
72. A. Vortkamp et a/. data not shown 
73 Our mode suggests that PTHrP represses cthon- 

drocyte differentation, actng on prehypertrophic 7 
cells just before the onset of h h  expresson How- 
ever, the nh~b to ry  PTHrP s~gnal may also act, to 
some extent, on tthe proferatng cthondrocytes be- 
fore tthe prethypertrophc stage, In the mouse, both 
antbodies to tthe receptor and PTH-binding studes 
suggest that a very o w  level of PTH,'PTHrP recep- 
tor may be present on the surface of proferating 

car tage cells even though the levels of PTHIPTHrP 
receptor mRNA are too o w  to be detected (72) 

4. \We thank R. L Jothnson for the genomc h h  probes 
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provdng Sotiic hedgehog proten, prepared from 
an unpubislied clone provided by H Roenk  We 
are grateful to V lvlar~go. J. Capdevla, E. La~~ fe r ,  

Support for the Prion 
Hypothesis for Inheritance of a 

Phenotypic Trait in Yeast 
Maria M. Patino, Jia-Jia Liu, John R. Glover, Susan Lindquist* 

A cytoplasmically inherited genetic element in yeast, [PSI'], was confirmed to be a 
prionlike aggregate of the cellular protein Sup35 by differential centrifugation analysis 
and microscopic localization of a Sup35-green fluorescent protein fusion. Aggregation 
depended on the intracellular concentration and functional state of the chaperone protein 
Hspl04 in the same manner as did [PSI-] inheritance. The amino-terminal and carboxy- 
terminal domains of Sup35 contributed to the unusual behavior of [PSI-']. [PSI-] altered 
the conformational state of newly synthesized prion proteins, inducing them to aggregate 
as well, thus fulfilling a major tenet of the prion hypothesis. 

Manllllalian prions cause cjevastating neu- 
roijegenerative disorders (1) .  Unlike con- 
ventional pathogens, they are thought to 
consist entirely of protein-specifically, a 
nor~na l  ni~clear-encoded orotein, PrPc. 
~ v i t h  an  altered "scrapie" conformation, 
PrPS' ( I ) .  T h e  key to prion pathology is 
thought to he the  ability of Prr"' to indi~ce 
nekv PrPC molecules to adopt the altered 
strilcture, producing a protein-conforma- 
tlon cascade that causes the  disease anil 
gives rise to new infectious PrPs'. 

A similar esplanation can account for 
the otherwise baMillg behavior of t w o  ge- 
netic factors in yeast, [PSIf] and [LTRES] 
( 2 ) .  T h e  [PSI+] factor incre;ises translation- 
al read-through of all three llonsense 
C O ~ O L I S ,  and is lnonitored in the  lahoratorv 
by olllnipotent suppression of nonsense mu- 
tations (3 ) .  Although unlinkecj to any 
knolvn nucleic acid, [PSI-] beha\.es as a 
Jominant,  cytoplasmically inherited genet- 
ic element. It hears an  ilnusual relation to 
the nuclear-encoded protein Sup35 that is 
reminiscent of the relation bet~veen mam- 
nlalian priolls and n i~c lea r -e~~coded  PrP"' 
(1-4). 

Normally, Si1p35 is a subun~t  of the 
translation-release factor that causes riho- 
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nue, Ctlcaqo, L 60637, USA. 
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sollles to terlninate t r~ns la t ion  at nonsense 
codons. Release activity maps to the 
COOH-terminal ilomain (5), kvhich is es- 
sential for grokvth ( 0 ) .  Si1p35's NHr-termi- 
llal domain is not essential anci is reili~ireil 
o11ly for the  propagation of [PSI+] (6) .  Mu- 
tations in Sup35 can also cause olnnipotent 
nonsense suppression, hilt ilnlike [PSI+], 
the  lniltant 13henotvaes exhibit h/lendelian , 
~nher i tance (3 ) .  Remarkably, transient 
o\;erespression of Si1p35, or just its N H 2 -  
terminal elonlain, can incj~~ce iie novo her- 
itable [PSI+] elelllents (2 ,  6) .  h'loreover, 
transient 01-erespression of the chaperone 
Hsp104 call restore translational fiijelity, 
heritably converting cells from [PSIf] to 
[psi-] (4 ) .  

These observations argile that lPSIil 
represents the  inheritance ot a self-perpet- 
uating alteration in the  confc~rmation of 
Sup35, ~vh ich  is initiateil by the  NH,-ter- 
lllinal d ~ n l a i n  and impairs the ability of the 
COOH-terminal ilomain to filnction in 
translation. Although this mechanism sue- 
cessfi~lly explains Illany perplexing genetic 
observations (2 ,  3) ,  silch a revolutionary 
moilel for the inheritance of a t~henotvaic , L 
trait delllands the  silpport of direct physical 
evidence, ~vh ich  we proviile here. 

Insolubility of Sup35 in [PSIC] cells. 
Isogenic [psi-] and [PSI+] strains of tkvu 
ilifferent genetic backgrounds (7)  containeil 
the  salne clilantity of Sup35 ancj S ip45  (Fig. 
l A ) ,  the  other subunit of the translation- 
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release factor (8). Thus, the read-through of 
nonsense codons 111 [PSIf] cells \\-as not d i ~ e  
to reduced accumulat~on of the termina- 
tlon-factor s i lb~~ni ts .  Nor kvas it l~kely  due to 
posttranslational moilification. T h e  migra- 
tion of the  Sup35 anil Sup45 proteins from 
[PSIf] cells on high resolut~on two-dlmen- 
sional gels was iclentical to that of the pro- 
teins from [PSI-] cells (9 ) .  

In  contrast, the  sol~~bl l i ty  of Sup35 \\-as 
very d ~ f k r e n t  in [PSI+] and [psi-] cells. 
Most Sup35 protein in [PSI+] lysates pel- 
leteil after centr i f~~gat ion at 12,000g; most 
relna~ned in the silpernatant of [psi-] 1y- 
sates. In  [psi-] lysates, a si~hstantlal fraction 
of Sup35 rema~neil  solul3le after centr l f~~ga-  
tion a t  100 ,000~;  none remailled soluble in 
[PSI+] lysates (Fig. 1B). Silnilar clifferences 
in the sol~~hi l i ty  of S ~ 1 p 3 5  in [PSIf] and 
[psi-] cells were obtaineil in the  early, miil-, 
and late log phases of g r o ~ . t h  as well as in 
cells in the stationary phase (Fig. 1 C )  ( 1  0 ) .  
N o  difference in the  sedimentation proper- 
ties of total protems lvas detectecj hy Coo- 
lnassie b l i~e  staining, nor did immunosta~n- 
illg show any clifference in the seiiimenta- 
tion of Sup45, ribosomal protein L3, or the 
chaperone proteins Hsp70, Hsp90, anil 
Hspl04 (Fig. 1, B anii C )  ( 1  0). High salt (1  
M KCl) ,  EDTA (50 mM) ,  ; ~ n d  ribonuclease 
A (400 I*g/ml) treatlnents did not reciuce 
the  i~uantity of Sup35 f o ~ ~ n d  in the  pellet of 
[I-'SI+] cells, lnor [lid treatnlents n . ~ t h  non- 
ionic iletergent (1  ?41 T r ~ t o n  X-100) (1 0 ) .  
Moreover, like Prp' ( 1  ), the Sup35 protein 
found in these aggregates \\-as resistant to 
proteolysis ( I  I ). 

Role of the chaperone H s p l 0 4  in 
Sup35 aggregation. Overexpression of 
Hspl04,  a protein that promotes the  resolu- 
hilization anij reactivation of heat-clamaged 
prc)telns (12) ,  converts cells from [PSI+] to 
[psi-] (6 ) .  If aggregates of Sup35 reflect the 
presence of [PSI '1, Sup35 shoilld return to 
the soluble state after this conversion. 
W h e n  cells \Yere transformed with a cen- 
trolneric vector expressing Hsp104 from its 
o ~ v n  promoter, this kvas inileed the case 
(Fig. I D ) .  [In this anil all experilnents re- 
porteil here, the  [PSI-] and [psi-] states 
\\-ere confirmeil hy plating assays on selec- 
tive meilia (Fig. 2) (13) . ]  A stronger test of 
the  relation between S ~ 1 p 3 5  aggregates and 
[PSIf] derives from the  ahility of transient 
Hspl04 overespression to heritably cure 
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cells of [PSI+] (6). A galactose-inducible sin- 
gle-copy vector, which provides uniform ex- 
pression in all cells, converted more than 80% 
of [PSI+] cells to [psi-] after 3.5 hours of 
galactose induction. In converted cells plated 
to glucose media without continued selection 
for the Hspl04 plasmid (13), Sup35 was found 
in the soluble fraction, even though Hspl04 
was no longer overexpressed (1 0). Similar re- 
sults were obtained with a glucocorticoid-in- 
ducible Hspl04 expression vector (10). 

Paradoxically, [PSIt] cells also convert to 
[psi-] when Hspl04 expression is eliminated 
by deletion of the HSP104 gene (6). This is 
surprising because the only previously known 
function of Hspl04 was to promote the dis- 
solution of aggregates of heat-damaged pro- 
teins; these aggregates are maintained in 
cells with HSP104 deletions (12). When 
[PSI+] cells were converted to [psi-] through 
deletion of HSPl04, Sup35 was found in the 
soluble fraction (Fig. 1E). Thus, the behavior 
of Sup35 aggregates paralleled the behavior 
of [PSI+] and differed from the behavior of 
heat-damaged aggregates. Together these 
data strongly support the hypothesis that 
[PSIt]-mediated nonsense suppression is 
due to a conformational alteration in Sup35 
that is self-sustaining as long as Hspl04 is 

present at its normal concentration. 
The sedimentation properties of Sup35 

also provide a simple molecular explanation 
for one of the most perplexing aspects of 
[PSI+] biology-the ability of the element 
to exist in a cryptic form. For example, 
when [PSIt] cells were transformed with 
plasmids encoding mutations in the Hspl04 
nucleotide-binding domains (NBDs) [either 
K218T (a Lys to n r  substitution at amino 
acid 2 18 in NBD 1)  or K620T (an analo- 
gous substitution in NBD 2)], the [PSI+] 
phenotype was suppressed but not cured (4) 
(Fig. 2B). That is, the cells did not exhibit 
nonsense suppression and were unable to 
grow on selective media, but when the plas- 
mid encoding the mutant Hspl04 protein 
was lost, [PSlt] reappeared and growth on 
selective media was restored. In contrast, 
the double mutant K2 18TK620T cured 
cells of [PSIf]; when the expression plasmid 
was lost, [PSlt]-mediated nonsense suppres- 
sion was not regained (Fig. 2B). 

As shown in Fig. IF, a greater fraction of 
Sup35 remained soluble in cells expressing 
K218T or K620T than in the original 
[PSI+] strain, but most of the the protein 
remained insoluble (Fig. IF). Presumably, 
the increase in soluble Sup35 allowed faith- 

Fig. 1. Sup35 aggregates in [PSIt] but not [psi-] A cells. (A) Sup35 and Sup45 accumulation in [PSIt] '"- "'+ v- '"+ 
z- . - 

and [psi-] cells. Electrophoretically separated total Sup35 Clr - Sup45 Lur 
cellular proteins were reacted with antibodies di- 
rected against Sup35 and Sup45 (7, 22, 25). (B) - Y+ '"- 

Solubility of Sup35 in mid-log phase cells. Proteins Sup35 * - - 
fractionated by centrifugation at 12,000 or 
100,OOOg were electrophoretically separated and ~ ~ 0 ~ ~ ~ , " '  m I 

reacted with antibodies against Sup35 (22), ribo- 
somal protein L3 (25), and members of the Hsp70 Hsp70, 

Hsc7O 
- ma' ua && 

and Hsc70 family [monoclonal antibody (mAb) S P  S P  S P  S P  
7.101. (C) Solubility of Sup35 in stationary-phase 12,ooog 100,Ooog 
cells. Proteins were analyzed as in (B) and reacted C 

- . "'+. ---, "'--- . ..'"-+-- with antibodies to Sup35 (22) and Hspl04 (12). Sup35-- . Hsp104- A - 
Hspl04 is more readily visualized in stationary- S P  S P  S P S P  
phase cells because Hspl04 concentrations are 100.ooog 100,ooog 
higher, but similar results were obtained in log- 4 104 phase cells (10). (D) Sup35 is soluble in cells over- '"+- "'- y , + ~  3104 w- 

expressing Hspl04. [PSI+] 740-694 cells (T+) s~~~~ w-- Sup35 
were converted to bsi-] (9-) by transformation 

S P  S P  s P 
with a centromeric plasmid pYS104 carrying the 12,0009 12 
wild-type HSP104 gene, which increases Hspl04 F 15 
expression two- to threefold as compared with that 
of wild-type cells (4). Fractionated lysates were an- 
alyzed as in (B). (E) Sup35 is soluble in HSP104 
deletion mutants (A1 04). [PSI+] 740-694 cells (T+) 3 lo 

were converted to b s i ]  (T-) by transformation 5 with a construct [hspl04::Leu2] (4) that abolishes 2 o 
Hspl04 expression by disrupting the chromosom- 2 
al HSP104 gene. Fractionated lysates were ana- e" 
lyzed as in (B). (F) Solubility of Sup35 in cells har- - 
boring cryptic [PSI+] elements. [PSI+] 74-D694 
cells were converted to bsi-] by transformation o 
with centromeric plasmids encoding Hspl04 pro- '!'+ K218T K620T K218T 9'- 
teins with Lys to Thr substitutions in the first K620T 
(K218T) or second (K620T) or both (K218TK620T) 
NBDs (4). The parental strain (Y+) and its isogenic bsi-] derivative (T-) are also shown. lmmmunoblots 
were quantified with ImageQuant software (Molecular Dynamics). 

ful termination at nonsense codons, but a 
sufficient quantity of aggregated Sup35 re- 
mained to reestablish [PSI+] when the plas- 
mid encoding the mutant protein was lost. 
A smaller fraction of S u ~ 3 5  was insoluble in 
the double mutant, and this material was 
unable to act as a ~rion-inducing element. - 

Visualizing prion elements. To monitor 
[PSI+] elements in real time in living cells, 
we used a green fluorescent protein (GFP) 
fusion (14). The NH2-terminal prion-deter- 

A ,+,- 'Y + 

YPD -ade YPD -ade 

C 
YPD -ade 

1 hour 

. +DOC 

,&, 4 hours 

1 hour 

4 hours 

Fig. 2. Analysis of [PSIf] propagation by colony 
formation. (A) Read-through of nonsense codons in 
[PSI+] cells detected by the suppression of non- 
sense mutations. In 74-D694 cells, the suppressible 
marker is ade 1 - 7 4 (UGA). bsi-] cells (Y-) do not 
form colonies on adenine-deficient medium (-ade) 
and are red on YPD; [PSI+] cells (Y+) form colonies 
on adenine-deficient medium and are whie on YPD 
(4, 13). (B) Cells expressing K218T or K620T 
HsplO4 mutations cany cryptic [PSI+] elements. 
[PSI+] cells analyzed in Fig. 1 F were spotted onto 
plates deficient in uracil (-ura) or adenine (-ade) or 
both. Growth without uracil forces retention of the 
plasmid. Growth on adenine-deficient medium re- 
quires read-through of the ade 1- 14 UGA codon 
and the'reappearance of [PSI+]; it occurs only when 
cells are allowed to lose the K218T or K602T ex- 
pression plasmid. (C) Transient expression of NPD- 
GFP induces [PSI']. bsi-] 74-0694 cells carrying 
the GRE-regulated NPD-GFP expression plasmid 
(15) were treated with DOC (1 FM) for 1 or 4 hours. 
Equal numbers of induced (+DOC) and uninduced 
control (con.) cells were spotted onto YPD and ad- 
enine-deficient medium (-ade). [psi-] strains under- 
went conversion to [PSI+] after as little as 1 hour of 
induction, and the extent of conversion increased 
over time. NPD-GFP did not influence colony forma- 
tion by [PSI+] 74-D694 cells (16). 
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mining domain (NPD) of Sup35 was fused 
to GFP and placed under the control of the 
regulatable promoters CUP1 (inducible 
with copper) and GRE [inducible with 11- 
deoxycorticosterone (DOC)] (1.5). When 
NPD-GFP was induced by either copper or 
DOC, fluorescence was diffusely distributed 
in two different [psip] strains (7). In their 

C 
NPD-GFP GFP-t GFP 

Fig. 3. Visualization of protein aggregates with 
GFP. (A) Diffuse distribution of NPD-GFP in bsi-] 
strains (V) and coalescence in [PSI'] strains 
(Y+). lsogenic bsi-] and [PSI+] cells (74D-694) 
were transfoned with a CUP1 or GRE NPD-GFP 
expression plasmid (15). CuSO, (50 (LM) or DOC 
(1 (LM) was added to log-phase cultures for 1 or 4 
hours. Because our antibodies do not recognize 
Sup35 protein in its native state, we could not 
perform colocalization studies. (6) GFP is diffusely 
distributed in all cells. Analysis was as in (A), ex- 
cept that the GRE regulated plasmid encoded 
GFP without the NPD domain. (C) The heritability 
of GFP fluorescence patterns in groups of bud- 
ding cells. Analysis was as in (A), with plasmids 
encoding NPD-GFP, GFP-t, and GFP (15) under 
the control of aCUPl promoter. (D) Ctyptic [PSI+] 
elements visualized by NPD-GFP fluorescence. 
Analysis was as in (A), (CUP1-regulated NPD- 
GFP) in cells transformed with plasmids express- 
ing mutant Hsp104 proteins (see Fig. 1 F). 

isogenic [PSI+] derivatives, as soon as fluo- 
rescence could be detected it was concen- 
trated in a small number of intense foci 
(Fig. 3A). When subjected to differential 
centrifugation, NPD-GFP sedimented with 
Sup35 in [PSI+] lysates but remained in the 
supernatant of bsip] lysates (10). When 
expressed without the NPD, GFP was dif- 
fusely distributed and soluble in both @sip] 
and [PSI+] cells (Fig. 3B). Thus, the coales- 
cence of GFP in [PSl +I strains depended on 
both the attached NPD and the presence of 
preexisting [PSlf ] elements. 

The Sup35 NPD can induce [PSI+] ele- 
ments in [psi-] cells (6). In our study, ag- 
gregates appeared in a small percentage of 
the copper-treated [psi-] cells after 1 hour 
of induction (1  6). When plated onto media 
selective for nonsense suppression but not 
selective for the NPD-GFP plasmid, herita- 
ble [PSIf] elements were detected in a sim- 
ilar small percentage of cells (16). When 
the NPD-GFP fusion protein was expressed 
in bsi-] cells at a higher level or for a 
longer period, bright points of coalescence 
appeared in a larger fraction of the cells 
(Fig. 3A) (1 6), and a correspondingly larger 
fraction showed conversion to [PSlt] (Fig. 
2C). Intense fluorescent foci were main- 
tained in mother and daughter cells for at 
least 4 hours after NPD-GFP expression was 
repressed. In contrast, when NPD-GFP was 
expressed at high levels in an HSP104 de- 
letion strain, which cannot propagate 
[PSI+], GFP coalescence was observed in 
only a few rare cells (1 6). Thus, NPD-GFP 
coalescence is a marker of the heritable 
prionlike state of Sup35. 

Next we used NPD-GFP to visualize 
cryptic [PSI+] elements in cells expressing 
mutant Hspl04 proteins. Cells expressing 
the K218T and K620T proteins exhibited 
the diffuse fluorescence characteristic of 
[psi-] cells, but many also contained the 
intense foci characteristic of [PSI+] cells 
(Fig. 3D). In contrast, intense foci were 
rarely observed in cells expressing the 
K218TK620T double mutant. Thus, al- 
though some Sup35 protein was insoluble 
in the latter (Fig. IF), it did not efficiently 
nucleate the coalescence of newly synthe- 

sized NPD-GFP nor the reappearance of 
[PSI+] (Fig. 2B). 

Unique properties of Sup35 [PSI+] ag- 
gregates. To  further probe the relation be- 
tween protein aggregation and prion inher- 
itance, we monitored the behavior of anoth- 
er aggregation-prone GFP protein, a run-on 
translation product generated by mutation 
of the termination codon (15). This protein 
(GFP-t) was more variable in expression 
than NPD-GFP, accumulating in only a 
fraction of the cells. In these, its distribution 
varied widely: In groups of budding cells, 
some individuals exhibited diffuse fluores- 
cence, whereas others showed intense con- 
centrated foci (Fig 3C). Thus, unlike that of 
NPD-GFP, the distribution pattern of GFP-t 
was not inherited. 

During the formation of aggregates, 
other amyloids and prions are thought to 
abandon most of their normal structure. 
Because GFP fluorescence depends on 
proper tertiary structure (17), some struc- 
ture must be maintained in the prionlike 
foci of NPD-GFP. We do not yet know 
whether the COOH-terminal domain of 
Sup35 retains its tertiary structure during 
prion formation, but further experiments 
demonstrated that it strongly affected the 
behavior of the NPD. 

To  determine how Hspl04 affects the 
solubility of the NH,- and COOH-termi- 
nal domains of Sup35, we expressed them 
separately in wild-type cells and in 
HSP104 deletion mutants (Fig. 4). In 
wild-type cells, each domain was present 
in the supernatant and pellet fractions 
after a 100,000g spin. In hspl04 deletion 
mutants, the distribution of the COOH- 
terminal domain was unchanged, but the 
NHz-terminal domain was found only in 
the pellet. Apparently, the NH,-terminal 
domain has an intrinsic ability to interact 
with Hspl04, and through this interaction 
to undergo a change in state that alters its 
solubility (18). The aggregates formed by 
the NPD alone, however, behaved like the 
amorphous aggregates of denatured pro- 
teins that accumulate after heat shock and 
remain insoluble in HSP104 deletion mu- 
tants (12). This contrasted with the be- 

Fig. 4. Hspl04 influences the solubility of T S P  T S P  
the Sup35 NH,-terminal domain. bsi-] I .. --- I I I 

cells (74-D694) kith an intact (WT) or dis; .,,,,,I - L- - - - 1  I -. - - - I s u p 3 5  
rupted (A) chromosomal HSP104 gene 
transformed with high-copy-number plas- 
mids (6) encoding either the Sup35 NH,- 
terminal (NH,-term.) or COOH-terminal 
(COOH-term.) domain. Lysates were sub- term. 

jected to centrifugation at 100,000g. Total WT \ WT \ WT \ WT.\ WT.\ W T ~  
lysate (T), supernatant (S), and pellet (P) Hsp70 I-- -- - -1 I-- -1Hsp70 

were analyzed as in Fig. 1, with a poly- 
clonal antiserum to Sup35 and mAb 7.1 0. Immune complexes were visualized with horseradish peroxi- 
dase-conjugated protein A and ECL reagent (Amersham). 

SCIENCE VOL. 273 2 AUGUST 1996 



l-ia\,ior of the NPLI in its nornlal contes t ,  
attached to the  C O O H - t e r m i n ~ ~ s ,  it-l-iere 
Hsp l04  a.as actually r c i l~~ i red  for aggrega- 
tion (Fig. ID) and, moreover, was required 
a t  a11 illter~llediatc concentration. Thus,  
the  COOH-terminal  ciomain of Sup35 
profixindly alters the  properties of the  
NPLI and the  consequences of its interac- 
tions with HsplC4. 

The  prion hypothesis in yeast. Our  data 
dc~llo~lstrate that Sup35 i~ndergoes a 
c l~ange i ~ i  state \\.hen cells convert from 
[PSIL] to [ps i - ]  and fro111 [ps i - ]  to [PSIt]. 
This change in\,ol\,es the disappearance 
anii appea r~~ncc  of a uniq~le  heritable aggre- 
gate tl-iat rapidly captures ne~vly synthesized 
proteilis con ta i~ i i~ ig  the S ~ 1 p 3 5  XPD and is 
governecl hy tlic c l ~ a ~ ~ c r o ~ i e  Hsp104 (Fig. 5) .  
T h e  ability of preesistil-ig [PSIt] elenlents 
to alter tlic conformational fate of newly 
svnthesiscJ prion proteins provicies direct 
pl~vsical support for the prion li~l~otl-icsis of 
[I'SI'] inheritance (2) .  

Aggregation is a hallmark of tlie cl-ial-ige 
in state associatecl nrith the  conversion of 
nlammalian PrPc to PrP" (19) .  T h e  many 
correlation.; we ohservecl hetnreen the i11sol- 
~lbility of Si1p35 and the presence of [l'SIL] 
demonstrate that aggregation is characteris- 
tic of yeast prions as {yell. Ho\vever, three 
finclings indicate that [PSlt] is Illore than a 
si~llple consequence of protein aggregation. 
First, a substantial fraction of Sup35 re- 
mained i n s o l ~ ~ l ~ l e  in cells espressi~lg the 
KZISTK62CT ilouble mutant,  ) e t  this ma- 
terial iiiid nnt efficiently secci the propaga- 
ticin of [PSIt] nor the  coalescence of NPD- 
GFP. Seconcl, \\.hen GFP was induceil to 
aggregate thro~lgh a COOH-terminal es-  

Fig. 5. A   nod el for prion 
formation in yeast. 1: 
Newly syntheszed Sup35 
(wti~te shapes at left) inter- 
acts with the chaperone 
Hspl04 (black ovals at 
center). 2: Hspl04 helps 
Sup35 acheve a proteiii- 
folding transton state that 
is req~~red  for prlon forma- 
tion but IS Inherently un- 
stable. 3: In the absence 
of [PSI-], Sup33 reverts to 
iis norl-nal funci~onal state. 
4: Preexlstlng [PSI ] ele- 
ments capture and stabl- 
z e  trans~t~on-state con- 
formers; Sup35 s se- 
questered from transla- 
tlon and ~ ~ n f a ~ t h f ~ ~ l  terml- 

tension, the aggregates it formed were not 
hcritahle. Thiril, the aggregates formecl 1 7 ~  

the N P D  of Sup35 d o n e  were affected by 
all HsplO4 cleletio~l in a cliffere~~t manner 
than were the [PSI'] aggregates of\!-ilcl-type 
S ~ 1 p 3 5 .  Vile suggest tliat the COOH-termi- 
rial i lo~nain affects the  paclting of the Sup35 
aggregates in a lllalilier that is essential to 
[PSlt] p ~ ~ p a g a t i o l ~ .  

Genet ic  a11alysis of vcast n r i o ~ ~ l i k e  ele- 
ments nnil the  Applica;ion (;f GFP fusion 
protein t ec l i~~o logv  provicle a s ~ ~ ~ ~ l e m e n t  
to  ma~nnlal ian investigations that  s h o ~ ~ l d  
speeci (our i~nderstancling of self-propagat- 
ing changes in protein structure and may 
lead to nenr approaches for therapeutic 
intervention in nc i~ rodcge~ ic ra t i \~e  discas- 
cs. Rut this ~l 'ork ,  together wit11 ~lycirk 011 

another such yeast element,  [LIRE31 (2 ,  
20) ,  has yet hroadcr implications. T h e  es -  
istencc of ~rions-elements of inl-icri- 
tance arising from alternative protein con-  
fiirmatii)ns-in both mammals and yeast 
suggests that  they are Eroaclly ilistributed 
in nature.  111 the  mammalian brain, a 11011- 

mitotic tiss~le, prions were rcvealccj hy 
their c a ~ a c i t v  to f ~ ~ ~ i c t i i ) ~ l  as infectious 
agents; in yeast, they were revealed hy 
their ability to produce hcritahle cl-ianges 
in l ~ l ~ e ~ ~ o t y p e .  A wide variety of elusive 
epigenctic phenomena in other organisms 
may xe l l  prove to depenii on the  mainte- 
nance of alternative protein strilctLlres. Fi- 
nally, hecai~se the  inheritance of the  yeast 
[l 'SIt] elenlents depenils on Hspl04,  a 
chanerone inililced hy environmental 
stress, t h ~ s  phenomenon provides a plausi- 
ble mechan i s~n  for the  i ~ l h e r i t a ~ i c e  of an  
env i ronme~ta l ly  accluired characteristic. 

New [PSI f ]  
element 

Ll $& Preexisting 
- - - - - - . . . . . [PS I f ]  

=e 7 element 

I - 

Transition state 

natlon leads to nonsense suppresson. 5: Translent overexpression of Sup33 nucleates prions de novo 
because the high concentration of transition-state conformers Increases the kelihood of stabizng internio- 
Iecular nteractons 123). 6: In the absence of Hspl04 the transton state IS diffcut to attan and prons cannot 
be perpetuated. 7: Overexpression of Hspl04 mght disturb the eq~~l ib ru~m in several ways: Hspl04 mght 
bind prion-state conformers and dsaggregate them; rebnd lnonomers reducng ther ability to be capt~lred 
by [PSI-] elements; or reduce the local concentration of trans~t~on-state conformers because they are 
dspersed In association wth larger numbers of Hspl04 (24). 
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