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Alternative folding (misfolding) of prion protein (PrP) emerges as 
the onset of fascinating cellular events that have challenged some 
of the most established scientific dogmas. The presently prevalent 
hypothesis proposes that the resulting abnormal PrP structure 
(PrPSc), as opposed to the normal cellular PrP structure (PrPC), 
causes several protein-based neurodegenerative diseases, the so-
called prion diseases or transmissible spongiform encephalopathies.1 
The two protein isoforms have profoundly different biochemical 
and biophysical properties. PrPC is soluble in mild detergents and 
easily degradable by PK, whereas PrPSc is insoluble in mild deter-
gents and highly resistant to PK digestion.2 Furthermore, spectro-
scopic studies have revealed that the two isoforms have markedly 
different secondary structures; PrPC consists largely of α-helices, 
whereas PrPSc is rich in β-sheet structure. The transmission of 
these disorders occurs either via genetic mutations or by infection. 
In the latter case, the disease propagation by replication of PrP mis-
folding is one of the most discussed findings in biological sciences, 
and is in fact supported by the discovery of prion-like proteins in 
yeast and fungi that behave as non-mendelian genetic elements.3-5
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The native soluble as well as different aggregated states 
of recombinant prion proteins are highly sensitive to high 
pressure. On the one hand, its application to the native 
α-helical protein induces reversibly a metastable structure 
that relaxes to amyloid fibrils after prolonged incubation. On 
the other hand, its application to synthetic prion amyloid fibrils 
leads to partial disaggregation into native monomers as well 
as to proto-filaments that have lost several amyloid features. 
In addition, heat-induced β-sheet prion protein aggregates 
are dissolved and revert into α-helical monomers by applying 
high pressure. This profound pressure sensitivity of prion 
protein structure is explained by large volume differences of 
the different structural states. Hence, pressure appears as a 
suitable thermodynamic parameter for exploring the highly 
complex conformational landscape of prion protein. Its further 
analysis should help identifying prion protein structural states 
that are on the pathogenic pathway.
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The general pathology of prion diseases consists in neuronal 
loss, spongiosis and astrogliosis, accompanied by an accumula-
tion of microglia and, occasionally, the presence of structured PrP 
deposits, called amyloids.6 Interestingly, several other soluble pro-
teins and polypeptides, with no sequence similarity and structur-
ally different, have been identified to self-associate similarly in such 
an abnormal manner, and each of them is also related to a particular 
neurodegenerative or systemic disease, such as Alzheimer disease, 
Parkinson disease and peripheral amyloidosis.7 Although there are 
still many caveats regarding the precise structure of amyloids, it is 
generally considered that all forms of amyloids share the presence 
of proteolytically resistant and β-structured fibrils. These protein-
aceous fibrils are long, straight, and unbranched filaments of 7–12 
nm in diameter, with β-strands organized nearly perpendicular to 
the long axis of the fibril. Amyloid structures have the crystalline 
property of birefringence and bind to dyes such as Congo red and 
ThT. There is no specific treatment for amyloidoses, and usually 
these diseases are fatal.

The ultimate aim of studying the mechanisms of PrP folding is 
to develop amyloid based therapeutic strategies. Although funda-
mental differences distinguish de novo protein folding from experi-
mental protein refolding, the availability of in vitro tractable model 
systems, together with experimental improvement, brought about 
a noteworthy advance of the knowledge of amyloid formation from 
a soluble protein. The experimental conditions used to study prion 
amyloid fibrillogenesis vary within a wide range of parameters. 
Indeed, the protein structure, and thus the potential energy sur-
face of the protein, has been found to be sensitive to a wide variety 
of environmental conditions, including pressure, temperature, pH, 
buffer, ionic strength, as well as the concentration and nature of 
denaturant agents. Furthermore, the presence of other compounds 
(ligands) can induce PrP conformational changes. Since amyloido-
genesis appears to be controlled by thermodynamic stability and 
kinetics, destabilizing conditions are used for shifting the dynamic 
balance between native and unfolded states.8 Usually, this is per-
formed under conditions in which noncovalent interactions still 
remain favorable, for example by using low concentrations of 
chaotropic denaturants. Such conditions can play an active role in 
increasing the roughness of the energy landscape, such that aggrega-
tion-prone intermediates can be effectively trapped, by redirecting 
them toward another folding funnel that leads to a thermodynami-
cally stable fibril conformation. Although these conditions seem 
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metastable structure, possibly a soluble oligomer, because of its 
ThT binding capacity.

However, in further studies with higher protein concentra-
tions and more alkaline pH, the metastable state was found to 
aggregate.12 Indeed, at 2 mg protein/ml and pH 8.5, the protein 
underwent irreversible aggregation at pressures above 400 MPa. 
Concomitantly, a gradual and large increase in the fluorescence 
intensities of ANS and ThT was observed, indicating that the 
intermediates participating in aggregation were partially unfolded 
and were possibly of amyloidogenic nature. PrP aggregates recov-
ered after immediate decompression showed an increase in β-sheet 
content and an acquired resistance to proteolysis (resistance to PK).

Subsequently, we observed that depending on the incubation 
time under high pressure (600 MPa), pre-amyloid structures or 
mature amyloid fibrils could be obtained.12 The pre-amyloid struc-
tures (formed after a very short pressure incubation time) were 
small globular aggregates, that bound ThT and ANS. Their sec-
ondary structure was rich in β-sheet content. In contrast, aggre-
gates formed after prolonged incubation under high pressure (see 
Fig. 1A for a schematic view) showed a typical amyloid fibrillar 
structure when observed by electron microscopy. These fibrils, 
which coexisted with non-amyloid aggregates, were capable of 
ThT and Congo red binding with the associated green birefrin-
gence under polarized light. In addition, these fibrils showed a 
strong β-sheet content, and they were resistant to PK digestion. 
In contrast to the fibrillar PrP forms described in previous reports 
that had been formed by traditional approaches using chemical 
denaturants, the amyloid fibrils formed under pressure do not bind 
ANS. The incapacity of these fibrils to bind ANS may be explained 
by an occlusion of the ANS binding sites (exposed hydrophobic 
regions) due to unique intermolecular contacts within the fibrillar 
network. This result suggests that high pressure induces an alterna-
tive misfolding pathway leading to a structurally distinct amyloid, 
probably by selecting conformational changes accompanied by a 
decrease in volume.

The interplay of different parameters, such as pressure, tem-
perature, pH, presence of co-factors, and incubation time to the 
nature of the macroscopic PrP structural changes have been further 
studied by our group in a number of subsequent works,13,14 which 
confirmed the unusually strong dependence of the final structural 
state on small differences of physico-chemical parameters.

 Conversion of Amyloid Fibrils into Non-Amyloid 
Fibrils and Soluble Monomers

The combined effects of high pressure and temperature on the 
infectivity titer in processed meat contaminated by prions have 
been investigated.15,16 In particular, Fernandez Garcia et al.16 
showed a remarkable efficiency of pressures higher than 500 MPa 
combined to temperature of only 60°C in decreasing the resistance 
of PrPSc to PK. A significant delay of the onset of disease in animals 
infected with the pressurized material was also observed. These 
irreversible effects are certainly due to a pressure induced destabi-
lization of PrPSc. Since PrP from scrapie infected brains is isolated 
as amyloid fibrils, the general assumption is that infectious PrPSc 
is made up of amyloid fibrils. This would mean that PrP amyloid 

far from physiological, they may mimic the in vivo process. Indeed, 
although the mechanism of conversion from PrPC to PrPSc is still 
under study, it is assumed that it requires to a certain degree some 
unfolding of the PrP protein. From these studies it emerges that 
amyloid fibrils do neither develop directly from the native state 
of the protein nor from the completely unfolded state, but from 
intermediate states (only transiently populated), which appear to 
be partly folded, or to be in a different fold than the native protein. 
Such intermediates, which have been identified also for many other 
proteins, are relatively compact with a high content of secondary 
structure, and may be closely related to normal folding intermedi-
ates referred to as ‘molten globule’ states. Although evolution has 
imposed a short-lived character to these partially folded states, 
alterations to the protein sequence (mutations) or a malfunction of 
the cellular protective mechanisms (molecular chaperones and/or 
ubiquitin proteasome system) can strongly influence their regular 
population in vivo. Proteins in these conformational states expose 
hydrophobic amino acid residues to the solvent. Via these exposed 
hydrophobic surfaces, they tend to associate with one another in a 
concentration-dependent manner, leading to protein aggregation. 
Amyloid fibrils appear to be formed via a transitory aggregation 
nucleus (oligomer), where protein monomers are subsequently cap-
tured (in a nucleation-dependent way) and converted by a variety 
of intermolecular linkages into a fibrillar structure.9,10

The conversion of transiently populated states into aggregated 
structures (i.e., the digression-point between normal and aberrant 
folding), the nature of different folding/unfolding events, as well as 
structural properties between different states are being explored in 
our laboratory by using high pressure. In this review we present our 
most relevant results related to the PrP misfolding under pressure. 
We are focusing on several routes of folding/unfolding that have 
been unraveled by using pressure.

One of the interests of using high pressure is that it may increase 
the conformational flexibility of the protein, enabling it to adopt 
and accumulate in a partially folded state. The propensity of an 
intermediate conformer to form intermolecular linkages leading 
to aggregation is a step that is often mediated via hydrophobic 
and hydrogen bonds interactions by key residues that are usually 
shielded. However, because inter-protein forces are of the same 
nature like those involved in correct folding, there is a competition 
between the correct folding and intermolecular assembling that 
may depend on the energy as well as on the volume of each par-
ticular state involved. Since pressure is the thermodynamic param-
eter that fits best to exploit differences in volume, we have used 
pressure as a tool to modulate folding, misfolding and aggregation 
processes.

 Conversion of Soluble Native Protein  
to Amyloid Fibrils

In a first study,11 restricted to a low PrP concentration (0.5–
0.8 mg/mL), we revealed simple two-state, reversible pressure-
induced unfolding transitions. The results suggested that even at 
very high pressure (up to 600 MPa), unfolding of PrP was not 
complete. Although no pressure-induced protein aggregation 
was detected, at pressures greater than 450 MPa, we observed a 
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pressure was released the protein refolded to its native α-helical sec-
ondary structure. The kinetics of their dissolution occurred within 
a fraction of seconds, which was must faster than the pressure-
induced dissociation of amyloid fibrils.

Several reasons may explain why pressure can prevent (or 
reverse) protein aggregation. The most obvious one is the capac-
ity of pressure of hydrating hydrophobic residues that become sol-
vent exposed upon heating, thus preventing their intermolecular 

fibrils dissociate under pressure—at least 
to some extent.

Indeed, high pressure can also be used 
to dissolve PrP amyloid fibrils.17 This is 
schematized in Figure 1B. We showed 
the nearly complete and irreversible loss 
of ThT binding to amyloid fibrils. In 
this case, the starting PrP structural state 
was mature amyloid fibrils that had been 
prepared by the protocol of Baskakov.8,18 
The decrease of fluorescence of ThT upon 
fibril dissociation has then been used 
to analyze the kinetics of the pressure-
induced amyloid fibril dissociation. The 
dissociation process was biphasic, and 
the kinetic rates were strongly pressure 
and temperature dependent. Depending 
on pressure and temperature, the disso-
ciation occurred within minutes to hours. 
However, the pressure-induced disso-
ciation was not complete. The remain-
ing fibrils were composed of a significant 
amount of shortened and thinned fibrils.

The fact that not all fibrils were disso-
ciated by pressure is intriguing. Analysis 
by complementary techniques, such as 
fourier transform infrared spectroscopy, 
fluorescence, electrophoresis and toxic-
ity assays indicated an inhomogeneity of 
the starting amyloid fibrils. Part of them 
consisted of very stable, termed “totally 
locked” and others of rather labile, 
termed “partially locked” protofilaments. 
Application of pressure to the totally 
locked form produced protofilaments that 
had lost part of their amyloid characteris-
tics. In contrast, application of pressure to 
the partially locked form led to their com-
plete dissolution. Both pathways can be 
seen as proceeding via a mechanistically 
similar unfolding process that implies a 
disordered and hydrated kinetic transi-
tion state.

 Conversion of Heat-Induced 
β-Sheet Aggregates into α-Helical 

Monomers

Not only high pressure but also heat can be used to transform the 
soluble and mainly α-helical structure of PrPC into insoluble aggre-
gates that are rich in intermolecular β-sheet structure. However, 
heat-induced are different from pressure-induced aggregates. They 
are amorphous—i.e., non-amyloid. Furthermore, the thermody-
namics of pressure and heat induced structural changes were dif-
ferent.11,19 As depicted in Figure 1C, upon increasing pressure (200 
MPa), the temperature-induced aggregates dissolved, and once the 

Figure 1. Schematic representation of the effects of high pressure to native soluble as well as differ-
ent aggregated states of recombinant prion proteins.
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fibrillar prion form. This state appears to be highly instable—it 
can easily transform into either monomeric or fibrillar forms 
under small changes of the environment. Pressure appears to 
be particularly useful for imposing the direction and the final 
state of these structural transformations. Now, pressure effects 
on equilibria and kinetics can be observed only when the ini-
tial and final or transition states differ in volume. Hence, the 
reported strong pressure dependence of the structural trans-
formations must reflect large volume differences of the species 
involved. These are probably due to strongly varying packing 
and hydration properties. On the basis of these considerations, 
one might envisage molecular modeling of the pressure-induced 
states. This could be interesting for the design of anti prion 
drugs.

interactions. Other possible explanations of pressure dissocia-
tion of protein aggregates include: (i) the existence of small 
“free volumes” (packing defects) at the intermolecular bound-
aries in aggregates. Upon pressure-induced dissociation the sol-
vent molecules can be packed much better on the surface of 
the protein interfaces; (ii) the hydration of dissociated protein-
protein salt linkages (electrostriction effect).

 Conclusions

Many researchers are looking for the “missing state” in the 
sequence of events leading to the malignant prion form. The 
results presented here suggest that this precursor state can be 
reached by applying high pressure to either the native or the 
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