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Abstract

The Ure2 protein fronSaccharomyces cerevisi@@as been proposed to undergo a prion-like autocatalytic conforma-
tional change, which leads to inactivation of the protein, thereby generating Rie3| phenotype. The first 65 amino

acids, which are dispensable for the cellular function of Ure2p in nitrogen metabolism, are necessary and sufficient for
[URE3] (Masison & Wickner, 1995 leading to designation of this domain as the Ure2 prion donfdiiRD). We
expressed both UPD and Ure2 as glutathiSrteansferaséGST) fusion proteins irEscherichia coliand observed both

to be initially soluble. Upon cleavage of GST-UPD by thrombin, the released UPD formed ordered fibrils that displayed
amyloid-like characteristics, such as Congo red dye binding and green-gold birefringence. The fibrils exhibited high
B-sheet content by Fourier transform infrared spectroscopy. Fiber formation proceeded in an autocatalytic manner. In
contrast, the released, full-length Ure2p formed mostly amorphous aggregates; a small amount polymerized into fibrils
of uniform size and morphology. Aggregation of Ure2p could be seeded by UPD fibrils. Our results provide biochemical
support for the proposal that the/RE3] state is caused by a self-propagating inactive form of Ure2p. We also found
that the uncleaved GST-UPD fusion protein could polymerize into amyloid fibrils by a strictly autocatalytic mechanism,
forcing the GST moiety of the protein to adopt a n@asheet-rich conformation. The findings on the GST-UPD fusion
protein indicate that the ability of the prion domain to mediate a prion-like conversion process is not specific for or
limited to the Ure2p.
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Prion diseases are a group of progressive neurodegenerative dis-Two yeast phenotypes, termgdRE3] and[ PSI], which display
orders, including Creutzfeldt-Jakob disease in humans, BSE ia cytosolic dominant pattern of inheritance, were proposed to orig-
cattle, and scrapie in sheep, all of which are caused by an abnormalate from a mechanism similar to that previously proposed for
form of the endogenous prion protdiRrP (reviewed in Aguzzi &  scrapie(Wickner, 1994 (recent reviews in Wickner & Masison,
Weissmann, 1997; Prusiner, 1998he term prion was originally  1996; Lindquist, 1997; Kushnirov & Ter-Avanesyan, 1998; Lieb-
defined to describe the proteinaceous infectious particle, whichman & Derkatch, 1999 The prion model provided the first satis-
causes these diseag®susiner, 198R In a wider sense, it refers to  fying explanation for a number of puzzling observations that had
proteins that have the ability to convert autocatalytically into anbeen reported for the inheritance of these genetic elements. Most
abnormal conformation. notably, they both show fully reversible curability. Second, the
[URE3] and[PSI] phenotypes are indistinguishable from normal,
recessive loss-of-function mutations in the genes coding for Ure2p
Diseases, Box 0518, University of California, San Francisco, California(glnd Sup35p, res_pectlve_ly, and yet depe_nd on the presence of the
94143-0518. respective proteins. Third, overexpression of Ure2p or Sup35p
SPresent address: Wesley Neurology Clinic, Memphis, Tennessee 3810kads to a higher rate of spontaneous conversiofURE3] or
Abbreviations: CD, circular dichroism; FTIR, Fourier transform in- [PSI], respectively.
frared; GST, glutathion&transferase; HPLC, high-performance liquid Several observations provide further support for the hypothesis

chromatography; PCR, polymerase chain reaction; PMSF, phenylmethyl; - . -
sulfonylfluoride; PrP, prion protein; SDS-PAGE, sodium dodecyl sulfate—lthat[URE:{I and[PSlI] are caused by a prion-like mode of inher-

polyacrylamide gel electrophoresis; TFA, trifluoracetic acid; ThT, thioflavine itance. First, it was shown that both the Ure2p and Sup35p become
T; UPD, Ure2 prion domain; UV, ultraviolet. partially resistant to proteinases in cells displaying the respective
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prion phenotype compared to wild-type celMasison & Wickner, In the study reported here, we expressed and purified fusion
1995; Patino et al., 1996; Paushkin et al., 199khe protease proteins of the N-terminal 69 residuégdPD) and the full-length
resistance confirms the existence of two structurally different iso-Ure2 protein with glutathion&-transferase(GST). Free UPD
forms and is similar to mammalian PrP, which usually acquiresformed amyloid-like fibrils in an autocatalytic process that could
protease resistance upon conversion into the disease-causing idme seeded by preformed fibers. Surprisingly, the UPD-GST fusion
form. Furthermore, both proteins form aggregates upon conversioprotein also formed amyloid fibers autocatalytically. FTIR spec-
into the prion form, as shown by fusions to green fluorescenttroscopy suggests formation of extensive ngwheet structures,
protein(Patino et al., 1996; Edskes et al., 19%nd in the case of not only in the UPD but also in the GST moiety of the protein.
[PSI], also as assayed by sedimentatiBraushkin et al., 1996In These findings indicate that the prion-forming activity of the
addition, for[PSlI], the involvement of different chaperone pro- N-terminal domain of Ure2p does not require specific interactions
teins in appearance, maintenance, and curing of the prion phenaevith the C-terminal portion of the protein. Free Ure2p aggre-
type has been reporte@hernoff et al., 1995; Newnam et al., gated slowly with little fiber formation, but seeding with UPD
1999. These observations strengthen the hypothesiq Bl] is fibers accelerated the process, leading to more protease-resistant
generated by a conformational change of Sup35p. aggregates.

Both the Ure2 and Sup35 proteins contain short N-terminal
domains, which consist of mainly polar, uncharged amino acids,
and are fully dispensable for their respective cellular functions inResults
nitrogen metabolism and termination of translati@oschigano &
Magasanik, 1991; Ter-Avanesyan et al., 1093 1ese domains, on  Purification of recombinant proteins
the other hand, are necessary for the appearance and maintenance . . o
of the prion phenotype and are also sufficient to propagate th e chose to use GST fusions for expression and purification be-

prion determinant. In the case of Ure2p, the first 65 amino acigdause they allow for efficient one-step purification. This method
have been shown to function as a prion donfAitasison & Wick- also permits release of the protein of interest from the GST moiety

ner, 1993, although the region consisting of mainly polar residuesby selective prOteQ'V“C clegvage with thg proteage thrombin. F.ur-
extends further to about 89 residues, almost 50% of which arg‘\hermore, GST fusion proteins often retain the native conformation
either asparagine or glutamine. and fl_Jnctlon of t_he fused p_roteln, and are frequently soluble in
Amyloids are deposits of ordered aggregates, riciisheet, E. coli, even at hlgh expression Igvels. GST-Ure2 as We!l as GST-
which occur in a number of human diseases, including the prior*JPD qu'on proteins were foun_d_ in the supe_rnata_nt fractions when
diseasegPrusiner et al., 1983; Sunde & Blake, 1998he reg- bacterial cell extracts were clarified by centrifugation at 12,8@p

ular arrangement of cros8-sheet structures leads to a charac- for 15 min. From such lysates, however, GST-UPD precipitated

teristic green—gold birefringence upon binding of Congo red dye.highly selectively and almost quantitatively within 24 h.

Amino-terminal portions of Sup35p have been expressed and Purified GST-UPD remained soluble at concentrations bt_elow
purified from Escherichia coli and shown to form highly or- 3 mg/mL, but showed a strong tendency to aggregate at higher

dered fibrous structures that show all the characteristics of amconcentrations. Protein solutions with concentrations above

yloid (Glover et al., 1997; King et al., 1997Fiber formation 5 mg/mL eventually formed a solid gelatinous mass. In contrast,

from solutions of denatured protein can be seeded by preformeff'® Purified GST-Ure2 fusion protein showed little tendency to
fibers or extracts from{PSI], but not wild-type yeast strains, o' insoluble aggregates, although analysis by light scattering
and proceeds in an autocatalytic manner. This behavior coulfﬁd'cated formation of various oligomeric forms.
account for the appearance and inheritance RS$I] in yeast.
Indeed, one study shows that Sup35p in yeast extracts can
converted to an insoluble, partially protease-resistant form b
mixing with extracts from dPSI] strain (Paushkin et al., 1997  Cleavage of the GST-UPD protein invariably resulted in the for-
Mutagenesis studieDePace et al., 1998&how that glutamine mation of macroscopic aggregates that precipitated within a few
and asparagine residues close to the N-terminus of the Sup3%ours. The precipitate contained not only UPD but also almost all
prion domain are crucial for propagation @SI] and amyloid  of the GST protein.
formation in vitro. A formal proof, however, that amyloid for-  The UPD fragment demonstrated abnormal migration and stain-
mation occurs inside yeast cells or that aggregated Sup35 prang behavior on SDS-PAGE; we were unable to detect UPD on
tein can infect cells to make thefSI] remains to be shown. SDS-PAGE with standard Coomassie blue or silver staining pro-
Two recent studiegTaylor et al., 1999; Thual et al., 1999 cedures, even on highly overloaded gels. A polyclonal rabbit anti-
demonstrate the formation of amyloid-like fibrils by Ure2p or its serum detected UPD on Western blots only when samples for
prion domain. Taylor et al. obtained fibers formed by a syntheticSDS-PAGE were prepared in the presenté M urea, and when
peptide comprising the first 65 residues of Ure2p. These fibersan additional denaturation step with NaOH was introduced after
could, in turn, bind roughly stoichiometric amounts of native Ure2ptransfer to the nitrocellulose membrafiég. 1; see Materials and
from yeast, which caused the bound Ure2p to become partiallynethods.
resistant to proteinase K. Upon prolonged incubation, these mixed Second, UPD always appeared on Western blots as a double
fibers could precipitate more Ure2p, again rendering it partiallyband with apparent molecular weights of about 12 and 15 kDa,
proteinase resistant. Thual et al. purified Ure2p expressEdanli instead of 7.5 kDa, as predicted from the amino acid sequence. To
and found the protein to oligomerize in a concentration-dependengnsure that the formation of two bands was not due to alternate
manner. Upon prolonged storage or a shift to lower pH, the macleavage by the thrombin protease, the products from cleavage of
terial formed short fibrils resembling amyloids, which also exhib- the fusion protein were separated by reversed-phase HPLC, using
ited partial resistance to treatment with different proteases. a linear gradient of aqueous 0.1% TFA and 0.08% TFA in aceto-

:Formation of UPD amyloid fibers
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Fig. 1. Detection of UPD on Western blots and analysis by mass spectrometiyroducts of partial cleavage of GST-UPD by
thrombin. Lane 1 was developed according to standard protocol, lane 2 with an additional 30 min denaturatioé stepanidine
hydrochloride after transfer, and lane 3, denaturation with 0.2 M NaOH. Despite the high protein load, UPD is detected only if NaOH
denaturation is used: Kinetics of GST-UPD cleavage by thrombin. Left panel, without NaOH denaturation, the UPD is not detected,;
right panel, with alkali treatment, two additional bands are visible. Cleavage of GST-UPD is essentially complete a@leThén.
reversed-phase HPLC chromatogram of the products of the cleavage of the GST-UPD fusion Pratei.DI-MS spectrum of the

HPLC peak eluting at 22 min, identified i@ as “UPD.” E: ESI-MS spectrum of the same fraction a€iinF: The molecular weight

profile obtained by deconvolution of the ESI-MS spectrunkin(Figure continues on facing page.

nitrile. The UV chromatogranFig. 1C) gave a sharp isolated peak Western blot analysis and ultrastructural examination of the dif-
that eluted after 22 min, followed by a series of poorly resolvedferent fractions confirmed that the fibrous structures were exclu-
components that eluted between 45 and 50 min. Fractions wergvely formed by UPD. Electron microscopy of the purified UPD
collected for analysis by mass spectrometry. An initial rapid surveyconfirmed a strong resemblance of the UPD fibers to amyloids
was carried out using matrix-assisted laser desorpibmization (Fig. 3A).
mass spectrometryMALDI-MS) without internal mass calibra- To determine whether the fibers formed by UPD behave like
tion, after which more accurate measurements were made on specifigpical amyloid, Congo red dye binding assays were performed.
fractions of interest using electrospray ionization mass spectromdPD fibers not only bound the dye, but also showed strong green—
etry (ESI-MS). MALDI-MS for the fraction eluting at 22 min  gold birefringence in polarized lighiFig. 4A,D), characteristic of
showed singly and doubly charged ioffsg. 1D), giving an av-  the highly ordered, cros8-sheet structure typical of amyloids. To
erage molecular weight of 7,620.1 Da. Although the mass scale cdnalyze further the secondary structure in these fibers, FTIR spec-
the mass spectrometer was uncalibrated, the result was consisteémiscopy was performe(rable 1. The results confirm #8-sheet
with the UPD fragment of calculated mass 7,633.8. The unresolvedontent of about 50%, comparable to that found in other amyloids.
peaks that eluted later were seen to contain the intact fusion pro- In all experiments described here, aggregates formed macro-
tein, the cleaved GST fragment, and a number of other cleavagscopic particles, making analysis by light scattering or turbidity
products. measurements highly inaccurate. Therefore, to follow the kinetics
The 22 min fraction believed to contain the UPD fragment wasof fiber formation, we used the fluorescent dye thioflavin@hT).
infused into the ESI mass spectrometer. As is typical of ESI-MS,The dye binds to proteins with ordergdsheet structure, leading
the mass spectrum showed a series of peaks corresponding to ttee a new absorption maximum at 450 nm and fluorescence at
addition of multiple protons, in this case between 4 and 7, with the482 nm(LeVine, 1993. Because there is practically no fluores-
strongest signal for the addition of @-ig. 1E). The data were cence at 482 nm in the absence ®&heet-rich, ordered aggre-
smoothed and deconvoluted to convert from rjelsarge(m/z) to gates, the assay is highly specific for amyloid formation with very
molecular mass using software provided with the mass spectroniittle background.

eter, giving a single peak of molecular weight 7,633.8(Big. 1F). When GST-UPD was cleaved at a concentration of 1/mmg
This was identical to the calculated value for UPD, which con-(30 M) by thrombin, ThT fluorescence showed no significant
firmed the identity of this species. increase within the first 2 liFig. 5. However, if cleavage was

The same double band was also observed when the same URi2rformed in the presence of 2¢&/w) preformed UPD fibers,
fragment was expressed in yeé&sata not shown In some cases, cleavage and polymerization in{8-sheet—rich aggregates pro-
a ladder of bands with decreasing electrophoretic mobility wasceeded in parallel. Therefore, fiber formation by UPD is an auto-
observed. Therefore, we conclude that the UPD fragment formsatalytic process. When the cleavage reaction was performed at
dimers or higher oligomers, even under the conditions of standartbwer protein concentrations, the lag phase was prolonged. At
SDS-PAGE, and that this process interferes with immunologicalD.3 mg/mL (9 uM), it increased from 2a 3 h toabout 4 to 5 h.
detection under standard procedures. Kinetics of the seeded polymerization was slowed down as well,
Analysis of the aggregates by negative stain electron microsand the final fluorescence intensity was lower than at higher
copy showed that it contained regular fibrous structures, as well asoncentration.
some amorphous aggregates. To remove co-precipitating GST, su-
crose gradient centrifugation of the cleavage products was per; I .
formed. While the amorphous aggregates formed by the GST protelﬁmylmd fiber formation by GST-UPD
were retained in the upper, low-density fractions of the gradient, alln aggregates spontaneously formed by GST-UPD at higher con-
of the UPD protein migrated into the bottom fracti¢Rig. 2). centrations(above 3 mgmL or 90 uM), negative stain electron
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Fig. 1. Continued.
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A T 23 4506 7 8]0 ;picroscc_)py revealed unexpectgdly high amounts of amylo_id-like
ibers (Fig. 3B). In sucrose gradients, the aggregated protein was
—43 quantitatively recovered in the pellet fraction, indicating efficient
29 conversion into aggregates with high density. These samples also
R P, dlsplaye_d |ncr§ased res_lstance to prote_lnase K digefFign §A).
The entire fusion protein became partially protease resistant, al-
—18 though smaller fragments in the size range observed for UPD
(Fig. 1B) persisted for longer incubation times. The aggregates
uPD .' —14 also bound Congo red dye and showed birefringence in polarized
15 » 50 % light (Fig. 4B,E). Similar fibers were also found in aggregates that
formed after prolonged incubation at room temperature in bacterial
B extracts from cells expressing GST-UR&ata not shown
1 23 45 6 7 81kD CD spectroscopy was performed on the soluble form of GST-
Ure2 — el o == - 43 UPD (Fig. 6B) as well as GST itself. Structural data &chisto-
somaGST obtained by X-ray crystallographyMcTigue et al.,
* g - - |29 1995 show ana-helical content of 46% an@-sheet content of
GST—| ™~ — 8%. Similar number$42/17%) were obtained from CD spectros-
18 copy. Thea-helical content of soluble GST-UPD was about 33%
-~ and theB-sheet content about 11%. Comparison of the data indi-
—14 cates that practically all these secondary structural elements are
15 > 60 % contributed by the GST moiety of the protein, suggesting that the

UPD portion is largely unstructured. Although CD spectra of the

Fig. 2. Separation of ordered and amorphous aggregates on sucrose gradgregated form of GST-UPD were qualitatively different from
dients. Samples for Western blotting were thrombin cleavage products ofhose of the soluble protein, poor quality of the data obtained at
GST-UPD or GST-Ure2 after fractionation on continuous 15 to 60% SU-Wave|engths below 200 nm did not allow a good estimate of sec-

crose gradients. Amorphous aggregates formed by coprecipitating GST a'@ndary structure. Because CD spectroscopy is known to be diffi-
separated away from more ordered aggregates formed by the UPD or

Ure2p parts of the fusion proteina: UPD segregates quantitatively into CUlt With aggregated proteins and does not quantifgheet
the pellet fraction of the gradients. The material recovered from that fracaccurately, FTIR spectroscopy was performed on the soluble and
tion shows fibers with typical amyloid characteristi&. Under the same  fibrous forms of the proteir{Fig. 6C; Table 1. FTIR measure-
conditions, only a minor amount of Ure2p is recovered in the highestyants on soluble GST-UPD were complicated by the tendency of

density fraction of the gradient, indicating inefficient fiber formation. This . I .
is in agreement with electron microscopic observations of mostly amor—the protein to aggregate upon reconstitution igFODAIso, the

phous aggregates formed upon GST-Ure2 cleavage. The asterisk indicat@shelical content of soluble GST-UPD appears to be partially mis-
a partial degradation product of GST-Ure2. interpreted due to a slight shift in absorption to higher wave num-

Fig. 3. Negative stain electron microscopy of fibers obtained by sucrose gradient centrifugsti&ibers formed by UPD show

typical amyloid-like substructure, with a diameter of about 11-ashnm(range 5—-17 nm consisting of thin protofilaments with about

5 nm width (arrowheadp B: GST-UPD forms slightly thicker fibers with a diameter of 14 gn2 nm (range 10-16 nm C: Ure2p

fibers are thicker than those formed by UPD or GST-URR nm= 3 nm in diameter, range 17-28 nrand tend to be shorter and

have a fuzzier appearance. This indicates that the C-terminal domain of the protein takes on a less-ordered structure in the fibers, with
a core probably being formed by the prion domain. Stained with 2% ammonium molybdate. Bar equals 100 nm.
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Fig. 4. Congo red staining and birefringenok-C: Staining of ordered aggregates with Congo red dye in bright fildF: In
polarized light(dark field) the stained aggregates shownAr-C all exhibit strong green—gold birefringence. All aggregates were
purified by sucrose gradient centrifugatioh,D: UPD. B,E: Ure2.C,F: GST-UPD.

bers. It is known thatv-helices do not give a highly characteristic and incubated at room temperature under constant slow rotation in
signature in FTIR spectra. Samples showing little precipitationthe presence and absence of preformed GST-UPD aggregates. At
upon reconstitution indicate@-sheet content of about 10%, in regular time intervals, samples were taken, diluted into ThT con-
good agreement with the data obtained by CD. For GST-UPDtaining buffer, and fluorescence intensities determined. The mea-
fibers, aB-sheet content of 44—49% was observed, correspondingurements show that GST-UPD at low concentrations remains
to about 130-145 amino acids out of 295. With B8%heetin GST  soluble in the absence of seed, whereas addition of fibers leads to
(19 residuesand UPD amounting to 69 amino acids in GST-UPD, autocatalytic propagation of the fibrous state and formation of
at least 61 residue7%) in the GST moiety acquirg-sheet

conformation upon conversion into the amyloid form. Comparison

of the knownea-helical content of GST and the data obtained by

CD spectroscopy for soluble GST-UPD, with the extenBefheet T S
formation determined by FTIR spectroscopy, therefore clearly in- 400 2
dicates a substantial change in secondary structure not only in the
UPD but also in the GST part of the molecule upon fiber formation.
To examine whether GST-UPD supports autocatalytic polymer- 300 -
ization, soluble fusion protein was diluted to 1 fimglL (30 uM) §
3
@ 200 - v
o v
=
Table 1. Secondary structure content estimated =
from FTIR spectroscopy 100 -
a-Helix B-Sheet Other
(%) (%) (%) —~—v
0 T T T T ll (Fl—
UPD fibers 14-24 45-67 19-32 1 8 5 72
Ure2 fibers 29 40-41 30-31 hours
GST-UPD solubl& 16-31 10-34 30-74
GST-UPD fibers 21-27 44—-49 24-35 Fig. 5. Autocatalysis of fiber formation by UPD. Thrombin cleavage of

GST-UPD was performed at 1 mgL (circles or 0.3 mg/m: (triangles in

the presencéfilled symbolg or absencéopen symbolsof 2% preformed
aPercentages shown give the range over three independent experimentihers as seed. Formation of ordergesheet structure was followed by
bSoluble GST-UPD partially aggregated upon reconstitution #.D  measuring ThT fluorescence at 482 femcitation wavelength: 450 nimin

The experiment in which most of the protein stayed soluble indicated &he absence of seed, at 1 fngL a lag phase of 2—-3 h is observed. At

B-sheet content of 10%, in good agreement with data obtained from CID.3 mg/mL the lag phase is about 5 h. Due to variance in absolute fluo-

spectroscopy. Higher values most likely reflect partial aggregation of therescence intensity between experiments, data shown are from one repre-

sample. sentative experiment. The length of the lag phase was highly reproducible.
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Fig. 6. Fiber formation by GST-UPDA: Western blot showing proteinase K resistance of soluble and aggregated GST-UPD. The
soluble full-length protein is digested within the first 5 min, although a fragment of roughly the size of GST persists for up to 1 h. In
the aggregated state, small amounts of the full-length protein survive up to 1 h; a 24-27 kDa band, a pair of bands around 14 kDa
reminiscent of the signature of UR@ompare with Fig. 1B and smaller fragments are even more resisBn€D spectra of soluble

(open diamondsand aggregatedfilled squarey GST-UPD.C: FTIR spectra of solubléopen diamondsand aggregatedfilled

squares GST-UPD. The increase in absorption between 1,600 and 1,650 rrdicates an increase jg-sheet content upon aggre-

gation. Partially aggregated samples yielded intermediate spé&ctiacubation of GST-UPD with preformed fibef§illed circles)

leads to a dramatic increase in ThT fluorescence at 482 nm, indicating efficient formation of highly g8elgredt rich aggregates.

On contrast, virtually no change was observed when the protein was incubated in the absencéopieseeidcles or in the presence

of supernatant from aggregated GST-UPD after passage through a 300 kDé&fiteses

macroscopic aggregates rich in ordef@dheet(Fig. 6D). When  Arginine or asparagine might interfere with the interactions be-
partially aggregated solutions of GST-UPD were filtered through atween protein monomers. However, no significant effects of any of
300 kDa filter, the protein in the filtrate lost the seeding activity, these chemicals were observed, with the exception that urea at
indicating that the converting species is larger than 300 kDa and@oncentrations fol M or higher abolished the seeding activity
probably a complex of at least 10 molecules. Polymerization ofcompletely(data not shown Fiber formation led to a reduction of
GST-UPD could also be seeded with fibers consisting of UPDthe GST enzymatic activity, but with significantly slower kinetics
alone(data not shown than amyloid formatiortas measured by ThT fluorescencad-

To learn more about the mechanism of conversion, the influencelition of the competitive GST inhibitors S-hexyl-glutathione and
of different chemicals was examined. If partial unfolding of the praziquantel had no effect on the polymerization. The glutathione
GST moiety were rate limiting, glycerol could be expected tobinding site is located close to the N-terminus of GST, while
stabilize the native conformation, thereby slowing down polymer-amyloid formation is presumably initiated by the UPD, at the
ization. Similarly, low concentrations of urea might accelerate it. C-terminus of GST.
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Fiber formation by Ure2p tion and proteinase K digestigfrig. 7B) showed variable amounts

of high density, proteinase-resistant material after 24 h. The most
Although small amounts of GST-Ure2p eventually precipitatedpersistent fragments formed a similar pattern to that observed for
from solutions of the purified protein after prolonged storage atUPD (Fig. 1B). The amount of Ure2p recovered in the bottom
4°C as well as from bacterial lysates, no fiber formation wasfraction of the sucrose gradient varied from 10%t60%.
observed. Upon cleavage with thrombin, the cleavage products Our observations demonstrate that the formation of aggregates
formed a visible precipitate only after more than 10 h, while theby Ure2p can proceed in an autocatalytic manner, which could
cleavage itself was virtually complete in about 2 to 3 h. Underexplain theflUREJ] prion phenotype in yeast. Under these condi-
these conditions, only a low amount of fib€Fg. 3C) was formed,  tions, the seed can apparently catalyze formation of dense, highly
aside from mostly amorphous aggregates. Some experiments prordered structures as well as more amorphous aggregates. There-
duced no detectable fibers at all. In sucrose gradient centrifugatiorfpre, we observed great variability in the outcome of the reaction
the majority of the Ure2p was retained in the upper fractionsbetween individual experiments using different preparations of seed
(Fig. 2. and fusion protein.

Seeding with UPD fibers accelerated the aggregation substan- In the cellular environment, formation of amorphous aggregates
tially. When thrombin cleavage of GST-Ure2p was performed inis prevented by chaperone proteins and high concentrations of
the presence of 3% UPD fibefsorresponding to a molar ratio of small moleculegTatzelt et al., 1996 Therefore, the cleavage and
about 1:4, aggregates were clearly visible after 60—90 min, indi- aggregation experiment was repeated in the presence of 20% glyc-
cating that release of the Ure2p was immediately followed byerol. In the absence of seed, glycerol delayed aggregation of Ure2p
incorporation into aggregates. Although the thioflavine fluores-substantially but had little effect on the amount of dense, protease-
cence assay indicated the formation of at least some ordered, crossesbistant aggregates being formed. In the presence of seed, glycerol
B-sheet aggregatéFig. 7A), electron microscopic examination of affected the increase in ThT fluorescence only margir(&ly. 7A),
the reaction products showed little increase in the amount of regwhile it typically led to more proteinase-resistant dense aggregates
ular fibers being formed. Analysis by sucrose gradient centrifuga{Fig. 7B), albeit with slower kinetics.

100 Fig. 7. Fiber formation by Ure2pA: Thrombin cleavage of GST-Ure2 and
A aggregation assayed by ThT fluorescence. In the absence of(@eenl
circles, a slight increase due to nonspecific aggregation and light scatter-
ing can be seen after prolonged incubation but without a maximum at
482 nm. In the presence of 3% UPD fibrillled circles), a significant
increase in fluorescence with a clear maximum around 482 nm is observed.
Incubation in the presence of 3% UPD fibrils and 20% glycéfitiled
triangleg causes only slight changes in the time course or fluorescence
intensity compared to incubation with seed in the absence of glycerol. Data
are from one representative experiment. For clarity, the contribution of the
seed (about 40 arbitrary unijswas deducted from measurements of
the seeded reactionB: Western blot showing proteinase K sensitivity of
GST-Ure2 thrombin cleavage products after 40 h incubation at room tem-
perature. Left panel, incubation in TBS-TX buffer without seed. No Ure2p
is found after 5 min of proteinase exposure, while GST persists for up to
1 h. In the presence of 3% UPD fibers as sémdtidle pane), full-length
Ure2p becomes more protease resistant. In the presence of seed and 20%
glycerol, protease resistance becomes more pronounced, and the double
band around 14 kDa, which seems to be characteristic for UPD fibers
(compare with Fig. 1B appears after 15—60 min of incubation.
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Discussion core structure of the GST-UPD fibers appears to be formed by
. . UPD because it shows the greatest propensity for fiber formation,
The yeast prionURES] and[PSI] are important model systems the highest resistance to protease digestion, and it can seed amy-

that allow the study of protein folding events that are thought toIoid formation by GST-UPD and Ure2p. Therefore, the newly formed
resemble those involved in some human diseases. Regular Iinegr ’ ’

aggregates that form spontaneously by the prion domain of yeae)—jgsseitors}tgcg::; dlg fcr; osrr-:—-tjlzg ?rZ?o Tr?jtég(:_lyn:g%ce%x?zﬂ;he
Ure2p display a morphology strikingly similar to fibers found in B-sheet regions in native GST are located near the Nytlerminusgof
all amyloid diseaseéCohen et al., 1982; Sunde & Blake, 1998

. L . - the protein(McTigue et al., 1995 The requirement for a confor-
They show typical characteristics of amyloid, such as a Bigheet . change within the GST moiety could also explain why

content, and bind the dyes thioflavine T and Congo red, leading t?iber formation by GST-UPD proceeds much slower than fiber
characteristic fluorescence and birefringence, respectively. Form%rmation by UPD alone

tion of amyloid fibers by UPD alone or mediated by the Ure2 prion
domain in a longer protein proceeds in an autocatalytic manner.
This mechanism of autocatalytic polymerization could explain thelnhibition of amyloid formation

propr_slgatlon .Of the{URES]_ prlon_phenotype n yeast. It 1S also An important question raised by our experiments is why the fusion
consistent with the formation of insoluble, proteinase-resistant ag-

e by s S v RS o ST 000 s
(Masison & Wickner, 1995 poly p Y.

the inhibition is likely to be due to steric hindrance by the GST
moiety. First, in experiments where the cleavage of GST-UPD was
not quantitative, all the uncleaved fusion protein was found in the
high-density fraction after sucrose gradient centrifugation, indicat-
Surprisingly, the recombinant GST-UPD fusion protein in vitro ing that minor amounts of uncleaved GST-UPD can be incorpo-
shows all the characteristics expected from a prion protein in vivoyated into UPD fibers without undergoing a slow conformational
it is stable in a soluble, active form for a prolonged time but canchange. Second, when the FLAG epitope was introduced into the
be efficiently converted into an insoluble species autocatalyticallyfusion protein between the GST and UPD moieties, the tendency
This behavior demonstrates that the fusion of the Ure2 prion doef the fusion protein to aggregate increased substantially, despite
main to a heterologous protein can be sufficient to confer prionthe highly hydrophilic nature of the FLAG sequence. Apparently,
like behavior, at least in vitro. It has been suggesibthsison  the additional eight amino acids act as a spacer, decreasing the
et al., 1997 that Ure2p is inactivated ifURE3] strains by a  steric constraints on fiber formation.
specific interaction of the prion domain with the C-terminal reg-
ulatory domain. Our studies on the GST-UPD fusion protein dem- o
. Lo Polymerization of Ure2p
onstrate that such an interaction is not necessary for autocatalytic
polymerization induced by the prion domain. Because Ure2p showin our studies, autocatalytic polymerization of full-length Ure2p
homology to some GST proteif€oschigano & Magasanik, 1991  into amyloid fibers proceeded only with low efficiency. Appar-
it could be argued that the potential for interaction with UPD is ently, ordered polymerization competes with the formation of less
conserved in the GST-UPD fusion protein. However, pairwise align-ordered aggregates. Nonspecific aggregation of Ure2p at physio-
ment of theSchistosom&ST with the C-terminus of Ure2p shows logical buffer conditions has also been reported by other groups
less than 20% sequence identity. Because GST contains no domaiRerrett et al., 1999; Taylor et al., 199@nd the protein is often
that shows any similarity to the UPD, the conservation of such gartially insoluble even in yeast strains not showing the prion
specific interaction appears rather unlikely, although possible simphenotype(M. Schlumpberger, unpubl. ohsOn the other hand,
ilarities in tertiary structure between Ure2p and GST might play athe UPD-GST fusion was efficiently converted into fibers in vitro,
role in fiber formation. It is noteworthy, however, that the fusion but we found no indication of polymerization in yeast. Because in
protein described here carries UPD on the C-terminus, whereas Wivo chaperone proteins and high concentrations of small mol-
is on the N-terminus of Ure2p. Finally, a fusion protein betweenecules are involved in keeping proteins in their native states, it is
GST and the prion domain of Sup35p, which does not show anyossible that conformational instability of Ure2p and the tendency
homology to GST, can also form amyloid fibgiel.M. Balbirnie to aggregate are a prerequisite for conversion to the prion state in
& D. Eisenberg, pers. comm., 1909t is possible that a specific yeast. It is noteworthy that aggregation of Ure2p proceeded with
interaction between UPD and the functional domain is involved inslower kinetics than polymerization of UPD alone, but faster than
the inactivation of Ure2p ifUREJ] strains, but the loss of func- GST-UPD, indicating that GST has a stronger inhibitory effect on
tion could simply follow from partial refolding and aggregation of fiber formation than the C-terminal domain of Ure2p. These ob-
the protein. servations are also consistent with a recent st{Rigrrett et al.,
Three separate lines of evidence indicate Braheet formation 1999 that demonstrated that the presence or absence of the prion
and polymerization into ordered fibrils by the recombinant GST-domain has no effect on folding or dimerization of the C-terminal
UPD protein is initiated by the prion domain and extends into thepart of Ure2p, although it does increase its propensity to precipi-
GST moiety. First, limited digestion with proteinase K showed thattate from solutions. The study also shows that the UPD is mostly
the full-length fusion protein acquired partial resistance. Secondynstructured in soluble Ure2p, a result consistent with our findings
the aggregated form of the fusion protein was fully resistant toon UPD in soluble GST-UPD.
thrombin cleavage, indicating that the region containing the cleav- Our results are in clear contrast to those of Thual et1899,
age site becomes inaccessible to the protease. Third, spectroscopibo reported substantially lower proteinase resistéaic2 4,.g/mL
data on the soluble and aggregated forms of GST-UPD argue for @mpared to 25.g/mL proteinase K in our experimentand
substantial increase i@-sheet structure in the GST moiety. The found no indication of increased resistance to limited proteolysis

Amyloid formation by GST-UPD
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by the prion domain. In the in vitro translation experiments, pro-Materials and methods
tein concentration was most likely too low for fiber formation by
the N-terminal fragment. Also, the Coomassie staining procedure|asmids

employed to obtain proteinase digestion profiles of the full-length . . i
Ure2p failed to detect aggregated UPD in our experiments. ifFor expression of the fusion protein between UPD and GST from

seems likely, therefore, that protease-resistant fragments contaifCliStosoma japonicurthe N-terminal part of the URE2 gene was
amplified by PCR using the primers UPDGTTGTAGGATCCA

ing the Ure2p N-terminus were not detected by Thual et al. be“
cause of the staining procedure used. The experiments presentEgATGAATAACAACGGCAACC) and U_PD4(TCTCGTGAAT
here demonstrate that fiber formation is initiated by UPD and! CAT TATTGGCTACCATTGCGGQ and inserted as a BamH |
EcoR | fragment into pGEX-2TAmersham Pharmacia Biotech,
Piscataway, New Jersgto obtain pMS50. The C-terminal moiety
of the fusion protein corresponds to amino acids 1-69 of Ure2p.
For expression of GST-Ure2p, pMS50 was cut with N@doR |,

Possible mechanisms of [URE3] formation and a corresponding fragment from pRW5@fiovided by R.B.

Two models have been proposed for the mechanism by which thi/icknen comprising the C-terminal part of URE2 was inserted.
mammalian prion protein is converted from the normal, cellular

form into the abnormal, pathogenic scrapie isoform. According topgtein isolation and thrombin cleavage

the template-assistance mod€lohen & Prusiner, 1998conver-

sion occurs when the cellular and scrapie variants of the protei,l?urification of the fusion proteins using glutathione Sepharose 4B
form a mixed dimer or oligomer, followed by release of a new (Amersham Pharmacia Biotechas performed as proposed by the
molecule of the scrapie form. The seeded nucleation m@ia manufacturer, except that 0.2% Triton X-100 was added to the
dusek, 1988; Jarrett & Lansbury, 199&oposes that the convert- washing and elution buffers and 20 mM Tris buffers were used
ing species is a linear amyloid crystal, and that the conformationainstead of phosphate to avoid difficulties with the negative staining
change occurs when a new monomer is incorporated into the fibeRrocedure for electron microscopy. The purified proteins were di-
The findings presented in this study clearly favor a nucleation-2lyzed against TBS-TX20 mM Tris pH 7.3, 30 mM KCl, 140 mM
dependent mechanism in which the aggregated form is the activiaCl, 0.2% Triton X-100. Protein concentrations were deter-
species in the conversion fWRE3]. However, it appears that a Mined using the BCA assay systeiRierce, Rockford, Illinois
conformational change might be a necessary prerequisite to alloyhrombin cleavage was performed as described in the manufac-
productive interaction of the soluble protein with the growing fi- turers manualAmersham Pharmacia Bioteclror cleavage in the
ber. Alternatively, newly bound molecules might have to be re-Presence of 20% glycerol, four times the normal amount was used
folded in order to allow recruitment of further monomers from the t0 compensate for reduced activity of the protease under these
solution. Whether our studies of a yeast protein with prion-like conditions. Cleavage was more than 90% complete wizhh and

properties reflect mammalian PiPformation remains to be Stopped by the addition of 1 mM PMSF aft8 h to prevent
determined. unspecific cleavage.

fragments containing the prion domain show the higlfesheet
content and the highest resistance to proteinase K digestion.

Comparison with other amyloid-forming protein domains Antibodies

Our in vitro experiments reproduce two steps in the mechanism ofwo rabbits were immunized with the purified GST-Ure2 fusion
amyloid formation, which appear to play an important role in protein. Polyclonal antiserum C8662 obtained from one of the
human neurodegenerative diseases: release of an amyloid-formiggiimals showed strong and specific reactivity against GST and
fragment by proteolytic cleavage and autocatalytic polymerizatiorJre2, either purified fronE. coli or expressed in yeast. The UPD
upon addition or spontaneous formation of seed particles. Furthévas detected only when an additional denaturation step was in-
studies on this system could not only improve our understanding o¢luded(see below and Results

the mechanism and kinetics of amyloid formation but might also
allow comparison of different amyloid-forming proteins or protein
domains. For example, full-length PiPdoes not polymerize into
amyloid fibrils, but PrP 27-30 generated from Pty limited Reversed-phase HPLC employed a C-18 colufivgdac) of
proteolysis does polymerize spontaneoysligKinley et al., 1991 4.6 mmXx 15 cm, operating at a flow rate of 1.0 niin. Buffer
Moreover, it has been shown that expression of GST-Sup35p i was H,0/0.1% TFA, and buffer B was acetonitrjle.08% TFA.
yeast can suppress theSI] prion phenotypdg Dagkesamanskaia The separation was carried out at room temperature with a linear
et al., 1997, but a fusion protein of GST with the prion-forming gradient of 0-60% B over 60 min. The UV chromatogram was
domain of Sup35p can form amyloid fibeis1.M. Balbirnie & D. recorded at 214 nm. For MALDI-MS an aliquot of Q.4 of each
Eisenberg, pers. comm., 199%urthermore, amyloid-like fiber HPLC fraction was mixed with 0.aL a-cyano-2-hydroxycinnamic
formation has been shown for N-terminal parts of Huntingtin with acid solution(Hewlett-Packarfand dried on the target plate. The
extended polyglutamine repeats after proteolytic cleavage of GSMALDI mass spectrometer was a PE Biosystem Voyager operated
fusion proteins(Scherzinger et al., 1997, 1999Because other in linear mode without delayed extraction. ESI-MS was carried out
studies(DePace et al., 1998ndicate substantial similarities be- using a PE-Sciex API-300 quadrupole mass spectrometer equipped
tween yeast prion states and polyglutamine diseases, it would be&ith an electrospray ionization source. HPLC fractions were in-
interesting to examine the potential of such GST fusion proteinfused directly into the ESI source at8./min. Spectra accumu-
themselves to undergo autocatalytic polymerization as mediatethted for ~2 min were smoothed and deconvoluted using the
by the polyglutamine domain of Huntingtin. Biomultiview software supplied with the mass spectrometer. Mo-

HPLC and mass spectrometry
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lecular weights based on average atomic masses were calculate@wed in a light microscope with polarization filters. Pictures
using the MacBioSpec program. were taken in normal illumination and with crossed polarizers.

CD spectroscopy Aggregation and thioflavine T assay

CD spectra were collected on a JASCO 720 spectropolarimetefo follow formation of ordered aggregates, purified proteins were
equipped with a stress plate modulator continuously purged witincubated in TBS-TX buffers at room temperature under constant
dry nitrogen using 0.1 cm cells. The concentration of GST-UPDslow rotation. Samples from aggregation experiments were diluted
was 10uM in 4 mM Tris pH 7.3, 7.5 mM KCI, 28 mM NaCl, and to 0.1 mgmL in the presence of 5 mM ThT. Fluorescence intensity
0.04% Triton X-100. Buffer spectra obtained under identical con-was determined on a LS 50@erkin-Elmer, Foster City, Califor-
ditions were subtracted. Mean residue molar ellipticities were calhia) fluorimeter at 482 niexcitation at 450 nm; excitation slit,
culated based on the protein concentration, the number of residues,nm; emission slit, 10 ninDue to the formation of macroscopic
and the cell pathlength. The secondary structure content was cakggregates, individual samples showed significant variance in flu-
culated by deconvolution of the amide CD spedi®aeerama &  orescence intensity. To obtain reliable data, two to five measure-
Woody, 1993. ments were taken for each sample and the average fluorescence
intensity calculated.

Fourier transform infrared spectroscopy

. ) . SDS-PAGE and Western blotting
FTIR analysis of Ure2p, UPD, and GST-UPD was carried out in

TBS-TX buffer. The proteins were lyophilized from@-containing ~ Samples for gel electrophoresis were dilutediftM urea to a
buffers and reconstituted with,D. Soluble GST-UPD was cleared final concentration of at least 6 M. SDS-PAGE was performed
of any aggregates that may have formed by centrifugatiep according to standard procedures. After transfer from the gel to
pendorf tabletop centrifuge at 14,060g) and measured imme- _nitrocellulose membranéAmersham Pharmacig Biotechccord- _
diately afterward. Ure2p, UPD, and GST-UPD fibers were measureénd to standard protocols, the membrane was incubated for 30 min
in suspension. To obtain clear signals of the aggregated proteitd 0.2 M NaOH, rinsed with water, and developed according to
only, GST-UPD fibers were pelleted and resuspended in fresi§tandard ECL procedur¢dmersham Pharmacia Biotechll blots
TBS-TX buffer in D,O. FTIR spectra were recorded with a Perkin- Were developed using the anti-GST-Ure2 antiserum described above.
Elmer(Norwalk, ConnecticytSystem 2000 FTIR spectrophotom-

eter with a microscope attachment._ The samples were epclos@ucrose gradient centrifugation

between two AgCl windowsgInternational Crystal Laboratories, ) ) )
Garfield, New Jerseywith a pathlength of 5um. Spectra were ~For density analysis of aggregates, 20(f sample were applied
recorded in the amidé region between 1,750 and 1,550 chiA to a 4 mL 15-60%inear sucrose gradient and subjected to cen-
blank control of buffer was used to subtract nonprotein contribu-trifugation in a Beckman L8-M ultracentrifuge and SW60 rotor at
tions from the spectra. Spectral analysis and self-deconvolutiof0,000 rpm(210,000% g) for 18 h at £C. For larger scale prep-

were carried out as previously descriti@yler & Susi, 1986 and ~ aration of fibers, 600ul were applied to a 12 mL gradient
modified (Wille et al., 1996. and subjected to centrifugation in a SW41 rotor at 33,500 rpm

(210,000% g) for 18 h at £C. The pellet fraction was diluted five-
) fold into TBS-TX buffer, pelleted by centrifugation at 100,00@
Electron microscopy for 2 h, and resuspended in fresh TBS-TX buffer.

Samples were prepared on carbon-coated 600-mesh copper grids

that were glow-discharged for 30 s. Fiugaliquots were adsorbed  proteinase K digestion

for about 30 s and negatively stained with two drops of freshly ) ) ) )

filtered 2% ammonium molybdate or 2% uranyl acetate. Sample€TOt€ins were incubated at concentrations of ¥migin the pres-

from sucrose gradients were washed with two drops of each 0.1 M"Ce Of 25 mgmL proteinase K at 37C. Samples were removed
and 0.01 M ammonium acetate prior to staining. After drying, theat various time points and proteolysis stopped by addition of 1 mM

samples were viewed in a JEOL JEM 100CX Il electron micro- PMSF. For samples containing 20% glycerol, the activity of the

scope at 80 kV and a standard magnification of 40,000. The ma proteinase under these conditions was tested using chromozym

nification was calibrated with negatively stained catalase crystals! RY test substratéBoehringer-Mannheim, Indianapolis, Indiana
Proteinase K(50 mg/mL) was used to compensate for reduced

activity.
Congo red dye binding

Protein aggregates were sedimented at 14009in a tabletop  Acknowledgments

centrifuge(Eppendorf, Westbury, New Y_()}kwaShed in four vol- We are grateful to Reed B. Wickner for providing URE2 plasmids. This
umes of phosphate buff¢d00 mM sodium phosphate pH 7.4, work was supported by a Forschungsstipendium from the Deutsche For-
150 mM NaC]), and resuspended in 10 volumes of 100 mM CongoschungsgemeinschafDFG) to M. Schlumpberger and by Centeon, Inc.

red dye in phosphate buffer. After 1.5 h of incubation at room
temperature with constant end-over-end agitation, the samples wefgsferences
spun down again. The pellets were washed twice, once with two

; Aguzzi A, Weissmann C. 1997. Prion research: The next frontisegture
volumes of phosphate buffer and once with two volumes gdH 389795798,

After the last WaShj the precipita_tes were re_SUSpend_ed in 10 tByjer DM, Susi H. 1986. Examination of the secondary structure of proteins by
20 ul of H,O and dried on glass slides. The dried specimens were  deconvolved FTIR spectr&iopolymers 25469-487.
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