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Abstract. Normal prion protein (PrP) contains two cysteines at 
amino acids 179 and 214, which may form intra‑ and interpep-
tide disulfide bonds. To determine the possible effects of this 
disulfide bridge on the biochemical features of PrP, prokary-
otic recombinant human wild‑type PrP (PG5), and mutated 
PrPs with seven extra octarepeats (PG12) or with all five 
octarepeats removed (PG0), were subjected to redox in vitro. 
Sedimentation assays revealed a large portion of aggregation 
in redox‑treated PG5, but not in PG0 and PG12. Circular 
dichroism analysis detected increased β‑sheet and decreased 
α‑helix in PG5 subjected to redox, increased random‑coil and 
decreased β‑sheet in PG0, and increased random‑coil, but 
limited changes to β‑sheet content, in PG12. Thioflavin T fluo-
rescence tests indicated that fluorescent value was increased in 
PG5 subjected to redox. In addition, proteinase K (PK) diges-
tions indicated that PK resistance was stronger in PG12 and 
PG0 compared with in PG5; redox enhanced the PK resistance 
of all three PrP constructs, particularly PG0 and PG12. These 
data indicated that formation of a disulfide bond induces 
marked alterations in the secondary structure and biochemical 
characteristics of PrP. In addition, the octarepeat region within 
the PrP peptide markedly influences the effects of redox on the 
biochemical phenotypes of PrP, thus highlighting the impor-
tance of the number of octarepeats in the biological functions 
of PrP.

Introduction

Prions are infectious agents without detectable nucleic acids, 
which cause prion diseases or transmissible spongiform enceph-
alopathies (TSEs) in humans and various animal species (1). 
The conversion from a normal, endogenous membrane 
glycoprotein [cellular prion protein (PrPC)] to a pathological, 
conformationally altered isoform [scrapie prion protein (PrPSc)] 
is the crux of prion biology. The most notable alteration in the 
secondary structure during the conversion from PrPC to PrPSc 
is a decrease in its α‑helix content and a marked increase in 
β‑sheet content. Besides its infectivity in homologous, and 
some heterologous species, PrPSc displays distinct biochemical 
characteristics, including insoluble, easily formed aggregates or 
fibrils, and partial resistance to proteolytic digestion (2).

PrP is a conserved protein among mammals. Full‑length PrP 
is 253‑254 amino acids (aa) long, with a signal peptide (1‑22 aa) 
in the N‑terminus and a glycosylphosphatidylinositol anchor 
(232‑254 aa) in the C‑terminus. In the N‑terminus, there is an 
octarepeat region that consists of five octapeptides, which exert 
various biological activities, including binding with copper, 
manganese and zinc metal ions, promoting PrP internalization 
and interacting with other proteins, such as glial fibrillary acidic 
protein and tubulin (3). Naturally occurring insertions or dele-
tions of octapeptide repeats in this region are associated with 
the human prion disease, genetic or familial Creutzfeldt‑Jacob 
disease. In addition, insertions or deletions of octapeptide 
repeats have been confirmed to induce similar pathogenicity in 
rodent animals (4,5). PrP contains two N‑linked glycosylation 
sites at asparagine (Asn)181 and Asn197, which contribute to the 
formation of three PrP isoforms: Di‑ mono‑ and unglycosylated 
PrP, in host cells (6). N‑linked glycan helps the folding process 
of newly synthesized protein, whereas removal of PrP glyco-
sylation provokes cell apoptosis (7). Transgenic mice bearing a 
glycosylation deficiency at either of the two glycan attachment 
sites of PrPC exhibit increased sensitivity to bovine spongiform 
encephalopathy and scrapie. In addition, a higher ratio of 
unglycosylated PrP has been repeatedly detected in the brain 
tissues of humans and animals with TSEs (8). These findings 
indicate the importance of the maintenance of aa sequences and 
post‑translational modification of PrP protein.
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In the C‑terminal fragment of PrP, there are two cyste-
ines (Cys) at aa 179 and 214, which are critical for forming 
intra‑ and/or intermolecular disulfide bridges (9). Formation 
of a disulfide bond serves an important role in protein folding, 
stabilizing protein conformational structure and biological 
function (10,11). In the present study, three prokaryotic human 
PrP constructs: Wild‑type PrP (PG5), mutant PrP with insertion 
of seven extra octarepeats (PG12) and mutant PrP with deletion 
of all five octarepeats (PG0), underwent redox in vitro, in order 
to form a disulfide bond. Subsequently, the biochemical features 
of these PrP proteins were evaluated.

Materials and methods

Plasmids. The generation of the following recombinant 
prokaryotic protein‑expressing plasmids: pQE30‑huPrP23‑231 
containing five  octapeptide repeats (wild‑type PrP, PG5), 
pQE30‑huPG12 containing 12 octapeptide repeats (PG12) and 
pQE30‑huPG0 with deletion of all five octapeptide repeats 
(PG0) was described previously (12).

Protein purification. The bacterially expressed recombinant 
polyhistidine (His)‑tagged PrPs were expressed and purified 
according to previously described protocols (13). Briefly, the 
expressed PrPs were recovered from urea‑solubilized bacte-
rial lysate following sonication by immobilized nickel‑based 
affinity chromatography. The final protein product was >95% 
pure and was concentrated to 0.6 mg/ml with 10 mM NaAC. 
Proteins were aliquoted and stored at ‑80˚C for further analyses. 
Protein concentration of the dissolved product was determined 
in triplicate using the bicinchoninic acid (BCA) protein assay kit 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) according 
to the manufacturer's protocol.

Redox of recombinant PrPs. Reduction of the purified PrPs 
was conducted based on a previously described protocol, with 
modifications (14). The various PrPs (PG0, PG5 and PG12) were 
initially incubated in redox buffer A (50 mM Tris‑HCl, 100 mM 
DTT, 2.5 M GdnHCl, 3 M NaCl, pH 8.0) at 37˚C for 16 h, in 
order to produce thiol groups and free radicals. Subsequently, 
the proteins were incubated with redox buffer B (150 mM 
ICH2CONH2, 50 mM DTT, 500 mM Tris‑HCl, pH 8.5) at 37˚C 
for 6 h, in order to produce alkylation of thiol groups to protect 
the free thiol groups. Proteins were then carefully dialyzed in 
dialysis buffer A (10 mM NaAc, 50 mM NaCl, pH 4.0) and 
buffer B (10 mM NaAc, pH 5.0), respectively, to form disulfide 
bonds via oxidation of thiol groups.

Sedimentation experiments. Samples were centrifuged for 
30 min at 20,000 x g at 4˚C. The supernatants and pellets were 
separately collected and the protein pellets were resuspended in 
a volume equal to the volume of the supernatants. The fractions 
were separated by 12% SDS‑PAGE and were then analyzed by 
Commassie blue staining.

Circular dichroism (CD) analysis. Various samples of redox 
recombinant PrPs were dissolved in 1mM MES solution 
(pH 5.5) at 10μM final concentration. Three samples from each 
recombinant PrP solution were independently evaluated by CD 
analysis. CD spectra were recorded in a 0.1 cm path length 

quartz cell at room temperature under constant nitrogen flush 
using a Jasco J720 spectropolarimeter (JASCO, Easton, MD, 
USA). Subsequently, three spectra were accumulated and the 
appropriate blanks were subtracted. The values were expressed 
as molar ellipticity (θ). Estimates of percentage secondary struc-
ture were obtained using K2D analysis programs.

Thioflavin  T (ThT) fluorescence. PrPs that did or did not 
undergo redox were incubated in assembly buffer containing 
50 mM Tris‑Cl (pH 7.4), 150 mM KCl and 10 mM ATP at 37˚C 
for various durations. For ThT assays, 10 µl (0.6 µg) of each 
preparation was mixed with ThT solution (180 µl) containing 
50 mM glycine‑OH (pH 8.5) and 5 µM ThT at room tempera-
ture for 1 min (1 mM stock solution in water; Sigma T3516; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). The 
fluorescence of each sample was measured using a spectropolar-
imeter (F‑4500; Hitachi, Ltd., Tokyo, Japan) at 485 nm using an 
excitation wavelength of 440 nm.

Proteinase K (PK) resistance assay. Recombinant PrPs that 
did or did not undergo redox were assessed for PK sensitivity 
following treatment with 6.25, 12.5 and 25 µg/ml PK (Roche 
Diagnostics GmbH, Mannheim, Germany) at 37˚C for 20 min 
or 1 h. The reaction was terminated by boiling for 5 min with 
SDS‑PAGE sample loading buffer.

Western blot analysis. Protein samples were separated by 12% 
SDS‑PAGE and were electrotransferred onto nitrocellulose 
(NC) membranes. All protein extracts were quantified using 
BCA reagent (Merck ,Kenilworth, NJ, USA) prior to resolu-
tion with SDS‑PAGE and electrotransfer to NC membranes 
(Whatman; GE Healthcare Bio‑Sciences, Pittsburgh, PA, 
USA). Membranes were blocked with 5% (w/v) bovine serum 
albumin in 1X Tris‑buffered saline containing 0.1% Tween‑20 
(TBST) at room temperature for 2 h and were then probed 
with 1:5,000‑diluted PrP specific monoclonal antibody 3F4 
(MAB1562; EMD Millipore, Billerica, MA, USA) at 4˚C over-
night. After washing with TBST, membranes were subsequently 
incubated with 1:5,000‑diluted goat anti‑mouse secondary 
antibodies (cat. no. 32723; Thermo Fisher Scientific, Inc.) and 
reactive signals were visualized using an enhanced chemilumi-
nescence kit (PE, Waltham,MA, USA). Images were captured 
using a ChemiDoc™ XRS+ Imager (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Densitometric analysis of western 
blot analyses was conducted using ImageJ software version 1.44 
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All of the experiments were performed 
at least three times, with consistent results. Statistical analysis 
was performed using GraphPad Prism6 Software (GraphPad 
Software, Inc., La Jolla, CA, USA). All data values are presented 
as the means ± standard deviation . P‑values for differences 
between two groups were determined by two‑tailed t‑test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of redox on the sedimentation features of three 
recombinant human PrPs. The expression of recombinant 
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human His‑tagged PrPs (PG0, PG5 and PG12) was induced 
in Escherichia coli strain M15. SDS‑PAGE of the purified 
products revealed that PG0 was 20‑kDa, PG5 was 25‑kDa and 
PG12 was 30‑kDa; these proteins were specifically recognized 
by the PrP 3F4 monoclonal antibody by western blotting (data 
not shown). To determine the possible effects of redox on the 
sedimentation characteristics of these three PrP constructs, 
PG0, PG5 and PG12 preparations were centrifuged before and 
after redox. SDS‑PAGE revealed that almost all PrPs were 
present in the supernatant fractions of all three PrP constructs 
prior to redox (Fig. 1A, upper panel). Notably, following redox, 
the majority of PG5 transferred to the pellet fraction, whereas 
PG0 and PG12 mutants remained in the supernatant fraction 
(Fig. 1A, lower panel). Densitometric analysis of the gray 
values of PrP protein bands demonstrated that ~80% PG5 was 
present in the pellet following redox (Fig. 1B).

Effects of redox on the secondary structure of the three recom-
binant human PrPs. To determine the effects of redox on PrP 
structure, the secondary structures of PrP proteins were exam-
ined before and after redox by far‑ultraviolet (UV) CD spectra. 
As shown in Fig. 2, redox‑untreated PG5 and PG12 displayed 
two maximum UV absorbance peaks (at ~210 and 222 nm) 
representing α‑helix predominance, whereas redox‑untreated 
PG0 exhibited a UV absorbance peak at ~216 nm, indicating 
β‑sheet enrichment. Following redox, the two UV absorbance 
peaks in PG5 and PG12 disappeared. The contents of the main 
structures of the three PrP constructs prior to and following 
redox were evaluated and summarized in Table I. As expected, 
the α‑helix content of the three PrP constructs was markedly 
reduced by redox, particularly in PG5 and PG0. In addition, 
the β‑sheet content was markedly increased in redox‑treated 
PG5, whereas random‑coil content was predominant in 
redox‑treated PG0. In redox‑treated PG12, there was a marked 

Figure 1. Effects of redox on the sedimentation features of PG0, PG5 and PG12. (A) Preparations were separated by 12% SDS‑PAGE and were visualized by 
Commassie blue staining following centrifugation. Upper panel, prior to redox. Lower panel, after redox. (B) Semi‑quantitative analyses of the average gray 
values of PrPs in the P and S fractions following redox. The average proportions of PrPs in the P and S fractions were calculated from three independent tests 
and are presented as the means ± standard deviation. P, pellet; PrP, prion protein; S, supernatant.

Figure 2. Far‑UV CD spectral analysis of the secondary structures of PG0, 
PG5 and PG12 before and after redox. The thin dotted line represents PrPs 
following redox and the thick line represents PrPs prior to redox. Three inde-
pendently performed spectra were accumulated and the values are expressed 
as molar ellipticity (θ) on the y‑axis. Wavelength in nm is presented on the 
x‑axis. CD, circular dichroism; PrP, prion protein; UV, ultraviolet.
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increase in random‑coil content; however, the increase in 
β‑sheet content was limited (Table I).

Effects of redox on the fibril formation of the three recombinant 
human PrPs. To determine the potential effects of redox on PrP 
fibril formation, various PrP proteins were subjected to ThT 
assays prior to and following redox. Following incubation in 
assembling buffer for 10 min, or 1 and 2 h, the fluorescence value 
of each sample was measured. Generally, the fluorescence values 
of all tested PrP samples were increased along with prolonging 
the incubation times. In the 10‑min preparations, redox‑treated 
PG0 and PG5 exhibited slightly higher fluorescence values 
compared with in the untreated PrPs; however, none of these 
results were significant (Fig. 3, left panel). Redox‑treated PG5 
exhibited a significantly higher fluorescence value compared 
with in untreated PG5 at 1 and 2 h, whereas no significance was 
detected in PG0 and PG12 PrPs between the redox‑treated and 
untreated groups at 1 and 2 h(Fig. 3, middle and right panels). 
These results indicated that redox may increase fibril forma-
tion of wild‑type PrP, but may not affect the fibril formation of 
mutated PrPs with insertion or deletion of octarepeats.

Effects of redox on PK resistance of the three recombinant 
human PrPs. To evaluate the effects of redox on PK resistance, 
three PrP constructs were digested with various doses of PK 
before and after redox, and the reactions were terminated at 
20 min or 1 h post‑digestion. All samples were subjected to 
PrP‑specific western blot analyses and the gray values were 

normalized to those of the PrP without PK (0 µg). In the 
preparations digested for 20 min (Fig. 4A, left panel), residual 
full‑length PrP signals were observed in redox‑treated and 
untreated PG0 at the lowest PK dosage (6.25 µg), redox‑treated 
PG12 (6.25 and 12.5 µg PK) and redox‑untreated PG12 (6.25 µg 
PK), but not in PG5 reactions. Analysis of the degraded PrP 
in the blots revealed that redox‑treated PG5 contained more 
residual signals than untreated PG5. In the preparations 
digested for 1 h (Fig. 4B), the PrP signal almost disappeared 
in PG5 reactions, with the exception of an extremely weak 
residual signal in redox‑treated PG5 following treatment with 
the lowest dose of PK (6.25 µg). Residual full‑length PrP was 
still detectable in PG0 reactions (6.25 µg PK) with or without 
redox; however, the degraded PrP signals were reduced in 
untreated PG0 following treatment with 12.5 µg PK compared 
with in the redox‑treated PG0. Notably, more full‑length PrP 
signals were observed in redox‑treated PG12 compared with in 
untreated PG12 following treatment with 6.25 µg PK, and PrP 
signals were detectable in redox‑treated PG12 only following 
treatment with 12.5 µg PK. These data indicated that redox 
can increase PK resistance of wild‑type and mutated recombi-
nant human PrPs. The PrP mutants with insertion or deletion 
of octarepeats possessed stronger PK‑resistant activities.

Discussion

The formation of disulfide bridges is one of numerous types 
of post‑translational protein modification. Proteins in which 

Figure 3. Thioflavin T assays of PG0, PG5 and PG12 PrPs prior to and following redox. Fluorescence values were measured from three independent experi-
ments and are presented as the means ± standard deviation. **P<0.01 and *P<0.05. NS, not significant; PrP, prion protein.

Table I. α‑helix and β‑sheet contents of three human prion protein constructs prior to and after redox.

Structure	 PG0	 PG0 redox	 PG5	 PG5 redox	 PG12	 PG12 redox

α‑helix	 17.1	 3.7	 24.9	 1.9	 55.4	 22.0
β‑sheet	 53.9	 22.7	 36.2	 52.6	 33.8	 38.2
Random‑coil	 29.0	 73.6	 38.9	 45.5	 10.9	 39.9
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two cysteines have formed a disulfide bond are oxidized, 
whereas proteins without disulfide bonds are reduced, or are 

known to be in the thiol state (15). A previous study verified 
that the conformational structures, chemical characteristics 

Figure 4. PK resistance of PG0, PG5 and PG12 before and after redox. (A) Western blot analyses of various PrPs digested with different concentrations of 
PK for 20 min (left panel) or 1 h (right panel). (B) Semi‑quantitative analyses of the average gray values of the PK‑resistant residual signals of various PrPs 
digested with different concentrations of PK for 20 min (upper panel) or 1 h (lower panel). Each gray value of PK‑resistant residual signals was normalized to 
that of input PrP (designated as 100). Data are presented as the means ± standard deviation. Full‑length: The residual signal mobilizing at the same position of 
individual full‑length PrP. Degraded: Degraded PrP residual signal mobilizing at a lower position than individual full‑length PrP. Statistical analysis was per-
formed between individual PrP constructs before and after redox, and marked above the redox‑treated PrP columns. **P<0.01 and *P<0.05. PK, proteinase K; 
PrP, prion protein.
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and biological functions of various proteins may be markedly 
altered during the transformation between these two states (16). 
The present study hypothesized that following redox, the 
three recombinant human PrPs would exhibit reduced α‑helix 
content and increased PK resistance. The results of the present 
study demonstrated that redox produced distinct effects on 
the different PrP constructs. These findings indicated that the 
number of octarepeats in PrP affects its biochemical features.

Under the experimental conditions, wild‑type PrP was 
revealed to be more sensitive to redox compared with the two 
PrP mutants. In addition to the reduction in α‑helix content 
and the increase in PK resistance, oxidized wild‑type PrP 
contained increased β‑sheet content, and easily formed aggre-
gates and fibrils. The biochemical phenotype of normal PrP 
can be influenced by numerous small molecules, including 
metal ions  (17). Exposure of recombinant human PrP to 
Mn2+ increases β‑sheet content and enhances the formation 
of aggregates in vitro (18). Furthermore, saturation of recom-
binant mouse PrP with Cu2+ has been reported to efficiently 
enhance conversion to PK‑resistant PrP in protein misfolding 
cyclic amplification  (19). Notably, in a previous study, the 
biochemical features of oxidized PG5, formed via redox, 
share similarity with Cu2+‑ and Mn2+‑treated PrP, even with 
pathological PrPSc (20). Therefore, it may be hypothesized that, 
as the propagating substrate for prions, increased oxidation of 
PrPC may benefit the conversion from PrPC to PrPSc. Further 
evaluation of the redox state in the microenvironment of the 
central nervous system during prion infection may help to 
improve understanding of prion biology.

Although the crystal structure of pathological PrPSc remains 
to be elucidated, it is well‑known that the PrPSc molecule is rich 
in β‑sheet. Alterations to the conformational structures, e.g., 
a reduction in β‑sheet content and dissociation of prion rods, 
may reduce, and even remove, prion infectivity (21). It has been 
suggested that changes to covalent bonds occur during conversion 
to PrPSc, besides conformational changes (22). PrP has the ability 
to self‑aggregate and form oligomers, which can be observed 
in vitro and in vivo (23). Increased amounts of the oligomeric form 
of PrP can be achieved via redox on the thiol group within the 
PrP peptide, thus highlighting the importance of disulfide bond 
formation in this activity (24). Furthermore, the reduction and 
alkylation of PrP in vitro has been proposed to inhibit conversion 
to PrPSc. Using the alkylating antitumor drug, mechlorethamine, 
prion replication in vitro is efficiently inhibited (25), which may 
indicate that formation of the PrP oligomer, and even PrPSc, 
depends on formation of an intermolecular disulfide bond.

Maintenance of the correct number of octarepeats in PrP is 
critical for protein functions. Insertion or deletion of octarepeats 
in the PrP gene is directly associated with inherited human 
prion diseases. Our previous study confirmed that the molecular 
interaction of PrP with tubulin depends on octarepeats (26). In 
addition, although the binding activity of PrP to tubulin is closely 
associated with the number of octarepeats, the regulation on 
microtubule polymerization is also associated with the number 
of octarepeats; mutants which exhibited strong inhibition on 
microtubule polymerization (27). The neuroprotective effects 
of PrP are also associated with the number of octarepeats, both 
insertions and deletions of octarepeats exert marked cytotoxic 
effects (28). In the present study, compared with wild‑type PG5, 
PG0 and PG12 exhibited very limited alterations in sedimenta-

tion and fibril formation, and increased random‑coil content 
following redox. However, whether the octarepeat region affects 
the formation of a disulfide bond during redox under these 
experimental conditions remains unclear. The distinct outcomes 
detected among the various PrP constructs after redox empha-
sized the importance of the correct number of octarepeats 
within PrP with regards to its biological features.

Under the experimental conditions of the present study, PG0 
and PG12 maintained solubility after redox. Coincidentally, 
the formation of fibrils in oxidized PG0 and PG12 was not 
increased; the exact reason for this is currently unknown. CD 
spectra detected marked increases in the random‑coil content 
of redox‑treated PG0 and PG12. Furthermore, β‑sheet content 
was reduced in redox‑treated PG0 and exhibited little change 
in redox‑treated PG12. Those secondary structural alterations 
in PG0 and PG12 following redox may be associated with the 
detected biochemical phenotypes.

In accordance with previous data (29), the PK resistance 
of PG0 and PG12 was much stronger than PG5 in the present 
study. After redox, the PK resistance of oxidized PG5 and 
PG12 was markedly increased, whereas that of oxidized PG0 
was only slightly increased. PK resistance of PrPSc is believed 
to be associated with an increase in β‑sheet content; therefore, 
the redox‑induced increase in β‑sheet content and decrease 
in α‑helix content in oxidized PG5 may be associated with 
its increased PK resistance. Conversely, the increases in PK 
resistance of PG12 and PG0 seem to not be directly associated 
with an increase in β‑sheet content, since redox did not induce 
a significant increase in β‑sheet in PG12, and β‑sheet content 
was reduced in PG0 following redox. These findings indicated 
that besides detectable alterations in the secondary structure 
of PrP because of formation of disulfide bond, other unknown 
conformational changes associated with an alteration in the 
number of octarepeats may be involved in the appearance of 
PK resistance in PrP mutants. This partly indicates the treat-
ment direction of genetic CJD.
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