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Prions are self-propagating proteina-
ceous infectious agents capable of 

transmitting disease in the absence of 
nucleic acids. The nature of the infec-
tious agent in prion diseases has been at 
the center of passionate debate for the 
past 30 years. However, recent reports on 
the in vitro generation of prions have set-
tled all doubts that the misfolded prion 
protein (PrPSc) is the key component in 
propagating infectivity. However, we still 
do not understand completely the mech-
anism of prion replication and whether 
or not other cellular factors besides PrPSc 
are required for infectivity. In this arti-
cle, we discuss these recent reports under 
the context of the protein-only hypoth-
esis and their implications.

Prions, Bizarre Infectious Agents, 
Unique Diseases

Prions are self-propagating particles of pro-
teinaceous origin which share the ability 
to transmit disease with typical infectious 
organisms such as viruses and bacteria, but 
in contrast to them, prions do not have 
genetic material.1,2 Prion diseases have been 
found in humans and other mammals, 
including cattle, sheep, cervids, felines and 
rodents. In addition to be transmitted by 
infection, the disease can have inherited 
and sporadic origins. In the transmissible 
cases, infection of the host is preceded by a 
variable incubation period and followed by 
the appearance of clinical symptoms. Prion 
diseases are 100% fatal and after a long 
pre-symptomatic period in which the agent 
is slowly replicating, the clinical phase is 
often very rapid, progressive and severe.3

Although the exact molecular nature of 
prions is not completely clear, it is widely 
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accepted in the field that the prion pro-
tein (denoted PrP) in its infectious con-
formation (PrPSc) is the main or perhaps 
only component of the infectious agent.2,3 
Having a misfolded protein as an infectious 
agent makes prions very unconventional. 
Even if some co-factors are proven to be 
required, the minimal infectious agent 
should be much less complex than a virus 
or any other form of conventional micro-
organism. Given the heretical nature of 
prions, the “protein-only” hypothesis has 
remained controversial for decades.4,5 
Recent reports demonstrating the forma-
tion of highly infectious prions completely 
in vitro have provided the strongest proof 
for the prion hypothesis and have taken 
the field to an entirely new position.6-9 In 
this article we will summarize these find-
ings and critically discuss their contribu-
tion to understand the molecular nature 
of prions and their unique mechanism of 
propagation.

In vitro Formation of Synthetic 
Prions

For many years the prion skeptics argued 
that the final proof for the prion hypoth-
esis will be the generation of infectious 
material in the test tube, in the absence of 
living cells and hopefully with highly puri-
fied synthetic PrP.5 This goal attempted by 
many groups failed until recently. Table 
1 describes some of the successful experi-
ments reporting the production of infec-
tious prions de novo.

An approach that was extensively 
explored for the purpose of generating 
de novo infectious material consisted on 
producing PrP with mutations associ-
ated with inherited prion diseases. The 
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conformation that we are still far from 
mastering in the test tube.

In vitro Generation of Prions 
by PMCA

In 2001, our group developed a tech-
nique to replicate prions in vitro, termed 
Protein Misfolding Cyclic Amplification 
(PMCA).29 PMCA improved the effi-
ciency of prion conversion over the pio-
neer work of Caughey with the cell-free 
conversion process,30,31 enabling to test the 
infectious properties of in vitro generated 
PrPSc. Considering the many failures on 
the attempts to produce infectious fold-
ing from rPrP, we hypothesized that this 
conformation must be very special and 
thus we attempted to mimic the patho-
logical process of prion formation in the 
test tube. PMCA was shown to reproduce 
the auto-catalytic replication of prions 
in a greatly accelerated manner.29 The 
in vitro-generated material was shown 
to keep all the biological, biochemical 
and structural characteristics of in vivo 
produced prions.6 More importantly, we 
showed for the first time the production of 
bona-fide infectivity in wild type animals.6 
Recently, we have shown that different 
prion strains can retain their properties 
with high fidelity after many passages 
in PMCA.32 Furthermore, more complex 
processes such as species barrier crossing 
and strain adaption were recreated in our 
lab using this technology.33,34 These find-
ings indicate that infectivity and associ-
ated properties (strain variability, species 
barrier and strain adaptation) are purely 
dependent on the formation of PrPSc, 
which can be done in a cell-free system, 
thus ruling out the involvement of genetic 
material.

have provided strong evidence that PrPSc 
is the only element needed for infectivity. 
However, since the disease was originally 
transmitted to transgenic animals overex-
pressing the PrP gene and not to wild-type 
animals24 it cannot be ruled out that the 
effect seen might just be an acceleration 
of the disease process that was set to occur 
spontaneously at a later time. Indeed, it is 
well known that transgenic mice overex-
pressing PrP develop a prion-like disease 
spontaneously,25-27 including the animals 
used in the original Legname et al. publi-
cation.24 In addition, the clinical and his-
topathological presentation of the disease 
was different from the usual disease in 
mice. The authors argued that this result 
may be due to the creation of a new strain 
of prions.21

In a very recent study from Baskakov’s 
group it was reported that prion infectivity 
was generated in wild type hamsters after 
serial inoculation with full-length rPrP 
that had been converted into cross-β-sheet 
amyloid fibrils and subjected to annealing 
in the presence of normal brain homoge-
nate or albumin.28 However, no disease 
was produced in the first passage although 
PrPres was detected in the brain of some of 
the animals. Serial transmission gave rise 
to a disease phenotype with highly unique 
clinical and neuropathological features, 
including deposition of large amyloid 
plaques and a very slow progression of dis-
ease after onset of clinical signs.

In summary, the attempts to produce 
infectious material de novo from rPrP 
have only produced partial success in 
generating disease, because either especial 
transgenic mice need to be used as hosts 
or the disease does not appear in a first 
passage. These findings suggest that the 
infectious folding might be a very unique 

rationale for this approach is that the 
mutation should favor the formation of 
the infectious folding. Several mutant 
PrPres-like molecules have been generated, 
some of which were shown to acquire 
various biochemical properties of PrPres. 
However, so far, none of them have been 
shown to be infectious when the mutant 
protein produced in cells was inoculated 
into animals.10-12 Nevertheless, recent 
experiments from the groups of Lindquist 
and Aguzzi have shown that transgenic 
mice expressing a mutation associated to 
fatal familial insomnia or modifications 
inducing rigidization of the loop at posi-
tion 166–175 of PrP, respectively, develop 
spontaneous disease that can be transmis-
sible to wild type animals.13,14 Although 
these studies are certainly a step ahead 
on showing that infectivity is encoded in 
the PrP molecule, they do not address the 
issue of infectivity generation in vitro.

Another strategy widely explored con-
sisted of using a variety of physicochemi-
cal procedures to induce the misfolding 
of recombinant protein or short PrP syn-
thetic peptides into β sheet-rich structures 
exhibiting some of the biochemical and 
biological properties of PrPres.15-20 These 
experiments have largely failed in produc-
ing infectivity. However, in 2004 Legname 
and co-workers showed that a recombinant 
mouse PrP fragment (residues 89–230) 
assembled into amyloid fibrils produced 
disease with some prion characteristics 
when injected into transgenic mice highly 
overexpressing the same PrP sequence.21 
The disease was later transmitted to wild-
type animals in a second passage. These 
findings and subsequent studies from the 
same group,22-24 including the formation 
of many novel synthetic prions and even 
some composed of protease-sensitive PrP, 

Table 1. Strategies successfully used for de novo generation of infectious prions in vitro

Substrate Conversion Technique Infectivity Reference

Mouse rPrP (89–230) incubation in partially denaturing conditions Positive only in transgenic mice Legname et al., 2004

Brain-derived purified 
 hamster PrPc

Multiple rounds of PMCA in the presence of 
poly-anions and lipids

Positive in wild-type hamsters Deleault et al., 2007

Hamster brain  homogenate 
(Hamster PrPc)

Multiple rounds of PMCA with extended cycles Positive in wild-type hamsters Barria et al., 2009

Hamster rPrP (full length)
incubation in partially denaturing conditions 

followed by annealing technique
Positive in wild type hamsters after 

second passage
Makarava et al., 2010

Mouse rPrP (full length)
Multiple rounds of PMCA in the presence of 

poly-anions and lipids
Positive in wild-type mice wang et al., 2010
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agent. Indeed, in the studies of Deleault 
et al. and Wang et al. it was necessary 
to add non-coding RNA and possibly 
lipids in order to generate infectivity.8,9 If 
PrPSc is the sole component of the infec-
tious agent, why do all these experiments 
require the presence of co-factors that 
seem to remain as stable components 
of the infectious particle?36 This is an 
important question for the near future. It 
is possible that the requirement of RNA 
(or other synthetic polyanions) and lipids 
is needed for efficient in vitro amplifica-
tion by PMCA, instead of a need of these 
compounds for infectivity. Indeed, in our 
experience, as well as in the studies pub-
lished by Supattapone, a co-factor plays 
an important role in prion replication 
in vitro.37,38 The identification of the co-
factor operating in the brain (which in 
vitro can be substituted by RNA, polyan-
ions and lipids) may provide a novel and 
important target for prion therapy.

The prion phenomenon of transmis-
sion of biological information by “infec-
tious proteins” in the absence of nucleic 
acids has also been demonstrated to oper-
ate in several yeast and fungal proteins.39-41 
Diverse genetic, biochemical and struc-
tural evidence have been provided in sup-
port of the prion nature of various yeast 
proteins.41,42 It has been shown that bac-
terially produced N-terminal fragments of 
Sup35p, when transformed into amyloid 
fibrils, were able to propagate the prion 
phenotype to yeast cells.43-45 Infection of 
yeast with different conformers led to gen-
eration of distinct strains in vivo, indicat-
ing that differences in the conformation 
of the infectious protein determine prion 
strain variation.44,46 The spontaneous 
formation of prions has been also repro-
duced in yeast prions.47,48 However, the 
way spontaneous yeast prions are formed 
and induced experimentally differs from 
those of mammalian prions. The intro-
duction of a plasmid overexpressing a par-
ticular prion protein in yeast has proven 
to be very efficient in generating de novo 
appearance of prion-associated pheno-
types, which have been shown to be trans-
missible.47,49 In addition, no co-factors are 
needed when using recombinant proteins 
to reconstitute infectivity in vitro.43-45

was infectious to wild type hamsters and 
generated a disease with unique clinical, 
neuropathological and biochemical prop-
erties.7 Since the publication of this article 
we have generated various novel prion 
strains in several species. It is astonishing 
to observe the large variety of prion strains 
that can be generated in vitro, indicating 
that the strain diversity is almost unlim-
ited. However, it is important to note that 
some species appear to have a tendency to 
adopt some specific strains, e.g., the ham-
ster PrP sequence has a good predilection 
for strains of the 263K or Hyper type. 
Therefore, the de novo formation of prions 
opens up a great opportunity to explore 
the natural tendency of a defined sequence 
to generate a specific prion strain. Most 
experimental strains have been the result 
of years of in vivo passages and adaptation 
and they carry information from hetero-
geneous origins. It would be interesting to 
see what the natural propensities of differ-
ent PrP sequences are.

However, both in our studies as well as 
in Deleault et al’s, the PrPC substrate came 
from brain origin. Atarashi et al. reported 
the optimization of PMCA using rPrP,35 
but have not shown yet whether the PrPSc 
produced in vitro is infectious. In a recent 
and exciting development Wang et al. 
reported the de novo generation of bona-
fide infectious prions in vitro by PMCA 
using exclusively rPrP with the sole addi-
tion of RNA and lipids.9 Again, although 
the material produced has the typical 
characteristics of prions, the disease pro-
duced indicates a novel prion strain. This 
study represents the so far strongest proof 
for the prion hypothesis.

Is PrPSc the only Component 
of the Infectious Agent?

The tremendous progress in the in vitro 
generation of infectious prions produced 
in the past 5 years has dissipated all 
doubts respects to the validity of the 
prion hypothesis. Today the contention 
that prions might be composed by a virus, 
bacteria or any other type of traditional 
micro-organism is untenable. However, 
it is still not possible to definitively rule 
out that components other than the pro-
tein are an integral part of the infectious 

Using the PMCA technology, a land-
mark study from Supattapone’s group 
showed that infectious prions can be prop-
agated with highly purified components 
with the sole addition of synthetic polyan-
ions.8 Strikingly, not only did they amplify 
a 263K strain using purified mammalian 
PrPC as a template, but they also observed 
that PrPSc molecules were randomly 
formed in the negative controls after a 
larger number of PMCA cycles.8 These de 
novo generated prions (not seeded by pre-
existing PrPSc) were shown to be infectious 
in wild type hamsters. Clinical symptoms, 
neuropathological and biochemical char-
acteristics of the disease observed largely 
resembled those associated to the 263K 
strain.8 Although it is not surprising that 
de novo generated hamster prions look 
like the 263K strain, since the hamster PrP 
sequence has predilection for this particu-
lar form, these results raise the possibility 
that spontaneously generated prions may 
have originated by cross-contamination. 
However, the authors took many precau-
tions to rule out the possibility of cross-
contamination.8

The possibility that prions can be 
spontaneously formed and amplified by 
PMCA is sound and feasible, consider-
ing that a large proportion of prion dis-
eases have a sporadic origin. It is thought 
that sporadic prion disease are produced 
by a spontaneous low-frequency event of 
misfolding that originates the first stable 
molecule of PrPSc, which then grows up 
by the infectious mechanism. In a recent 
work, our group showed that de novo for-
mation of prions can be induced under 
certain experimental conditions using 
PMCA.7 Previously, we have observed 
on rare occasions that PMCA negative 
controls (healthy brain homogenates sub-
jected to PMCA) became positive after 
many PMCA rounds in a random fashion. 
In an attempt to dig deeper into this issue, 
we started modifying several conditions 
such as buffers, addition of chaotropic 
agents, pH and temperature changes with 
the aim of facilitating this de novo process 
of PrPSc formation. None of these meth-
ods worked satisfactorily.7 Only when the 
length of PMCA cycling was increased 
did we observe spontaneous PrPSc-like 
protease resistant bands. This material 
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be enough to keep the protein far away 
from sampling PrPSc-like states. However, 
this scenario still poses some difficulties 
when trying to rationalize a mechanistic 
framework for PrP misfolding. Timescales 
of the dynamics of protein conforma-
tional changes typically fall in the range 
of microseconds to seconds. Very slow 
refolding kinetics can be associated to 
proline isomerization as has been recently 
suggested,54 which has also been shown 
to be important in amyloid formation.55,56 
Although this process is considered to be 
very slow in a molecule timescale, it usu-
ally falls in the order of seconds, which 
makes it difficult to reconcile with the 
PrPSc timescale of in vitro spontaneous 
formation. An exquisite combination of 
specific proline isomeratization steps in 
two or more interacting PrP monomers 
may be underlying the process, which in 
addition to the nucleation process may 
cover up for the long time required for 
prion formation.

The Structure of the Infectious 
Folding: The Last Frontier

To date, the molecular structure of PrPSc 
is unknown and it represents the main big 
unanswered question in the field. Several 
models have been proposed,57-61 but much 
more work is required to resolve this 
important issue. PrPC is composed of two 
domains, a natively unfolded N-terminal 
domain and a globular C-terminal 
domain.62 Although there is still debate 
about the structural fate of PrP C-terminal 
region during conversion into a prion,63 
it is nowadays widely accepted that part 
of the N-terminal domain (specifically 
from residues in between 89–145) acquire 
significant structure during misfolding.64,65 
Of the available models, the β-helical 
representation seems to fit better with 
many different experimental constraints.59 
This model proposes that part of the 
N-terminal region folds into a β-helix 
forming a trimmer, as the basic struc-
tural unit. Interestingly, folding of other 
β-helix proteins has been shown to be 
an extremely slow process, even slower 
than proline isomerization-based folding. 
Two well studied cases of β-helix folding 
mechanism, Pertactin and P22 tailspike 
protein, have shown to exhibit very long 

these events in vivo can be explained 
from both thermodynamic and kinetic 
views. In the thermodynamic view, 
the difference lies in the fact that ener-
getically non-favored states attain rapid 
equilibrium, allowing for the presence 
of prion-prone conformers coexisting 
with native states at all times, whereas in 
the kinetic scenario, population of these 
states may requires days, weeks or even 
years depending upon the energetic gap. 
The probability of a productive encounter 
of two improbable prion-prone conform-
ers, though it can in principle be similar 
in both scenarios, will be established at 
virtually any time in the thermodynamic 
view, whereas very large activation ener-
gies will preclude molecules from sam-
pling these conformational states, unless 
sufficient time is provided. We also need 
to consider that oligomerization pro-
cesses take place while misfolding occurs, 
making any thermodynamic or kinetic 
analysis much more complex in terms of 
quantification as well as energy landscape 
representations.

The thermodynamic scenario fall a 
little short when considering the many 
failed attempts to generate infectious 
recombinant PrP by modulating its fold-
ing in the absence of co-factors. Within 
the thermodynamic framework, the use 
of chemical and/or physical agents to 
reshape the PrP energy landscape should 
have already yielded infectious PrP if only 
very low populated conformers were solely 
required for generating prions spontane-
ously. Indeed, when we tried to generate 
de novo prions in brain homogenates, lon-
ger incubation times and many passages in 
PMCA reactions were effective in stimu-
lating formation of spontaneous prions, 
instead of the use of chemical reagents.7 
We think that the high number of pas-
sages and long incubation times needed to 
generate spontaneous prions more likely 
represent a kinetic framework for PrPSc 
formation. Deleault et al. and Wang et al. 
also showed stochastic formation of prions 
after many rounds of PMCA using puri-
fied components.8,9

A kinetically-controlled process for 
spontaneous PrPSc formation is also in 
agreement with the fact that in the cell, 
PrPc has been estimated to have a turn-
over of a few hours.51-53 This time would 

Theoretical Considerations 
About the Mechanism of Prion  

Formation

Spontaneous formation of self—propa-
gating proteinaceous particles can be 
explained in terms of a stochastic confor-
mational change that renders the protein 
prone to first aggregate in an amyloid-
like manner, and second, acquire seeding 
capabilities. The oligomerization is key to 
produce a stable unit and the acquisition 
of seeding capability is essential for infec-
tivity transmission. In a very simplistic 
view, a protein with prion-like potential 
would possess a rather rugged energy 
landscape in which different prion-prone 
conformers may coexist at once. The fact 
that spontaneous population of these states 
remains a very rare event, based on the 
very low spontaneous appearance of prion-
associated phenotypes in a population of 
individuals, can be explained by two alter-
native scenarios:

(1) The thermodynamic model in which 
energetically non favorable states would be 
highly unpopulated due to the presence of 
much lower energy, more probable states 
which dominate the overall protein energy 
landscape. Considering the aggregate-like 
nature of prions, the critical misfolding 
event and the subsequent formation of a 
minimal infectious particle would require 
the productive clash of several monomers 
in the already very low-populated state, 
giving rise to a very infrequent phenom-
enon. However, considering the high sta-
bility of prions, it follows that this very 
low populated state would be either an 
intermediate state between PrPC and PrPSc 
(often called PrP*)50 or a PrPSc-like mono-
mer that would acquire stability upon 
oligomerization.

(2) The kinetic model in which prion-
prone conformers might not be necessarily 
separated from native states by high energy 
differences, but by rather large activation 
energy barriers. These high activation 
energies would prevent the protein from 
sampling potentially prion-like alternative 
states.

Of course, we are currently far from 
determining which process controls prion 
formation, but both scenarios capture 
well various experimental observations. 
For instance, the very low frequency of 
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of providing missing or low populated 
β-strands to normally folded PrPC as in a 
donor-strand complementation process.

Based on these theoretical consider-
ations, we propose a model in which PrP 
misfolds into a β-helix or similar confor-
mation that requires very long incubation 
times rather than partially denaturing 
conditions (Fig. 1). This implies a kinetic 
mechanistic framework for prion 
formation.

fibers have been reported for the non-amy-
loidogenic β-sheet P22 tailspike protein.69 
There is also compelling evidence indicat-
ing that co-translational folding of these 
proteins avoids aggregation in vivo, sug-
gesting again a high propensity of this fold 
to promote aggregation.70 Remarkably, the 
β-helix fold of Pertactin also exhibits par-
tial resistance to proteolytic digestion.67 
The self-propagation and seeding capabil-
ity of prions would then be a consequence 

folding times in vitro, probably the longest 
reported so far.66-68 The β-helix fold in these 
proteins is achieved in the monomer itself, 
as opposed to PrP which seems to form a 
multimeric β-helix. The lack of nucleat-
ing structural elements such as α-helices 
in β-helix folds is perhaps responsible for 
the very low folding rates. The chance of 
misfolding is also very high due to the high 
β-sheet content present on the final struc-
ture. Indeed, aggregation and formation of 

Figure 1. Diagram of multiple species in equilibrium with PrPC. Depending on the solution conditions, PrPC can form different types of aggregates. 
Amorphous aggregates arise from nonspecific protein aggregation pathways through the denatured state. Under partially denaturing conditions, PrPc 
can also form amyloid-type of structures which appear not to be infectious in animal models. the formation of PrPSc is depicted as an exquisite time-
dependent misfolding process with the putative presence of an intermediate. the bell-shaped curves represent the apparent high energy barriers 
precluding PrPC from forming infectious aggregates under normal conditions. these barriers may be associated to complex processes such as β-helix 
folding and nucleation. the presence of co-factors such as poly-anions, lipids and yet unknown molecules can also modulate these reactions.
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Conclusion and Future Directions

The prion field has seen an explosive 
progress in the past 5 years. Thanks to 
the development of techniques to repli-
cate prions in vitro with high efficiency, 
most of the key milestones pending to 
prove definitively the hypothesis that the 
infectious agent is purely composed by a 
protein have been achieved. Indeed, PrPSc 
has been shown to self-replicate its mis-
folding at expenses of highly purified PrPC 
in the absence of living cells;8,30 bona-fide 
infectivity has been amplified millions of 
times by cyclic amplification of PrPSc;6,71 
de novo generation of infectivity has been 
achieved both with purified mammalian 
and recombinant PrPC with the sole addi-
tion of RNA and lipids;8,9 the strain diver-
sity, species barrier and strain adaptation 
processes have been mimicked in vitro by 
replication of prions in the test tube.32-34

In spite of this impressive progress, still 
some key questions are pending, namely: 
Is PrPSc the only component of the infec-
tious material? Or does it needs the pres-
ence of non-coding accessory molecules 
such as polyanions and lipids?. If the later 
is correct, what is the role of these acces-
sory molecules in infectivity?. Finally, an 
area where much work is still required is 
understanding the molecular mechanism 
and forces involved in prion formation 
and the detailed tridimensional structure 
of PrPSc. Therefore, although we can safely 
consider that the prion hypothesis has 
been proven, the prion field is still full of 
promising areas of research.
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