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ABSTRACT
Prion diseases are classically considered to be ‘‘amyloid diseases’’ caused by the deposition of amyloid fibrils in the brain. Recent studies

identified soluble oligomers of PrP (prion protein) in damaged neuronal tissue. However, the details of PrP oligomerization are still unclear. In

this study, we demonstrate that Cu2þ plays a vital role in the formation of soluble PrP oligomers. A Cu2þ-triggered structural conversion of

PrP (90–231) to a b-sheet isoform in pH 5.0 buffer was revealed by circular dichroism spectra and fluorescence measurement. Soluble

oligomers were isolated by size exclusion chromatography from experimental solutions, allowing atomic force microscopy to reveal their

morphology. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and flow cytometry assays demonstrated that oligomeric

PrP induced significant damage in and apoptosis of neuroblastoma SK-N-SH cells. These results indicate that in an acidic environment, Cu2þ

promotes the formation of neurotoxic soluble PrP oligomers. J. Cell. Biochem. 111: 627–633, 2010. � 2010 Wiley-Liss, Inc.
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N eurodegenerative disorders, including Alzheimer’s, Parkin-

son’s, and Prion diseases, are classically considered to be

‘‘amyloid diseases’’ caused by the deposition of amyloid fibrils in the

brain. However, recent works have argued that early neuronal

damage is related to the formation of soluble oligomers, or

protofibrils, of amyloidogenic proteins [Caughey and Lansbury,

2003; Kayed et al., 2003;Walsh and Selkoe, 2004]. Prion diseases are

initiated by the conversion of cellular PrP (PrPC) to a pathogenic

isoform (PrPSc) [Prusiner, 1998]. Interestingly, the 300–600 kDa

non-fibrillar particles are the most efficient initiators of transmis-

sible spongiform encephalopathy (TSE) disease [Silveira et al.,

2005]. Soluble subfibrillar oligomers of amyloidogenic peptide or

protein may induce neuron impairment, whereas the formation of

large amyloid fibrils, which act like innocuous protein deposits,

could be protective [Caughey and Lansbury, 2003]. However, the

details of the process by which soluble PrP oligomers are derived

from native-state PrP are still unclear.

Previous studies have shown that the transition of PrP from its

native state to soluble oligomers is a pH-dependent process [Gerber

et al., 2008]. The conformational transition from the native

monomeric PrP to soluble oligomers occurs at an acidic pH.

Moreover, it appears that acidic conditions favor the existence of

soluble PrP oligomers [Baskakov et al., 2002].

It is widely accepted that PrP specifically binds Cu2þ and may

function as a cuproprotein in vivo [Hornshaw et al., 1995; Whittal

et al., 2000; Qin et al., 2002]. Accumulating evidence indicates

that Cu2þ is able to modulate the pathogenesis of prion disease in

vivo [Pattison and Jebbett, 1971; Brown et al., 1997; Hijazi et al.,

2003; Sigurdsson et al., 2003] at physiological concentrations of 10–

20mM. However, the role of Cu2þ in PrP oligomerization has not

been investigated. Here, the recombinant PrP (90–231) was refolded

and we illustrated that Cu2þ is a vital factor involved in the

formation of neurotoxic soluble PrP oligomers at low pH. The

experimental pH of pH 5.0 was chosen to mimic the acidic
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environment within late endosomes. Our results indicated that in an

acidic environment, physiological Cu2þ concentrations may

enhance the generation of neurotoxic PrP oligomers.

MATERIALS AND METHODS

PLASMID CONSTRUCTIONS

The widely used [Baskakov et al., 2002] human PrP gene (encoding

residues 90–231), was amplified by polymerase chain reaction (PCR)

using humangenomicDNA templates. The primerswere 50-CCAAGT-
TCATATGGGTCAAGGAGGTGGCAC-30 (forward sequence) and 50-
TAAGAGCTCGAGGCTCGATCCTCTCTGG-30 (reverse sequence). The

PCR product was cloned into the NdeI and XhoI sites of the vector

pET30a (þ).

EXPRESSION AND PURIFICATION OF RECOMBINANT HUMAN PRP

(90–231)

The purification and refolding process was carried out on a nickel

ion-charged sepharose column (Amersham Biosciences). Briefly,

freshly transformed BL21 (DE3) Escherichia coli containing the

plasmid pET-PrP (90–231) were transferred to 1 L Luria–Bertani (LB)

medium supplemented with 50mg/ml kanamycin at 378C until the

OD reached 1.0, at which point protein expression was induced for

6 h using 1mM isopropyl b-D-thiogalactoside. Bacteria were

harvested by centrifugation at 4,000g for 15min at 48C, resuspended
in 20mM Tris/HCl (pH 8.0), 150mM NaCl, 0.1mM PMSF, 1mg/ml

lysozyme, and incubated at 218C for 2 h before further lysis by

sonication. Samples were centrifuged at 13,000g for 20min. The

protein pellets were extensively washed using 1% Triton X-100, 2M

NaCl, and 2M urea and resuspended in 20mM Tris/HCl (pH 8.0), 6M

Gdn-HCl, and 10mM 2-mercaptoethanol. The inclusion bodies were

purified and refolded on a nickel ion-charged sepharose column by

decreasing Gdn-HCl gradient concentrations. Finally, PrP was

eluted by 50mM sodium acetate.

SOLUBLE OLIGOMER PREPARATION

Recombinant PrP (90–231) was incubated at 658C for 2 h with

20mMCu2þ. Solutions were buffered with 80mM sodium phosphate

at pH 5.0. The concentration of PrP was 0.3mg/ml (20mM). Controls

with PrP alone in buffer without copper ions were incubated

simultaneously.

CIRCULAR DICHROISM

Far-UV (190–250 nm) CD spectra were measured on a JASCO J-810

spectro-polarimeter using 1-mm path length quartz cuvettes,

scanning at 100 nm/min, with a bandwidth of 2 nm and data

spacing of 1 nm. Each spectrum represents the average of two

individual scans after subtracting the background spectra.

FLUORESCENT DYE BINDING

The fluorescence of bis-ANS (4,40-bis(1-anilinona-phthalene 8-

sulfonate), Sigma) was monitored at 475 nm (excitation at 385 nm;

excitation slit was 10 nm; emission slit was 10 nm; 1 cm rectangular

cuvettes). ANS (10mM) mixed with 0.5mM PrP (90–231) was incu-

bated for 15min at room temperature before monitoring fluores-

cence. Background fluorescence was subtracted from the results.

SIZE-EXCLUSION CHROMATOGRAPHY

All separations were performed at 258C with a flow rate of 1ml/min

using a Waters Biosuite HR 250 SEC HPLC gel filtration column

(300mm� 7.80mm) equilibrated with running buffer containing

80mM sodium phosphate (pH 5.0).

ATOMIC FORCE MICROSCOPY

AFM imaging was conducted with a PicoScan atomic force

microscope (Molecular Imaging, USA). Approximately 10ml of

diluted sample solution (ca. 0.03mg/ml) was dropped onto freshly

cleaved ruby muscovite mica substrate (Digital Instruments, USA).

After 5min, the mica surface was rinsed with ultrapure water

(18.2MV, Millipore) and gently blown dry with nitrogen. Freshly

prepared samples were mounted on the AFM stage and imaged in

MAC mode at 258C using MAClever Type II probes (spring

constant¼ 2.8 N/m, resonant frequency¼�85 kHz; Molecular

Imaging). Scan rates were 1–2Hz. The images were rastered at

256� 256 pixels, unfiltered and flattened when needed.

CELL CULTURES

Human SK-N-SH neuroblastoma cells (China Center for Type

Culture Collection, CCTCC) were cultured in minimum essential

medium (Hyclone, USA) supplemented with 10% fetal bovine serum

(Gibco, USA). Cultured cells were grown at 378C in a humidified

atmosphere containing 5% CO2.

MTT REDUCTION ASSAY

Cells were plated onto a 96-well plate at a density of 8,000 cells per

well in 200ml of fresh minimum essential medium with 10% fetal

bovine serum. After 24 h, 50ml of samples and controls was added to

the wells with 150ml fresh medium. Cell viability was evaluated 24 h

later by the MTT reduction assay. A volume of 10ml of a 5.5mg/ml

stock of MTT in PBS was added to each well and incubated for 4 h.

The reaction was terminated by adding N,N0-dimethylformamide.

Production of blue formazan crystals by dehydrogenase enzymes

and flavin oxidases was measured by recording absorbance values at

570 nm.

FLOW CYTOMETRY ANALYSIS

Cell apoptosis was characterized by flow cytometry, assessing

annexin V- and propidium iodide-positive cells. Cells were plated

onto a 12-well plate, and 250ml of samples or controls was added

into the wells with 750ml medium. After 12 h stimulation, cells were

harvested and washed with PBS. Cells were stained with annexin V

and propidium iodide (PI) (rh Annexin V/FITC Kit, Bender

Medsystem, Austria) and analyzed by flow cytometry to assess

the proportion of apoptotic and non-viable cells, respectively.

RESULTS

CU2R PROMOTES THE CONVERSION OF RECOMBINANT PRP

(90–231) TO A b-SHEET STRUCTURE IN SOLUTION

In this study, we refolded recombinant PrP (90–231) purified from

inclusion bodies into a monomeric a-helical structure. The protein

was incubated at 658C, which is considered to be the Tm for the C-

terminal globular domain and should generate a partially denatured
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state that might be more aggregate-prone [Martins et al., 2006].

Meanwhile, 20mM Cu2þ was also added to the buffers. The

experiments were carried out at pH 5.0 to mimic the acidic

environment of late endosomes, which have been implicated as the

intracellular compartment where the conformational transition of

PrPC may take place [Caughey and Raymond, 1991; Borchelt et al.,

1992]. After incubation, the protein remained in solution.

In order to define the alterations in secondary PrP structure

induced by our experimental conditions, we monitored their far-UV

CD spectra. Refolded PrP showed typical features of a protein

containing significant a-helical structure with well-defined minima

at 208 and 222 nm. After a 2-h incubation with Cu2þ, the negative
bands around 208 and 222 nm decreased, which is indicative of a

substantial increase in b-sheet structure, whereas the PrP in control

experiments incubated without Cu2þ had no noticeable conforma-

tional changes (Fig. 1a). The far-UV CD signal at 222 nm was also

continuously recorded. In contrast to the control group, the negative

signals of PrP incubated with Cu2þ decreased much faster,

indicating that Cu2þ promoted the changes in PrP conformation

(Fig. 1b).

To further characterize the structural transition of PrP, we used

Bis-ANS, an environment-sensitive fluorescent dye whose fluores-

cence emission increases dramatically upon exposure to hydro-

phobic domains in proteins. It is noteworthy that during incubation,

bis-ANS emission in the Cu2þ-containing group increased sig-

nificantly compared to the control groups, which are in agreement

with our CD results (Fig. 1c).

After incubation at pH 5.0, PrP remained in solution. However,

the same incubations were carried out in pH 6.0 and 7.0 conditions.

Coupled with the observed structural alterations, deposits appeared

in higher pH conditions. ThT was used to determine whether these

accumulations were amyloid fibrils, but no emission was observed

(data were not shown). It is possible that these PrPs may form

amorphous accumulations.

SOLUBLE OLIGOMERS IDENTIFIED BY HIGH-PERFORMANCE LIQUID

CHROMATOGRAPHY (HPLC) AND ATOMIC FORCE MICROSCOPE

(AFM)

High-performance liquid chromatography (HPLC) was used to

identify whether soluble accumulations formed under our experi-

mental conditions. Figure 2 shows the size exclusion chromato-

graphic pattern of incubated PrP on a Waters Biosuite HR 250 SEC

HPLC gel filtration column. The 16 kDamonomeric native PrP eluted

at 9.7ml (Fig. 2a), whereas oligomers eluted at 5.6ml (Fig. 2b). The

oligomers corresponded to a molecular size of about 500 kDa. As the

incubation continued, a decrease in the monomeric population

coincided with the growth of the oligomeric population. After 2 h of

incubation at pH 5.0 with Cu2þ, oligomers predominated, but no

oligomers could be detected in controls (Fig. 2c).

The morphology of PrP monomers and oligomers was studied by

AFM. After incubation, PrP buffered with or without Cu2þ was

analyzed. PrP incubated without Cu2þ appeared monomeric and had

an average diameter of 15� 2 nm (Fig. 3a). Particles with an average

diameter of 39� 7 nm (Fig. 3b) corresponded to the oligomers

promoted by Cu2þ. Additionally, the oligomers were homogeneous

and well dispersed, with a large eyeshot image shown in Figure 3c.

Fig. 1. Structural changes monitored by circular dichroism (CD) and fluor-

escence. a: CD spectra at pH 5.0 after 2 h incubation at 658C in buffers with

(~) or without (&) Cu2þ. b: Continuous CD signals at 222 nm during 2 h

incubation in buffers with (gray) or without (black) Cu2þ. c: Bis-ANS fluor-

escence of PrP during 2 h incubation at 658C in buffer with (~) or without

(&) Cu2þ.

Fig. 2. Soluble oligomers separated by size-exclusion chromatography (SEC).

SEC showed the formation of soluble oligomers. a: Peak of monomeric native

PrP. b: The peaks of oligomers incubated for 30, 60, 90, and 120min at pH 5.0

with Cu2þ. c: PrP incubated for 120min at pH 5.0 without Cu2þ.
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Both the HPLC and AFM results confirmed that Cu2þwas a pivotal

factor in the formation of PrP soluble oligomers.

PRP SOLUBLE OLIGOMERS WERE CYTOTOXIC TO NEUROBLASTOMA

CELLS AND INDUCED APOPTOSIS

The toxicity of the soluble oligomers was studied using human SK-

N-SH neuroblastoma cells. Cell viability was measured by MTT

reduction assay, which is commonly used for assessing cell survival

in the presence of protein aggregates [James et al., 1997; Abe and

Saito, 1998]. Student’s t-test was performed to compare the cells

exposed to PrP incubations and their buffers only.

The viability of the group exposed to soluble PrP oligomers

(Fig. 4b) decreased by 44% (P¼ 0.000) compared to control buffer

containing Cu2þ (Fig. 4a). However, there was no significant

statistical differences between monomeric PrP (Fig. 4d) and its

control (Cu2þ-free) buffer (Fig. 4c; P> 0.05), suggesting that

monomeric PrP is not toxic to neuroblastoma cells. Although Cu2þ

alone indeed showed some toxicity, these results indicate that

soluble oligomers derived from incubations with Cu2þ are highly

toxic to the cultured cells according to the comparison.

Cell apoptosis was monitored by assessing annexin V- and

propidium iodide-positive cells by flow cytometry. Normal cell

cultures showed early apoptosis in only about 5% of cells (Fig. 5a).

Proportions of apoptotic cells in cultures exposed to buffer

containing Cu2þ only or with added native PrP rose slightly to

about 10% (Fig. 5b,c), whereas the proportion of apoptotic cells in

oligomer-treated cultures reached 31.9% (Fig. 5d). Taken together,

our data strongly suggest that the soluble oligomers generated

by Cu2þ are toxic to cultured neuroblastoma cells and induced

apoptosis. This study also provides evidence that oligomers derived

from recombinant PrP (90–231) possess significant cytotoxicity.

DISCUSSION

Data accumulated over the last few years indicated that soluble

oligomers are toxic species that damage the cell in neurodegen-

erative diseases [Bucciantini et al., 2002, 2004]. Certain non-

amyloidal oligomeric forms of PrP have been demonstrated to be

cytotoxic as well [Caughey and Lansbury, 2003; Silveira et al., 2005;

Vasan et al., 2006]. The oligomerization of PrP may be a key step in

prion pathogenesis, but the details of this process remain unclear.

Previous studies indicated that the transition of native-state PrPs

into soluble oligomers is a pH-dependent process [Gerber et al.,

2008] and that soluble oligomers could be generated under acidic

conditions similar to those observed in endocytic vesicles [Baskakov

et al., 2002]. Naturally occurring PrPC or PrPSc is internalized and

passes through endocytic pathways [Campana et al., 2005]. The pH

Fig. 3. Morphology of PrP oligomers detected by atomic force microscopy (AFM). a: Morphology of monomeric PrP incubated at pH 5.0 without Cu2þ. b: PrP oligomer

incubated for 2 h at pH 5.0 with Cu2þ. c: A larger eyeshot of panel b. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 4. Cell viability measured by MTT. Toxic effects of PrP incubated under

each condition were tested. Absorbance values at 570 nm of cells exposed to:

(a) pH 5.0 buffers with Cu2þ, (b) PrP oligomers in pH 5.0 buffers with Cu2þ,
(c) pH 5.0 buffer without Cu2þ, (d) monomeric PrP in pH 5.0 buffer

without Cu2þ. t-Tests were performed to analyze whether the cytotoxicity

of incubated PrPs was significant when compared with the corresponding

buffers (a with b, c with d). Respective P-values were shown.
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in the endocytic pathway gradually becomes acidic, reaching a pH of

about 5 in the late endosome. Indeed, the endosomal–lysosomal

system (ELS) has been suggested to play a role in the pathogenesis of

prion diseases [Kovacs et al., 2007]. In this study, we chose a pH of

5.0 to mimic the acidic environment within late endosomes and our

results were consistent with earlier studies indicating that an

acidic pH favors the generation of soluble oligomers.

In traditional opinion, the four histidine-containing octarepeats

region of the PrP located between residues 60 and 91 was the

major Cu2þ binding sites on PrP, while over last few years

accumulated researches indicated that histidyl residues 96 and 111

the so-called ‘‘fifth site’’ on PrP play important roles in binding Cu2þ

[Berti et al., 2007; Osz et al., 2007; Klewpatinond et al., 2008].

Copper ions are even preferentially coordinated by His96 and

His111 in the unstructured amyloidogenic region of the prion

protein between residues 90 and 120 [Jones et al., 2004; Osz, 2008;

Viles et al., 2008; Di Natale et al., 2009]. Previous study suggested

that PrP (90–231) might be more prone to chemical modification,

and Cu2þ binding to the His96 and His111 residues can induce

localized b-sheet structure [Nadal et al., 2007; Pushie et al., 2009].

The region of PrP located between 90 and 120 residues is also an

important Cu2þ binding site and strongly affects the structure of PrP,

so we focused on the interaction of Cu2þ and this truncated PrP (90–

231). Additionally, the truncated PrP molecule has been widely used

and is simpler to handle [Baskakov et al., 2002; Cobb et al., 2007].

Additionally, our study confirms that Cu2þ promotes the

formation of soluble neurotoxic PrP oligomers. We demonstrated

a Cu2þ-dependent secondary structure transition of PrP (90–231)

into soluble oligomers with a molecular size of about 500 kDa. PrP

specifically binds Cu2þ and may function as a cuproprotein in vivo.

Furthermore, Cu2þ is an important cofactor involved in modulating

the pathogenesis of prion disease [McKenzie et al., 1998; Hijazi et al.,

2003; Sigurdsson et al., 2003]. Studies have also indicated that

copper induces changes in the structure of PrP [Stockel et al., 1998]

and converts the cellular prion protein into a protease-resistant

species [Quaglio et al., 2001]. However, there is still debate over the

role of Cu2þ in prion pathogenesis. Meanwhile, the relationship

between copper and soluble PrP oligomers remains a mystery.

Fig. 5. Cell apoptosis detected by flow cytometry. Flow cytometry analysis used to detect annexin V-FITC and propidium iodide-positive cells. The x-axis shows the fluorescent

intensity of FITC, and the y-axis shows the fluorescent intensity of propidium iodide. D4 denotes early apoptosis. D2 denotes late apoptosis. Normal and dead cells are contained

in D3 and D1, respectively. a: Control cells. b: Cultures exposed to pH 5.0 buffers containing Cu2þ. c: Cultures exposed to pH 5.0 buffers containing Cu2þ with native PrP. d:

Cultures exposed to PrP oligomers formed in pH 5.0 buffers containing Cu2þ displayed significant apoptosis. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Our results confirmed that Cu2þ could induce the conversion of PrP

(90–231) into its b-isoform and induce native PrP to assemble into

neurotoxic soluble oligomers. These data appear to highlight a role

for copper in modulating the pathogenesis of prion disease.

In an acidic environment, copper binding also changes following

the protonation of histidyl residues. The nitrogen donor atoms of

histidyl residues in imidazole are the exclusive metal-binding sites

when pH falls below 5.5, favoring macrochelate structure formation

[Osz et al., 2007]. Our results suggest that Cu2þ is a key factor

involved in the formation of soluble PrP oligomers in addition to

low pH. This change in ion binding at low pH might affect the

construction of PrP and promote the transition to and stabilization

of soluble oligomers. In vivo, PrP is internalized through

endocytosis. We propose that when PrP binds excessive Cu2þ, the
endocytic pathway becomes the primary site of PrP oligomerization

and accumulation. We suggest that elevated levels of

environmental Cu2þ increase the risk of neurodegenerative

disorders caused by prions and that the ELS may be the primary

site of disease pathology.

Protein conformational diseases tend to have similar pathogen-

esis. Our results may highlight the relationship between metal ions

and prion oligomerization and might also offer insights as to the

pathogenesis of other protein conformational diseases such as

Alzheimer’s disease (AD) and Parkinson’s disease (PD).
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