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Abstract

The infectious agent of transmissible spongiform encephalopathies is thought to be a cellular protein, the prion proteir
which undergoes, under some circumstances, a dramatic conformational change leading to pathogenesis. The convers
between the normal and pathogenic isoforms corresponds to a autocatalytic mechanism and the metabolism of the pri
protein exhibits switches between a normal, stable steady state and a pathogenic one. When the disease can be transm
between two species, a primary infection from a heterologous donor has to be followed by two passages in the same hc
species so that the incubation period is stabilized. Sometimes, no pathogenic isoform of the prion protein is detected after tl
first passage, although corresponding brain extracts remain infectious. The observation that three and only three passages
needed in order to stabilize the strain strongly suggests that, during the course of the primary infection by the heterologot
donor, an intermediary conformational species is formed. Within this assumption, a common mechanism involving only
conformational changes of the prion protein can give a unifying interpretation of the problem of species barrier, lag char
acteristics and apparent lack of detection of the pathogenic isoform after the first passage in experiments dealing wit
interspecies transmission of prion diseaseés1998 Elsevier Science B.V. All rights reserved
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1. Introduction fundamental event leading to these fatal, neurodegen-
erative disorders. The conformational transition in-
A wealth of biochemical and genetic evidence [1- volves the loss of substantial alpha-helical content
4] supports the contention that a cellular protein (the and the acquisition of beta-sheet structure [5,6].
prion protein) is key for infectivity and propagation of According to the leading theory (known as the ‘pro-
transmissible spongiform encephalopathies (or prion tein only’ hypothesis [1]), the pathogenic, conforma-
diseases). The dramatic conformational change in thetional isomer Prf® of the normal prion protein PP
structure of the prion protein is believed to be the would multiply by converting the normal, cellular iso-
form into a copy of itself. Inherited prion diseases in
humans (which are autosomal dominant disorders) are
% Tel: +33 1 69156294: fax: +33 1 69154956: e-mail- linked to one of a number of mutations in tifeP
Michel.Laurent@ibaic.u-psud.Fr gene. Mutations would increase the frequency of the
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spontaneous conversion of Briato PrP° allowing forced the idea that an abnormal prion protein can
the expression of the disease to occur within the life- confer its abnormal conformation onto the host
time of the individual [1]. Sporadic diseases would prion protein and that prion diversity is encrypted in
also arise from the spontaneous conversion of prion the conformation of Pre. However, Lasrzas et al.
protein from the normal to the pathogenic isoform, [23] reported recently that in some cases, no patho-
due either to @rP gene somatic mutation or to rare genic isoform of the prion protein is detected upon
instances involving modification of wild-type PrP  primary infection of mice with bovine prions, al-
protein. In both cases the initial conversion is thought though corresponding mice brain extracts remain
to be followed by autocatalytic propagation [2]. infectious for subsequent passages. One could
However, Eigen argued [7] that quite unrealistic interpret this result to suggest that the prion protein
values of rate parameters are needed in order tomight not be the one and only primary agent respon-
allow such an explosive mechanism to occur: the cat- sible of prion diseases. However, this need not be
alytic enhancement (ratio of spontaneous versus cat- correct.
alyzed rates) has to be larger than>1l@We are not In this paper, | review the main aspects of the pos-
aware of any non-cooperative enzymatic turnover that sible occurrence of a bistable behavior in the metabo-
realizes such a rate enhancement. | recently showedlism of the prion protein. Thereafter, | show that a
[8] that these limits could be overcome by assuming common mechanism involving only conformational
that catalysis proceeds through a multimeric assembly changes of the prion protein can give a unifying inter-
of the pathogenic isoform of the prion protein. Such pretation of the problem of species barrier, lag char-
an assumption agrees with various experimental data, acteristics and apparent lack of detection of the
particularly concerning the minimum size of infec- pathogenic isoform after the first passage in experi-
tious particles [9,10]. An oligomeric structure would ments dealing with interspecies transmission of prion
indeed be able to provide cooperativity both at the diseases.
assembly and conformational change levels, strongly
reinforcing the autocatalytic character of the activated
process. Moreover, such a property endows the meta-2. The postulated mechanism of prion diseases
bolic system with dynamic bistability [11-13]. corresponds to a bistable system
Hence, infection would correspond to a switch
between two alternative stable steady states. A similar 2.1. Biological background
theoretical analysis was performed simultaneously by
Kacser and Small [14]. In a cell, the normal prion protein PrRurns over
Rodent adapted models and transgenic animalswhereas Pr¥ isoform does not. It is one of the im-
constitute powerful tools for the study of prion dis- portant differences that was evidenced between the
eases. About 30 different scrapie strains have beentwo isoforms of the protein. Normal PrRindergoes
isolated so far in mice, depending how rapidly infec- endocytosis [24,25] and possibly recycling [26]. The
tion takes place and also how the patterns of symp- synthesis and degradation of Prdte rapid with half-
toms and brain lesions are observed [15]. The problem time estimated to be 0.1 and 5 h, respectively [24,25].
of prion strains is closely related to the so-called spe- In contrast, no degradation pathway is known for the
cies barrier, which hinders (at least under some cir- PrP*® isoform and it is probably why this molecular
cumstances) prion transmission from one host speciesspecies accumulates in cells once it is formed:>PrP
to another [16—20]. In the ‘protein only’ hypothesis, unlike PrP®, gives rise to cerebral amyloid formation,
strain differences would correspond to different con- a highly ordered protein aggregate characterized by its
formational or aggregation states of the pathogenic insolubility and fibrillar structure [14].
PrP* isoform. Transgenic studies argue persuasively  Both experimental [2,27] and theoretical lines of
that the ‘species barrier’ is due to differencesAirP evidence [7,8,11-14,28] have shown that PrP
gene sequences among mammals [21]. Experimentscould act as a cooperative, multimeric assembly in
dealing with hamster-adapted mink strains [22] and the catalyzed conversion between normal and patho-
human prions in a mouse model [4] strongly rein- logic forms of the prion protein.
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PrPC and PrPSC would originate from a partially unfolded precursor, PrP|
(Kacser & Small)

h PrPp

prPSc
VAN '
5&‘: - )
PrC @ <

PrPSC would be the direct product of conversion of PrPC (Laurent)

}m’

PrpSc

A+~

Vspont

—/—M/‘
S )
q>> ]

Fig. 1. Bistable schemes in the metabolism of the prion protein. In
the Kacser and Small's model, a partially unfolded precursor PrPp
of the prion protein is supposed to have two alternative metabolic
pathways: either it folds normally, leading to the cellular isoform of
the prion protein, Pr® or it takes a pathogenic pathway to give the
misfolded PrE®isoform. In the Laurent model, the normal isoform
PrF of the prion protein can be changed directly to give ®end

the alternative pathway corresponds simply to the turnover of the
normal protein. In both schemes, the pathogenic pathway has two
components: a spontaneous (and very slow) reactigg.( and a
catalyzed oney,) which corresponds to an autocatalytic step (cat-
alyst is supposed to be the dimeric form of the pathogenic isoform

PrP).
2.2. A bistable scheme

213

linear amplification factor. The spontaneous conver-
SIoN Vgpont IS @assumed to be a very slow first-order
reaction. By adding cooperative interactions that rein-
force the autocatalytic character of the basic mechan-
ism of conversion, both systems have a bistable
behavior. For instance, in Laurent’'s scheme, the evo-
lution of the concentrations of the species over time is
described by the following differential equations
(which apply, with some obvious modifications, for
Kacser and Small's scheme as well):

d[PrF]
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Fig. 2. Hysteretic transitions between stable steady states upon
variation of the turnover rate of the Priprotein. Let us suppose

the system is initially in the non-pathogenic steady state (loW"PrP
concentration) and that a continuous increase in thekraté Pri
formation occurs (straight arrows). Until the stationary state lies on
the lower branch of the corresponding B¥Rullcline, Pri° con-
centration is slightly readjusted, in accordance with the solution
trajectory. But when the variable parameter becomes greater than a

Fig. 1 shows two metabolic schemes that have been threshold valu€er;, the system moves to the upper branch of the

proposed independently to account for the propaga-
tion of prion diseases. Although they differ slightly in

PrP%nulicline and a strong, sudden increase appears for the steady
state concentration of PP If ki, parameter is now decreasing
(dashed arrows) while the system is on the higher branch of stabi-

structure, both schemes correspond to open systemsy, the system moves down on this branch until the slope of the

that take into account the turnover rate of the normal
isoform of the prion protein, PP In the simplest
interpretation,vi, and vy, steps correspond respec-
tively to the synthesis and degradation of the cellular
prion protein. Alternatively, they could represent the
rates of entrance and exit into a specialized compart-
ment (endocytosis vesicles for instance) in which the
conversion into the pathogenic isoform would occur.

In both schemes, one particular step (the conversion

of PrPp or PrP into the pathogenic isoform P?%
corresponds to an autocatalytic reaction with a non-

nullcline begins negativeT{ threshold). Then a switch occurs
towards the lower branch of the Pffulicline. Hence, the values

of ki, for which switches between the alternate steady states occur
are different depending on whether this parameter increases or
decreases (hysteretic transitions). The same dynamic behavior is
observed when the rate constégy; of PrP degradation is chosen

as the variable parameter. In all numerical simulations, arbitrary
units of time €) and concentrationcf were considered. Hence, we
can demonstrate the nature of the system independently of the
quantitative values of the parameters (yet unknown). Real units
that would be given to the rate constants would fix absolute values
on the graphical axes. Parameter values lye:0.06, k.o, = 0.1,

KMZ = 11 kout = 7-51 kfl = 0-751 kassoz 0.01, kdissO: 100.
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d[PrF* zygous mice Prn-p”* mice having one normal allele
——— =Vgpont—Vi2 ~ Vi1 @) for the PrP gene and one allele in which tiReP gene
dt is disrupted) than in wild-type control®¢n-p"”*). The
Assuming a rapid equilibrium for dimerization of the difference in incubation times between transgenic and
PrP*¢ isoform, the rate law, can be written as [8]: wild type mice is about a factor of 2 for the agent of
ke PIF] the mouse-adapted Creutzfeldt—Jakob disease (CJD)
Vp = —28 _prP9? (3) agent [31] and exceeds a factor of 10 in the case of the
K + [PrF] scrapie agent [19,30]. If we compare incubation times
Other steps are considered as corresponding to first-for Prn-p”® (homozygous for the disrupte®fP gene)
order kinetics (except,, which is a zero-order step).  Prn-p”* and Prn-p”* mice, normal PrP seems to
Analysis of the null isoclines of this two variable afford some kind of partial protection against scrapie
system (see Refs. [11,12] and insert in Fig. 6) shows or CJD disease. However, in the framework of the
the existence of two distinct branches of stability of ‘protein only’ hypothesis, these data indicate that
the steady states. When two alternate, stable steadythe susceptibility to scrapie or CJD is a function of
states coexist, they are associated with low (normal the level of normal PrPin the host, in accordance
steady state) and high (pathogenic steady state) sta-with the dynamic analysis.
tionary concentrations of the pathogenic isoform¥rpP Until now, the existence of scrapie strains and the
of the prion protein. As shown in Fig. 2, the rate of problem of the species barrier have been considered as
Pri synthesis (or, more generally, the turnover rate the weak part of the ‘protein only’ hypothesis which
of the normal isoform PrPof the prion protein) may  assumes that the prion protein would be by itself the
govern the hysteretic switches between normal and agent responsible of the propagation of prion diseases.
pathogenic steady states. Can we imagine some realistic mechanism able to
As a consequence of this dynamic behavior, char- stabilize distinct phenotypes of the prion protein and
acteristics of prion infection and propagation differ to interpret the kinetic characteristics of the species
from those of virus replication upon several crucial barrier?
points: (1) healthy organisms are able to eliminate
spontaneously infrathreshold amounts of foreign
PrP* protein; (2) under controlled conditions, addi- 3. Conformational changes of the prion protein
tions of suprathreshold quantities of Bt®r also of and transmission of the disease between species
the normal PrPprotein, provoke a transition towards
the pathogenic steady state; (3) in a healthy organism, 3.1. Lag characteristics, species barrier and the
the concentration of the PtPisoform is below a ‘thre e passages’ rule
threshold value but is not necessarily null.
When possible, transmission of prions from one
2.3. Comparison with available experimental data  species to another occurs only after prolonged incuba-
tion times [6,7]. For instance, in the experimental
The presence of a small amount of the ¥otein infection of two closely related mustelids with the
in lymphocytes was reported as prevalent in the mink agent [20], a longer incubation period was
human population [29]. Our results show that this observed in ferrets (28—38 months) than minks (4
possible presence does not constitute necessarily anymonths). As a rule, inoculation of mice brains with
indication for a non-symptomatic but infectious different prion species [32,33] shows that the incuba-
pathogenic state. Moreover, infectious prion particles tion period diminishes between the primary infection
should not be seen as necessarily composed only offrom a heterologous donor and the period in subse-
the abnormal isoform of the protein, as usually stated. quent passages in the same mouse strain. When trans-
Theoretical analysis shows that particles containing mission can occur, three passages are generally
overproduced normal PrP protein might also be patho- needed before the strain is stabilized (i.e. no further
genic. Convergent data [19,30,31] demonstrate that decrease in the incubation period is observed for sub-
the disease progresses much more slowly in hetero-sequent passages). Sometimes, the disease even does
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not break out and no pathogenic isoform of the prion vation that three and only three passages are needed in
protein is detected after the first passage, although order to stabilize the strain strongly suggests that,
corresponding brain extracts remain infectious [23]. during the course of the primary infection by an het-

erologous donor, an intermediary conformational spe-
3.2. A model for the conformational adaptation of the cies, PrP*, is formed. This species would be different
protein from both the PrP® isoform in the inoculum

(inocPrP™) and also the final, stabilized PfRsoform

Fig. 3 summarizes a very simple mechanism based (hosPrP®) found in the host, after the third passage.

on conformational changes of the prion protein and At least two functional differences may be expected
that can account with the lag characteristics observed between PrP* andhocPrP® either PrP* has a low
during propagation of the diseases. The general obser-catalytic constant (compared to that focPrP)

for the conversion of host PfRnto hosPrP° or the

First passage association of PrP* into its oligomeric, catalytically
inocPrPSC . . ;
active form is thermodynamically unfavorable. The
second part of the alternative has to be privileged,
N x2 otherwise the strain would be stabilized at the second
—c O === Q00 passage. Accordingly, the preferential catalyst for the
PrP"™ host PrP host

conversion of host PfRiuring the first passage would
be the oligomeric form ofnocPrP*, so that essen-

Second passage tially PrP* form would be produced at that time.
PrP” (inoculum 2) Because of the absence of close homotypic relation-
o ship between exogenoireocPrP° and host PrPpro-
tein, catalytic efficiency during the first passage is low
and the conversion between BrBnd PrP* occurs
PrPC host only after prolonged incubation times.
PrPSC host When mice are inoculated with extracts prepared
<> from brain tissue obtained after the first passage, the
( ) main species found in the inoculum is the monomeric,
<> x2 catalytically inactive PrP* isoform and, to a lesser
pC host * Pr‘g—;‘ch:‘t <> extent, the corresponding multimeric, catalytically

active form. The catalytic PrP* protein produces the
final, stabilized Pr isoform osPrP9. Hence, we

Third and subsequent passages should observe, in the second passage, a lag period

PrPSC (inoculum 3) corresponding to the time needed to produce signifi-
cant amounts ofhosPrP°. However, this species
> easily forms catalytically active, oligomeric structures
-\ - <> so that, during the second passage, conversion &f PrP

PrPC host PrPSC host would essentially act, after the lag period, through
catalysis byhosPrP*°. After the second passage, cat-
Fig. 3. A plausible Prusiner-like model interpreting adaptation of alytically active, oligomeric form ohosPrPCis pre-
prion conformation between species. Conversion of the normal d it will constitute the main species found in
prion protein PrP is assumed to be catalyzed by an oligomeric sent and it wi ity . : p ! u !
form (a dimer in this scheme) of the modified protein, PrP* or ~ €Xtracts prepared for the next inoculation. Hence, dur-
PrP Although the molecular products of the different catalyzed ing the third and subsequent passages, the infection
steps are represented by different symbols, no particular assump-will start with a considerable complementhljsPrch

tion has to be made concerning the _extent of f:onformational _dif— and there will be no further change in the incubation
ferences between the corresponding species. The pertinent period

parameters are only the relative values of the catalytic constants . . .
and the low value of the equilibrium constant for the association of ~ POSSible development of the disease after the first

the intermediary species, PrP*. passage only depends on the intrinsic pathogenicity of
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Fig. 4. Kinetic scheme associated to the model of Fig. 3. Individual steps correspond to the following rate equations:

Vin = kin Vout= kout[PrF‘:] Vio = ka[PrP>l< ] Vi = kfl[PrP'sc] Vspont: ks[Per]

. KeardiNOCPTP[ PrF]
0~ Ko + [PrF°]

_ kequ[PrPx dim]PrF]
T Ky +[PrF]

t1

with [PrPs dim] = kaed PrP+ 12 /kgiss

_ keafPIP]
Ky + [PrE][PrP92

Vi

Assuming a rapid equilibrium for the dimerization step of the*Pspecies, the evolution of the concentrations of the species over time is
described by the following differential equations:

d[PrF]

dt =Vin = Vout ~ Vspont™ Vi2

d[PrP

dt = Vspont+ Vi2 = Vi1

d[P(;E)* ! =Vio ~Vio ~ kass({PrP* ]2 + kdiss({PrP* dim]
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the PrP* form. No particular requirement about this between PrP* antiosPrP for the experimental cri-
point is needed in this model. Moreover, such a terion used, i.e. it depends on the relative resistance of
mechanism easily interprets that, in some cases, nothe various isoforms of the protein towards proteinase
pathogenic isoform of the prion protein is detected K. No particular assumption has to be made in this
after the first passage, although corresponding brain model concerning the sensitivity of the postulated
extracts remain infectious. The possibility of detect- PrP* isoform towards proteolysis.

ing PrP* isoform only depends on the differences Do these conclusions remain valid in a dynamic

High kcat  value: switch between steady-states during the first passage
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Fig. 5. The transition between alternative steady states may or may not occur after the first passage, depending particularly upon the value
keato (Upper) keao = 0.005. At aboutt = 500 units after primary inoculation with prion from a heterologous doimcPrP), the system
switches towards a steady state having the characteristics of the pathogenic steady state {lam@nigh [PrS values). The transition

occurs when the concentration of the PrP* (monomeric or dimeric) intermediary isoform reaches a suprathreshold levek {lsen@001.
Monomeric and dimeric isoforms of PrP* species reach a stationary level slowly, which is lower than the threshold level. Hence, the switct
between alternative steady states does not occur and the system remains, after the first passage, in a steady state havfhgdme [PrP
(compare concentration scales in upper and lower panels). In these conditioffsisBfid*m is not detected after the first passage and
development of the disease in the infected organism will depend only on the intrinsic pathogenicity of the PrP* isoform. Note that the stead
state characteristics of such an infected organism in which the switch has not occurred are quite different from those found in an uninfecte
organism (particularly concerning the stationary level of the PrP* isoform). Data were obtained from numerical integration of the differential
equations corresponding to the scheme of Fig. 4 with the following values of parankgtei®.06,k..» = 1.25,Kyo =1, K1 =1, Ky = 1,

Kin = 10, Koyt = 7.5,ki, = 0.75,kear = 0.1, kig = 0.075 Kasso= 0.01, kgisso = 100, inocPrPq = 200. Initial concentrations of the species where 0,
except for PrP ([PrPC} = 1).
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Fig. 6. Null isoclines associated with a simplified version of the
scheme in Fig. 4 and corresponding to the dynamics observed
during the second passage. To simulate the conditions which
prevail during the second passage (see text), we chdneePf
P> = 0 and [PrP*} = 200 (Kass= 0.01,kgiss = 100 for the rate con-
stants corresponding to the equilibrium between the monomeric
and dimeric Prf® isoforms and other parameter values as in Fig.
5. Neglecting the slow leak termy, [PrP*] is now a constant and
this simplified version of the scheme in Fig. 4 corresponds to a two
variable system. In the absence of infection (insert, [RrB*0),
the sigmoid Prf null isocline has three intersections with the
monotonic PrP null isocline, in accordance with previous descrip-
tions of a very similar bistable system [11-14] (having slightly
different rate equations). Normal mode analysis of the correspond- 0 4 8 w2 16 20
ing equations shows that the stable steady states are stable nodes Time
and the unstable steady state is a saddle point. The presence of the
intermediary isoform PrP* modifies profoundly the shape of the Fig. 7. Differences in lag times observed between the second and
sigmoid PrB° null isocline (whereas the shape and the position of third passages in the course of the transmission of prion diseases
the Prf® null isocline are not significantly changed), so that the two ~ between two species. For the second and third passages, the struc-
nullclines have only one intersection. The system is now globally ture of the kinetic scheme is as described in Fig. 6 (simulations
stable and the steady state corresponds to the pathogenic steadyvere performed with the same values of the parameters as in Fig.
state (high level of Pr¥ isoform). Hence, upon inoculation of  5). However, initial values of the variables are not identical in both
brain extract in the second passage (the inoculum is mainly con- cases. For the second passage, the system starts with a high level of
stituted of highly concentrated PrP* isoform; see Fig. 5), the sys- PrP*and a very low level of Pf®(if the transition between steady
tem tends towards a pathogenic steady state, even if no transition states has not occurred during the first passage). This corresponds
has occurred during the first passage. to the curve [PrP, = 0 in (A). For the third passage, the system
starts with a rather low level of PrP* (because of dilution) and a
rather high (but diluted after inoculation) concentration of ri
context which takes into account the turnover rate of fact, calculations show that the half-time effect is not significantly
the normal prion protein? different for curves obtained for [PTR, = 1 and [PrP*]= 200 (A)
on the one hand and [P, = 2 (or larger) and [PrP*E 0 (B) on
. . . . the other hand. On the contrary, the half-time effect is lower than
3.3. Dynamic component in the species barrier that observed during the second passage (curvéprPO0 in (A).
problem Hence, the occurrence of some kind of variations between organ-
isms for the values of the steady state concentration of the various

Analysis of the kinetic scheme (Fig. 4) correspond- protein isoforms obtained after the second passage, will not influ-

. i . ence significantly the lag characteristics corresponding to the third
mg_ to the descrlptlve model of Fig. 3 shows Fhat the passage. Obviously, subsequent passages would give results iden-
switch between the normal and the pathogenic steadyica to those observed during the third one, i.e. the disease will be

states may or may not occur upon the primary infec- stabilized in the host species.

[PrP*]=0

[PrPSe]
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tion, depending (among other kinetic parameters) on more rapidly than it is observed during the second
the value of the catalytic constant of the BiiBoform passage. Subsequent passages will start with initial
in the inoculum (Fig. 5). However, even when the conditions that are identical to those described for
transition does not occur, the characteristics of the the third passage, so that no further change in the
normal steady state are considerably modified with incubation time is observed.
respect to those which prevail in the absence of infec-
tion. The levels of PrPandhosPrP*isoforms remain
respectively high and low, but the amount of PrP* 4. Discussion
isoform (monomer and dimer) may be important
(unlessinocPrP* does not catalyze significantly the The developing body of knowledge concerning
formation of PrP*, leading to a situation in which the prion diseases indicates that something unusual, and
barrier between the two species cannot be overcome).not easily explainable by familiar ‘orthodox’ mechan-
Extracts prepared from brain tissue obtained after isms, is operating in these situations. Originally
the first passage merely contain the monomeric and thought to be ‘unusual or slow viruses’, the infectious
multimeric PrP* isoforms. These are diluted upon particles seem to be devoid of any detectable nucleic
inoculation introduced by the second passage. Thenacid. However, since they are infectious, these parti-
the question arises as to why the switch between nor- cles must be somehow capable of reproduction. There
mal and pathogenic steady states does occur at thisis now a wealth of biochemical and genetic evidence
stage and not at the end of the first passage, althoughsupporting the contention that a cellular protein (the
these species are much more concentrated. In fact, theprion protein) is responsible for infectivity. Today,
structure of the kinetic scheme is slightly different although some authors still believe that the infectious
from the one which prevails during the first passage. agent is a specific nucleic acid associated with or
Now in effect there is no way to convert Pridto the packaged in some host-derived protein [34—36], the
intermediary isoform PrP* since the corresponding most accepted theory in the field, known as ‘the pro-
catalyst {(nocPrP is virtually absent in this second tein-only’ hypothesis [1], postulates that the conver-
passage, because of the dilution effect. As a result, sion of the constitutive host protein PrRo a
both the initial conditions and the characteristics of pathogenic, isomeric form PtPis the molecular
the steady state of the system could be quite different basis of prion diseases.
between the first and the second passages. Fig. 6 The conformation of a protein can be influenced by
shows that the presence of the PrP* isoform may suf- complex interactions with many other cellular com-
fice to modify the shape of the null isoclines (com- ponents. Hence, we cannot exclude, at the present
pared to the situation in which there is no infection), time, a possible intervention of another component
so that only the pathogenic state exists after the sec-in the propagation of the disease. Such a question
ond inoculation. In these conditions, the lag charac- pertains to experimental fields. On the other hand,
teristics would only correspond to the time needed by since experiments have failed so far to find such an
the system to reach its globally stable steady state, additional element, an important question which is
starting from initial conditions in which the concen- relevant for modeling activity may be asked: is it
tration of the Pr® isoform is low. quite conceivable, from a mechanistic point of view,
The structure of the kinetic scheme corresponding that the ‘protein only’ hypothesis can give a complete
to the third passage is identical to that described for explanation for all the observations reported about
the second passage, but the initial conditions are quite prion diseases? Previous theoretical studies [7,8,11—
different. Now, we start with a high, suprathreshold 14] have shown that the purest form [1] of this elegant
concentration of Pr® isoform and a low concentra- and provocative hypothesis has to be improved in
tion (due to the dilution) of PrP* isoform. Since the order to account for the kinetics of the propagation
catalytic constant corresponding to the Prfata- of the diseases. The mechanism of Prusiner can work
lyzed process is supposed to be better than that asso-over a meaningful range of parameter values if one
ciated with the PrP*-catalyzed process, the assumes an oligomeric structure for the proteinaceous
pathogenic (Fig. 7) steady state will be reached catalyst and the existence of cooperative interactions
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between subunits. These modifications then alter the characteristics. As previously stated [37], most of the
dynamic behavior of the model. Such a positive feed- variance in incubation times can be explained in terms
back loop endows the system with bistability proper- of interactions between donor (the animal from which
ties so that prion propagation corresponds to a switch infectious material is extracted for injection in the
between a normal and a pathogenic, alternative stablehost) and host prion protein. The possibility that the
steady state. host protein may influence changes induced by the
Until now, the existence of the species barrier and inoculated agent is consistent with the concept that
the observation that brain extracts can be infectious ‘strain of agent’ is another expression of the involve-
despite the apparent lack of the pathogenic isoform of ment of prion protein in the mechanism of pathogen-
the prion protein, have been considered as the weakesis of these diseases. Hence, a common mechanism
part of the ‘protein only’ hypothesis. In this paper, | involving protein-only conformational changes can
have shown that quite reasonable hypotheses aboutgive a unifying interpretation of the problem of spe-
the adaptability of the prion protein allow us to give cies barrier, strain variations and lag characteristics
a unifying interpretation to conformational diversity observed with transgenic animals.
and lag characteristics observed during transmission Does the prion protein behavior constitute a very
of prion diseases between species. This model unusual, pathogenic mechanism specifically bound to
involves only conformational changes of the protein. this particular protein or does it illustrate a mechanism
Although a complete parametric study of this model which might also be involved in other normal proteins
remains to be made, our preliminary results indicate to achieve and pass on their functional conformation?
that it can describe, in a dynamic context, the ‘three Such a process has been invoked in yeast (URE3 and
passages’ rule and also the experimental fact that, in psi determinants) to explain observations about extra-
some cases, no pathogenic isoform of the prion pro- chromosomic inheritance controlling phenotypic
tein is detected upon primary infection of mice with characters by a non-mendelian way [38,39]. Simi-
bovine prions, although corresponding mice brain larly, a very puzzling observation has been reported
extracts remain infectious for subsequent passages.about the multifunctional p53 protein. Wheob3
One should note that the mechanism postulated heremutant and wild type are cotranslated, the mutant
can be tested by inoculating host PiiR mice brain protein can drive the wild type into a mutant confor-
that do not become ill after the first passage. This mation [40]. The cotranslational effect of mutgr§3
model anticipates that the mice would develop the upon wild type conformation was attributed to inter-
disease after this second injection. actions between nascent polypeptides and oligomeri-
Beyond the problem of the species barrier, the exis- zation of the full-length proteins. Oligomers of p53
tence of multiple strains of the transmissible agent has proteins can be induced to conformational change in a
been considered as an indication that these diseasegooperative manner. Nevertheless, the most striking
might be caused by a replicating agent with an inde- phenomenon with similarity to the mechanism postu-
pendent genome. Many of the changes found in mouselated for prion diseases has also been known for a long
strains can be interpreted by the same type of argu-time, that is the self-assembly of bacterial flagella.
ment as that given above for the adaptation of various Most bacterial flagella are made of a single type of
prion diseases to different species. However, it would protein, flagellin. The flagellum can be reconstituted
seem unreasonable to imagine that the mouse prionin vitro if a small-polymerized ‘seed’ of flagellin is
protein can exist under about 30 different conforma- present in the assembly mixture [41]. A single muta-
tions (this is the number of mouse-adapted scrapie tion in the flagellin gene alters the tertiary structure of
strains identified so far), as it is inferred by the sim- the protein and the subsequent phenotype of the fla-
plest interpretation of Prusiner's mechanism. On the gellum, resulting in a ‘curly’ phenotype. In vitro,
contrary, combining several conformations and/or oli- reconstituted curly flagellin yields curly flagella.
gomerization states of the pathogenic forms of the However, when wild type flagellin is reconstituted
prion protein, can conceivably lead to the emergence in the presence of seeds of curly flagella (or the
of multiple ‘strains’ of the proteinic agent, i.e. to inverse), the reassembled flagella possess the curly
macromolecular structures having their own catalytic phenotype [41,42]. Hence, curly seeds are apparently
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capable of inducing wild-type flagellin monomers to
the curly structural conformation. Thus, the structural
shift to a curly configuration is induced not only at the
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