
tant form of this episome that inhibits the 
function of Ure2p directly or indirectly, 
thereby generating the URE phenotype. 
Overproduction of Ure2p would promote 
overproduction of the episome and increase 
the ~robabilitv of its mutation. In the ab- 
senc'e of u s e ~ ;  the mutated episorne could 
not be propagated and would be lost. Upon 
introduction of URE2 into ure2A, the nor- 
rnal eoisorne could be regenerated from the 

u 

genome, propagated in the  cytoplasm, and 
again undergo mutations. 

One  of the striking properties of prion 
diseases in rnammals is their transmissibility 
by crude or purified cell-free preparations. 
Transmission of [URE3] has been achieved 
in vivo by cytoduction, that is, by transfer 
of cytoplasm from a [URE?] donor to a re- 
cipient yeast cell by means of a n  abortive 
mating event; however, transln~ssion by 
cell-free extracts ha5 not been achieved. 
T h e  latter is clearly an important goal and 
should reveal whether one is dealing n i t h  
modified Ure2p or a n  episome. 

In Prusiner's rnodel of conforrnational 
conversion, a molecule of PrP" interacts 
with PrP" and thereby imposes its confor- 
mation on  it. T h e  P-sheet content of PrP" 
is high, whereas that of PrP' is low (13).  
PrP': and P r P  are both very stable, sug- 
gesting that a high activation energy bar- 
rier between the two states must almost 
completely prevent spontaneous conver- 
sion. Such a n  energy barrier probably can- 
not be provided by minor conformational 
changes. T h e  conversion may therefore re- 
quire extensive unfolding of PrP' and re- 
folding under the  direction of PrP", per- 
haps mediated by a chaperone and with the 
use of a n  energy source. Such a mechanism 
would explain why it has not  yet been pos- 
sible to achieve conversion in vitro in mix- 
ing experiments (14).  Maybe the proposed 
conformational changes could be studied " 
Inore readily in yeast if and when cell-free 
transmission of [URE3] is achieved. 
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Structural Clues to Prion Replication 
Fred E. Cohen, Keh-Ming Pan, Ziwei Huang, Michael Baldwin, 

Robert J. Fletterick, Stanley B. Prusiner* 

Pr ions  cause a variety of degenerative neu- 
rologic diseases that can be infectious, in- 
herited, or sporadic in origin. These dis- 
eases include scrapie in sheep, bovine spon- 
giforln encephalopathy ("mad cow" dis- 
ease) in cattle, and Creutzfeldt-Jakob dis- 
ease (CJD), Gerstlnann-StrausslerSchein- 
ker (GSS) disease, kuru, and fatal familial 
insomnia in hurnans. Prions differ from all 
other infectious pathogens in that they seem 
to be devoid of nucleic acid genornes (1) ;  
their only known constituent is a protein 
denoted PrP". This protein is an altered 
version of a norlnal cellular protein (PrP") 
that is encoded by a chrolnosornal gene (2 ) .  

PrPC is synthesi;ed in the endoplasrnic 
reticulum, modified in the  Golgi apparatus, 
and transported to the cell surface, where it 
is bound by a glycophosphatidyl inositol 
(GPI) anchor (3) .  Like other GPI-an- 
chored proteins, PrP" appears to  reenter 
the  cell through a subcellular compartment 
bounded bv cholesterol-rich, detergent-in- 
soluble me'mbranes (4). ~ e l e t i o n - o f  the 
GPI addition signal results in greatly di- 
minished synthesis of PrP" (5) .  

Studies with transgenic mice indicate 
that PrP' is most efficiently converted into 
PrP" when the amino acid sequences of 
PrPC and PrP" are identical (6). Mice car- 
rving a rnouse PrP transgene with a Pro1" , - 
to Leu mutation ( the  genetic lesion associ- 
ated with G S S  disease) develop a neuro- 
degenerative disorder that is indistinguish- 
able from experimental scrapie, and they 
produce prions de novo (7). Overexpres- 
sion of the rnouse wild-type PrP transgene 
in older mice ~ r o d u c e s  disease ccharcter- 
 red by spong~form degenerat~on of the cen- . -  - 
tral nervous system, a necrotizing rnyopathy 
involving virtually all skeletal muscle, and 
a delnyelinating peripheral neuropathy (8). 
Mice in which the  wild-type PrP gene has 
been ablated are resistant to scrapie and do 
not produce prions, confirlning that a 
source of PrPC is necessary for transmission 
and pathogenesis of disease (9) .  

How is PrPsL forrnedl The  possibility 
that it is generated by alternative splicing is 
unlikely, as the PrP' open reading frame re- 
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sides \\~ithin a single exon in all species ex- 
amined (10, 11 ). PrPjL might also arise by 
posttranslational chemical modification of 
PrPC, but thus far n o  such modifications 
have been detected (12).  Recent structural 
stud~es demonstrate that PrPC and PrP" d ~ f -  
fer in conformation. Both isoforrns have 
been purified under nondenaturing condi- 
tions, and their secondary structures deter- 
mined by Fourier transform infrared and 
circular Jichroism spectroscopy. PrP" was 
found to  have a high content of a helix 
(42%) and essentially no P sheet (3%),  
whereas PrP" had a P-sheet content of 
43% and a n  a-helix content of 30% (13).  
Neither PrP" nor PrP" formed aggregates 
detectable bv electron microscoov. 

L ,  

~ l t h o u g l ;  it has not  yet been possible to 
obtain crvstals of PrP': or PrPSL for x-rav 
structure determinations, a model for the 
tertiary structure of PrP" has been deduced 
by computational methods (14). PrP' se- 
quences were analyzed by secondary struc- 
ture prediction algorithms that had been 
optimi;ed for the study of globular proteins 
with a unique folded state. Four putative 
regions of secondary structure were identi- 
fie>, but these algorithms did not  allow un- 
ambiguous assignment of the regions as a 
helices or P sheets (13).  Synthetic peptides 
corresponding to the four regions had been 
produced in earlier work, and three of the 
four were found to  adopt a P-sheet confor- 
mation in water and polymerize into rods 
n i t h  the tinctorial properties of alnyloid 
(1 5 ) .  This incongruency may simply reflect 
the intrinsic limitations of current algo- 
rithms for predicting secondary structure, 
or it may indicate that PrP" contains do- 
mains that can assume Inore than one con- 
formation. A plausible model for the ter- 
tiarv structure of PrP' was generated bv ex- 
arni;ling all possible ways t i a t  the fou; pu- 
tative a helices could be arranged into a " 

cornpact globular structure (1 4) .  
These structural findings suggest a con- 

formational model for prion replication 
that, in principle, can explain the patho- 
genesis of infectious, inherited, and spora- 
dic forms of prion disease (Fig. 1). Accord- 
ing to this model, stochastic fluctuations in 
the structure of PrP' would generate a par- 
tially unfolded lnonorner (PrP") that is an 
intermediate in the formation of PrPSL. PrP" 
can revert to PrP', be degraded, or form 
PrPSL. Normally, the concentration of PrP" 
would be  lo\\^, and PrPSL would be formed in 
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insignificant amounts. Whether PrP80 for
mation involves oligomerization remains 
uncertain, because the insolubility of PrP80 

has precluded analysis of its physical state. 
In the case of infectious prion diseases, 

exogenous prions containing PrP80 would 
act as templates to promote the conversion 
of PrP* into PrP^ (Fig. 1A). The insolubil
ity of PrP80 would make this process irrever
sible and drive the formation of PrP* (and 
PrP80) by mass action. In the case of inher
ited prion diseases, PrP mutations (A) 
would destabilize APrP0 and promote its 
conversion into APrP*, which would in
crease the likelihood of APrP80 formation 
(Fig. IB). Current information on the loca
tion of PrP mutations (11, 16) is consistent 
with this hypothesis. Ten of eleven point mu
tations that segregate with inherited prion 
diseases fall within or near the four putative 
a helices, and five mutations cluster sur
round a central cavity that might be essen
tial for the structural stability of PrP0 (14). 

Finally, the sporadic prion diseases may 
result from the rare occasions in which 
there is sufficient accumulation of PrP* to 
produce PrP50 (Fig. 1A). In support of this 
proposal is the observation that transgenic 
mice overexpressing the wild-type PrP gene 
develop spongiform degeneration and pro
duce prions (8). Alternatively, sporadic 
prion diseases may arise because of somatic 
mutations that destabilize PrP0 and pro
mote its conversion into PrP80 through 

PrP*. Of note is the common Met/Val 
polymorphism at amino acid 129 in human 
PrP; this amino acid lies at the amino-ter-
minal border of the second putative a helix 
in PrP°, but may be at the end of a p strand 
in PrP80. Homozygosity at codon 129 ap
pears to predispose to sporadic CJD (17), 
an interesting observation given that this 
residue may lie at a multimeric interface 
joining two P sheets. Studies of other pro
teins suggest that Met-Met and Val-Val are 
common neighbors in p sheets, whereas 
juxtaposition of Met and Val is unusual 
(18). Patients with the Asp178 to Asn muta
tion present with insomnia if codon 129 
specifies Met in the mutant allele, or 
dementia if codon 129 specifies Val (19). 

The transmission of prions from one 
species to another is accompanied by a pro
longed incubation time on the initial pas
sage to the host, with subsequent passages 
being considerably shorter. As noted above, 
this "species barrier" has been shown to be 
due to differences in PrP sequence (6). Dif
ferences in incubation time have also been 
observed between different strains of mice; 
the PrP genes of mice with short and long 
incubation times differ at two nucleotide 
positions. When prions are passaged into 
mice with a nonmatching PrP sequence, 
the incubation time is longer than that 
seen in mice with a matching PrP sequence 
(20). These allotypic interactions between 
variant PrP° and PrP& molecules appear to 

Synthesis 

P r P c ^ • PrP* • PrP*-PrPSc 1 

Degradation 

(Exogenous prions) 

k /c, 
• PrpSc »> PrP27-30 < • D-PrP 

^10 

B 
Synthesis 

APrP^ APrP* • ^ P r P V i P r P Sc , APrP1 Sc. *9 
• APrP27-30 <+—• D-APrP 

Degradation 

Fig. 1. A conformational model for prion replication. Infectious forms of PrP are shown in red and 
noninfectious forms in blue. (A) Postulated events in infectious and sporadic prion diseases. Wild-
type PrP° is synthesized and degraded as part of normal cellular metabolism. Stochastic fluctua
tions in the structure of PrP° can create (kj a rare, partially unfolded monomer (PrP*) that is an 
intermediate in the formation of PrP80. PrP* can revert (k2) to PrPc, be degraded, or form a complex 
(k3) with PrP80. Normally, the concentration of PrP* is low and PrP80 formation is insignificant. In infec
tious prion diseases, exogenous prions enter the cell and stimulate conversion (k5) of PrP* into PrPSc, 
which is likely to be an irreversible process. In sporadic prion diseases, where there are no exog
enous prions, the concentration of PrP80 may eventually reach a threshold level upon which a posi
tive feedback loop would stimulate the formation of PrP80. Limited proteolysis of the amino terminus 
of PrP80 produces (k7) PrP27-30, a truncated form of PrP80 that polymerizes into amyloid and has a 
high content of p sheet (23). Denaturation (/c9) of PrP80 or PrP27-30 into D-PrP renders these mol
ecules protease-sensitive and abolishes scrapie infectivity; attempts to renature (/c10) D-PrP have 
been largely unsuccessful (24, 25). (B) Postulated events in inherited prion diseases. Mutant (A) 
PrPc is synthesized and degraded as part of normal cellular metabolism. Stochastic fluctuations in 
the structure of APrP0 are greater than those in wild-type PrP°; these fluctuations create (k,) signifi
cant amounts of a partially unfolded monomer (APrP*) that is an intermediate in the formation of 
APrP80. APrP* can revert (k2) to APrPc, be degraded, or be converted (k5) into APrP80. Limited pro
teolysis of the amino terminus of APrP80 produces (k7) APrP27-30, which in some cases may be less 
protease resistant than wild-type PrP27-30. 

have a profound influence on incubation 
times with different "strains" of prions (21). 
Whether prion strains represent different 
conformers of PrP80 remains to be estab
lished (J, 22). 

The unprecedented nature of prions 
raises questions about how cells monitor 
protein conformation—in particular, how 
they dispose of misfolded proteins when 
these conformers are potentially patho
genic. Diseases caused by prions will un
doubtedly require novel therapeutic ap
proaches. The model discussed here suggests 
that these diseases might be preventable or 
treatable by interventions that stabilize the 
putative a helices of PrP° and thereby in
hibit their conversion into p sheets. 
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