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22 Expresson and p ~ ~ r ~ f ~ c a t o n  of h~~ tna t i  GST-Cdk2 and 
bovne FA-cycn A (stapi-ylococcal PA-tagged) was 
as descr~bed (4) P'iospi-orylat~on of GST-Cdk2 or 
Cdk2 by anti-CAK ~nlnLnoprec~p~tates (froln mouse 
Swss 373 cells) n the presence of [y-"FIATF was as 
descrbed (13), phosphoryaton !was q~lanttated w~th  
a phospi'orrnager (Ivlolecular Dyna~ncs). GST-Cdk2 
was imlnob~zed on GSH-agarose and cleaved w~ th  
thrombin as descr~bed ( A ) :  the cleaved Cdk2 n ti'e 
s~pernatant was n c ~ b a t e d  w~th  FA-cycln A (100 ng) 
at 4'C for 15 miti. Fi'ospi-o~jlated Cdk2 (1 00 ng in 1 
kl) ivas added to Xe17opus cytostatc factor-arrested 
egg extract (1 0 LLI  treated w~th  5 mM EDTA and tic~1- 
bated at 23'C. AntCdk2 and imm~~noblott~ng were 
as clescr~bed (13) 

23 HeLa cells were labeled w ~ i l i  ["S]methonne for 6 
l i o ~ r s  as described (74). Cell extracts ivere prepared 
(73), and 500 I J , ~  \ .Jaslnr i~noprecptated (73) w~ th  1 
1 ~ g  of atinty-pur~fied ant-KAP drected aganst the 
COOH-term~nal 18 res~dues of KAP (C-18, Santa 
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taton with ant-Cdk2 (13). 
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1p.g) was transfected into human 293 embryonc ltid 
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pliosphaie precip~tation tneti'od. Cell extracts ivere 
prepared and resolved by SDS-polyacrylam~de gel 
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Prion-Inducing Domain of Yeast Ure2p 
and Protease Resistance of Ure2p 

in Prion-Containing Cells 
Daniel C. Masison and Reed B. Wickner* 

The genetic properties of the [URES] non-Mendelian element of Saccharomyces cer- 
evisiae suggest that it is a prion (infectious protein) form of Ure2p, a regulator of nitrogen 
catabolism. In extracts from [URES] strains, Ure2p was partially resistant to proteinase 
K compared with Ure2p from wild-type extracts. Overexpression of Ure2p in wild-type 
strains induced a 20- to 200-fold increase in the frequency with which [URES] arose. 
Overexpression of just the amino-terminal 65 residues of Ure2p increased the fre- 
quency of [URES] induction 6000-fold. Without this "prion-inducing domain" the car- 
boxyl-terminal domain performed the nitrogen regulation function of Ure2p, but could 
not be changed to the [URES] prion state. Thus, this domain induced the prion state 
in trans, whereas in cis it conferred susceptibility of the adjoining nitrogen regulatory 
domain to prion infections. 

A pl-1011 is an ~nfectious p ro te~n ,  <In A -  

tereci form of a nornlal protein that may 
have lost its normal f ~ ~ n c t i o n  h ~ ~ t  has ,ic- 
cl~~ireci the ahility to convert the l-ior~llal 
form into the altered (prion) form. Tl-iia 
concept origi~-i,~ted 111 studies of scrapie of 
sheep, kuru and Creutzfeldt-Jakol? il~aeases 
of humans, and hovine spcingiform e1-i- 
cephalopatl-iy (mad con. disease) (1, 2 ) .  
There diseases al-e I~elieveci to he c a ~ ~ s e d  h\- 
a selt-propagatil-ig confor~national change 
of a l-i~gl-ily conserved protein denoted PrP. 

We previously s~~ggesteii that [UREI] 
al-iLi [PSI], tn.o ~-ion-h4e11delia1 ele~nents of 
yeart, 21-e p i o n  forms of the cl-iro~nosom- 
ally e~lco~ieci Ure2p and S~1p35p,  rejpec- 
tivel\- ( 3 ) .  [UREI] (4, 5) or mutations in 
the chromosomal LIRE2 gene (6)  each 
proiiuce ~iereprersion of nitrogen ~ a t ~ l h o l i c  
enzymes that ~vould ~-iormall\- he reprersed 
hy a gooil nitl-ogen source (7) .  [PSI] (8, 9 )  
or ml~tatioi-is in SLiP.35 ( 1  0)  both Increase 
the efficient\- of 1-ionsense suppressor 
tRNAs in yeast. We proposeii that [PSI] 
a n J  [URE?] are prioi-is on the baris of 
three lines of evidence. 

1 )  Each i r  reversibl\- cural>le. C u r ~ n g  c i f  
[PSI] h\- high osmotic rtrength (1 1) or gun- 
niciine ( 1  2)  produces colol-iies from n.hic1-i 
[ P S I ] - c o n t ~ ~ i i i g  clones can q a l n  be de- 
rived, at some lon. frequency (12, 1.3). Like- 
\vise, curing of IURE31 hy 5 1nh1 euaniciine 

prod~lces strains from n~l-iic1-i [URE?] cloi-ies 
can ajialn he isolated (3) .  T h ~ s  is 11n11ke 
n~lclelc acid renllcons ~vl-i~ch, once cureci, 
do not return unless introduced from other 
cells. C;~~a~-iiciine curil-ig may he meci~ated hy 
~ n c i ~ ~ c t l i ~ n  of Hap104 (1 4). 

2 )  [PSI] ui-id [URE3] ciepei-id for their 
propagation 011 the chromosc~mal SL"P.35 
anci L"RE2 genes, reapecti\:ely (3, 5, 15, 1 6) .  
Tl-ie phencitypes of recessive s~~p.35 and we2 
mutant5 closel\- reseml~le those produceel hy 
the presence of [PSI] and [URE3], r e a p -  
tivel\-. I11 contrast, recessive mutants ~ l n a l ~ l e  
to propagate ~lucleic acid replico~-is l-iave 
pl-iencit\-yes opposite to those produced hy 
the presence of these genomes. 

3 )  0verp~1d~1ct1o1-i  of UI-eZp in i i~~ces  
the generation of [Ul?E3] (3)  anti overpro- 
iiucticin cif Sup3ip induces tl-ie ge1-iel.atio1-i 
of [PSI] (13) .  The presence of more of the 
i-iormal tor111 il-icrearei the likelihood that 
the spontanec>us pricin change n.111 occur. 

The  relative L>rotease resistance of PrP 
fro111 diseased ani~nals compared n.it1-i tl-iat 
from normal a~limals \vas a~-i,learlv indica- 
tion that the m,~mmali!in 'dcrap;e agent 
!\,, as - , ,In altered form c > f  thip l3ptei1-i (1 7 ) .  It 
har ,ilso been critical in the recent denl- 
onstration of it1 vitrci col-iversion of PrP': 
to PrPGC ( 2 ) .  PI\- imm~~noi>lotti~-ig a.it1-i a 
polyclonal antil>ociy to UreZp ( 3 ) ,  we iie- 
tecte~l  equal amounts of similarly migrat- 
ill: UreZp in extracts of strains n.ith and 

Sectoti on Genetics of S lnpe  E~karyotes. Lab of B i o  \ \ - i~ l lo l l t  [ ~ J R E ~ ]  (Fig, 1 A, lalles lnarkeij 
ci'emca Fliarrnacoogy, Natonal I ns t t~~ te  of Dabetes, 
D~gest~ve and Kidney D~sease Nat~onal l ns t~ t~~ tes  of X ) .  Ure2p in extracts of~lormal  rtr:rins war 
Health Beti'esda MD 20892-0830 USA. digerteJ hy proteinase K in less than 1 min 

-To wl,orn corl.espondence si'oLld be acldressed, to p r u ~ i ~ ~ c t s t t h a t  run off the gel, n.l-iereas 
E-1na11. wcknerai-eix nih.gov Ure2~7 from isogenic [UREI] (prio1-i-con- 

SCIENCE \'C)L. ?:I\ 6 OCTOBER 1995 93 



Fig. 1. Compar~son of A 
Ure2p from wild-type and F a  WT 

[URE3] stra~ns by proteln- WT (URE3-21 Cured [UR;~-2] 
ase K d~gestlon (22) tAl M X X XI -  1 3  81525"- 1 3 81525: 1 3  81525"- 1 3 81525 M kD 
Compar~son of strains - - 5  - 

ure2p 'I-- 
3389 (wild-type lure3 01) + ,, - -50 
3560 ([WE3 2]), 3560 C1 a t - 
(guan~d~ne-cured [ure3 - - - - - 3 3  
o]i, and a m~xture of 3385 -28 
and 3560 (B) Compar~ 
son of guan~dlne-curec 
strain 3560 C2 ([ure3-01, 
w~th two other lndepen 
dent [UREB] isolates from 
stra~n 3389 and strains 
3553 [[URE3-31) and 3554 
t[URE3-41) (C) Compari 
son of protease senslt~vity of the prion doma~n fragment (Ure2p residues 1 to 65) expressed from p680 ~n strail 
4445-27D (MATcr leu2 ura2 trpl peo4 [ure3-01) and a [URE3] derlvat~ve Stra~n 3389 (MATa karl ura2 leu2 h ~ s  
YEp351-URE2 [ure3 01) and 3560 (MATa karl ura2 leu2 hrs YEp351-URE2 [URE3]) were the lsogenll 
wild type and [URES] stralns Samples were removed at t = 0 (X) after 25 mln at 37OC w~thout protease (-1 
and at the ~ndicated times at 37 'C after add~t~on of prote~nase K The prlon doma~n fragment m~grates with the 
18-kD standard and IS a fus~on w~th vector sequences M molecular slze standards Ure2p 

prion + 
domaln 
fragment 

taining) strains was digested more slowly, 
with fragments of about 32 and 30 kD 
persisting for over 15 min (Fig. 1, A and 
B). Two isogenic strains, cured of [URE3] 
by growth on rich medium containing 5 
mM guanidine HC1 (3) ,  showed the same 
proteinase K sensitivity of Ure2p as the 
parental wild-type strain (Fig. 1, A and B). 
All three [URE3] isolates tested showed 
increased protease resistance of Ure2p 
(Fig. 1, A and B). Ure2p was stable in 
both wild-type and [URE3] extracts unless 
protease was added (Fig. lA) ,  and treat- 
ment of an equal mixture of extracts from 
wild-type and [URE3] strains showed an 
essentially additive result (Fig. lA) ,  indi- 
cating that the difference in degradation 
was not due to proteases in the wild-type 
extract or inhibitors in the [URE3] ex- 
tract, but to a difference in the structure or 
associations of Ure2p. 

[URE3] arises at a frequency of about 
(3, 5). Overexpression of Ure2p 

increased this frequency by 20- to 200-fold 
(3) (Fig. 2). Deletions from the COOH- 
terminus of Ure2p eliminated complemen- 
tation of a chromosomal ure2 deletion. 
but the truncated protein could induce 
[URE3] in a strain with a normal chromo- 
somal UREZ with an efficiency 100-fold 
greater than that of the intact protein, 
that is, 3000-fold above the spontaneous 
rate (Fig. 2). The NH,-terminal 65 amino 
acids sufficed for this increased IURE31- 
inducing activity, so we call this the 
"mion-inducing" domain. In-frame dele- " 
tion of eight residues within the nitro- 
gen regulatory domain around the Apa 
I site (Fig. 2) mimicked the COOH-ter- 
minal deletions. The prioninducing do- 
main is 40% asparagine and 20% serine 

and threonine (Fig. 2) (18). 
Deletion of part or all of the prion- 

inducing domain eliminated the ability of 
the overexpressed truncated Ure2p to in- 
duce [URE3] (Fig. 2), but the remaining 
COOH-terminal part could complement a 
chromosomal ure2 deletion (Fig. 2) (18). 
We therefore refer to it as the nitrogen 
regulatory domain (Fig. 2); it contains the 
region related to glutathione-S-transferases 
(18). 

Overexpression of the nitrogen regula- 
tory domain alone failed to induce the 
[URE3] (prion) change, and prevented de- 
tection of the spontaneous [URE3] deriv- 
atives. Expression of deletion mutants 
lacking the prion domain consistently 
gave a >30-fold reduction in [URE3] 

A Prion N-repression 
domain domain 
+-+< > 

AUG ~ a g  1   pa 1 SPh 1 Hind 111 S ~ C ! ~ T G ~  
I I I , 

S1 1 65 153 223 346 354 

Eag l  - 
Ppaa 

D5-10 

Vector 

UREP 
mpl. 

+ 

clones (Fig. 2). Thus, inactivation of the 
nitrogen regulatory domain required a co- 
valently attached prion-inducing domain. 
Deletion of residues 2 to 65 from UREZ on 
a single-copy (CEN) plasmid under con- 
trol of the normal UREZ promoter resulted 
in reduced complementation of ureZA 
(Fig. 2) (18). Introduction of [URW] by 
cytoduction into such strains (4444-3A is 
MATa his3 leuZuraZure2: : URA3/pDM 12) 
resulted in no improvement of growth on 
ureidosuccinate. 

TO determine whether the prion-induc- 
ing domain was portable, we prepared 
plasmids in which amino acid residues 1 to 
65 of Ure2p were fused to P-galactosidase. 
Overexpression of this fusion protein did 
not induce [URE3], nor was P-galactosi- 

[URE3] induction 
([URE3y1 O6 cells) 

72 

- 
GSQNNDNENNIKNT 80 

LEQBRMMoAFSDHSBVEYSRITKFPOEOPLEGYTLFSHR 120 

Fig. 2. Definition of prion-inducing 
and nitrogen regulatory domains of 
URE2. (A) Deletion mutants (23) 
were expressed from the GAL1 
promoter and tested for comple- 
mentation of ure2A (24) or for the 
ability to induce the [URE3] state 
(25). (B) The Ure2p sequence (18) is 
shown with the prion-inducing do- 
main underlined. 
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dase inactivated u ~ h e n  cells spontaneously 
became [URE3]. Thus, the Ure2p prion 
domain can inactivate the Ure2p l~ i r rogc l~  
regulatory domain, but not an arbitrary 
protein to which it is attached. 

We compared the protease sensitivity of 
the overexpressed prion-ind~~cing dolllain of 
Ure2p in wild-type and prion-conraining 
([URE3]) strains. This fragment was lllore 
rapidly digested in the wild-type than ln the 
[URE3] strain (Fig. l C ) ,  although the ciiffer- 
ence was less marked than lvhcn the entire 
Ure2 protein was examined. Although only 
fragments of Ure2p were resistant to protein- 
ase K, the apparent size of the prio11-inii~~c- 
ing domain did nor change on dlgcsrion, 
suggesting that it is within the prorease- 
resistant donla~n of the prion form of Ure2p. 

The nonoverlapping of the NH,-termi- 
nal [URE3] (psion)-inducing and COOH- 
ter~ninal nitrogen regulation domains nar- 
rolvs the possible models of [URE3]. That 
the alnount of Urc2p produced was s~lnilar 
in strains \virh and without [URE3] (Flg. 
1A) likelvlse eliminates models based on 
regulation of Ure213 production. 

Specific interactions of the NH,-termi- 
nal p r ion-~nd~~cing  dorna~n anci the 
COOH-terminal nlrrogen carabolire reprcs- 
slon donlain arc suggestcci hy the following: 
( I )  the NH2-terminal part of Ure2p im- 
proves the activity in nitrogen cataholite 
represslon of the COOH-terminal domain; 
(ii) the COOH-terminal cioma~n appears to 
stabilize the NH,-terminal ilomain, pre- 
venting its conversion to the prion form; 
(iii) the COOH-terminal nitrogen regula- 
tory iiomain was not altered unless attached 
to the prion domain; and (iv) attachment of 
the prion domain to P-galactosidasc elid nor 
make it suhjcct to inactlr7atio11 in [URE3] 
strains. We suggest that the [URE?] prion 
state is generated h y  specific interactions of 
the prion do~nains with each other anii with 
the nitrogen regulatory domain. 

The NH,-terminal 114 rcsiiiues ot 
SLTP35 are required for the propagation of 
[PSI] (16). Whether the COOH-terminal 
region essential for cell growth 1s also need- 
ed for propagation of [PSI] could not he 
testcci. The [PSI] phenotype of increased 
nonsense s~~pprcssion was only expressed 
\vhcn the NH1-terminal domain was ex- 
presseil in cis lvith the esscntlal COOH- 
terminal domain, that is, as one n ~ o l c c ~ ~ l c  
(16). Although the authors propose that 
"the Sup35p serves as a trans acting factor 
required for the lnail~tenancc of [psit]" ( 1  6, 
p. 675), our prion mociel for [PSI] (3 )  is 
nlore consistent wlrh the results. Our rcs~llrs 
like\vise indicate that the COOH-terminal 
portion of Ure2p is not inactivated by the 
KHz-terminal pr~on-lncl~~cing domain un- 
less it is covalently attached. LVherher ovcr- 
prod~lct~on of part of PrP could induce the 
pnon change is not yet known. 

The  Ure2p prion ciomain rcse~nbles riel- 

ther PrP nor the region of S~1p35p needeel 
to propagate [PSI]. i i l t h o ~ ~ g h  hot11 S~1p35p 
and PrP have silnllar octapeptlde repeats 
(19), these repeats seem to he ci~spel~sable 
for propagation of scrape ( I  ). Mutations 
resulting in ~ncreascd prion formation (fa- 
nl~lial Creurzfeldt-Jakoh d~scasc) arc cilstrih- 
~ ~ t c c i  t h r o ~ ~ g h  ~nosr of the PrP gene (1). 
Similarly, we find that delet~ons in the large 
COOH-terminal donlain result 111 a mark- 
edly increased frequency of [URE?] genera- 
tion. The ahsence of apparent s r r~~cr~ l ra l  
similarity among these prions, PrP, Suy35p, 
and Urelp, suggests that prions can arise in 
various ways, proiiuclng analogo~~s p l ~ c n o ~ n -  
ena by substantially different dcralled 
mechanisms. 
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22. Strains were grown at 30'C n 200 m of H-eu Iiie- 

d i~ lm  to an absorbance at 600 nm of 1.0 

Strain 4445-27D was transferred to the same lnedl- 
um with galactose n place of glucose for 12 hours 
before collecting cells. Cells were s~lspended n 1 
pellet v o l ~ ~ m e  of 50 mM t r~s-HC (pH 7.5), 100 mM 
NaC and ysed with glass beads. Extracts were cen- 
trifuged for 15 min at 15 OOOg and the s~~pernatant 
fraction retaned. Each reaction Included 150 k g  of 
protein n 60 ILI. Proteinase K (2 kg)  was added to 44 
IL of extract, 8-IL samples were removed periodica- 
y ,  added to sample b ~ ~ f f e r  [63 mM trls-HC (pH 6.8), 
ZC'c SDS, 10C'c glycerol 0.7 M 2-mercaptoethanol, 
0.025°'c brompheno b l ~ ~ e ,  and 3 mM phenylmethy- 
sulfony fluoride], and placed on dry ice Samples 
were boiled for 2 m n ,  analyzed by electrophoresis 
on 15% SDS-poyacryamide gels (A) or 4 to 20% 
gradient gels (B and C), and probed with affinity- 
p~~ri f ied antibody to Ure2p (antikUre2p) (3).  Across- 
reacting band mgrating s~ght ly faster than Ure2p 
was present even in in-e21 strains. 

23. Plasmid constructions. YEp351G-URE2 is a high- 
copy LEU2 pasmid with URE2 ~lnder control of the 
GAL1 promoter (3). Plasmid p644 has, in addition 
the f l  o r  Inserted n the S a  I s te  just 3 '  to the URE2 
insert such that the strand encoding URE2 IS pro- 
duced. Deetons of ~ 6 4 4  were made (201 witti ol~uo- 
nuceotide D l  (~'~TCATTATTTTGGC'TACCA?T- 
CATCATTTGGGATCC-3') deetng arnino residues 
3 to 65 lD1-3) D4 (5'AGTACTATAGCAACTTT- 
GM-CATCATTTGGGATCC-3') deetng resdues 3 
to 125 (D4-I) ,  D5 (5'-ATCTTCGCCAAGATT- 
GAAATC-CATCATTTGGGATCC3') deleting resl- 
dues 3 to 144 fD5-10). A n a l  (5'-GCATTAGGGT- 
TCACAG-CGCCMGATTGAW-3') deetng amno 
acid resld~~es 151 to 158, D2-20 (5'-CTGTTCCT- 
GTTTCCTAT-CATTTGGGATCCGGGGG-3') delet- 
ing resldues 2 to 20), D2-40 (5'-GTTATTATTAT- 
TATTATTTACACCTGT-CATTTGGGATCCGGGG- 
3')  deletlnu res~dues 2 to 40 and Prier2 15'- 
CATTATT?TGGCTACCATT-CTA-GCCGCTGT- 
TATTGTTTTG-3'), whch Inserts a UAG codon after 
amno acd  64. Tl is const r~~ct  tias effects s r i i a r  to 
those produced by p680 (Eag I, see below) Other 
deeton rnutations of YEp351G-URE2 were made 
by digestion with restrlction enzymes as follows 
H n d  Ill dgeston and regation eirnnated amino acld 
residue 231 to the COOH-terminus and the part of 
the insert 3 '  of the URE2 operi readng frame pro- 
ducing p665 (HI ) .  Dgestion arid religation w~ th  Sac I1 
removed residues 347 to the COOH-terrninus and 
a b o ~ ~ t  0.8 kb 3'  of the gene, producing p664 (S l ) .  
Sph I d~gestion and regation of YEp351G-URE2 
removed amino acid r e s d ~ ~ e s  224 to the COOH- 
terminus, produclng p676 (Sph I). Dlgestlon of 
YEp351G-URE2 with Spti -and Eag I followed by 
poshing the ends with Kenow frag~nent and g a t o n  
removed a amno acds except resdues 1 to 64, 
produc~ng p680 (Eag I) Digestlor? of YEp351G- 
URE2 with Sph I and Apa I followed by pol~sh~rig the 
ends w t h  Kenow frag~nent and g a t o n  relnoved all 
alnlno aclds except resid~~es 1 to 151 produclng 
p679 (Apa I )  A HlS3-CEN p a s m d  (pDM12) carry- 
n g  ttie URE2 gene w~ th  t s  norrna pronioter but 
deleted for ttie pron-nducng domain (amino acd  
residues 2 to 651, was constr~~cted in two steps. Tlie 
1 2-kb B a ~ n  HI-Eco R fragment of D l 3  (p682) was 
introduced into p576 [p532 mutagenzed with oligo- 
r i~~c leot~de UB (3)] cut with the same enzymes, pro- 
duc~rig pDM12a. The S a  -Eco R fragment of 
pDM12a was Inserted rito pRS313 (21) cut with the 
same enzymes, producing pDM12. 

24. Complementaton of i1r&21. Pasmds  w t h  va ro~ l s  
parts of URE2 under control of the GAL1 promoter 
were ntroduced Into st!.ain4441-6B or 44418B  
(both MATn h1s3,x leu2 ura2 iire2:.URA3 GAL ) 
and grown on synthetic m n m a  m e d ~ l i n  contan- 
n g  galactose as carbon source, t i ~s t~d~ne ,  and e -  
ther u r a c  or uredosuccnate Growth was scored 
after 4 days. 

25 r iduct~on of [URES] Pasri ids with varous paris of 
URE2 under control of the GAL1 promoter were 
iritroduced n t o  straln 3720 (IMATIU leu2 i11a2 
GAL I ) .  After 5 days of growth on galactose medl- 
Llm with u r a c ,  cells were plated on SD contaning 
ureidosuccinate. Colonies appearing at 4 days 
were courited. 
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