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Prion Domain Initiation of 
Amyloid Formation in Vitro 

from Native Ure2p 
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The [URE3] non-Mendelian genetic element of Saccharomyces cerevisiae is an 
infectious protein (prion) form of UreZp, a regulator of nitrogen catabolism. 
Were, synthetic U r e 2 ~ ' - ~ ~  were shown to  polymerize to form filaments 40 to 
45 angstroms in diameter with more than 60 percent P sheet. U r e 2 ~ ' ~ ~ '  
specifically induced full-length native Ure2p to copolymerize under conditions 
where native Ure2p alone did not polymerize. Like Ure2p in extracts of [URE3] 
strains, these 180- to 220-angstrom-diameter filaments were protease resis- 
tant. The Ure2plp6'-Ure2p cofilaments could seed polymerization of native 
Ure2p to form thicker, less regular filaments. All filaments stained with Congo 
Red to produce the green birefringence typical of amyloid. This self-propagating 
amyloid formation can explain the properties of [URE3]. 

Genetic evidence identified [URE3] and 
[PSI], two nonchromosoinal genes of Sac- 
charomyces cerevisiae: as prions of Ure2p 
and Sup35p, respectively, which implies that 
proteins can be hereditary material (I) .  In 
response to a good nitrogen source (ammonia 
or glutamine); Ure2p blocks assimilation of 
poor nitrogen sources by blocking the action 
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of the transcription regulator Gln3p (2). 
Sup35p is a subunit of the translation release 
factor (3). [URE3] (4) and [PSI] ( 5 )  are al- 
tered forms of Ure2p and Sup35p that have 
lost their normal functions but have acquired 
the ability to convert their normal forms into 
the altered (prion) form (I), a notion support- 
ed by genetic and biochemical data (6-10). 
The prion concept originates in studies of the 
spongiform encephalopathies (11); believed 
due to a self-propagating altered form of PrP 
that forms scrapie-associated filaments and 
amyloid deposits in brains of affected ani- 
mals (12). 

Amyloid is defined as a filamentous protein 
structure that stains with the dye Congo Red 
(CR) to produce green birefringence under po- 
larized light and is characterized by protease 
resistance and an antiparallel P sheet structure 
(13). Arnyloid deposits of the AP peptide ac- 
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cumulate in the brain of patients with Alzhei- 
mer's disease, and arnyloid deposits of overpro- 
duced monoclonal immunoglobulins are found 
in patients with certain B cell neoplasms. 

The 354-residue Ure2p is normally a dimer 
(14). Overexpression of the first 65 residues of 
Ure2p (the prion domain) induces de novo for- 
mation of the [URE3] prion at > 1000-fold the 
spontaneous rate (6). Deletion of the first 65 
residues leaves a COOH-terminal fragment (the 
nitrogen regulation domain) competent in nitro- 
gen regulation but unaffected by the [URE3] 
prion (6). The prion domain can also propagate 
m 3 ]  in the absence of the nitrogen regula- 
tion domain (10). Thus, the NH,-terminal 65 
residues are necessq for Ure2p to be altered to 
the prion form and sufficient to induce the 
change in normal Ure2p. 

Synthetic U r e 2 ~ ' - ~ '  (15) in 6 M guani- 
dine (1 6) was diluted 1 : 40 into buffer. A fine 
precipitate was first visible at 20 min and was 
complete after 1 hour, with >90% of the 
peptide in the precipitate. Negative staining 
electron microscopy of the precipitate 
showed thin straight filaments (Fig. lA), 
which were variable in width because of lat- 
eral bundling of variable numbers of narrow 
protofilaments. Individual protofilaments are 
uniformly 40 to 45 A in diameter. 

In an attempt to reproduce in vitro the in 
vivo induction of the [URE3] prion by 
U r e 2 ~ ' - ~ ~ ,  we diluted denatured synthetic 
U r e 2 ~ ' - ~ '  into purified native Ure2p (1 7). 
Equimolar amounts of U r e 2 ~ ' - ~ ~  precipitat- 
ed about 80% of Ure2p in <4 hours (Fig. 2). 
When 10- and 100-fold less U r e 2 ~ ' - ~ ~  was 
added, precipitation of Ure2p decreased by 
9.4- and 30-fold, respectively, indicating that 
the aggregate was roughly a 1 : 1 mixture of 
protein and peptide. When we added equimo- 
lar U r e Z ~ l - ~ ~  to bovine serum albumin or a 
mixture of standard proteins (16), none of 
these proteins entered the peptide precipitate 
(Fig. 2), which suggests that Ure2~ ' -~ '  in- 
teracts specifically with Ure2p. When we 
added nonprion domain peptide residues 148 
to 213 of Ure2p to Ure2p in equimolar 
amounts, no precipitate was formed. When 
we used AP peptide, the major component of 
amyloid in Alzheimer's disease, to generate 
amyloid filaments in vitro under the same 
conditions (16, 18), Ure2p was not incorpo- 
rated into the precipitate (Fig. 2), again show- 
ing the specificity of the interaction of 
U r e 2 ~ ' - ~ ~  with native Ure2p. 

Electron microscopy of Ure2p1 -65-Ure2p 
copolymers (Fig. 1 B) revealed filaments 180 
to 220 A wide, much wider than the prion 
domain filaments (Fig. 1A). The copolymer 
filaments were not hollow, as judged by the 
absence of a stain-penetrable lumen. No fil- 
aments were observed in soluble Ure2p with- 
out Ure2p1 -65, and Ure2p formed only amor- 
phous aggregates when heated at 100°C for 5 
min (19). 

Ure2p is protease-resistant in extracts of denatured Ure2p (20) (Fig. 3). Native Ure2p 
[URE3] strains compared to isogenic [ure-o] was digested in (2 min, whereas the fila- 
strains (6). We compared protease resistance ments were digested more slowly. The 7-kD 
of filaments of U r e 2 ~ ' - ~ ~  and of U r e 2 ~ ' - ~ ~ -  Ure2p'-65 persisted for >20 min. In the 
Ure2p with that of native Ure2p and heat- Ure2p1-65-Ure2p sample, fragments of 30 to 

Fig. 1. Electron microscopy of negatively stained filaments formed by polymerization of Ure2p and 
its prion domain U r e 2 ~ ' - ~ ~ .  (A) Filaments of U r e 2 ~ ' - ~ ~ ,  consisting of parallel bundles of 45 A 
protofilaments. (B) Cofilaments of Ure2p and U r e Z ~ l - ~ ~ .  (C) Cofilaments after digestion with 
proteinase K (20). Bar = 500 A. (D) Filaments produced by seeding a solution of 66.4 p g  of Ure2p 
with 1.7 *g of copolymer filaments. Drops of samples at 13 p M  protein or peptide 16.5 p M  for 
sample (C)] were applied to  freshly glow-discharged carbon-collodion films mounted on electron 
microscope grids, negatively stained with 1% uranyl acetate, and observed in a Philips CMIZO 
electron microscope. Although the axial regularity of filaments in (A) and (B) implies that they are 
ordered structures, no axial repeats were detected by Fourier analysis of the images (79). A report 
of filament formation by the NH,-terminal domain of Sup35p aged for 1 week at pH 2 (25) also 
alludes to  filament formation by the Ure2p prion domain under these conditions, but these 
filaments were not described. 

Table 1. Secondary structure of Ure2p preparations. Raman spectroscopy, data collection, and analysis 
have been described (31). Protein solutions were 10 to 30 mglml in 50 mM phosphate buffer (pH 8.0) 
containing 0.2 M NaCl. The Raman amide I and amide Ill spectra were analyzed for secondary structure 
information by the nonnegative least-squares approach. 

Sample 
Raman amide l Raman amide Ill 

a helix p sheet a helix p sheet 

Ure2p'-65 filaments 0 2 4  65 t 5  8 2 6  60 t 5  
Ure2p soluble 36 2 5  30 5 4  45 t 5  30 2 6 
Ure2p1-65-Ure2p filaments 6 2 5  5 5 2 4  25 2 5 45 t 6  
Ure2p in mixed filaments* 1 4 2 5  49 t 4  32 2 5  40 -C 6  

'Conformation of Ure2p in the mixed (Ure2p1-65-Ure2p) filaments was estimated by subtracting 0.16 [= 65/(65 + 
354)] times the Ure2p'-65 spectrum from that of the UreZp1-6s-Ure2p filaments. 
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32 kD persisted for about 2 min and frag- 
ments of 7 to 10 kD-larger than the 7-kD 
Ure2p1-65-persisted for over 20 min. Heat- 
denatured Ure2p showed lower overall protease 
resistance and lacked the persistent 7- to 10-kD 
species. The pattern of protease resistance in the 
Ure2~'-~~-Ure2p fiber is similar to that ob- 
served in [URE3] extracts (6) ,  indicating that a 
change, similar to that found in [URE3] strains, 
occurred when Ure2p was precipitated by 
Ure2p1 -65. 

Electron microscopic examination of the 
protease-treated Ure2~l-~~-Ure2p cofila- 
ments showed filaments of variable width 
(Fig. IC) but generally narrower than the 
starting material. Like the prion domain pro- 
tofilaments (Fig. 1 A), the narrowest segments 

were about 45 A wide, straight, and lacked 
visible substructure. Thus a copolymer fila- 
ment apparently had a backbone of a prion 
domain protofilament surrounded by the re- 
mainder of Ure2p. The latter portion was 
digested by proteinase K, with accumulation 
of the resistant 7- to 10-kD fragment. 

Without the green birefringence, binding 
CR is not indicative of amyloid structure (21). 
When stained with CR (22), all Ure2p precipi- 
tates appeared red under bright field, indicating 
that they bound the dye, but under polarized 
light the heat-denatured Ure2p appeared dark 
(1 9), whereas U1e2p'-~~-Ure2p and U r e 2 ~ ' - ~ ~  
filaments had an apple-green birefringence 
(Fig. 4). This showed that they were amyloid 
fibers, unlike the heat-denatured material, 

Ure2p + + + +  + + + +  + +  + +  
BSA + + 
Prot Mix + +  + +  + +  

4 I ~ r e 2 p ' - ~ ~  + ;b ,, + + + + +  
A $  Peptide + + ------ --- -4 - 4 -- - - J d . 2  - - 

208- - - --- . 

105- 

Load Control 

Fig. 2. Filament formation by U r e Z ~ l - ~ ~  specifically precipitates intact native UreZp. Native UreZp 
alone, or with a mixture of other proteins, was incubated with U r e Z ~ l - ~ ~  (76). Washed precipitates 
were analyzed by SDS-PACE and stained with Coommassie blue. Lanes 12 to 14 show total 
amounts added to mixtures; other lanes show only the precipitate. BSA, bovine serum albumin. 

Fig. 3. Proteinase K resistance 
of UreZp incorporated into 
filaments with U r e Z ~ l - ~ ~  
(20). Heat-denatured UreZp, 
untrea,t$$ native UreZp, 
UreZp filaments, cofila- 
ments formed by an e uimo- B lar mixture of UreZpl- and 
native UreZp, and filaments of 
UreZp seeded by cofilaments 
were treated with proteinase 
K for various times and the 
products were analyzed by 
immunoblotting with a UreZp 
antibody specific for the NH,- 
terminus. The seeded fila- 
ments of UreZp (last sample) 
consisted of 1.7 k g  of seed 
and a further 38 k g  of precip- 
itated full-length UreZp. 

which, as observed by electron microscopy, 
was an amorphous precipitate. 

Ure2~'-~~-Ure2p and Ure2~ ' -~ '  fila- 
ments bound 14.8 and 3.0 CR molecules per 
monomer, with dissociation constant (K,) 
values of 1.7 and 0.81 kM, respectively (23). 
Dye bound to both precipitates also exhibited 
a spectral shift with a maximum difference at 
540 nm, which is typical of amyloid fibers. 

Native Ure2p contains both a helix and P 
sheet (Table 1). The ~ r e 2 p ' - ~ ~  filaments 
were predominantly P sheet with little or no 
helix structure. The Ure2~'-~'-Ure2p copol- 
ymer was also high in P sheet. Assuming that 
U r e 2 ~ ' - ~ ~  has the same structure in the co- 
polymer as in the U r e 2 ~ ' - ~ ~  filaments, we 
estimate that Ure2p in the cofilaments has 
significantly increased P sheet and decreased 
a helix compared with its native structure 
(Table 1). 

Addition of 3 p1 (1.7 pg) of U r e 2 ~ ' - ~ ~ -  
Ure2p cofilaments to 123 p1 (66.4 kg) of 
native Ure2p resulted, after 2 weeks at 4"C, 
in precipitation of 62% of the native Ure2p. 
Filaments 290 to 400 A in diameter (Fig. ID) 
that showed green birefringence with CR 
were observed (Fig. 4). Proteinase K diges- 
tion of these filaments produced a pattem of 
resistant fragments similar to that observed 
with Ure2~'-~~-Ure2p cofilaments (Fig. 3). 
The amounts of resistant fragments observed 
were far in excess of the small amount of 
seed filament used, showing that the pro- 
tease-resistant material was not simply car- 
ried over from the seed filaments. Thus the 
Ure2p amyloid formation is a seeded process 
capable of continued propagation in vitro. 

We suggest that the filament structure 
formed by U r e 2 ~ ' - ~ '  also forms the core of 
the equimolar cofilament with intact Ure2p 
and of the propagated fiber composed mainly 
of intact Ure2p, with the prion domain stack- 
ing in p sheets and the COOH-terminal do- 
main protruding to form the wavy, thicker 
structure. 

Does the amyloid formation demonstrated 

Heat Denatured Natlve ure2da5 ~ r e 2 ~ 1 ~ r e 2 6 ~ ~  Ure2p 
Ure2p Ure2p Filaments Filaments Filaments 
-I--- 

Min 0 1 2 5 1 0 0 1 2 5 1 0 1 5  0 1 2 5 1 0  0 1  2 5 1 0 1 5  0 1 2 5 1 0 1 5  
-a- C=m--a *-a3 = 

www.sciencernag.org SCIENCE VOL 283 26 FEBRUARY 1999 1341 



Fig. 4. CR birefringence 
of U r e Z ~ l - ~ ~ ,  U r e Z ~ l - ~ ~ -  
UreZp, and UreZp fibers 
seeded by mixed fila- 
ments. Filaments were 
stained with CR and ob- % 
served at XI00 magnifi- N 

cation under bright field 5 
(left) or by polarization 
microscopy (right) (22). 
Bar = 20 Fm. 

Brightfield Polarized llght 

here for Ure2p1 -65 and the Ure2p1 -65-Ure2p 
mixture correspond to the [URE3] prion? The 
in vitro amyloid fibers show a pattern of 
protease resistance like that observed for 
Ure2p in extracts of [URE3] strains. More- 
over, it is specifically the prion domain (res- 
idues 1 to 65) that induces the arnyloid for- 
mation with intact native Ure2p. Neither 
U r e 2 ~ ' ~ " ~ '  (part of the nitrogen regulation 
domain) nor the Alzheimer's AP peptide 
shows this activity, although the latter does 
form amyloid. The seeding by cofilaments of 
amyloid formation by native Ure2p suggests 
that, as in vivo, the in vitro reaction can 
propagate. Further, Ure2p-green fluorescent 
protein fusion proteins have been found to 
form intracellular aggregates in vivo specifi- 
cally in [URE3] cells (24).  We suggest that, 
in [URE3] cells, amyloid filaments recruit 
most of the Lre2p in the cytoplasm. Ure2p in 
filaments is inactive or unable to enter the 

In Alzheimer's disease, a peptide frag- 
ment of a large precursor protein forms the 
amyloid. In vitro amyloid formation by the 
monoclonal light chains produced by some 
multiple myelomas occurs only after partial 
proteolysis (28). In parallel with in vivo re- 
sults (6, lo) ,  we found that native Ure2p did 
not form amyloid filaments (29) unless the 
prion domain peptide was provided. The full 
protein structure may prevent filament forma- 
tion in these cases, and [URE3] induction by 
overproduction of the full-length protein may 
be initiated by proteolytic fragments. Our 
results imply that [URE3] is an infectious 
amyloidosis and suggest new approaches to 
the study of these diseases. 
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I n  t he  nervous system, glial cells greatly outnumber neurons bu t  t he  fu l l  extent 
o f  their  role in  determining neural act iv i ty remains unknown. Here the axotactin 
(axo) gene o f  Drosophila was shown t o  encode a member o f  t he  neurexin 
protein superfamily secreted by glia and subsequently localized t o  axonal tracts. 
N u l l  mutat ions o f  axo caused temperature-sensitive paralysis and a corre- 
sponding blockade o f  axonal conduction. Thus, t he  A X 0  protein appears t o  be 
a component o f  a glial-neuronal signaling mechanism that  helps t o  determine 
the  membrane electrical properties o f  target axons. 

Glial cells influence neural activity indirectly communication between neurons and glia are 
by insulating neurons and regulating their largely unknown. 
microenvironment, but they also have direct Neurexins are a family of neuronal cell 
effects on neuronal signaling and plasticity surface proteins with proposed roles in cell 
(I). The molecules responsible for mediating adhesion and intercellular signaling (2). 
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fusion protein could assume the prion form. These 
clones, made [ure-o] by growth t o  single colonies on 
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Three distinct genes encoding neurexins have 
been identified in vertebrates. Neurexins, to- 
gether with the closely related NCP protein 
family [defined by Drosophila and human 
neurexin IV, along with rat contactin-associ- 
ated protein (Caspr, also known as parano- 
din)], constitute a protein superfamily (2). 
Studies indicate that members of the NCP 
family are involved in neuronal-glial interac- 
tions in both vertebrates and invertebrates. 
Drosophila neurexin IV mutants (nrx I V )  
disrupt septate junctions and impair the 
blood-brain barrier (3). Vertebrate Caspr may 
also mediate glial-dependent insulation of ax- 
ons (4). The protein binding domains in the 
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Fig. 1. Molecular analysis of the axo locus. (A) A ax028 axoP12 Genomic structure of the axo locus. The exon- , ,- P element 
intron boundaries of axo were determined from 
genomic sequence analysis. Three genes (axo, Genorn'c DNA ax0 - 7.5 kb 
gene b, and gene c) are localized in the vicinity 4 1 11 11 1 11 1 I 11 1 eJ . 
of the P-element insertion site as determined by 
Northern blot and cDNA analysis. The axo gene aXO exow +S 

gene b 
5' + 

contains at least 13 exons that span more than gene b exon < 45 kb of genomic DNA. The P element (vertical axo 
arrow) is inserted 23 bases upstream of the first gene exon 

exon of axo. The entire transcript of gene b is nested within the f ifth intron of axo. The c Caspr 

transcript of gene c is located upstream of axo on the other side of the P element. The Paranodm 

direction of each transcript is indicated by horizontal arrows. The axoZ8 allele is NRX lV 
associated with a deletion of at least 10 kb at the 3' end of the axo locus. The location 24 21 45 28 

of the deletion is indicated by the horizontal line. One deletion breakpoint is localized 1 A X 0  

between exons 11 and 12, as determined by genomic PCR. The location of the other ,. 25 30 21 21 40 

breakpoint is not determined (indicated by a dashed line). The genomic structure of Neurex~n la 

gene c is not completely mapped. (B) ~ o h h e r n  blot analysis of axo and gene b. axo Kunltz . EGF- FIB 
cDNA probes recognize a 7.5-kb band in the lane representin mRNA prepared from ? wild-type adult flies. This 7.5-kb band is undetectable in axoP mutants and is fully restored in two  axoP12 revertants, axoP72-R7 (Rl) and a ~ o ~ ~ ~ - ~ ~  
(R2). Complementary DNA probes from gene b recognize a 1.7-kb band. Neither this transcript nor the 4.2-kb transcript recognized by cDNA probes 
from gene c (not shown) is altered in the axoP12 mutant. (C) Diagram of the structural organization of A X 0  as compared with that of members of 
the neurexin superfamily. The other proteins represented are Drosophila neurexin IV (NRX IV), rat Casprlparanodin, and rat neurexin la (2-4). Caps 
(dotted lines) are introduced into the sequences of the other proteins t o  maximize their alignment with the AX0  sequence. The percent amino acid 
identity between the different domains in AX0  and the corresponding domains in NRX IV or neurexin la is shown. The asterisk indicates that the two 
domains are less than 20% identical. The cysteine-rich Kunitz-like domain is present only in AXO. In addition, al l  the other proteins except AX0  contain 
a transmembrane domain. DISC, discoidin domain. 
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