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a b s t r a c t

The protein misfolding cyclic amplification (PMCA) technique has become a widely-adopted method for
amplifying minute amounts of the infectious conformer of the prion protein (PrP). PMCA involves
repeated cycles of 20 kHz sonication and incubation, during which the infectious conformer seeds the
conversion of normally folded protein by a templating interaction. Recently, it has proved possible to
create an infectious PrP conformer without the need for an infectious seed, by including RNA and the
phospholipid POPG as essential cofactors during PMCA. The mechanism underpinning this de novo prion
formation remains unknown. In this study, we first establish by spin trapping methods that cavitation
bubbles formed during PMCA provide a radical-rich environment. Using a substrate preparation com-
parable to that employed in studies of de novo prion formation, we demonstrate by immuno-spin
trapping that PrP- and RNA-centered radicals are generated during sonication, in addition to PrP-RNA
cross-links. We further show that serial PMCA produces protease-resistant PrP that is oxidatively
modified. We suggest a unique confluence of structural (membrane-mimetic hydrophobic/hydrophilic
bubble interface) and chemical (ROS) effects underlie the phenomenon of de novo prion formation by
PMCA, and that these effects have meaningful biological counterparts of possible relevance to sponta-
neous prion formation in vivo.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Prions are proteinaceous infectious agents that cause trans-
missible neurodegenerative diseases such as Creutzfeldt Jakob
Disease (CJD) and Bovine Spongiform Encephalopathy (BSE). Prion
diseases are associated with the conversion of the normal structure
of the prion protein (PrPC) into an infectious conformer (PrPSc).
PrPSc accumulates in disease and provides a template for further
PrPC misfolding and conversion.

The protein misfolding cyclic amplification (PMCA) technique is
a cell-free method developed to amplify very small amounts of
PrPSc. The process of PMCA involves “seeding” natively-folded PrPC
esistant isoform of PrP; PrPSc,
cterially expressed recombi-
tion; DMPO, 5,5-dimethyl-1-
)-5-methyl-1-pyrroline-N-ox-
magnetic resonance.
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(from whole brain, cell culture, or recombinant expression) with a
minute quantity of infectious PrPSc, followed by repeated cycles of
incubation and sonication [1]. A templating interaction with PrPSc

leads to the conversion of a-helical PrP to a b-sheet-rich protease-
resistant PrPres, whose properties are purported to be identical to
those of brain-derived PrPSc. In this way, PMCA is viewed as a
means to accelerate the conversion process that occurs in vivo, such
that the presence of PrPSc in the original titre can then be inferred
by immunodetection of the amplified PrPres.

Recently, the de novo generation of infectious PrP (ie. without
addition of a PrPSc seed) was reported by PMCA using only recombi-
nant PrP (rPrP) expressed from E. coli, with RNA and the lipid POPG as
essential cofactors [1e4]. Although it has been possible to propagate
PrPSc seeds using rPrP in the absence of RNAandPOPG, bothby PMCA
[6,7] and vigorous shaking [8], the de novo generation of a recombi-
nant PrP conformer that induces prion disease inwild type mice has
only been demonstrated using PMCA in the presence of these co-
factors [2e4]. The molecular mechanism underlying this phenome-
non remains unknown.

Sonication of water at frequencies between 20 and 800 kHz
causes a repeated expansion and collapse of microbubbles (“acoustic
cavitation”). The extremely high local temperature and pressure
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during cavitation leads to the splitting (sonolysis) of entrapped
gaseous water molecules to form hydroxyl ($OH) and hydrogen (H$)
radicals, in addition to downstream formation of hydrogen peroxide
(H2O2) and superoxide radical anions ($O�

2 ) (Fig. 1A) [9,10].
In this study, we sought to determine whether bacterially-

expressed PrP and any of its essential cofactors for de novo prion
formation underwent observable free radical damage during PMCA.
Using a combination of spin trapping, immuno-spin trapping and
immunodetection of RNA oxidation, we identified the production of
hydrogen, hydroxyl and superoxide radicals during PMCA, which
caused protein-centred radicals, RNA-centred radicals and
polypropylene-centred radicals, together with cross-linking of
protease-resistant oxidised PrP-RNA adducts. This extensive free
radical damage, in conjunction with cofactor interactions at the
hydrophilic/hydrophobic interface of cavitation bubbles, may pro-
vide the necessary conditions for producing an oxidatively-modified
conformer that subsequently acquires infectious properties.

2. Materials and methods

2.1. Reagents

Bovine serum albumin (BSA), 2-Oleoyl-1-palmitoyl-sn-glycero-
3-phospho-rac-(1-glycerol) sodium salt (POPG) and phosphate-
Fig. 1. (A) Schematic of sonochemical production of free radicals in solution. Radical reaction
bleewater interface [10]. Surfactants have been shown to orient themselves radially at the gase
environment [39] (B)After5mincontinuous20kHz sonicationat250W,EPR spectroscopyof a P
are diagnostic [40] of DEPMPO adductswith short-lived ($OH, asterisks) and hydrogen radicals (
immuno-spin trapping of radicals formed at the surface of polypropylene PCR tubes following 4
buffered saline (PBS; 10 mM phosphate, 2.7 mM KCl, 137 mM
NaCl, pH 7.4) were purchased from SigmaeAldrich. Thin-walled,
RNAase-free 0.2 mL PCR tubes were obtained from Scientific Spe-
cialties Inc. Bacterially-expressed a-folded recombinant murine
PrP(23e231) was obtained from Prionatis. Mouse Xpress Ref uni-
versal total RNA (whole body) was purchased from Qiagen. 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) and 5-(diethox-
yphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) were pur-
chased from Alexis Biochemicals and used without further
purification. Peroxide-free Triton X-100 (10% solution) was ob-
tained from Amresco. Tris-buffered saline (10 � , 100 mM Tris.HCl,
1.5M NaCl, pH 7.5) was obtained from G-BioSciences. RNase-free
water was purchased from Qiagen. Rabbit polyclonal antibody
directed against DMPO nitrone adducts was purchased from
Abcam. The rabbit polyclonal antibody directed against residues
89e103 of mouse PrP (03R19) [11] was a kind gift of Dr Victoria
Lawson (The University of Melbourne). Mouse monoclonal (clone
15A3) antibody directed against 8-hydroxyguanosine was obtained
from Agrisera. Rabbit polyclonal antibody directed against methi-
onine sulfoxide (MetO) was purchased from Cayman Chemical. HRP
conjugated sheep anti-mouse and goat anti-rabbit IgG were pur-
chased from GE Healthcare Lifesciences. ECL Select was obtained
from Amersham. Proteinase K (Fungal) was purchased from Invi-
trogen. Water was “Milli-Q” grade (Millipore).
s occur primarily within the hydrophobic interior of the gaseous bubble and at the bub-
liquid interface of the cavitation bubble, with the polar head group facing the bulk aqueous
BS solution containing the spin trapDEPMPOshows thepresenceofmultiplets ofpeaks that
$H, diamonds), together with secondary superoxide radicals ($O�

2 , filled circles). (C) DMPO
8 cycles of sonication (each cycle 30 s at 250Wevery 30 min).
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2.2. Sonication

Samples (100 mL) were contained in 200 mL thin-walled, flat cap,
sterile polypropylene PCR tubes and placed in a Misonix Sonicator
4000 with cup-horn accessory and a perspex sample holder. The
cup horn was filled with 200 mL distilled water and the tubes
positioned such that the bottom of the PCR tube was 1e2 mm
above the surface of the horn. A maximum of four tubes were
sonicated at any one time. Each tube was placed near the centre of
the sample holder and positioned such that no two tubes were
immediately adjacent. Sonication at 20 kHz was and 250 W was
carried out with an initial temperature of 23 �C.

2.3. PMCA

Sample preparation followed that used for de novo prion ex-
periments [2,3] except for the conditional inclusion of the DMPO
spin trap and the use of mouse universal total RNA in place of total
RNA from mouse liver. The final reagent concentrations were:
[PrP(23e231)] ¼ 4.6 mg/mL (0.2 mM), [RNA] ¼ 27 mg/mL,
[POPG] ¼ 4.0 mg/mL, [Triton X-100] ¼ 4.3 mM (0.27%),
[DMPO]¼ 100 mM,10mM Tris HCl, 150 mMNaCl, pH 7.5. Substrate
was stored at e80� until use.

Each cycle of PMCA consisted of 30 s sonication at 250 W every
30 min. Each round of PMCA consisted of either 48 cycles (24 h) or
144 cycles (72 h). At the end of each round, 10 mL reaction product
was added to 90 mL freshly thawed substrate. The sonicator was
housed inside a dry incubator set at 37 �C. Control samples were
incubated in the dark (to avoid breakdown of DMPO) without
sonication at 37 �C.

2.4. Immunoblotting

Samples (2 mL) were spotted onto nitrocellulose (0.22 mm; Bio-
Rad) and dried at 37 �C for 45 min. Unless otherwise stated, the
membrane was blocked for 1 h at room temperature (RT) in PBST
(10 mM PBS pH 7.5, 0.05% Tween-20) containing 5% w/v non-fat
milk, antibody incubations were performed for 1 h at RT in PBST
with 1% non-fat milk, wash steps after primary and secondary
antibody incubations were carried out three times for 10 min in
PBST. Antibody conjugates were detected by addition of ECL re-
agent and chemiluminescent imaging using a LAS-3000 imaging
system (FujiFilm, Japan).

DMPO radical adducts were detected using anti-DMPO primary
antibody (1:5000) and anti-rabbit HRP-conjugate secondary anti-
body (1:5000). PrP immunoblotting was performed using the
03R19 PrP antibody (1:5000) and anti-rabbit HRP conjugate
(1:5000). Immunodetection of 8OHdG used anti-8OHdG antibody
(1:2000) and anti-mouse HRP conjugate (1:5000). Oxidised
methionine was detected using anti-MetO antibody (1:1000)
following the manufacturer's instructions. Protease-resistance was
determined by incubation of the membrane in PBST containing
100 mg/mL PK for 30 min at 37 �C in PK buffer (50 mM Tris HCl,
1 mM CaCl2, pH 8.0), followed by denaturation in 3M GdnHCl for
10 min, rinsing in “Milli-Q” water 10 min, then immunoblotting as
above.

For immunodetection of propylene-centred radicals, the DMPO
solution in the PCR tube was discarded and the tube interior briefly
washed three times (addition of 200 mL PBST, 5 s vortex mixing, and
aspiration). The tubes were then treated in an identical manner to
nitrocellulose membranes, except that the interior of the PCR tube
was completely filled with block, anti-DMPO and anti-rabbit HRP
antibody solutions. Wash steps were carried out by first aspirating
the contents of the tube, followed by three brief PBST rinses as
above, then additional immersion of the open tubes in PBST with
gentle agitation for 30min. The antibody conjugatewas detected by
filling each tube with a solution of ECL, incubating 2 min, then
aspirating the bulk ECL and chemiluminescent imaging with the
tube in the horizontal position.

2.5. EPR spectroscopy

To detect radical adducts, sonicated samples were immediately
transferred to liquid nitrogen. Immediately before spectroscopic
analysis, each sample was thawed and transferred to a quartz flat
cell (Wilmad, WG-808-Q), which was positioned within a super-
high-Q probehead (ER 4122SHQE) of an E500 X-band EPR spec-
trometer (Bruker). Continuous-wave EPR spectra were acquired at
room temperature using the following parameters: microwave
frequency, 9.86 GHz; microwave power, 10 mW, modulation
amplitude, 1 G; receiver gain, 80 dB, receiver time constant,
40.96 ms; magnetic field sweep rate, 3.33 G/sec; 10 averages.

3. Results

3.1. PMCA provides a radical rich environment

The standard instrument for PMCA is the Misonix Sonicator
4000 with cup-horn accessory [1]. The frequency (20 kHz) and
power (~1e3 Watts/cm3) of sonication used for PMCA should be
sufficient to trigger the free radical production (Fig. 1A). We first
established that free radicals are produced under these conditions.
To enable detection of these short-lived radicals, we used the spin
trapping technique to form longer-lived radical adducts and then
identified these adducts using electron paramagnetic resonance
(EPR). One of themost widely used spin traps is DMPO that traps O-
, N-, S-, and C-centred radicals. A closely related spin trap is
DEPMPO, which forms longer-lived adducts with $OH and $O�

2
radicals [12]. Using a solution of 100 mM DEPMPO, Fig. 1B dem-
onstrates that the primary hydroxyl and hydrogen radicals pro-
duced by sonolysis can easily be detected after only a few minutes
of sonication, in addition to secondary superoxide radicals. As ex-
pected, Fenton chemistry with trace levels of adventitious metal
ions yields low levels of hydroxyl radical production without
sonication.

The PMCA technique involves sonication of samples contained
within 0.2 mL thin-walled polypropylene PCR tubes [1,2]. Hydroxyl
radicals can abstract a hydrogen atom from polypropylene, which
can further react with O2 to form a peroxy radical that participate in
further chain reactions with the polymer backbone or with other
species in solution [13e15]. Therefore, we examined whether we
could detect propylene-centred radicals using a novel immuno-
spin trapping technique. In this method, the DMPO spin trap
forms radical adducts that are subsequently detected using an
antibody raised against DMPO [16e18]. The site of DMPO attach-
ment is a specific marker for where the radical was formed. Fig. 1C
shows that after discarding the DMPO solution and antibody
binding to the interior surface, the PCR tube subjected to sonication
yielded marked levels of DMPO reactivity, consistent with hydroxyl
radical-mediated hydrogen atom abstraction from the polymer.

3.2. PMCA generates protein- and RNA-centred radicals

Hydroxyl radicals attack protein and nucleic acid by hydrogen
atom abstraction to form carbon-centred radicals [19]. At typical
protein concentrations employed in PMCA (<1 mM), EPR spectros-
copy lacks the sensitivity to quantify the radical adducts formed by
spin trapping. Therefore, we again employed the immuno-spin
trapping method. To establish that free radicals produced by
sonolysis of water lead to significant protein oxidation, we first
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sonicated BSA solution in the presence of 100 mM DMPO, spotted
the reaction product onto nitrocellulose a probed themembrane for
DMPO adducts. Fig. 2 demonstrates that the production of protein-
centred radicals monotonically increased as a function of both
sonication time and protein concentration.

To demonstrate that typical PMCA substrates also undergo
substantial oxidative modifications, we then prepared a reaction
mixture identical to that used for the generation of de novo prions
[2,3]. This reaction mixture included bacterially-expressed recom-
binant PrP23-231 and mouse total RNA. Samples were subjected to
a single round of PMCA (144 cycles of 30 s sonication every 30min).
Control samples were incubated in the dark without sonication at
37 �C. To trap PrP- and RNA-centred radicals, we optionally
included the spin trap DMPO at a concentration of 100 mM. At the
completion of PMCA, the reaction products were spotted onto
nitrocellulose and DMPO adducts were detected by immunoblot-
ting. Significant immunoreactivity was only observed for the sub-
strate subjected to PMCA and the signal was further seen to be
specific for DMPO (Fig. 3A).

Nucleic acids do not bind to nitrocellulose unless immobilised
by baking or UV cross-linking, but readily retained on the mem-
brane if they are covalently cross-linked to protein [20,21]. Such
cross-linking is possible following free radical damage to PrP and
RNA [20]. The DMPO reactivity observed in Fig. 3A may therefore
quantify the concentration of both PrP- and RNA-centred radicals.
In this instance, PrP-RNA adducts would be expected to contain
additional evidence of oxidative damage. To determine if PrP-RNA
cross-links are generated during PMCA, we used the mouse
monoclonal antibody raised against 8OHdG, a specific marker of
RNA/DNA damage. Fig. 3B shows that RNA oxidation is detected,
indicating that oxidatively-modified RNA is covalently cross-linked
to the PrP bound to the membrane. As expected, the level of RNA
damage during PMCA was lower in the presence of DMPO due to
the spin trap's inherent radical scavenging property.

Next, we looked for evidence of PrP methionine oxidation using
a polyclonal antibody directed against methionine sulfoxide
(MetO). Fig. 3C shows that sonication during PMCA causes MetO
formation. Interestingly, a higher MetO reactivity was observed in
Fig. 2. Immuno-spin trapping analysis of protein-centred radical (DMPO/�BSA adduct) prod
DMPO. Adduct concentration was measured (A) as a function of protein concentration (10
the presence of DMPO. This somewhat counter-intuitive result
might be explained by the fact that the radical scavenging effect of
DMPO prevents complete oxidation of methionine beyond MetO to
the non-immunogenic sulfone form and/or that formation of DMPO
adducts leads to alterations in Met residue surface exposure.

3.3. PMCA produces protease-resistant PrP that is oxidatively
modified

Finally, we conducted PMCA experiments as above, except serial
PMCA was performed, with each 24 h round comprising 30 s son-
ication every 30 min. At the end of each round, 10 mL reaction
product was added to 90 mL fresh substrate. Fig. 4 shows that
following PK digestion (100 mg/mL for 30min at 37 �C), unsonicated
controls were completely digested by PK. Samples subjected to
serial PMCA retained protease-resistant PrP on the membrane and
PrPres was further associated with DMPO reactivity, indicating that
protease resistance is accompanied by free radical damage. It is
noteworthy, however, that despite the some hydroxyl radicals be-
ing formed by trace metals in the absence of sonication (Fig. 1B), no
PK resistance was observed in the absence of sonication (Fig. 4C).
Whilst the formation of DMPO-PrP adducts at regions within the
03R19 epitope (residues 89e103) may reduce reactivity, there
appeared to be less PrPres formedwhen serial PMCAwas performed
in the presence of DMPO. Less 8OHdG reactivity was evident during
serial PMCA in Fig. 4 as compared with the single round in Fig. 3,
which we attribute to the greater length (72 versus 24 h) of the
PMCA round. Interestingly, no 8OHdG reactivity could be detected
following PK digestion, both in the presence and absence of DMPO.
This suggests that either no PrP-RNA cross-links were associated
with PrPres or that PrPres-RNA cross-links were present but con-
tained no 8OHdG.

4. Discussion

Using a substrate preparation comparable to that employed in
previous studies of de novo prion formation [2e4], the present
data demonstrate that sonication during PMCA provides a
uction during 20 kHz sonication at 250 W of a BSA solution in PBS containing 100 mM
min sonication) and (B) as a function of sonication time (100 mM BSA).



Fig. 3. Immuno-spin trapping analysis of PMCA reaction products (þsonication) and controls (esonication) after one 72 h round of PMCA. Covalently cross-linked protein-RNA
adducts containing (A) protein- and RNA-centred radicals (trapped by DMPO), (B) oxidative modification of RNA (8-hydroxyguanosine), and (C) oxidative modification of PrP
(methionine sulfoxide) could be detected. Protein was spotted onto separate nitrocellulose membranes in A-C.
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radical-rich environment that causes oxidation of protein and
RNA, together with covalently cross-linked PrP-RNA adducts.
Although the relevance to de novo prion formation remains un-
clear, we also observed radical damage to the polypropylene
tubes in which the substrates were contained, which may also
undergo cross-linking reactions with substrates. Importantly, we
have established that PMCA generates PK-resistant PrP that is
oxidatively modified and that inclusion of a radical scavenger
such as DMPO appears to reduce PrPres formation. The absence of
PK-resistant PrP cross-linked to 8OHdG-containing RNA (Fig. 4)
following serial PMCA does not rule out PrPres cross-linking with
RNA fragments containing adenosine. Indeed, de novo infectivity
has also been demonstrated by PMCA using polyadenylic acid in
place of total RNA [5]. We therefore cannot dismiss their role in de
novo formation of an infectious particle during PMCA. Such a
species is also not without biological relevance, since covalent
protein-nucleic acid cross-links are known to be formed in the
presence of hydroxyl radicals [20] and are also present in nature
[22].

The widely-accepted view of the underlying mechanism of
PMCA is that sonication provides a source of strong agitation that
fragments the growing PrPres polymer into smaller pieces in order
to expose PrPC to more “free ends” of misfolded PrPres [23]. Whilst
it is true that large shear forces are generated during sonication
that can lead to fragmentation [24], sonication also causes cavi-
tation, with accompanying free radical production by sonolysis of
water. In studies of the amyloidogenic PrP106e127 fragment,
cavitation was proposed to promote stable b-sheet conformation
and self-assembly at the boundary of the hydrophobic cavitation
bubble interior and the hydrophilic bulk solution [25]. On the
other hand, in quantitative investigations of the optimal ultra-
sonic power required for formation of amyloid fibrils from re-
combinant PrP, the vigorous agitation and very high local
temperature and pressure was suggested to promote spontaneous
nucleation of protein aggregates through increased probability of
monomer association [28]. Undoubtedly, sonication can promote
fibril formation, not only for PrP but also a number of other
amyloidogenic proteins [26e29]. Nevertheless, in each of these
instances, a major chemical phenomenon e the production free
radicals during cavitation e was not considered. Although some
studies unrelated to PMCA have speculated that $O�

2 may play a
role in inter-protein disulfide cross-linking at the cavitation
bubble interface [29,30], we are not aware of any prior direct
demonstration of free radical damage to PrP during sonication,
either as a trigger for (non-infectious) amyloid formation or de
novo prion formation.

Earlier biochemical investigations have revealed that initial
incubation with POPG during substrate preparation causes major
rearrangements of PrP secondary structure, with successive
addition of RNA exposing the N-terminus; these cofactor-induced
structural features were found to persist in the infectious de novo
PrPSc conformer [31]. However, the requirement for sonication to
create an infectious inoculum [2] indicates additional factors are
required. Free radical production (eg. generated by FeII/H2O2) can
oxidise PrP and generate b-sheet [32], but to our knowledge, de
novo infectivity resulting from Fenton chemistry alone has never
been demonstrated. Free radicals have been widely implicated in
sporadic prion disease due to their ability to cause protein
oxidation and misfolding [32e34], the observation of numerous
markers of oxidative the stress in CJD brain [35], and the finding
that PrP oxidation precedes PrPSc formation in prion-infected
brains [36,37]. We propose that the combined structural con-
straints imposed by the hydrophobic cavitation bubble and the
production of free radicals at the bubble surface and interior may
provide the optimal conditions for creating a synthetic prion.

Despite the seemingly artificial reaction conditions, the struc-
tural (membrane-mimicking interface) and chemical (ROS) envi-
ronment present during PMCA has meaningful in vivo parallels. In
line with the demonstration of polyadenylic acid as a minimal
essential cofactor for recombinant PrP infectivity during PMCA [5],
purinergic signalling also provides an abundant source of adeno-
sine as an in vivo counterpart [38]. Therefore, PMCA should be
viewed not only as tool to accelerate the templating interaction
between PrPC and PrPSc that occurs in vivo, but also as a means of
mimicking ROS-mediated damage at biological membranes that
may be responsible for initial PrPSc seeding events. Further inves-
tigation of the inter-dependence of the above structural and
chemical effects on de novo prion formation in vitro could yet



Fig. 4. Dot blot analysis of (A) DMPO, (B) 8OHdG and (C) PrP reactivity during serial
PMCA (24 h per round), both pre- and post-PK digestion of the same membrane,
showing the presence of PK resistant species (PrPres) with DMPO reactivity. The
membrane was stripped for 15 min in 1% HCl, before blocking and reprobing in AeC,
first pre-PK and then post-PK digestion. The signal intensities before and after PK
digestion are not directly comparable, since membrane digestion was followed by a
GdnHCl denaturation step to promote PrPres epitope exposure.
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provide useful insights into the triggers for sporadic prion disease
in vivo.
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