conformational changes in 

the normal prion protein (PrP
C
) to cause amyloid fibril formation of the abnormal 

prion protein (PrP
Sc

).
26,27

 PrP
Sc

 is considered to be an infectious agent due to several 

biological properties that are profoundly different from those of native PrP
C
.
28

 PrP
Sc

 

has more β sheets and fewer α helix structures than PrP
C
. Accumulation of PrP

Sc
 in 

the central nervous system of affected individuals leads to nerve cell dysfunction.
29

 

PrP106-126, an N-terminal fragment of PrP, is an important prion neuropeptide. This 

peptide exhibits analogous properties to PrP
Sc

 in many aspects, including 
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fibrillogenesis, cellular toxicity, and membrane-binding affinity.
30-36

 Thus, this 

peptide is commonly used as a model for studying PrP
Sc

.  

Various inhibitors against amyloidogenic proteins have been studied in recent 

years. Metal ions, short peptides, and aromatic compounds have been utilized to 

inhibit and reverse conformational changes of the pathological protein, which also 

inhibits sequential fibril formation.
37,38

 Ruthenium and gold compounds were 

employed to eliminate misfolded aggregates of PrP106-126 and its mutants in 

previous studies.
39-42

 These compounds exhibit enhanced inhibitory effects against 

amyloid fibril formation and repress the cytotoxicity induced by PrP106-126. Gold 

complexes possess strong binding affinities with the peptide, and a gold ion is bound 

by residues His111 and Met102 via metal coordination. NAMI-A-like ruthenium 

complexes interact with PrP106-126 mainly via electrostatic interactions.
41

 The 

contributions of the molecular structure and properties were characterized from these 

complexes. In the present study, four oxodiperoxovanadate complexes with different 

molecular structures and ligands (Scheme 1) were utilized to probe their interactions 

with PrP106-126 and the M109F mutant peptide in order to examine the factors that 

influence fibril formation and explore the interacting mechanisms of vanadium 

complexes with PrP106-126. These complexes are: (NH4)3[VO (O2)2(ox)]·2H2O (1), 

(H2bipy)[V2O2(O2)4(bipy)2]·6H2O (2), Na[VO(O2)2]·Na2SO4 (3), and K2[nicH{VO 

(O2)2}2]·H2O (4) (ox represents oxalic acid, bipy symbolizes 2,2-dipyridyl and nicH 

stands for nicotinic acid ). The complexes containing coordinated and protonated 

nitrogen ligands can be formulated as (LH2)H2[O{(VO(O2)2(bipy)}2]·5H2O in view of 
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the structure found in dimeric peroxovanadate complexes, compatible with the 

spectral data.
43-45

 Therefore, complex 2 may be represented by its 5H2O formulae (see 

Scheme 1 and supporting Fig. S1). The complexes were selected based on their 

potential redox capabilities and differences in ligand aromaticity. The results 

indicated that the complexes inhibited the fibril formation of PrP106-126 and the 

M109F peptide through direct binding and site-specific methionine oxidation. 

However, the four compounds exhibited different efficacies, which were attributed to 

their distinct molecular structures and inhibitory mechanisms.  

 

Experimental protocols 

Materials 

Human prion neuropeptide PrP106-126 (106-KTNMKHMAGAAAAGAVVGG- 

LG-126) and its mutant M109F were chemically synthesized and purified by SBS 

Co., Ltd. (Beijing, China). The final products with >95% purity were identified 

through High performance liquid chromatography (HPLC) and mass spectroscopy 

(MS). The oxodiperoxovanadate complexes were prepared and identified by 
1
H NMR 

and IR spectra based on previously reported studies.
44,46,47 

All other reagents were of 

analytical grade. 

 

Thioflavine T (ThT) assay 
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The ThT fluorescence was excited at 432 nm, and the emission fluorescence at 

approximately 500 nm was determined using the average value from 3 experiments. 

The excitation and emission slit was 10 nm, the scan speed was 240 nm min
−1

, and the 

PMT voltage was 700 V. A 100 µM solution of PrP106-126 or its mutant M109F in 

10 mM phosphate buffer (pH 7.4) was incubated at 310 K for 24 h. The 

oxodiperoxovanadate complex was then added and incubated for additional 24 h. 

After incubation, 100 µM ThT was added, and fluorescence monitored by F-4600 

spectrofluorometer (Hitachi Ltd., Japan).   

 

Morphology 

The transmission electron microscope (TEM) sample was prepared using a 100 µM 

solution of PrP106-126 or its mutant M109F, and incubated at 310 K for 24 h. Two 

equivalents or 10 equivalents of the oxodiperoxovanadate complexes were added and 

incubated for 24 h. An aliquot of each sample was spotted onto carbon-coated 

600-mesh copper grids and negatively stained with 2% phosphotungstic acid. The 

final peptide concentration used in the TEM experiment was 10 µM. The air-dried 

specimens were examined and photographed using Hitachi H-800 electron 

microscope (Hitachi, Japan) at 200 kV. The final image used was the mean of the 3 

repeated data. For atomic force microscope (AFM) analysis, 100 µM solution of 

PrP106-126 or its mutant M109F was incubated at 310 K for 24 h. Two equivalents of 

oxodiperoxovanadate complexes were then added and incubated for additional 24 h. 
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The final peptide concentration in the AFM experiment was 10 µM. Images were 

obtained using the Veeco D3100 apparatus (Veeco Instruments 151, Inc., USA) in the 

tapping mode with a silicon tip under ambient conditions at a scanning rate of 1 Hz 

and a scanning line of 512. 

 

Electrospray Ionization-Mass spectroscopy (ESI-MS) 

To obtain the ESI-MS spectra, we introduced the samples directly at a flow rate of 3 

µL min
−1

. The spectra were recorded in a positive mode on an APEX IVFT-ICR 

high-resolution mass spectrometer (Bruker, USA) equipped with a conventional ESI 

source. The following conditions were applied: end-plate electrode voltage of −3500 

V, capillary entrance voltage of −4000 V, skimmers of 1 and 30 V, dry gas 

temperature of 473 K, drying gas flow rate of 12 L min
−1

, and nebulizer gas flow rate 

of 6 L min
−1

. Data were acquired using the Data Analysis 4.0 software (Bruker). 

Deconvoluted masses were obtained using an integrated deconvolution tool. The 

peptide samples were maintained at 50 µM in the ESI-MS experiment. Two 

equivalents of oxodiperoxovanadate complexes were added to the peptide samples to 

validate the assay. All samples were incubated for 12 h before use.  

 

NMR spectra 
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The 
1
H NMR spectrum of PrP106-126 or its mutant peptide M109F was recorded at a 

pH value of 5.7 and a temperature of 298 K using a Bruker Avance 400/600 MHz 

NMR spectrometer. Two equivalents of the oxodiperoxovanadate complexes were 

added in the peptide solution, and spectra were obtained continuously for 3 h. The 

final peptide concentration was 0.5 mM. A watergate pulse program with gradients 

was applied to suppress the residual water signal.  

 

Intrinsic fluorescence method 

Steady-state fluorescence measurements of the intrinsic phenylalanine residue were 

conducted at room temperature to detect the binding ability of oxodiperoxovanadate 

complexes to peptide M109F. The excitation wavelength of 260 nm was chosen in 

accordance with previous studies.
48,49 

The dissociation constant (Kd) was determined 

from the fluorescence intensity plot via oxodiperoxovanadate complex concentration 

using eqn (1): 

     ∆F=F0-FL=(F0-Fɑ){Kd+P0+T-[(Kd+P0+T)
2
-4P0T]

1/2
}/2P0  (1) 

where F0 and FL are the measured peptide fluorescence intensities at 287 nm in the 

absence and presence of oxodiperoxovanadate complexes, respectively; Fα is the 

maximum quenching of the peptide fluorescence; P0 refers to the initial concentration 

of the peptide; T represents the concentration of the added oxodiperoxovanadate 

complex. The solution was prepared in 10 mM phosphate buffer at pH 7.4. The 
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concentration of the peptide M109F was 100 µM. The results were obtained from 3 

repeated experiments.  

 

HPLC 

A 100 µM solution of PrP106-126 or its mutant peptide M109F in 10 mM phosphate 

buffer (pH 7.4) was incubated at 310 K for 24 h. Two equivalents of 

oxodiperoxovanadate complexes were then added, and the mixture was incubated for 

the next 24 h. After incubation, the samples were centrifuged, loaded, and eluted with 

a gradient beginning with solvent A (0.1% trifloroacc acid) and solvent B (0.1% 

trifluoroacetic acid/acetonitrile), and analyzed by reverse HPLC with a Calesil 

ODS-100 C18 column (4.6 mm × 250 mm). A linear gradient was used as follows: 

0–1 min, 5%–10% B; 1–25 min, 10%–50% B; 25–28 min, 50%–95% B, at a flow rate 

of 1 mL min
−1

. 

 

MTT assay 

Human SH-SY5Y neuroblastoma cells were cultured in a 1:1 mixture of Dulbecco’s 

Modified Eagle’s Medium and F12 medium supplemented with 10% fetal bovine 

serum, 2 mM glutamine, 100 U mL
−1 

penicillin, and 100 U mL
−1 

streptomycin. The 

cells were maintained at 310 K in a humidified incubator in 95% air and 5% CO2. 

Cell survival was assessed by measuring the reduction of 3-(4,5-dimethyl- 
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2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT). A 100 µM PrP106-126 

solution was incubated for 24 h with or without 1, 10, or 50 µM oxodiperoxovanadate 

complex, and the mixture was added to the cells. After reaction for 4 d, the cells were 

incubated with 10 µL of MTT at 310 K for 4 h. The absorbance at 570 nm was 

recorded using a Cary 50 UV-vis spectrophotometer (Varian, Inc., USA). Each 

experiment was conducted in quadruplicates. Data were calculated as percentage of 

the untreated control value.  

 

Results 

Peptide aggregation  

Four oxodiperoxovanadate complexes were synthesized and identified as previously 

described methods
44,46,47

 and the effect of these complexes on the aggregation of 

PrP106-126 and mutant peptide M109F was evaluated. ThT is a dye that fluoresces 

when it binds to aggregated amyloid peptides and therefore represents the extent of 

amyloid peptide aggregation. Incubation of the vanadium complexes with the peptide 

resulted in a marked decrease in ThT fluorescence intensity. The vanadium complexes 

exhibited no interactions with ThT, as previously reported.
21

 Thus, the reduction was 

attributed to metal complexes binding to or reacting with the aggregated peptide (Fig. 

1). Moreover, the influence of vanadium complexes on prion peptide aggregation was 

concentration-dependent (supporting Fig. S2). The IC50 values of the compounds on 

peptide aggregation (Table 1) were determined using a previously reported 

method.
50,51 

Data from the ThT assay indicated that complex 3 effectively inhibited 
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peptide aggregation; the IC50 values for complex 3 with PrP106-126 and peptide 

M109F were 14.88±0.13 µM and 10.65±1.35 µM, respectively. In contrast, complex 2 

exhibited relatively high IC50 values of 77.50±2.50 µM and 89.75±0.26 µM for 

PrP106-126 and peptide M109F, respectively. In addition, the vanadium complexes 

appeared to compete with ThT for peptide binding (Fig. S3), which necessitated 

additional further experiments in order to clarify the influence of the vanadium 

compounds on peptide fibril formation. 

 

TEM and AFM images 

The morphology of peptide fibrils was assessed using TEM and AFM images. 

Self-assembly of PrP106-126 produced a distinct fibril structure after a 24 h 

incubation at 310 K (Fig. 2). In contrast, the mutant peptide M109F had fewer fibrils 

than PrP106-126, indicating that Met109 is important for aggregation (Fig. S4). The 

presence of two equivalents of vanadium complexes effectively inhibited peptide 

aggregation, which led to fewer fibrils and spherical aggregates. When the molar ratio 

of metal complex:peptide was 1:10, the complex further inhibited peptide aggregation 

of PrP106-126. Interestingly, the compounds caused less inhibition of aggregation for 

peptide M109F in comparison to PrP106-126 (Figs. 3 & S5). The TEM results for 

complex 2 were similar to the ThT assay, indicating that 2 had a weaker influence on 

aggregation relative to other compounds. AFM images were collected at two 

equivalents of complex 2 in order to clarify TEM results (Figs. 4 & S6). The data 

indicated that complex 3 had enhanced inhibition of peptide aggregation for both 
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PrP106-126 and peptide M109F and these results are consistent with those observed 

from the TEM images. Based on the effects on peptide aggregation determined by 

ThT assay and TEM/AFM imaging, the inhibitory effects of the compounds follow 

the order 3 > 1 ≈ 4 > 2. Based on the molecular structure of the compounds, complex 

2 contains a large aromatic ligand, whereas complex 3 is largely composed of an 

inorganic salt. This indicates that the inhibitory activity of each complex may utilize 

different molecular mechanisms. 

 

ESI-MS analysis 

ESI-MS was employed to analyze the mixture of peptides with the different vanadium 

complexes. Free PrP106-126 caused a peak at 1911.9 (1+), which corresponded to the 

expected mass (Fig. S7). Adding two equivalents of vanadium complexes caused the 

formation of various adducts (Fig. 5 & Table 2). Notably, these adducts contained a 

bi-oxygen species [PrP106-126+2O] for complexes 1, 3, and 4, indicating possible 

oxidation. However, similar species were not present for complex 2 and the adduct 

was in the form of [PrP106-126+2VO+V(bipy)]. Mutant peptide M109F exhibited 

similar results, where a monooxygen species [M109F+1O] was obtained for 

complexes 1, 3, and 4, whereas no adduct peaks were observed for complex 2 (Fig. 

S8). In order to identify the interactions of complex 2 with the peptide, ten equivalents 

of the complex were analyzed with the peptide. An adduct peak was identified as 

[M109F+V+VO+V(bipy)], suggesting binding of complex 2 with the peptide (Fig. 

S9). The differences between PrP106-126 and M109F could be attributed to the loss 
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of one methionine from the peptide sequence, which could be related to the 

methionine oxidation activity of the vanadium complexes.
21,52,53 

 

 

NMR study 

The histidine and two methionine residues in the peptide are critical factors for metal 

binding and peptide aggregation in PrP106-126.
54 

The characteristic peaks for the 

His111 CδHs (7.09 ppm) and Met109/112 CεHs (2.08 ppm) were confirmed in the 
1
H 

NMR spectrum of PrP106-126, as previously reported.
6,54

 After 3 h incubation of the 

vanadium complexes with the peptide, the His111 CδHs peak (7.09 ppm) shifted (Figs. 

6 & S10–S12). Moreover, the 2.08 ppm peak disappeared and a new peak at 2.71 ppm 

emerged in the presence of complexes 1, 3, and 4. Based on former results, the 

downfield shift of the 7.09 ppm peak could have been attributed to coordination of 

vanadium with the His111 side chain.
55,56

 Moreover, the methionine residues were 

oxidized as revealed by the MS spectra. For complex 2, no change was found for the 

2.08 ppm peak, indicating that the inhibitory activity of 2 with the peptide was 

different from the other 3 compounds. Similar results were obtained for the mutant 

peptide M109F (Figs. S13–S16). The 2.08 ppm peak can be assigned to the CεHs of 

Met112 and methionine oxidation of the peptide was observed with 1, 3, or 4. Further 

NMR time-course experiments confirmed methionine oxidation (Fig. S17 & Table 

S1). The appearance of oxidized (2.71 ppm) and reduced states (2.08 ppm) indicated a 

slow-exchange over the course of the NMR experiment.
57 

The oxidation process was 

characterized to occur via the interactions of methionine and H2O2 with vanadium 
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complexes.
21

 Through observation of the time-course experiments, the change in 

His111 CδHs was accomplished before the Met112 was completely oxidized, which 

implied that binding occurred prior to oxidation. In addition, oxidation of the peptide 

by the vanadium complex was faster than by H2O2 (Fig. S18 and Table S2). 

 

Kd determination 

Intrinsic fluorescence quenching was conducted to determine the binding affinity of 

metal complexes with the peptide, in which the phenylalanine residue in the peptide 

was excited and the dissociation constant (Kd) was estimated.
40

 PrP106-126 contains 

no aromatic residues; thus, peptide M109F was used, and the fluorescence intensity at 

287 nm of the M109F was measured in the presence of vanadium complex to 

calculate Kd through nonlinear least-squares regression.
48 

The samples were prepared 

and assayed after a 3 h incubation to ensure to complete oxidation. The apparent Kd 

values were 5.4±0.1×10
−5

, 5.1±0.4×10
−8

, 1.5±0.1×10
−4

, and 1.7±0.4×10
−6

 M for 

complexes 1, 2, 3, and 4, respectively (Fig. 7). Complex 2 exhibited the strongest 

binding affinity and was an order of magnitude higher than the other three compounds. 

This observation suggests the occurrence of hydrophobic interactions between the 

complex with an aromatic ligand and the peptide M109F.
13 

However, 2 caused weaker 

inhibition, consistent with ThT assay and the TEM results.  

 

HPLC analysis 
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HPLC was utilized to identify interactions of PrP106-126 with the vanadium 

complexes as HPLC can effectively separate amyloid proteins based on 

conformational changes.
58 

PrP106-126 eluted from the column at 16.6 min and 

addition of the metal complexes reduced the elution time to 15.0, 14.9, and 16.0 min 

for complexes 1, 3, and 4, respectively, whereas the elution time was extended to 18.1 

min for complex 2 (Fig. 8). Similar results were obtained in M109F sample (Table 3). 

Changes in elution time revealed difference in peptide composition induced by 

interactions between the peptide and the vanadium complex. Together, the NMR and 

ESI-MS data suggested that the changes may have been due to methionine oxidation 

and direct binding between peptides and vanadium complexes. 

 

Cell survival 

Vanadium complexes caused a marked reduction in aggregation of prion peptides 

through direct binding and methionine oxidation. However, the ability of these 

complexes to decrease the neurotoxicity of PrP106-126 and its mutant peptide M109F 

still required investigation. Human SH-SY5Y neuroblastoma cells were used as 

controls and standardized to 100% viability. Cell survival was evaluated after treating 

the cells with either the peptide or a combination of peptide and vanadium complexes. 

Fig. 9 shows that PrP106-126 caused a decrease in cell viability to 36±0.3% as 

determined by the MTT assay.
41 

Addition of complex 2 rescued the cell viability to 

~70%. Cell viability decreased as the concentration of complex 3 and 4 was increased, 

whereas cells viability was not affected by treatment with complex 1. The cytotoxicity 
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of the mutant peptide M109F at 47±0.2% was less than PrP106-126. Cell viability 

was increased by addition of complexes 1, 2, and 3 (Fig. S19), however, complex 4 

failed to increase cell viability of M109F-treated SH-SY5Y neuroblastoma cells. 

Vanadium complexes exhibited both toxic and beneficial effects on living 

systems.
18,20 

Although the vanadium complexes caused cytotoxicity in SH-SY5Y cells 

(Fig. S20), there was also a decrease in the neurotoxicity induced by PrP106-126 and 

M109F.  

 

Discussion 

Inhibition of peptide aggregation by vanadium complexes  

Inhibition of amyloid fibril formation has led to the development and design of new 

medications against protein conformational diseases. Metal complexes are widely 

used as anticancer drugs and inhibitors which target specific proteins. Vanadium 

complexes have been utilized as insulin mimetic agents for >100 years.
11,12

 Previously, 

peroxovanadium complexes with aromatic ligands were found to inhibit the 

aggregation of Aβ1-42 and PrP106-126.
21

 In the present study, different vanadium 

complexes were selected, ranging from a larger aromatic ligand (2) to a fully 

inorganic compound (3). The obtained results elucidated the role of ligand 

coordination and redox properties that arises from the vanadium compounds. Peptide 

aggregation analysis by ThT assay, TEM imaging, and AFM morphology elucidated 

that the four complexes inhibited fibril formation in PrP106-126 and peptide M109F. 

This inhibition was concentration-dependent and aggregation of peptide M109F was 
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weaker than PrP106-126. In addition, the roles of the four complexes were similar for 

both PrP106-126 and peptide M109F. Complex 3, which lacked an aromatic ligand, 

exerted a notable inhibitory effect on peptide aggregation. The results suggest that 

methionine oxidation is crucial for inhibition of peptide aggregation. Compared to 

complexes 1, 3, and 4, complex 2 had relatively weak inhibitory activity. As most 

amyloid peptides undergo conformational changes from β-sheets to oligomers/fibrils, 

compounds that bind to peptide do not cause conformational change, peptide 

aggregation is unlikely to be affected. Often, higher binding affinities do not result in 

higher levels of inhibition. 

 

Mode of action of vanadium complexes with peptides 

MS analysis indicated that incubating the peptide with complexes 1, 3, or 4 produced 

[PrP106-126+2O] and [M109F+1O] species for PrP106-126 and peptide M109F, 

respectively. These results indicate that oxidation of the peptide were due to reaction 

with the vanadium complex. Time-course NMR experiments were used to monitor the 

reaction, and methionine oxidation was observed. Moreover, NMR data identified that 

direct binding between peptide occurred prior to complete methionine oxidation, as 

indicated by shifts in the His111 side-chain peak. Interestingly, no oxygen adduct was 

noted by MS for the interaction of complex 2 with the peptide. Combining the data 

from MS and NMR analyses, as well as Kd determination, complex 2 might bind to 

the peptide by hydrophobic interactions and metal coordination. The results for 

complex 2 were distinct from the other three compounds, as demonstrated by NMR 
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and HPLC. Specific structural features of 2 contributed to its different inhibitory 

effects, as reflected by ThT assay and TEM/AFM images. Compared with bipyridine 

and phenanthroline ligands,
21

 the increased ligand steric effect in 2 inhibited the 

methionine oxidation activity of vanadate. Therefore, 2 had a different mechanism for 

inhibiting the aggregation of PrP106-126 and peptide M109F.  

    Peroxovanadium complexes also affect hIAPP fibrillization, principally through 

hydrophobic and electrostatic interactions.
13

 This difference largely results in 

discrepancies between various peptide sequences, given that methionine is absent in 

hIAPP. Methionine residue can be easily oxidized by oxodiperoxovanadate 

complexes and oxidation significantly affects the pathogenic aggregation of amyloid 

proteins, including Aβ, α-synuclein, and PrP.
59-61

 This role may be attributed to the 

higher polarity and decreased flexibility of methionine sulfoxide in comparison to 

peptides that contain methionine residues.
62-65 

However, modification of ligand 

characteristics may change and eliminate oxidative activity, as indicated by results 

with 2.  

 

Neurotoxicity of prion peptides  

The oxodiperoxovanadate complexes effectively influenced the neurotoxicity induced 

by both PrP106-126 and peptide M109F. Complexes 1 and 4 caused a decrease in the 

aggregation of PrP106-126, as observed by ThT assay and TEM/AFM images. 

However, the effect of these complexes on cytotoxicity was less than that of complex 

2. Although the inhibitory effects of 2 on peptide fibril formation were less 
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pronounced than other compounds, it had a greater effective on enhancing cell 

viability in the presence of prion peptides. The cytotoxicity induced by amyloid 

peptides predominantly results from the toxicity of oligomers and methionine 

oxidation could cause the peptide to remain in a monomeric state.
59

 However, the 

efficacy of complex 2 could also be attributed to the decreased cytotoxicity of the 

compound itself. Different from the other complexes, complex 2 interacted with the 

peptides mainly via hydrophobic interactions. 

 

Conclusion  

This study investigated the mechanism of oxodiperoxovanadate complexes with 

amyloid peptides PrP106-126 and mutant peptide M109F. Together, the results 

indicated that oxodiperoxovanadate complexes significantly inhibited the formation of 

amyloid fibrils. The interaction of complexes 1, 3, and 4 with the peptides mainly 

resulted in methionine oxidation due to their distinct redox properties, which 

effectively inhibited peptide aggregation. Meanwhile, complex 2 interacted with the 

peptides mainly through hydrophobic interactions. The role of the aromatic ligand is 

significant, as it changed the mechanism of peptide binding due to steric effects. 

Although 3 exhibited improved inhibitory effects on peptide aggregation, complex 2 

caused the most apparent reduction in cytotoxicity induced by peptide aggregation. 

The differences in inhibition between the complexes may depend on molecular redox 

properties and aromaticity of the ligand. This study provides valuable information on 

the treatment of amyloid fibrillization using vanadium complexes. However, the 
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structure–activity relationship between different complexes and amyloid peptides 

requires further investigation. 
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Table 1 IC50 values for different complex with the two peptides. 

 

Vanadium complexes                       IC50 values
a
 (µM) 

                                                        
PrP106-126, A   M109F, B 

[NH4]3[VO(O2)2(ox)]·2H2O                28.10±0.60     21.50±1.5     

(H2bipy)[V2O2(O2)4(bipy)2]·6H2O           77.50±2.50     89.75±0.26 

Na[VO(O2)2]·Na2SO4                                14.88±0.13     10.65±1.35 

K2[nicH{VO(O2)2}2]·H2O                 16.55±0.45     16.89±0.94 

 
a 
Values were measured by the ThT fluorescence. 
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Table 2 The adduct peak analysis of ESI-MS spectra at two equivalents of oxodi- 

peroxovanadate complexes. 

 

Complex            PrP106-126 

Calcd      Measd          Binding species 

 

M109F 

Calcd       Measd    Binding species 

     1 1928.0(1+) 

1944.0(1+) 

2291.9(1+) 

1929.4(1+) 

1947.0(1+) 

2290.3(1+) 

PrP106-126+1O 

PrP106-126+2O 

PrP106-126+VO+2V(ox)+2O 

1944.0(1+) 

3888.0(1+) 

1946.0(1+) 

3889.0(1+) 

M109F+1O 

2M109F+2O 

     2 1912.0(1+) 

2253.2(1+) 

1915.0(1+) 

2257.0(1+) 

PrP106-126 

PrP106-126+2VO+V(bipy) 

642.7(3+) 

964.0(4+) 

643.3(3+) 

965.0(4+) 

M109F 

2M109F 

     3 1928.0(1+) 

2272.9(1+) 

1931.0(1+) 

2273.0(1+) 

PrP106-126+1O 

PrP106-126+3VO3+4O 

1928.0(1+) 

1944.0(1+) 

1928.0(+) 

1944.5(1+) 

M109F 

M109F+1O 

     4 1928.0(1+) 

1944.0(1+) 

2026.9(1+) 

2292.2(1+) 

1931.0(1+) 

1947.0(1+) 

2027.0(1+) 

2290.4(1+) 

PrP106-126+1O 

PrP106-126+2O 

PrP106-126+VO4 

PrP106-126+2VO(nic) 

648.0(3+) 

972.0(2+) 

648.7(3+) 

973.0(2+) 

M109F+1O 

M109F+1O 
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Table 3 The retention time of HPLC for two peptides in the presence of two 

equivalents of diverse vanadium complexes.  

   

System       Time/min             System       Time/min 

   

PrP106-126      16.58             M109F         17.96 

PrP106-126+1     14.96             M109F+1       16.44 

PrP106-126+2     16.63, 18.07        M109F+2       17.65, 19.11 

PrP106-126+3     14.98             M109F+3       16.41 

PrP106-126+4     15.95             M109F+4       16.72 
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Figure Captions 

 

Scheme 1 The molecular structures of vanadium compounds. Complex 2 is presented 

in its 5H2O form. 

 

Fig. 1 ThT assay for the peptide aggregation in the absence (black ) and presence of  

two equivalents of 1 (red), 2 (blue), 3 (magenta) and 4 (olive). (A) PrP106-126, (B) 

peptide M109F. ThT (navy) was used as a marker. The concentration of peptide was 

100 µM. 

Fig. 2 TEM images of PrP106-126 in the absence (A) and presence of two equivalents 

of 1 (B), 2 (C), 3 (D) and 4 (E) . The scale bar is 100 nm. 

 

Fig. 3 TEM images of PrP106-126 in the absence (A) and presence of ten equivalents 

of 1 (B), 2 (C), 3 (D) and 4 (E) . The scale bar is 500 nm. 

 

Fig. 4 AFM images of peptide PrP106-126 in the absence (A) and presence of two 

equivalents of 1 (B), 2 (C), 3 (D) and 4 (E). The scale bar is 1 µm.  

 

Fig. 5 ESI-MS spectra for the peptide PrP106-126 in the presence of two equivalents 

of 1 (A), 2 (B), 3 (C) and 4 (D). 

 

Fig. 6 
1
H NMR spectra of PrP106-126 in the presence (A) and absence (B) of 1. The 

marked peaks at 7.09 ppm and 2.08 ppm are ascribed to the side chain of His111 and 

Met109/112. The peak at 2.71 ppm is attributed to methyl protons of oxidized 

methionines. Addition of 1 made the peak at 7.09 ppm shift toward down-field. 

 

Fig. 7 Kd determination by fluorescence quenching method using the peptide M109F 

in the presence of 1 (A), 2 (B), 3 (C) and 4 (D). 

 

Fig. 8 HPLC analysis for PrP106-126 (A) and peptide M109F (B) in the absence (a) 

and presence of 1 (b), 2 (c), 3 (d) and 4 (e). The concentration of PrP106–126 and 

M109F used was 50 mM and the vanadium complex used was 100 mM. The 

determination was performed after 24 h incubation. 

 

Fig. 9 Cell viability was monitored using the MTT assay. SH-SY5Y cells were treated 

with peptide PrP106-126 and different concentrations of vanadium complexes, i.e. 1.0 

µM (olive), 10 µM (red) and 50µM (blue). The cytotoxicity test of PrP106-126 alone 

(olive) was used for comparison. The data are shown as means±SD n=3.** p<0.01 

and *p<0.05 compared to the control. 
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Graphic Abstract 

 

Different oxodiperoxovanadate complexes inhibit the fibril formation of prion 

neuropeptides by different action mode. 
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