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Hypothesis
Are prions misfolded molecular chaperones?
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A theory has been developed that could explain prion infection. Prions could be melecular chaperones that are required for their own assembly.

The theory has been deduced from an analysis of protein folding and consequences explored by computer simulations. Thermo-kinetic anzlysis

of protein folding shows that a misfolded chaperone gives rise to new misfcolded chaperones. Consequently such a protein could behave as a new

kind of informative molecule and replicate misfolding according to a process similar to infection. A quantitative model has been derived from this

hypothesis that displays the characteristics of prion infections. This hypothesis satisfactorily explains the three manifestations  infection, familial
and sporadic - that are the characteristic features of all prion diseases.

Protein folding; Prion; Thermo-kinetics

1. INTRODUCTION 2. THEORETICAL ANALYSIS

There is now considerable evidence that the infectious
agents causing bovine spongiform encephalitis, scrapie,
the human Gerstmann-Straussier and Creutzfeld-Jakob
syndromes and other degenerative encephalopathies are
pure proteins called prions [1]. However many biolo-
gists are unhappy with this idea. as it does not fit readily
with the central dcgma of molecular biology. The prion
hypothesis is criticized on two counts: some workers
have found nucleic acid in prion particles [2,3] and oth-
ers [4] suggest that prions are not the causative agents
of infection. However, many studies [5-7] have pro-
vided experimental evidence for the role of prions in the
diseases. If prions really are the causative agents, their
action should be explainable in terms of current biologi-
cal concepts, rather than requiring a change in funda-
mental thinking. I have accepted two basic assump-
tions, (i) that prions are particularly stable proteins that
cause illness by an infection-like process (see [1}]), and
(i1) that proteins similar or identical to prions are enco-
ded by mammalian genomes {}]. Starting with an ana-
lysis of protein folding mediated by a molecular chape-
rone, a theoret.cal model is proposed that expliains the
major features of prion diseases.
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Molecular chaperones are involved in directing the
folding of other proteins. The best known are the heat-
shock proteins. It has recently been shown that molecu-
lar chaperones can direct their own assembly [8.9). The
question follows naturally, what happens if a molecular
chaperone is accidentally misfolded?

Correct folding is generally believed to provide the
most stable protein (s2e [14]), however there is no proof
for this hypothesis [12]. On the contrary, the conforma-
tion of folded prosubtilisin is unchanged by removal of
a 77-residue N-terminal segment, but if this segment is
removed before folding a new conformation is adopted
[15]. Thus mature subtilisin has only kinetic stability.
Metastable conformations do not violate kinetic theo-
ries of protein folding [13.16]. and the very existence of
molecular chaperones is a strong argument for such
metastable conformation. Proteins requiring a molecu-
far chaperone may remain in a metastable conformation
for an infinite time if they do not meet their chaperone.
This implies that the kinetics of folding is blocked by an
energy barrier which is removed by the moiecular chap-
erone, much like enzyme catalysis. These observations
legitimate the use of kinetic theories of protein folding
to analyze the mechanisms involved in protein folding
promoted by molecular chaperones.

Analysis can be performed using the thermo-kinetic
model of protein folding [13]). The thermodynamics of
irreversible processes indicates that the speed of folding
determines the final interactions between the amino
acids [13]. Generalization to the folding catalyzed by
molecular chaperones is straightforward. Consider the
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case of an interaction between two molecules fan unfol-
ded molecule I, and a foldea molecnle f. the molecular
chaperone) of the same protein. The speed of interac-
tion between two amino acids. one (a;) from molecule
I and the other (a;) from thc molecule J is governed by
the relationship [13]:

Va.—-zij = “Zr [(I:“l Psaﬁm'[‘“u.vm) (A Gui*n*_)uj*n)] (l)

where P is the probability (according to Boltzman’s
law) oi finding the amino acids in a conformation al-
lowing interaction, n is the number of amino acids
around a; that influence the speed of association, and m
is E(i.n). As molecule J, the molecular chaperone, is
folded, 7, .., = 1 for all m. but as molecuie I cannot
fold without a molecular chaperone, its /°,.,, is very
low for all m. Hence, spontaneous co:rect folding does
not occur. and the folding speed is governed by the
molecule J. Thus the conformation of a, and its
neighbors should be that of the corresponding residues
a; and its neighbors [13]. Hence, if molecule J is
misfolded, then molecule 1 will also be misfolded, and
the 1iew misfolded molecule should have the same struc-
ture as its molecular chaperone. The (misfolded) struc-
ture of the chaperone is transmitted to the new syn-
thesized molecules.

This result implies that, under certain specific circum-
stances, a kind of biological information can be tran-
smitted directly by proteins without the intervention of
nucleic acid. Hence, the structure of a protein is infor-
mative by itself. Such proteins could be regarded as
infectious organisms, replicating within a cells using, as
do viruses, the cells’ own components. Misfolding can
be considered as a “structural mutation’ that propagates
in the cell.

Are there evidences that prions are molecular chap-
erones?

First, molecular chaperones, as proteins, can be dena-
tured, and prions lose their infectivity after denatura-
tion [10], impiying that their tertiary structure is of im-
portance. Second, if prions are misfolded molecular
chaperones, then they should exist in two differently
folded forms. Lopez et al. [17] showed that prions syn-
thesized in vitro could adopt two topological forms as
a consequence of altzrnative folding. Thirdly, prion mo-
lecules present a zone containing glycine repeats [1,18].
Glycine is a very mobile amino acid, with all its confor-
mations having about the same energy [12). Hence these
sequences have a low propensity to adopt spontaneous-
ly a definite secondary structure. Analysis according to
the Gibrat et al. [19] method reveals that a third of the
protein is poorly structured. These observations suggest
a necessity of interaction with a folding partner to pro-
mote a define conformation.
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Fig. 1. Simulation of prion discases appearance under the three speci-
fic cases. {A) sporadic, {B) genetic and (C) infectious. Invasion by
prions was simulated by analysing the behavior of each newly syn-
thesized moleculc with a computer (sce text}. Time is proportional te
the number of iterations. In B, the value of P, is four-times the one
used in figures A and C. In C, misfolded chaperones (prions) are added
at time=600 iterations (arrow). For each case, simulation was repeated
5000 times and results were cumulated to give a kind of ‘probability
curve’ that gives the probability to develop the prion discase.

3. A MODEL FCR THE SIMULATION OF PRION
INVASION

According to the deductions presented above, a
model can be developed to simulate prion invasion.
Consider the number nP, of prions (misfoldad molecu-
lar chaperones) at time 1 when a new molecule is synthe-
sized. This number will depend on the number of prions
at time r—1 (nP,_). There is a probability (very low but
not zero) of spontancous misfolding (if folding is not
performed on the chaperonine} termed P; (it is easy to
demonstrate that P, is directly proportional to 2~ of
eqn. (1)). Otherwise, the folding will be performed on
a molecular chaperone and the probability of misfold-
ing is (nP,_,/(nN,_; - nP,_|)), where nN,_, is the number
of correctly folded molecules. The elimination of the
prion, as a physiologic degradation of protein, could
also be calculated. Simulation was performed with com-
puter by iteration. Numerous simulations were per-
formed in order to obtain a probability of appearance
as a function of the number of iterations (Fig. 1). The
number of iterations is proportional to time. Fig. 1A
depicts the sporadic apparition of prions after a long lag
period. Clearly, according to the model, the mutations
observed in degenerative brain illnesses favor prion dis-
eases by increasing P, (see section 4 for a discussion of
this point). The calculations correctly simulate this phe-
nomenon (Fig. 1B). Increasing four-times the probabil-
ity P, results in reduction of the invasion lag period of
about 0.33. Infection is ~quivalent to a direct increase
in nP. The results of the simulation presented in Fig. 1C
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model such an infection. After injection of nP (arrow)
the invasiou appears very rapidly, without a lag period.

Clearly, specificity of prion “liseases (infectious. spo-
radic, familial) are well simulated by the model.

4. ANALYSIS OF PRION DISEASES

Westaway et al. {1] suggests that prion diseases may
fall into three categories: infectious, familial and spora-
dic. The above hypothesis provides a rational unified
explanation for all three.

4.1. Infectious disease

In order to explain the infection, one necessary condi-
tion is that prions are stable enough to be taken into the
organism, essentially undamaged, to become a chapz-
rone. The stability of prions favors this hypothesis [1].
All the experimental evidence for the infectious proper-
ties of prions obtained to date has been from direct
injection of protein preparation [1,6). They will be used
as molecular chaperones for the folding of newly-syn-
thesized prion proteins. The misfeclding oi the prion
results in the propagation of the error, producing in-
creasing numbers of misfolded proteins which, because
of their singular stability, will not be degraded by in-
tracellular proteases. However, in regenerating tissues,
misfolded protein will be diluted out from dividing cells
and eliminated by cell death. Consequently, misfolded
molecular chaperones will occur in large quantity only
in non-dividing cells. This observation explains the
brain localization of prion diseases. Furthermore, if the
prion molecule is related to a molecule that is important
for the physiology of the cell, there must be a f -edback
regulatory mechanism. A decrease in the number of
correctly-folded chaperone molecules may well lead to
an increased synihesis, giving rise to still more misfol-
ded molecules. The converse is also true, i.e. injection
of correctly folded molecular chaperone should par-
tially reverse the effect of the prion. This ogens the way
to treating these diseases.

4.2. Sporadic apparition

This concept of prion diseases has other implications.
A misfolded protein that arises accidentally could ini-
tiate cell invasion. Such accidental misfoldings are more
likely with age, leading to increased probability of dis-
ease with age in a hitherto healthy person (see simula-
tion Fig. 1A), as in human brain degenecrative disecases.

4.3. Explanation of the genetic transmission of the
disease

The accidental misfolding could be due to a mutation
increasing the probability of spontaneous misfolding
and giving rise to inherited diseases where illness ap-
pears more frequently in younger people (sce Fig. 1B).
Similarly, the recent onset of BSE could be due to gene-
tic selection as well as direct infection.
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Inbred strains of mice in which scrapie infections
have short (NZB) and long (¥/L.n) time -courses hav: a
distinct prion gune allele [1,18]. The amino acid at
codon 108 in thc prion sequence is leucine in the NZB
strain and phenylalanine in the I/Ln strain. This change
would decrease the probability of alpha-helix forma-
tion, lowering P, two-fold [19]. The highly conserved
codon at position 189 is changed from threonine in the
NZB mice to valine in the I/Ln strain, resulting in a
three-fold increase in the probability of beta-sneet fol-
ding in a region which is othorwise likely to coil [19].

5. CONCLUSION

Structural information can be transmitted by protein.
This concept offers a good frame to explain eticlogy of
brain degenerative diseases caused by prions. Further-
more it suggests a treatment for these ilinesses.
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