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Abstract

Diverse human disorders are thought to arise from the misfolding and
aggregation of an underlying protein. Among them, prion diseases are
some of the most intriguing disorders that can be transmitted by an un-
precedented infectious agent, termed prion, composed mainly (if not ex-
clusively) of the misfolded prion protein. The hallmark event in the disease
is the conversion of the native prion protein into the disease‐associated
misfolded protein. We have recently described a novel technology to mimic
the prion conversion process in vitro. This procedure, named protein mis-
folding cyclic amplification (PMCA), conceptually analogous to DNA
amplification by polymerase chain reaction (PCR), has important applica-
tions for research and diagnosis. In this chapter we describe the rational
behind PMCA and some of the many potential applications of this novel
technology. We also describe in detail the technical and methodological
aspects of PMCA, as well as its application in automatic and serial modes
that have been developed with a view to improving disease diagnosis.

Introduction

Prion diseases or transmissible spongiform encephalopathies (TSEs) are
neurodegenerative disorders of humans and animals usually characterized
by the presence of PrPres, an abnormal, protease‐resistant isoform of a
cellular protein called PrPC.Historically, scrapie has been themost common
TSE in animals, affecting sheep for more than 200 years (Collinge, 2001).
TSEs have also been identified in mink and mule deer since the 1960s. The
most recent and worrisome outbreak of an animal TSE disease is bovine
spongiform encephalopathy (BSE) in cattle, which originated in Britain in
the 1980s (Prusiner, 1997). BSE has important implications for human
health, because the infectious agent can be transmitted to humans producing
a new disease, termed variant Creutzfeldt‐Jakob disease (vCJD) (Collinge,
1999; Will et al., 1996). TSEs are characterized by an extremely long incuba-
tion period, followed by a brief and invariably fatal clinical disease (Roos
et al., 1973). To date, no therapy or early diagnosis is available.
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The pathogen responsible for TSEs, called ‘‘prion’’ (Prusiner, 1982), is
composed mainly of a misfolded protein named PrPSc, which is a post-
translationally modified version of the normal protein, PrPC (Cohen and
Prusiner, 1998). The conversion seems to involve a conformational change
during which the �‐helical content of the normal protein diminishes and
the amount of �‐sheet increases (Caughey et al., 1991; Pan et al., 1993). The
structural changes are accompanied by alterations in the biochemical prop-
erties: PrPC is soluble in nondenaturing detergents, PrPSc is insoluble; PrPC

is readily digested by proteases, whereas PrPSc is partially resistant, result-
ing in the formation of a N‐terminally truncated fragment known as PrPres

(Baldwin et al., 1995; Cohen and Prusiner, 1998).
At present, there is no accurate diagnosis for TSEs (Budka et al., 1995;

Weber et al., 1997). In the case of sporadic CJD (sCJD) or vCJD, diagnosis
is currently based almost entirely on clinical observation, because even
though different molecules, such as protein S‐100 or the 14‐3‐3 protein,
have been proposed as markers of the disease, none of them are pathogno-
monic of the syndrome. For this reason, according to the operational
diagnosis currently in use by the European Surveillance of CJD, definitive
diagnosis can only be established by postmortem neuropathological exam-
ination and detection of PrPres by immunohistochemistry, histoblot, or
Western blot (Budka et al., 1995; Weber et al., 1997). Presymptomatic
detection of sCJD or vCJD in living people is currently not possible.

To minimize the propagation of the bovine disease, several tests have
been developed to diagnose BSE in postmortem brain tissue (Moynagh and
Schimmer, 1999; Soto, 2004). However, in cattle, as in humans, there is no
reliable way to identify affected animals early after infection (Schiermeier,
2001), because the problem of a diagnosis on the basis of PrPres detection is
that this form of the protein is abundant only in the brain at advanced stages
of the disease.

Infectivity studies have been used to show that prions are also present
in low amounts in peripheral tissues, such as lymphoid organs and blood
(Aguzzi, 2000; Brown et al., 2001; Collinge, 2001; Wadsworth et al., 2001),
and on the basis of these observations, different bioassays showing high
sensitivity have been developed. In these methods, animals are injected
with very low quantities of PrPSc, and the clinical signs indicating
the presence of infectious material are monitored (Brown et al., 2001).
The biggest practical problem for using the infectivity assay in routine
diagnosis, however, is that prion replication during the incubation phase
progresses very slowly, and several months or even years may elapse before
a detectable quantity of PrPSc has accumulated in the brain.

In vivo, prion replication is an extraordinary phenomenon that still
remains not entirely understood. Although it is known that conversion of
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PrPC to PrPSc is an essential element in the etiology of the disease, the
intrinsic mechanism by which this occurs, and whether other factors are
involved, are crucial questions that remain to be answered.
The Birth of PMCA

To understand the mechanism of prion conversion, the nature of the
infectious agent, and to attempt sensitive diagnosis, we have recently
developed a technique referred to as protein misfolding cyclic amplification
(PMCA) in which it is possible to simulate prion replication in the test tube
in an accelerated mode (Saborio et al., 2001). PMCA is a cyclic process
leading to accelerated prion replication (Saborio et al., 2001; Soto et al.,
2002). Each cycle is composed of two phases (Fig. 1). During the first
phase, the sample, containing minute amounts of PrPSc and a large excess
of PrPC, is incubated to induce formation of PrPSc polymers. In the second
phase, the sample is sonicated to break down the polymers, thus multi-
plying the number of growth sites for subsequent conversion. With each
successive cycle, there is an exponential increase in the number of ‘‘seeds,’’
FIG. 1. Diagrammatic representation of principle behind PMCA. Cyclic amplification

consists of subjecting a sample containing minute quantities of PrPSc and a large excess of

PrPC to cycles consisting of phases of growing of polymers and multiplication of converting

units.
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and thus the conversion process is dramatically accelerated (Fig. 1) (Saborio
et al., 2001). The cyclic nature of the system permits the use of asmany cycles
as is required to reach the amplification state needed for the detection of
PrPSc in a given sample.Recently, we have shown that the in vitro–generated
forms of PrPres share similar biochemical and structural properties com-
pared with PrP res de rived from sick brains (Castilla et al., 2005a). Further -
more, inoculation of wild‐type hamsters with in vitro–amplified PrPres led to
a scrapie‐like disease identical to the illness produced using infectious
material from diseased brains (Castilla et al., 2005a). The technology has
been automated, leading to a dramatic increase in efficiency of amplification
and its application to detect PrPSc in blood of hamsters experimentally
infected with scrapie (Castilla et al., 2005b).
Applications of PMCA

Simulation of the process of prion conversion using PMCA represents a
novel platform technology, which is likely to have a sustained impact in the
field of prion biology. By using PMCA, we have been able to demonstrate
definitively that the in vitro–generated PrPres is fully infectious when
injected into wild‐type animals (Castilla et al., 2005a). This provides the
crucial demonstration that the in vitro conversion that occurs during
PMCA closely mimics the events that take place over a protracted period
in vivo, leading to disease and, ultimately, to death of the organism. The
ability to simulate this process in accelerated mode, under controlled
conditions in vitro, thus provides an opportunity to examine many aspects
of prion biology that hitherto have been inaccessible to experimentation.
Following is a brief description of the multiple areas in which PMCA may
contribute.
The Molecular Mechanism of Species Barrier and
Prion Strains Phenomena

As a consequence of the transmission of BSE to humans, a great
concern has arisen regarding interspecies infectivity and tissues having a
high enough quantity of prions to transmit the disease (Hill et al., 2000;
Wadsworth et al., 2001). The molecular aspects that underlie the species
barrier and the strain phenomena are still not understood (Bruce, 2003;
Clarke et al., 2001; Kascsak et al., 1991). It has been shown that the
sequence identity between infectious PrPSc and host prion protein plays a
crucial role in determining species barrier (Telling et al., 1996). It is clear
that a few amino acid differences between both proteins can modify dra-
matically the incubation time and the course of the disease (Asante and
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Collinge, 2001; DeArmond and Prusiner, 1996). So far, the investigation of
the species barrier, prion strains, and the tissues carrying infectivity has
been done mostly using the biological assay of infectivity (Clarke et al.,
2001; Wadsworth et al., 2001). However, these studies are time consuming,
because it is necessary to wait for several months or even years until the
animals develop the clinical symptoms. In addition, the assessment of the
species barrier for transmission of prions to humans is compromised by the
use of animal models. PMCA can provide a complement to the in vivo
studies of the species barrier and prion strains phenomenon by combining
PrPSc and PrPC from different sources in distinct quantities and evaluating
quantitatively the efficiency of the conversion. In this sense, it has to be
noted that the cell‐free conversion system developed by Caughey and col-
leagues (Kocisko et al., 1994) has been used successfully to compare and
predict species barrier effects and the pertinent underlying mechanisms
(Kocisko et al., 1995; Raymond et al., 1997).

Investigation of Factors Involved in the PrPC to PrPSc Conversion

Another important issue in prion propagation is to know whether other
factors have any role in the PrPC to PrPSc conversion. We reported previ-
ously that the conversion procedure does not occur using highly purified
prion proteins (PrPSc and PrPC) under our experimental conditions (Saborio
et al., 1999). However, the activity is recovered when the bulk of cellular
proteins is reincorporated into the sample (Saborio et al., 1999). This finding
provides direct evidence that other factors present in the brain are essential
to catalyze prion propagation. In this direction, PMCAcould also contribute
to a better understanding of the mechanism of prion conversion and the
identification of additional factors involved. Indeed, Supattapone and co‐
workers have used PMCA to show that metal cations, such as copper
and zinc, and polyanions including diverse types of RNA molecules can
modulate PrP conversion in vitro (Deleaut et al., 2003, 2005; Nishina et al.,
2004).

Screening for Inhibitors of Prion Propagation

In the same manner that prion propagation can be used to discover
novel drug targets for TSEs in culture cells, PMCA also shows a great
advantage in these types of studies. Inhibitors and promoters could be
tested quickly in different contexts using human and bovine prions, for
which no prion‐permissive culture cells have been generated. One of the
best targets for TSE therapy is the inhibition and reversal of PrPC to PrPres

conversion (Head and Ironside, 2000; Soto and Saborio, 2001). In drug
development, it is crucial to have a relevant and robust in vitro assay to
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screen compounds for activity before testing them in more time‐consuming
and expensive in vivo assays. PMCA represents a convenient biochemical
tool to identify and evaluate the activity of drug candidates for TSE
treatment, because it mimics in vitro the central pathogenic process of
the disease. Also the simplicity of the method and the relatively rapid
outcome are important features of these types of studies. Moreover, the
fact that PMCA can be applied to prion conversion in different species
provides the opportunity to validate the use in humans of drugs that have
been evaluated in experimental animal models of the disease.

Diagnosis

One of the most valuable applications of PMCA is in TSE diagnosis. As
stated previously, the biggest problem facing a biochemical test to detect
PrPres presymptomatically in tissues other than brain is the very low
amount of PrPres existing in them. Most of the efforts to develop a diag-
nostic system for prion diseases have been focused on the increase of
sensitivity of the current detection methods. PMCA offers the opportunity
to enhance existing methods by amplifying the amount of PrPres in the
sample. Combining the strategy of reproducing prions in vitro with any of
the high‐sensitive detection methods, the early diagnosis of TSE may be
achieved. The aim would be not only to detect prions in the brain in early
presymptomatic cases but also to generate a test to diagnose living animals
and humans. For this purpose, a tissue other than brain is required and, to
have an easier noninvasive method, detection of prions in body fluids
such as urine or blood are the best options. A blood test for CJD can have
many applications, including screening of blood banks, identification of
populations at risk, reduction of iatrogenic transmission of CJD, and early
diagnosis of the disease (Soto, 2004).

Extension to Other Protein Misfolding Diseases

Besides TSEs, several other diseases involve changes in the conforma-
tion of a natural protein to an altered structure with toxic properties capable
of inducing tissue damage and organ dysfunction (Carrell and Lomas, 1997;
Dobson, 2004; Kelly, 1998; Soto, 2001). This group of diseases called protein
misfolding disorders includes several forms of neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, as well as a
group of more than 15 distinct disorders involving amyloid deposition in
diverse organs (Soto, 2001). In a similar way to PrPres in TSE, the protein
conformational changes associated with the pathogenesis of these diseases
result in the formation of abnormal proteins rich in �‐sheet structure,
partially resistant to proteolysis andwith a high tendency to aggregate (Soto,
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2001). The process of misfolding and aggregation also follows a seeding‐
nucleation mechanism, and hence the principles of PMCAmight be applied
to amplify the abnormal folding of these proteins as well. Therefore, PMCA
may have a broader application for research and diagnosis of diseases in
which misfolding and aggregation of a protein are hallmark events.

Method and Technical Details

Protein misfolding cyclic amplification in its original mode was done by
manual operation (Saborio et al., 2001), but we have recently developed an
automated mode (aPMCA), which has been developed to increase sensi-
tivity, specificity, and throughput. The increased throughput of aPMCA has
allowed us to evaluate the importance of numerous variables including
temperature, pH, substrate concentration, type, and concentration of the
detergents, power and length of sonication, and so on. In addition, the
sensitivity has been increased further by the introduction of a new concept
involving serial rounds of amplification. This procedure is named serial
automated PMCA (saPMCA) and is similar to application of multiple
rounds of PCR amplification to reach high sensitivity detection of DNA.

Buffer

Conversion Buffer. Composition of the conversion buffer (CB) has
been established and optimized after exhaustive studies, and we have
found that even small changes may dramatically affect the efficiency of
the amplification process. Thus, we highly recommend using the following
conversion buffer: PBS; NaCl, 0.15 M; Triton X‐100, 1%; and complete
protease inhibitor cocktail 1� (Roche, cat#: 1836145). A pH of between 7.0
and 7.3 is necessary to obtain the best results. Low concentrations of SDS
may also be included in CB but are not usually necessary. When used, the
SDS concentration should be optimized depending on the type of the PrPSc

species to be amplified.

Equipment

Sonicator. In the original PMCA protocol, the proof of concept was
established using a manual sonicator using a single microtip (Saborio et al.,
2001). However, with the increased need for high throughput and automa-
tion, we have implemented a programmable sonicator that uses a 96‐well
plate format (Misonix, USA, model S3000MP sonicator) and satisfies the
principal requirements for PMCA even though the machine was originally
designed for other purposes. Improvements to the equipment planned for
the near future should lead to a full adaptation to the needs of PMCA.
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Homogen izer. A pr incipal compo nent in the PM CA reaction is the
PrP C used as substr ate. At this point we consid er that a normal brain
homogen ate (NBH) is the best substr ate for high ‐ effici ency amplific ation .
For bra in hom ogenizati on, we recom mend using the high ‐ viscosi ty mi xer
Euros tar PWR BSC S1 (IKA, USA ), wher eas for manual homogen ization,
the Potter homogen izer is a perfectly satisf actory option.
Preparat ion of Samples for Amp lification

The correc t pr eparation of the inocul um (PrP Sc us ed as starting mat erial)
and su bstrate (materi al used as so urce of Pr PC ) sampl es is criti cal to achie ve
a good efficien cy of amplific ation ( Fig. 2). To prepare the be st samples for
PMC A it is imp ortant to know several cri tical parameter s con cerning the
materi al to be amplified, in particul ar, (1) the an imal speci es; (2) the type
of tissue in whi ch PrP Sc is to be de tected; (3) an estima tion of the amount of
PrP Sc in the sample to be amplified; (4) the stora ge con ditions of the
sample; and (5) pos sible inhi bitors that may inte rfere wi th the amplific ation .

Whenever possi ble, it is preferab le to use a substrate from the same
specie s as the Pr PSc to be ampl ified (see ‘‘Prepara tion of Subs trate’’). In this
way, an y pot ential pro blems caused by species barrier can be avoided. On
the other ha nd, the use of substrates from different species can be useful , for
exampl e, in studi es to unde rstan d the nature of the speci es barrier.

Anothe r im portant pa rameter is the condition in which the sample to
be ampl ified has been store d. Although PrP Sc is resista nt to high tem pera-
ture (Castilla et al., 20 05a), treatme nt at > 100 � can promot e the formation
of large a ggregates in the samples, which interfer e with efficient amplific a-
tion. The use of samples previ ously dena tured using chaotr opic agents or
ionic de tergen ts at high con centratio ns is also incom patible with PMC A
and should be avoided. Al though not many studies have be en done using
forma lin ‐ fixed sampl es, it is not recom mended to use this type of sampl e
for a mplifica tion.

Finally, either the samples to be ampl ified or the substrates prep ared
for the a mplifica tion may contain potenti al inhi bitory molecul es such as
plasmi nogen , cations, or oth er, as yet, unident ified blood compou nds that
have been found to interfere with PMCA (data not shown) . Bec ause it
is extre mely important to eliminate such mol ecule s, some sampl es will
requir e pretr eatmen t before the amplific ation process (see ‘‘Pretreatm ent
in Prep aration of Sampl es from Periphe ral Sour ces’’). In ad dition, special
precaut ions need to be taken when using blood, CSF, saliva, milk, urine, or
feces (see ‘‘Prepara tion of Sampl es from Pe ripheral Sources’’ ).

Preparation of Prion‐Infected Samples from CNS. Infectious brain
material should be homogenized in conversion buffer (CB) at 10% (w/v)



FIG. 2. PMCA method. The scheme shows a diagram of the different procedures involved

in PMCA, including the preparation of the substrate (I), inoculum (II), the mixing and

amplification process (III), and the PrPres detection (IV).
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at 4� using a high ‐ visco sity mixer (see ‘‘Equip ment’’). The homogenat e
should be centrifuged at 1500g for 30 sec and the supernatant retained for
further use. Because much of the PrPSc is present in the membrane frac-
tions, centrifugation at a higher speed should be avoided to reduce the risk
of losing infectious material in the pellet. Storage of the homogenate in
aliquots at �80� is recommended.

Preparation of Prion‐Infected Samples fromPeripheral Sources.Although
the most frequent samples for testing will be brain homogenates, other
tissues could also be used as a source of infectious material. In most cases,
the samples should be prepared in the same manner, with the exception of
some special tissues that may require some form of pretreatment. We have



12 characterization of protein deposition IN VIVO AND EX VIVO [1]
separated these latter samples into: (1) blood samples, (2) tissue samples
containing high amount of blood, and (3) other fluids such as CSF, saliva,
milk, urine, and feces.

BLOOD SAMPLES . Blood is probably the most interest ing sample to use
in prion diagnos is. However, it is also con sidered one of the most compli-
cated tissues for these purp oses. The extre mely low amount of PrP Sc

present in blood and the presenc e of inhib itors of prion replicat ion make
it necess ary to take special precaut ions. The blood should be collected
using a syringe containing EDTA to avoid clotti ng an d place d in tubes
contai ning sodium citrate. For standar d infectiou s blood mat erial, it is
necess ary to use at leas t 1 ml of whol e blood. One milliliter of PBS sh ould
be add ed to the total blood and buffy coat sho uld be pr epared by centr ifu-
gation on a Ficoll gradi ent using standar d procedure s. The isol ated buffy
coat fraction sho uld be sub jected to three consecut ive freez ing–thaw ing
cycles to break the cells, and then centrifu ged for 100,000 g for 1 h at 4� to
pellet PrP Sc . For PMC A, the pe llet should be resuspe nde d directly in 100 �l
of nor mal brain homogenat e. The amou nt of PrP Sc present in 1 ml of
infecti ous blood is usually not sufficien t for standar d a PMCA, an d in this
case seri al rounds of aP MCA are needed (Ca stilla et al. , 2005b) as described
later (see ‘‘Serial Automa tic PMCA Procedure ’’).

TISSUE SAMPLES CONTAI NING H IGH A MOUNT OF BLOOD . We have ob-
served dur ing developm ent of PM CA that small amoun ts of plasma or
serum can inhib it the PMC A reaction. In addition, the pro teinase K treat-
ment , which is perfor med afte r amplific ation to detect PrP Sc , can be in-
hibited by protease inhib itors present in blood. For this reason, whenev er
possi ble, it is recommende d that anim als be perfused with PBS þ 5 mM
EDTA before dissection of the tissues. When this is not possible, freshly
dissected tissues should be washed carefully in PBS þ 5 mM EDTA before
the preparation of the samples.

OTHER SOURCES OF PRPSC SUCH AS CSF, SALIVA, MILK, URINE, AND

FECES. Although we have not yet attempted to use PMCA to amplify
samples from these biological fluids, later we provide some advice based
on our experience with similar samples. We would recommend diluting
these samples with PBS þ 5 mM EDTA followed by centrifugation at
100,000g for 1 h. This procedure requires exhaustive washing of the sample
with CB and a further centrifugation at 100,000g for 1 h. The pellet, most
probably invisible, should be resuspended directly in substrate to avoid
more dilution. It is important to note that these special samples could
contain enzymes, urea, and other molecules that may coprecipitate with
the infectious material, thereby further complicating the amplification step.

Once prepared, samples for amplification should be divided into ali-
quots and frozen at �80�. It is known that PrPSc has a strong tendency to
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aggrega te, and this seems to increase with repeated freezing and thawing.
Although higher levels of aggrega tion seem not to affe ct the ability of
PrP Sc to act a s tem plate for ampl ification (samp les have been froze n and
retested more than 20 times without an y signi ficant differenc e), the size and
number of the larg e aggrega tes can lead to errors in sampl e dilu tion, which
thus may produce variab ility in the level of ampl ification.

In vivo studies have shown that the PK‐treated PrPSc is still infectious,
even though its infectivity is diminished compared with that of nontreated
Pr PSc. The latter may be due to an increased propensity to aggregation.
S a mp le s d ig es te d w it h P K t re at me nt c a n a ls o b e a mp li fie d b y P M C A e ve n
th ou gh , a s w it h in vivo infectivity, the level of amplification is slightly dimin-
ished. Despite this, the use of PK to remove proteinaceous contaminants
might be a good option for certain samples.

Preparat ion of Subs trate. We consi der the preparat ion of the substr ates
to be the most criti cal step in achie ving succes sful PMCA. In our han ds, the
best and most conven ient sub strate is normal brain homogenat e from the
same species as the prion sampl e to be amplified, althoug h other substr ates
have also been used succes sfully (see ‘‘Othe r Subs trates’’) .

Normal Bra in Hom ogenat e. As mentioned previ ously, the presenc e of
cations and certain blood componen ts can seriousl y affect the ampl ification
process. For this reason, we consid er it highly benefi cial to perfus e the
animals wi th PBS þ 5 mM EDT A before the brain extractio n. After
perfusion, a totall y white brain can be obtain ed from the anim al. We
recommend the us e of a CO2 chambe r for euthani zing, to avoid using
anesthe sia, which may also interfer e with the subsequent amplific ation .

When ever possible, we recommend prep aring sub strate from anim als
of the same species as the infecti ous sample to be ampl ified. In the case of
larger an imals such as cattle, sheep, goats, and so on in which pe rfusion
before tissue dissection is not possi ble, we woul d recommend removing the
entire brain as quickly a s pos sible to reduce pos tmortem lysis, an d then
washing the fresh tissue immedi ately with cold PBS þ 5 mM ED TA to
remove as much blood as possi ble. In case obtain ing brains from the same
species is a problem (e.g., humans) , we ha ve succes sfully used transg enic
mice brain overexpr essin g PrP C .

We have not e xperiment ed extens ively at this point to determi ne which
part of the brain is the most suitab le for PMCA studies; howeve r, current ly
we would recom mend using the entire encephal ic area inclu ding brain
stem. On the basis of in vivo experiments, we also recommend using
animals as young as possible, although we avoid using fetal tissue.

After removal, the brain should be placed into conversion buffer at 4�

and immediately homogenized at 10% (w/v) using a high‐viscosity mixer
(see ‘‘Equip ment’’). In our ha nds, the highes t ampl ification is obtaine d using
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7.5–10% of substrate, but it is also possible to use 2.5–5%, although with
lower yield of amplification. After homogenization, large pieces of tissue
and unbroken cells should be removed by a low‐speed centrifugation. The
low speed (1500g for 30 sec) is important to avoid losing or destabilizing
membrane components that seem to be essential for conversion. The final
substrate preparation should be turbid with visible membrane fragments
still present. If the homogenate is transparent, the efficiency of conversion
will not be good.

Homogenates, once prepared, should be stored at �80� and can be
thawed and refrozen approximately 10 times without significant loss of
efficiency. Storage at �20� is not recommended; however, for short‐term
use, homogenates can be kept at 4� for up to 7 days. Following the studies
from Supattapone’s group (Deleault et al., 2003), it is recommended that
the work be done in RNAse‐free conditions.

Other Substrates. The normal brain homogenate is considered, at this
moment, to be the most efficient substrate for amplification, particularly
for TSE diagnosis purposes. However, the use of alternative substrates
could be beneficial for other studies aimed, for example, at understanding
the tissues capable to propagate prions or to localize other factors involved
in PrPC to PrPSc conversion.

CELLS. Protein extracts from whole cells can provide a good substrate
for specific applications of PMCA. For these studies, transient or stably
transfected knock out‐PrP (PrP‐KO) cells overexpressing different PrPC

transgenes can provide useful substrates for subsequent experimentation.
Our experience at this point has been focused on PrP knock out N2a cells
overexpressing hamster or mouse PrP as substrates. Cells should be resus-
pended in a small volume of PBS (0.5–1 ml) and centrifuged in a 1.5‐ml
Eppendorf tube for 5 min at 2000g. The supernatant must be completely
removed, and the pellet containing cells should be resuspended in 50–100
�l of CB and the centrifugation step repeated. To enhance the level of
amplification using cells as substrate, we have found that it is useful
to supplement the PMCA reaction with a ‘‘PrP inert substrate’’ such as
PrP‐KO brain homogenate or normal brain homogenate from a species
resistant to prion propagation such as rabbit. This material provides addi-
tional quantities of a yet unknown ‘‘conversion factor,’’ which is highly
expressed in brain.

LIPID RAFTS. The detergent‐resistant membrane (DRM) or lipid–raft
fraction, should also be considered as a good alternative substrate to the
whole brain homogenate. PrPC is attached to the outer cell membrane by a
glycosyl phosphatidylinositol (GPI) anchor, and, like other GPI‐anchored
proteins, PrPC is found in the cholesterol, glycosphingolipid, sphingomyelin‐
rich membrane subdomains known as lipid rafts (Vey et al., 1996). This
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membrane fractio n seem s to con tain a ll elemen ts req uired for prion con ver-
sion (un published data). Var ious metho ds have been described to isolate
lipid rafts both from brain homogen ates and from ne uronal cell lines. We
routinely us e Optip rep (Axi s‐ Shiel d) density gradie nts to isolate lipid raft
from N2a ne uroblas toma cells or from brain.

PURIFIED P RP C . Curr ently, one of the most intriguing iss ues in the prion
field is the identit y of the fact ors required for PrP C to PrP Sc convers ion.
With this in mind, we have desig ned a purific ation techniqu e to obtai n PrP C

free of other compo nents but su itable for convers ion to PrP Sc . This purified
substrate can be used to study the effe cts of well ‐ charac terized biol ogica l
fraction s on the convers ion process . Mixing PrP C with a sampl e that is ab le
to complem ent the con version enables us to have a bette r underst anding of
the req uirement s of the convers ion process (e.g., nuc leic acids, lipids,
proteins). The ability to purif y PrP C will all ow us to mix it with PrP Sc

and scree n for cellul ar compone nts capabl e of reconstitu ting a convers ion
competent envir onment . This is currently being worke d out and will be
reported at a later time.

Automated PMCA Procedure

In the original PMCA procedure (Saborio et al., 2001), sonication was
performed manually using a single probe sonicator. More recently, an auto-
mated version of PMCA has been developed (Castilla et al., 2005a) that shows
improved efficiency and reproducibility. This procedure now referred to as
automatic PMCA (aPMCA) uses an inverted 96‐well sonicator that can be
programmed for automatic operation (see ‘‘Equipment’’). This technique has
proved to be of great value for diagnosis and for other prion propagation
studies. aPMCA overcomes one of the major drawbacks of manual PMCA,
n a me ly c ro s s ‐contamination, because there is no direct contact between the
sonicator probe and the sample. The following recommendations for standard
use of this procedure should be observed:

1. Sampl es to be ampl ified are place d at different dilutio ns into 0.2 ‐ ml
PCR tubes and mixed with 10% substr ate (see ‘‘Prepara tion of Subs trate’’).
The fina l v olume sho uld be betw een 60 a nd 100 � l. For each condition, three
tubes are prepared. One is froze n immediate ly (froz en control), and the
second is subjected to multip le cycles of incubation/ sonicati on (PMCA
samples) (Fig. 2).

2. Samples are incubated for 30–60 min at 37� in the reservoir of
the automatic sonicator. The duration of the incubation phase needs to be
optimized for each sample, because factors such as the prion strain and the
amount of PrPSc in the sample will require different incubation periods.
There are numerous parameters that can be modified (including time,



16 characterization of protein deposition IN VIVO AND EX VIVO [1]
temp erature, and agitati on rate) to reach highes t efficiency for a pa rticular
sample; howeve r, in this chapter we will limi t the descripti on to our standar d
procedu re. As further knowl edge about prion replication in vitro accumu -
lates, and as more sophis ticated equ ipment be comes availabl e, add itional
modi fications to the techniq ue will be implem ented.

3. Samples are sonic ated for a single pulse of 40 sec. The sonic ation is
the most cri tical step in this techni que, and v ariation in the level of
sonic ation can gen erate hug e differenc es in the resul ts. Usin g the opt imal
level of sonic ation is crucial to break down and multiply the PrP Sc

polym ers without affecting their capacity to act as ‘‘seed’ ’ for furt her PrP C

convers ion. It is also im portant to note that the ultrasound stre ngth needed
to amplif y PrP Sc of distinc t strains and from diverse speci es can be
different ( Soto et al., 2005 ), an d hen ce low or even no amplific ation at all
may be obtai ned for new sampl es unde r con ditions that work very well for
others . These findings are probab ly rela ted to the specific con formatio n/
aggrega tion state of each stra in of prion, whi ch has been proposed to
explain the differenc es in clinical, patholo gical, an d bioche mical featu res
of dist inct strains.

The sonicatio n step is the most difficu lt to mon itor adequatel y, and
many factors can influen ce the fina l ampl ification observed . These facto rs,
which we de scribe late r, need to be taken into accoun t to achieve maxima l
amplific atio n.
a. Power of son ication: The power of sonicatio n for the 263K
hamst er prion strain sho uld be set to the maximum potency of
this sonicator (lev el 8–10). For other species/ strains, sonic ation
power should be optimized experimentally and is in general lower
than for 263K strain.

b. Wavelength: At present, we do not know how wavelength affects
the effectiveness of sonication; however, we should be able to
determine this once other equipment becomes available.

c. Water in the sonication reservoir: The reservoir has to be filled
with 140 ml of water (see ‘‘Equipme nt’’), which decreas es at a
rate of around 2.5 ml/h at 37�. Tubes should be incubated without
touching the sonication plate.

d. Tubes for sonication: It is very important to use thin‐walled 0.2‐ml
tubes to obtain themost effective penetration of ultrasound waves.

e. Number of tubes:The rack used in this sonicator is designed to hold
96 tubes. However, our experiments have shown that the effective
power of the sonicator diminishes when the rack is completely full.
This is probably because each tube attenuates to some extent the
effect of the ultrasound waves. If all positions need to be used, we
would recommend increasing the power of sonication. In our
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standar d pro cedure, only 60% of the rack is used, with tubes being
placed a t rando m pos itions a cross the plate.

4. The incubation/sonication cycle (steps 2–3) should be repeated as many
times as needed to reach the desired level of amplification. For the standard
reaction, we recommend approximately 24 h of cyclic amplification.

It is prefer able to co mplete the entire amplific ation ex periment without
freezing– thawing the samples. If it is necessary to interrup t the amplific a-
tion, samples should always be froze n at � 80 � . It is not necessary to use a
quick freez ing proced ure.

Although the theoretical limit of amplification will be the amount of PrPC

substrate present in the tube, we regularly observe that the efficiency of
amplification starts to decrease after approximately 150 cycles (75 h of incu-
bation). This problem is most likely the result of a deleterious effect of
prolonged incubation at 37� . Under these conditions, the PrPC substrate or
ot he r b ra in ‐derived cofactors necessary to promote the conversion of PrPC

in to Pr PSc might be altered or consumed. In view of this, and to increase
further the level of achievable amplification, we have extended the technique
of aPMCA to include serial rounds, in which at each new round, the amplified
samples are rediluted into fresh substrate. This new approach, termed serial
automated PMCA (saPMCA), will be described in the following.

To main tain a goo d reproduci bility of the aPMC A techniqu e some
points need to be caref ully consi dered, especi ally when smal l amount s of
PrP Sc are used for amplific ation. In particula r, the follow ing situatio ns
should be avoided:

a. Low sample volumes (<50 �l).
b. Low water level (<100 ml) in the reservoir of the automatic

sonicator.
c. Bubble formation in the sample that could prevent a good

transmission of sonication waves.

5. After the last pulse of sonication is completed, the samples are ready
for proteas e K digesti on (see ‘‘Detect ion of Am plified Product’’ ). If
digestion is not performed immediately, the amplified samples should be
stored at �80�.

Serial Automatic PMCA (saPMCA) Procedure

Serial automatic PMCA consists of successive rounds of aPMCA in
which at each round the amplified sample is diluted into fresh substrate.
This approach is highly recommended for experiments requiring elevated
levels of amplification, especially when working with samples contain-
ing minute initial amounts of PrPSc, such as blood, CSF, or peripheral
nonlymphoid tissues.
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As mentioned previously, the efficiency of PMCA decreases after ap-
proximately 75 h of constant incubation at 37�. However, efficient conver-
sion is restored when the amplified samples are diluted into fresh substrate.
Therefore, after a first round of standard aPMCA, the amplified samples
are diluted into NBH and amplified in a second round. The dilution factor
depends on the purpose of the study and the original dilution of the PrPSc.
For experiments in which the aim is to simply eliminate the original
inoculum (e.g., for comparative studies, infectivity experiments), and
where the initial amount of PrPSc is relatively high (4 log LD50), a 100‐ or
1000‐fold dilution can be performed at each stage of saPMCA. However, in
studies where undetectable amounts or PrPSc are present, even after a first
round of PMCA, a 10‐fold dilution is enough to refresh the substrate. The
rounds of saPMCA can be repeated as many times as is needed to reach the
detection threshold of Western blotting. Samples remaining negative after
eight rounds of saPMCA can be considered negative, because according
to our experience, approximately six rounds of saPMCA can amplify the
minimum amount of material required for amplification (approximately a
few hundred molecules of PrPSc monomers) (unpublished data).

Because of the PCR‐like nature of PMCA, special care should be taken
during the manipulation of the samples when performing serial dilutions of
the amplified material. Thus, after each round of aPMCA, the samples
should be gently spun down to remove material present in the lid, which
arises during sonication or because of condensation of the sample. Given
the power of this procedure, inclusion of negative control samples (NBH
without PrPSc) that are amplified and serially diluted in parallel with the
experimental samples is highly recommended.

For safety conditions, filter tips should be used for liquid handling, and
sonication should be performed in a closed container inside a BSL‐2 hood
to avoid the spread of infectious material.

Detection of Amplified Product

After amplification, the two samples (amplified and frozen) are digested
with proteinase K (PK), and PrPres is detected by immunological methods.
Because distinct species/strains of prion show a different extent of resistance
to proteolytic degradation, the optimal PK treatment condition should be
determined beforehand. The critical issue is to make sure that no PrPC

remains undigested after PK treatment, because it is a common mistake to
confuse incomplete digestion of PrPC with false‐positive PrPres formation.
When PrP is detected byWestern blotting, it is easy to distinguish incomplete
PrPC digestion from bona‐fide PrPres, because the latter exhibit a switch on
molecular weight because of the removal of the first �90 amino acids. To
ensure complete digestion, especially after extended incubations, a higher
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concentration of PKmay be required to digest increasingly larger aggregates.
Addition of up to 0.05%SDS in the buffer used for the PK treatmentmay also
help. Digestions using temperatures between 42� and 64� and with shaking at
350–450 rpm are also recommended. Our standard procedure, which can be
taken as a basis for further optimization, is as follows.

1. Prion‐containing samples (20 �l) are incubated with standard
concentrations of PK (50 �g/ml for hamster, 25 �g/ml for mouse, 20 �g/ml
for cattle, or 40–50�g/ml for CJD) for 1 h at 45� with shaking at 350–450 rpm.
Aliquots of PK (10 mg/ml) are stored frozen at �20�, and in the interests
of reproducibility, any thawed, unused enzyme is discarded at the end of
the experiment. Note: Blood contains protease inhibitors that can interfere
with the PK digestion, and in those samples where the presence of blood
is unavoidable, the PK concentration should be adjusted accordingly.

2. The PK digestion is stopped by addition of phenyl‐methyl‐sulfonyl‐
fluoride or SDS‐PAGE loading buffer. Samples can be analyzed for the
presence of PrPres using any of the established immunological methods,
such as Western blotting or ELISA (Soto, 2004).
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[2] Fractionation of Prion Protein Aggregates by
Asymmetrical Flow Field‐Flow Fractionation

By JAY R. SILVEIRA, ANDREW G. HUGHSON, and BYRON CAUGHEY

Abstract

Achieving the successful separation and analysis of amyloid and other
large protein aggregates can be a difficult proposition. Field‐flow fraction-
ation (FFF) is a flow‐based separation method like chromatography; how-
ever, FFF is capable of high‐resolution separations in the absence of a
stationary matrix. Thus, FFF is a relatively gentle technique and is well
suited to the task of separating large macromolecules and macromolecular
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