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The D178N mutation of the prion protein (PrP) results in the hereditary prion disease fatal familial insomnia
(FFI). Little is known regarding the effects of methionine oxidation on the pathogenesis of D178N-associated
FFI. In the present study, we found that the D178N variant was more susceptible to oxidation than wild-type
PrP, as indicated by reverse-phase high performance liquid chromatography (RP-HPLC) and mass spectrometry
(MS) analysis. Circular dichroism (CD), differential scanning calorimetry (DSC), thioflavin T (ThT) binding assay
studies demonstrated that methionine oxidation decreased the structural stability of the D178N variant, and the
oxidizedD178Nvariant exhibited a greater propensity to formβ-sheet-rich oligomers and aggregates.Moreover,
these aggregates of oxidized D178N PrP were more resistant to proteinase K (PK) digestion. Additionally, using
fluorescence confocal microscopy, we detected a high degree of aggregation in D178N-transfected Neuro-2a
(N2a) cells after treatmentwith hydrogen peroxide (H2O2). Furthermore, the oxidation and consequent aggrega-
tion of the D178N variant induced greater apoptosis of N2a cells, asmonitored usingflow cytometry. Collectively,
these observations suggest that methionine oxidation accelerates the aggregation and enhances the neurotoxic-
ity of the D178N variant, possibly providing direct evidence to link the pathogenesis of D178N-associated FFI
with methionine oxidation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Prions are infectious pathogens that cause several invariably neuro-
degenerative diseases, including kuru, Gerstmann–Sträussler–Scheinker
disease (GSS), fatal familial insomnia (FFI), and Creutzfeldt–Jakob dis-
ease (CJD) in humans; bovine spongiform encephalopathy (BSE) in cat-
tle; and scrapie in sheep [1,2]. The conversion of normal cellular prion
protein (PrPC) into a pathological infectious isoform (PrPSc) [3] lies at
the heart of the disease pathogenesis. In contrast to the proteinase K
(PK)-sensitive, α-helical monomeric PrPC form, PrPSc is relatively resis-
tant to proteinase K digestion and possesses a β-sheet-rich structure;
moreover, PrPC is soluble in detergent, whereas PrPSc is relatively insol-
uble in most detergents in the aggregated state [4,5].

Approximately 40 point mutations and polymorphisms in the
human PRNP gene have been linked to inherited human prion diseases,
including D178N-associated FFI. Fatal familial insomnia (FFI), which is
the third most common hereditary prion disease worldwide, was first
reported by Lugaresi [6] and is associated with a missense mutation of
the prion protein (PrP) gene (PRNP) at codon 178 [7,8]. In a previous
study, we identified several FFI pedigrees [9] in China. Numerous stud-
ies have reported that the combination of this D178Nmutation in PRNP
with a valine encoded at position 129 resulted in one of the subtypes of
familial CJD (178CJD) [10,11]. However, the mechanism by which the
D178N mutation induces FFI remains unclear.

Numerous studies have described an association between the path-
ogenicity of neurodegenerative disorders and oxidative stress [12–17].
Previous studies found the presence of methionine (Met)-oxidized PrP
in PrPSc that was isolated from brain homogenates [18]. Canello et al.
also detected that a large fraction of the Met residues in brain PrPSc

were modified as methionine sulfoxides [19]. Recently, several studies
usingmolecular simulation or experimental Met analogs have reported
that Met oxidation may destabilize the structure of wild-type PrP and
facilitate PrPSc formation [20,21]. Based on these studies, we inferred
that methionine oxidation may play a special role in the pathogenicity
of the disease-associated D178N variant. However, the relationship be-
tween methionine oxidation of the disease-associated D178N variant
and its pathogenicity has thus far not been reported.
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As a common oxidant, H2O2 is routinely used to studyMet oxidation
in numerous proteins [21–23]. Themethionine oxidation of PrP byH2O2

has previously been characterized using mass spectrometry [20,22,24].
Here, we investigated the potential effects of methionine oxidation on
the aggregation of the FFI-associated D178N variant. Using several bio-
physical methods, we found that the D178N variant wasmore suscepti-
ble to oxidation than wild-type PrP and exhibited a greater propensity
to form β-sheet-rich oligomers and aggregates. Oxidative treatment of
N2a cells transfectedwith the D178N variant resulted in a large number
of aggregates that exhibited increased proteinase K resistance and, sub-
sequently, induced greater cell apoptosis.

2. Materials and methods

2.1. Plasmid construction and protein purification

The plasmid construction of recombinant human PrP23-231 (huPrP)
was performed as described previously [25]. The D178N huPrP variant
was constructed by site-directed mutagenesis using a Quick Change
kit and the appropriate primers. Recombinant huPrP and D178N
huPrP variant were expressed in Escherichia coli BL21 (DE3). The inclu-
sion bodies were purified and refolded on a Ni-NTA-agarose column by
decreasing Gdn-HCl gradient concentrations as described [26]. The pu-
rified protein was dialyzed overnight against 25mM sodium phosphate
buffer at pH 6.0. The concentrations of proteins were determined using
the molar extinction coefficient (at 280 nm) of 57,995 M−1 cm−1. The
full-length humanPrP1-253 genewas inserted into a eukaryotic expres-
sion vector pcDNA3.1 (+) (Invitrogen, USA) using EcoRI/XholI sites.
PrP1-22 (signal peptide) and PrP23-253 were separately fused in the
pDsRed-monomer-N1 vector (Clontech, USA) using the restriction
sites EcoRI/XholI and NotI, respectively, to generate the sp-RFP-PrP for
the expression of RFP fused PrP in cells. The plasmids D178N huPrP1-
253 and D178N sp-RFP-PrP variant were also constructed by site-
directed mutagenesis using a Quick Change kit and the appropriate
primers.

2.2. Oxidation of PrP and reverse-phase HPLC analysis

Wild-type and D178N PrP were oxidized by incubation with hydro-
gen peroxide (H2O2). The concentration of PrP in the samples was
35 μM, andH2O2was added to a final concentration of 50mM. The reac-
tion mixture was incubated at 37 °C for the indicated times. Samples
were rapidly dialyzed against 25 mM sodium phosphate buffer at
pH 6.0 to eliminate unreacted H2O2.

Reverse-phase HPLC was performed using an Agilent 1200 series
HPLC system equipped with a C8 column (3.9 × 150 mm, 5 μm,Waters,
USA). Samples of PrP oxidation reactions taken at various times were
centrifuged at 15,000 rpm for 5 min and were subsequently loaded and
eluted using a gradient beginning with solvent A (0.1% trifluoroacetic
acid in ddH2O) and then including an increasing percentage of
solvent B (0.1% trifluoroacetic acid in acetonitrile). The gradient
used was as follows: 0–10% solvent B in 5 min, 10–30% solvent B in
20 min, 30–40% solvent B in 5 min, and, finally, a return to 0% solvent
B in 5 min.

2.3. Mass spectrometry

2.3.1. MALDI-TOF mass spectrometry
Oxidized andunoxidizedD178Nandwild-type PrP sampleswere di-

alyzed overnight against 25mM sodium phosphate buffer at pH 6.0 and
then desalted using C4 ZipTips (Millipore, MA) according to the
manufacturer's protocol. Saturated sinapinic acid was used as the ma-
trix for MALDI-TOF analysis and was prepared in an aqueous solution
containing 45% acetonitrile and 0.1% trifluoroacetic acid. The sample
was mixed with the matrix on a ground steel target plate and allowed
to air-dry at room temperature prior to MALDI-TOF analysis. MALDI-

TOF mass spectra were acquired using an UltraFlex I MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics, Germany).

2.3.2. Electrospray ionization mass spectrometry (ESI-MS)
During oxidation, aliquots of D178N variant and wild-type PrP sam-

ples were removed and analyzed in 15% SDS-PAGE gels using SDS load-
ing buffer containing 4.5 M urea; the proteins were detected using
GelCodeBlue Stain Reagent (Thermo). After tryptic digestion, the peptide
mixture was desalted using C18 ZipTips (Millipore, MA) according to the
manufacturer's protocol. The extent of Methionine oxidation of oxidized
D178N PrP samples was confirmed by high-resolution mass analysis
using nano-ESI-based LC–MS/MS. All nano-ESI-based LC–MS/MS experi-
ment were performed on a TripleTOF 5600+ System (AB SCIEX, Foster
City, CA) coupledwith a splitless Ultra 1D Plus (Eksigent, Dublin, CA) sys-
tem. The desalted peptides were dissolved in 0.1% formic acid/2% aceto-
nitrile/98% H2O, loaded into a C18 trap column (5 μm, 5 × 0.3 mm,
Agilent Technologies, Inc.) at a flow rate of 5 μL/min, and subsequently
eluted from the trap column over the C18 analytic column 6, 9, 10
(75 μm × 150 mm, 3 μm particle size, 100 Å pore size, Eksigent) at a
flow rate of 300 nL/min in a 100 min gradient. The mobile phase
consisted of two components: component A was 3% DMSO/97% H2O
with 0.1% formic acid, and component B was 3% DMSO/97% acetonitrile
with 0.1% formic acid. The IDA (information dependent acquisition)
mode was used to acquire MS/MS. Survey scans were acquired in
250 ms and 40 product ion scans were collected in 50 ms/per scan. The
precursor ion range was set fromm/z 200 to m/z 1500, and the product
ion rangewas set fromm/z 100 tom/z 1500. Tandemmass spectra were
extracted by Peakview version 2.0.

2.3.3. Analysis of MS data for protein identification
Analysis of the raw MS spectra generated by LC–MS/MS analyses

were performed with the ProteinPilot 4.5 software program (AB SCIEX,
USA) using the Paragon algorithm. The data analysis parameters were
as follows: Sample type: Identification; Cys Alkylation: Iodoacetamide;
Digestion: Trypsin; Instrument: TripleTOF 5600; Special Factors: Urea
denaturation; ID Focus: Biological modifications, Amino acid substitu-
tion; Search Effort: Thorough ID; Detected Protein Threshold [Unused
ProtScore (Conf)]: 1.3 (95.0%); Database: Uni-prot.

2.4. Secondary structure and thermal stability

2.4.1. CD spectroscopy
Circular dichroism spectra were obtained using a Chirascan CD spec-

trometer (Applied Photophysics, United Kingdom) using a 1-mm
pathlength cuvette at 25 °C. Far-UV CD spectra were recorded from 195
to 250 nm. A protein concentration of 10 μM was used. Each spectrum
represents an average of three scans that were corrected by subtracting
a buffer blank. The experimental results were expressed in units of
mean residue molar ellipticity (deg × cm2 × d−1) using the relationship
[θ] = θobs × MRW/(10 × l × c), whereMRW is themean residuemolecu-
lar weight, θobs is the observed ellipticity in degrees, c is the concentration
in g/ml, and l is the path length in centimeters.

Equilibrium thermal-unfolding CD analysis of protein stability was
performed at a protein concentration of 10 μM. The CD signal was moni-
tored at 222nm in the temperature range of 25–90 °Cusing aheating rate
of 1 °C/min.

2.4.2. Differential scanning calorimetry (DSC)
The thermal stabilities of unoxidized and oxidized PrP samples were

further monitored using a capillary cell Nano DSC (TA Instruments). All
experiments used 45 μM protein in 25 mM sodium phosphate buffer at
pH 6.0, and the samples were degassed prior to use. A heating rate of
1 °C/min was used, and the scanning was performed from 25 to
100 °C under nitrogen pressure. A baseline was obtained by scanning
the buffer using an identical heating rate, which was subtracted from
the experimental runs. The Tm value was obtained from curve fitting
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