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ABSTRACT Prions are unprecedented infectious patho-
aens that cause a group of invariably fatal neorodesencrative
discases by an entircly novel mechanism. Prion discases may
present as senetic, infections, or sporadic disorders, all of
which involve modification of the prion protein (Pri*). Bovine
spongiform cncephalopathy (BSE), scrapic of sheep, and
Creutzfeldi—Jakob discase (CJD) of humans are among the
mast notable prion discases. Prions are transmissible parti-
cles that are devoid of nocleic acid and scem to he composed
exclusively of a modified protein (Prif™). The normal, cellular
PrP (PrP“) is converted into PrP* through a postiransla-
tional process during which it acguires a high f-sheet content.
The specics of a particelar prion is eacoded by the sequence
of the chromosomal PrP sene of the mammals in which it last
replicated. In contrast o pathoegens carrying a nuckeic scid
acnome, prions appear 1o encipher strain-specific propertics
in the tertiary structure of PrP®, Transeenctic studies argue
that PriPsc acts as a template upon which PriftC is refolded into
a mascent PriP®™ molecule through a process facilitated by
another proicin. Miniprions cencrated inm transgenic mice
cxpressing PrP, in which ncarly half of the residues were
deleted, exhibit unigue biclogical propertics and shoolbd fa-
cilitate structural studies of PrP™, While knowledge about
priens has profouand implications for stedics of the structural
plasticity of protcins, investigations of prion discases sugmesi
that new strategics for the prevention and treatment of these
disorders may also find application in the more common
desenerative diseases,

The wrturous path of the scienulic investgation that ked w an
understanding of [amilial Creuteleldi-Jakob discase (CI1))

chronicles a remarkable scientilic odyssey. By 1930, the igh
incidence of famibal (0 CID in some [amilics was known (1,
2). Almost 6 years were Lo pass belore the sigmilicance of Us
hinding could be apprecated (3-3). CIHD remained a cunous,
rarc neurodegenerative discase of unknown cuology through-
oul this penod of three score years (6). Only with transmission
of discase 1o apes aller moculation of bramn extracts prepared
I'r?mn paticnls who died of CID did the story begin 1o unravel
()

COmnce CID was shown Lo be an infectiows discase, relatively
httle attention was pard Lo the lamihal [orm of the discase since
maost cases were nol [ound in famahes. It 15 miercsting 1o
speculale how the course of scientihic mvestiigation might have

procecded had transmission studics not been performed unul
alter the molecular gencuc kesion had been wdenuhed. Had

that scquence of cvents transpired, then the prion concept,
which rcadily cxplains how a single discase can have a penelc
or infectious ellogy, might have been grected with much less
skepticsm (X)

Emdemiologie studies designed o wdently the source of the
CIT) infection were unable w wdenuly any predisposing nsk
[actors, although some peographic custers were lound (9-12).
Libyan Jews hiving in Isracl developed CID) abowt 300 nmes
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more [requently than other Israchis (13). This hinding
prompled some mvestigators o propose Lhal the Libyan Jews
had contracted CIID) by caung lightly cooked braim [rom
scrapic-infected sheep when they hived in Tripoh prior 1o
emigrabion. Subscquently, the Libyan Jewish patients were all
found 1o carry a mutation at codon 200 in therr pnion prolein
(PrP) gene (14-16).

My own interest in the subject began with a patient dying of
CIY in the fall of 1972, AL that tme, | was beginming a
residency in neurology and was most impressed by a discase
process that could kill my patent in 2 months by destroying her

bramn while her body remamed unallected by this process. No
[ebrile response, no leukocyloss or pleocytosis, no humoral
immune response, and yel | was told that she was inlecied with
a “slow virus.”

Slow VYiruses. The erm “show virus™ had been comned by
Bjorn Sigurdsson m 1954 whale he was working m lecland on
scrapic and visna of sheep (17)L Five years lawer, Wilham
Hadlow had suggesied that kuru, a discase of New (Guinca
highlanders, was similar Lo scrapie and thus, 1L, oo, was caused
by a slow virus (18). Sceven more vears were 1o pass belore the
transmissibility of koro was establshed by passagming Lhe
dscase 1o chimpansees inoculated intracerebrally (19). Just as

Hadlow had made the mwellectual keap between scrapic and
kuru, lgor Klatm made a similar connection between kuru and

CIDY (20). In both instances, these ncuropathologisis were
siruck by the similanties m hght mcroscopic pathology of the
central nervons system (CNS) that kuru exhibited with scrapic
or CII. In 196X, the transmission of CID) 1o chimpaneces alier
mtracerchral moculation was reported (7).

In scrapic, kuru, CII), and all of the other disorders now
relerred W as prion discases (Table 1), spongiflorm degener-
ation and astrocytic ghoses 15 lound upon microscopic exam-
mation of the CNS (Fig. 1) (21). The degree of spongilorm

Editor's Mole: This anicle s an abbreviated version of Stanley B
Prusiners's Mobel 1ecwre, “Prions.” The 1997 Nobel Prize in Physi-
alogy or Medicine was awarded w Dr. Prosiner for his discovery of
wins, an colircly new geare of discasc-causin ik, and for
Eﬂidau'ng thc ﬁinau rnEEprinfiph::s that urul-:rllsrhcagldlﬂ:ir misde ol
acti. The Nobel Foundation graciously has granicd us permission wo
reerind this articke. The Mobel | .ccwres provide examples of sucoessful
approaches w major scicntilic problems as well a5 authorilative
reviews. However, in recent years, these leciwres have rarcly been read,
perhaps bocause of the difliculty in obtaining the collecuons. By
reprinting this lociare we hope w broaden their cxposurce.
Abbreviations: Bo, bovine; BSE, bovine spongilorm cacephalkopa
CITY, Creulfeldi-lakob discase; sCID, sporadic CI; 1CID, (amilial
CIx aCID, iatrogenic CITY, vCID, (new) variant L‘Jlfl; N5, ccawral
MCrYOuUs m; CWI), chronic wasting discase; FFL, fatal [amilial
insomnia; Fsl, Teline spongilorm crlcqialnmm]ﬁ F51, [aLal sporadic
insomnia; GFAP, glial fibrillary acidic protcin; GPL, glycosyl-
rhu?haljdjiinmiml; (%, Gersimann-5iravssler-Scheinker discasc;
IGH, human growih hormonc; Ho, human; MBM, mcal and bonc
mcal, Mo, mouse; r, recombinani; 5Ha, Syrian hamsicr; Te, trans-
aic; TME, wransmissible mink ¢ al - wi, wild-type.
gi'n whoim reprint redguests :\I1|:|ullrl“l:tu:'wrmi||:II;-:'IrI‘E'r-::s.'i-u:,lu-l!'II al: I}n-pa:“uﬁnnl ol
Newrology, University of Calilornia, San Francisco, CA %4143-0518.
fPrions arc defincd as protcinaccows infecious particles that lack
nuclcic acid. PrP* is the collular prion prowcin; Prc is the patholeaic
isoform. NHz-tcrminal truncation during limited proteolysis of Pris=
produces Pri® 27-30.
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Table 1. The prion discascs

Ihscase Host Mcchanism of pathogencsis

Kuru Forc poople  Infection through ritealistic
cannibalism

iCILY Humans Infection [rom prion-conuaminated
HGH, dura mater gralis, cic.

vCI0D Humans Infection [rom bovine prions?

I Humans Cierm-line muuations in Pri* genc

&S Humans Gierm-line muuations in Pri* genc

FFI1 Humans Cierm-line muiatien in PrP? gene
(INTEN, M12%)

sCI1Y Humans Somatic mulalion of spenLancHs
conversion of PrP® into PripSe;

Fsl Humans Somatic mulalion of sponLancoss
conversion of PriPeC inwn Prifse?

SCTapic Sheep Infection in genclically suscoplible
shocp

H5LE Caule Infection with prion-contaminatcd
M EM

ML Mink Infection with prions [rom sheep
or cattbe

CWID Mulc doer,  Unknown

clk
F5k Cats Infection with prion-contaminatcd

bovine ussucs or MBM

Exoiic ungulaic  Greaicr kodo, Infoction with prion-contaminaicd

cnccphalopathy  nyala, ey MBM

iCID, iatrogensc CIDY, wCIDD, varant CI1, (CID, [amilal CII;
gCINY, sporadic CII; G55, Gersumann-Sirinssker—-Sheinker discasc;
FFI1, [aial [amileal insomnia; 151, [aial sporadic insomnia; BSE, bovine
spongilorm crocphalopathy; TME, wransmissibde mink cocophakopa-
thy, CWID, chronic wasting discasc; F5LE, [eline spongiform cnceph-
glopathy; HGH, human growih hormone; MEBM, meat and bonce meal.

depencrabion 15 quite vanable, whereas the extent of reactive
ghosis correlates with the degree of neuron loss (22).

Prions: A Briel Overview. Belore proceeding with a detailed
discussion of our current understanding of pnions causing
scrapic and CIID, | provide a bnel overview of pnon bology.
Prions are unprecedented imfectious pathogens thal cause a
group of invanably [atal ncurodegenerative discases mediated
by an cntrely novel mechanism. Prnion discases may presenl as
genclc, inflections, or sporadic disorders, all of which involve
madihcation of the pnon protecin (PrP), a constiluent of
normal mammahan cells (23). CIID) gencrally presents as
progressive dementa, whercas scrapwe of sheep and bovine
spongiform encephalopathy (BSE) are pencrally manifest as
ataxic ilinesses (Table 1) (24).

Prions are devond of nucleic aad and seem o be composed
exclusively of a modilied isoform of PrP designated PrP® 3 The
normal, cellular PrP, denoted PrPY, = converted o Prpse
through a process whereby a portion ol 15 a-hehcal and col
siroclure 15 relolded o g-sheel (23). This structural transi-
uon 15 accompanicd by prolound changes in the physicochem-
ical propertes of the PrP. The amino acid sequence of PriPse
corresponds 1o that encoded by the PrP gene of the mamma-
han host in which 1t last replicated. In contrast 1o pathogens
with a nucleic acid genome that encode stram-specilic prop-
ertics in genes, prions encipher these propertics i the werbary
structure of PrP* {26-28). Transgenciic sindics arguc that
PriP% acis as a lemplate wpon which PrPe s relolded o a
nascenl PriP® molecule through a process [acilitated by an-
other prolem.

More than 20 mutatons of the PrP gene are now known 1o
cause the inhenited human prnion discases, and signihicant
senclc hinkage has been estabhshed lor [ive of these mutabions
(4, 16, 20-31). The pnon concepl readily cxplains how a
discase can be manilest as a henilable as well as an inlections
illness.
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Fiio 1. Mcuropathologic changes in Swiss mice alier inoculation
with RMIL. scrapic prions. (@) Hematoxylin and cosin siain of a scrial
scclion of the hippocampus shows spongiform degencration of the
ncuropil, with vacuobes 10-X) pm in diamcier. Brain issee was
immcrsion [ixed in 10F: bulfered [ormalin soluton alicr the animals
had been sacrificed and was then cmbedded in paralfin Py, pyramidal
ccll layer; SR, straium radiziem. (b) Glial [iheillary acidic prodcin
{GFAP) immunohsiochemisiry of a scrial section of the hippocampus
shows numerows reactive astrocyiles. (Bar inb = 50 pm and also applics
Wy @) Photemicrographs were preparcd by Swephen 1. DeArmondd.

Resistance of Scrapic Agent to Radiation. My [ascination
with CII) guxckly shilied 1o scrapic once | learmned of the
remarkable radiohiological dala that Tikvah Alper and her
colleagues had collected on the scrapic agent (32-34). The
scrapie agenl had been [ound W be extremely resistant Lo
mactivation by UV and sonuang radiation, as was laler shown
for the CII) agent (35). Il scemed o me that the most
minguing gquestion was Lhe chemical natore of the scrapie
agenl;, Alper's data had evoked a wrrent of hypotheses con-
cerning s composilion. Suggestions as o the natore of the
scrapic agent ranged [rom small IDNA viruses 1o membranc
[ragmenis o polysacchandes w proteins, the last of which
evenlually proved 1o be correct (36—-42).

Scrapic of sheep and goals posscsscs a history no kess
[ascinating than that of CID. The ressiance of the scrapie
agenl o inactivalion by formalin and heal treaiments (43),
which were commonly used 1o produce vaccines against viral
Incsses, suggesied that the scrapwe agent might be dilferent
[rom viroses, but it came al a ume belore the structure of
viruscs was understood. Later, this resistance was dismissed as
an inleresting observation bul of hitle imporlance since some
viruscs can survive such treatments; indeed, this was nol an
unrcasonable viewpoiml More than two decades were 1o pass
belore reporis of the extreme resistance ol Lhe scrapie agent Lo
mactivation by radiation agamn trumpeted the novelty of ths
infections pathogen. Interestingly, Hritsh scienusts had argued
for many years aboul whether natural scrapic was a penclic or
an infectious discase (44—46). Scrapie, ke koru and CID,
produced death of the host without any sign of an immune
response Lo a “loreign imlectious agenl”™

My inital studics locused on the sedimentaton propertes of
scrapie infectivily in mouse spleens and bramms. From these
studies, | concluded that hydrophobic mweracions were re-
sponsible [or the nomideal physical behavior of the scrapic
particle (47, 48). Indced, the scrapic agenl presented a bio-
chemical mghimare: mlcctivity was spread [rom onc end 1o the
olher ol a suorose gradient and from the voud volume 1o
[ractions cluting at 5—10) imes the mcluded volume of chro-
matographic columns. Such results demanded new approaches
and beller assays (49)

Bioassays. As Lhe number of hypotheses about the molecular
nalurc «of the scrapie agent began o exceed the number of
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laboratones working on this problem, the need [or new
cxperimental approaches became evident. Much of the avail-
able data on the properies of the scrapic agent had been
gathered on brain homogcnates preparcd [rom mice with
chimical signs of scrapie. These mice had been inoculated 4-5
months carlier with scrapic agent that onginatled in sheep but
had been passaped moluple umes i mice. Once an cxpennment
was compleled on these homogenales, an additional 12 months
was required Lo obtain the resulis of an endpomt Ulration o
mice (3. Typacally, 60 mie were required o determine the
uter of a single sample. This slow, ledions, and expensive
syslem dhscouraged systematic invesligalion.

Although the transmission of scrapie o mce had ushered 1n
a ncw cra of rescarch, the 1.5 w 2-year miervals belween
designing expenments and oblaining resulis discouraged se-
guential studies. Infrequently, the results of one sel of exper-
iments were used as a [oundaton [or the next and so on.
Morcover, the large number of mice needed 1o measare the
infecclvily in a single sample prevented studies where many
cxperiments were perlormed in paralkel. These problems
encouraged publicaton ol inconclusive expernimental resolis.

In 1972, when | became [ascinated by the cmgmatic nature
of the scrapie agent, | thought that the most direct path 1o
determining the molecular structure of the scrapic agenl was
punhcation. Fortunately, 1 did non appreciate the magnitude
of that wsk, althoueh | had considerable cxpencence and
traiming 1n Lthe punlicauson of enzymes (31). Although many
stucdhes had been pq:l[::nrm-:a;l T3} pmhL the physicochemacal
nalure of the scrapic agent by wsing the mousc endpoint
utration system, lew systematic investigations had been per-
[ormed on the [undamental characiensucs of the infectious
scrapic particle (42). In [acl, 12 years alter mtroduction of the
mouse bwassay, there were few dala on the sedimentalion
behavior of the scrapie particle. Since diflferennal centnfuga-
uon 5 [requently a usclul minal step in the punfcaton of
many macromalecules, some knowledge ol the sedimentation
properiics of the scrapwe agenl under delined condibions
scemed mandatory. To perlorm such studhes, Swiss mice were
inoculated imtracerchrally with the Chandler isolate of scrapc
prions and Lhe mice were sacnhiced about 3 and 150 days later,
when the tlers i their spleens and brams, respectively, were
cxpecied o be al maximal levels. The two ussues were
homogenized, extracted with detergent, and centrifuged [or
increasing Umes and specds (47, 532). The disappearance of
scrapic infectivily was measured in sopernalant [ractions by
endpomnl tirabion, which required 1 year o score.

Incubation time assays in hamsters. In view ol these daunting
lomstical problems, the dentulcanon of an inoculum that
produced scrapic in the golden Synan hamster (SHa) in ~T70
dayzs alier intracerebral imoculation proved o be an imporlant
advance (53, 34) once an incubabion ime assay was developed
(35, 36). In carher swdics, SHa had been moculated with
prions, bul senal passage with short incubation umes was nol
reported (37). Development of the incubation ime bioassay
reduced the tme required w messure prions in samples with
high tters by a [actor of 5: only 70 days were required nstead
of the 360 days previously necded. Egqually important, 4
animals could be used in place of the 6) that were reguired lor
endpoint Ltrations, makmng possible a large number of parallel
cxperiments. With this bwassay, rescarch on the nature of the
scrapic agenl was accelerated nearly 1(K-{old and the hamster
with hugh pron tlers in s brain became the experrmental
animal of chowe [or bochemical siudies.

The incubation ime assay enabled development of ellfective
punhcation schemes for ennching ractions [or scrapie infec-
uvity. It provided a means o assess guantlatively those
[ractions that were enniched [or infectivily and those that were
nol. Such studies led rather rapidly 1o the development of a
profocol for separating scrapie infectivily from most proleins
and nucleic acids. With a =~ 1{{-fold punhicaton of infectvity
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relative W protein, =98% ol the protcins and polynocleoudes
were chminated, permiting more rehable probing of the
consttucals of these ennched lractions.

The Prion Concept. As reproducible data began 1o accu-
mulale ndicating that scrapic infectvily could be reduced by
procedures that hydrobyze or modily proteins bul was resisiant
1 procedurces that alter nucleic acids, a [amily of hypotheses
aboul the molecular architecture of the scrapie agent began Lo
emerge (38). These data estabhished, [or the lirst tume, that a
particular macromolecule was reguired [or infecuvily and that
this macromolecule was a protein. The expenimental lindings
extended carlier observabions on resstance of scrapie infec-
tvily Lo UV irradiation at 250 nm (33) in that the [oor dilferent
procedures wsed o probe for a nucleic aod are based on
physical principles that are independent of UV radiation
damage.

Once the requirement of protein [or infectivily was estab-
lished, 1 thought that 11 was approprniale o give Lthe mlectous
pathogen ::-lﬂu'apm 4 prowisional name thal would distinguish
it [rom both viruses and vironds. Aller some contemplation, |
suggested the werm “prion,” derived [rom protcinaceous and
imlcctious (58). Al that ume, | delmed prions as proleinaccous
mlccuious particles that resist inactvation by procedurcs that
modily nucleic acids. 1 never imagined the rate reacuon of
some sciensts o the word “prion”™—it was truly remarkable!

Current definitions. Perhaps the bost current working delh-
nition of a pron 5 a proteinaccous infections particle that lacks
nuclcic acid (28). Becawse a wealth of dala supporis the
conlention thal scrapic prions are composed entirely ol a
protein that adopts an abnormal conformaton, 11 5 m
unrcasonable 1o deline prions as inlectiows proteins (23, 27, 59,
6l). But | hasten o add that we sull cannol chminate a small
hgand bound 1w PrP%¢ as an cssenbal component of the
mfccuous prion particle. la:aming how 1w renature PrPse
accompanicd by restoration of prion infectivily or Lo gencrale
prion infectivity de novo by using a synithetic polypeplide
should help address this as-vet-onresolved ssoe (61). From a
broader perspective, prions are clements that impart and
propagale conformational varabahity.

Although PriP*¢ s the only known component of the infec-
tous prion pariicles, these unigue pathogens share several
phenotypie traits with other infeclious entilies such as viruses.
Because some [catures of the discases caused by prions and
viruses arc similar, some scientsts have dilliculty accepling the
exisience of pnons despile a wealth of scientube data support -
ng this concept (62-6T).

Families of hypotheses. Unee the requirement for a prolein
was cslablished, 1 was possible 1w revisit the long hst of
hypothetical structures that had been proposed For the scrapic
agenl and w chminate carbohydrates, ipids, and nucleic acds
a5 the mlective clements within a scrapic agent devord of
protein (38). No longer could stroctures such as a viroid-like
nucleic acid, a rephcating polysacchande, or 4 small polynu-
cleotde surrounded by a carbohydrate be entertained as
reasonable candidates 1o explain the puzrhing properties of the
scrapic agenl (38, 65).

The [amily of hypotheses that remmned alver wdenulying a
protcin component was sull large and reguired a contmued
consideration of all possibilitics in which a prolein was a critical
clement (49). The prion concepl evolved [rom a [amily of
hypothcses in which an mfectuous protein was only one of
several posmbiliies. With the accumulation of experimenial
data on the molecular propertics of the prion, it became
possible w discard an mmcreasing number of hypotheucal
siruclures. In prion rescarch, as in many other arcas of
scienlific mvestiigation, a single hypothesis 15 all wo oflen
championed al the expense of a reasoned approach that
requites enlerlaimng a sencs of complex arguments unill one
or more can be discarded on the basis of expermmental data

(60,



