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ABSTRACT: The protein Ure2 from the yeaSticcharomyces cersiae has prion properties. It assembles

in vitro into long, straight, insoluble fibrils that are similar to amyloids in that they bind Congo Red and
show green-yellow birefringence and have an increased resistance to proteolysis. We recently showed
that Ure2p fibrils assembled under physiologically relevant conditions are devoid of afcooss: A

model for fibril formation, where assembly is driven by non-native inter- and/or intramolecular interaction
between Ure2p monomers following subtle conformational changes was proposed [Bousset et al. (2002)
EMBO J 21, 2903-2911]. An alternative model for the assembly of Ure2p into fibrils where assembly

is driven by the stacking of 4070 N-terminal amino acid residues of Ure2p into a cerfirabre running

along the fibrils from which the C-terminal domains protrude was proposed [Baxa et al. (20BR).

Chem 278 4371743727]. We show here that Ure2p fibril congophilia and the associated yellow-green
birefringence in polarized light are not indicative that the fibrils are of amyloid nature. We map the structures
of the fibrillar and soluble forms of Ure2p using limited proteolysis and identify the reaction products by
microsequencing and mass spectrometry. Finally, we demonstrate that the C-terminal domain of Ure2p is
tightly involved in the fibrillar scaffold using a sedimentation assay and a variant Ure2p where a highly
specific cleavage site between the N- and C-terminal domains of the protein was engineered. Our results
are inconsistent with the crogseore model and support the model for Ure2p assembly driven by subtle
conformational changes and underline the influence of the natural context of the N-terminal domain on
the assembly of Ure2p.

Prions are infectious proteins that perpetuate altered nonprion state, Ure2p is a soluble cytoplasmic protein
conformational states at the origin of transmissible spongi- involved in a signal transduction pathway that regulates the
form encephalopathies in mammal§ @nd nonmendelian  use of nitrogen source®) Ure2p loses its function in
inheritance in yeast and fund®,(3). The molecular events  [URE3] cells. This event is thought to result from the
that lead to the acquision and propagation of the transmissibleassembly of the protein into high molecular mass oligomers
altered conformation of this class of proteins are still which are peculiar in that they propagate the yet unknown
unknown. It is thought that the main event is a major transmissible structural information termed [URE3] 10).
conformational Change Ieading prion proteins to assemble Soluble UreZp is a two-domain proteirj_j_( 12) Its
into fibrils that propagate by recruitment of a conformational C-terminal domain (residues 9854) is globular, is highly
intermediate of soluble prion proteind)(Although attract-  helical, and has a fold similar to that of glutathione
ing, this view cannot account by itself for the transmissible Stransferases (GSTs) 14). This domain complements
properties of prion aggregates as other proteins involved in URE2 gene deletion and is therefore considered as the

over 20 different deposition diseasé (ncluding Alzhei-  functional domain of the proteiri(). The N-terminal domain
mer’s, Parkinson’s, and Huntington's diseasésq) are  of the protein (residues-193) has an unusual content with
unable t(_) propagate the structural information at the origin g high proportion of four amino acid residues (asparagine,
of the prion concept. glutamine, serine, and threonine, 35%, 10%, 12%, and 5%,
The protein Ure2 propagates the [URE3] phenotype in the respectively). It is poorly structured?) and required for
yeastSaccharomyces cerisiae (8). Under its, functional,  the propagation of the prion phenotyfi®(15). It is therefore

referred to as the prion forming domain (PFD).
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green birefringence in cross-polarized light, a property widely
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vector was obtained by site-directed mutagenesis by replacing

believed to be characteristic of amyloids, suggesting that thethe 3-TTTTCGGATATG-3 codons encoding F91, S92,

assembly reaction is driven by a major conformational

D93, and M94 residues by-ATTGAGGGTCGTAGT-3

change, the degradation patterns of soluble and assembledodons encoding 191, E92, G93, and R94. Mutagenesis was
Ure2p are very similar, suggesting that assembly is insteadachieved in pET-URE2 expressioR5 vector using the
driven by subtle rearrangements similar to those at the origin QuickChange site-directed mutagenesis kit (Stratagene Eu-

of the assembly of biological polymerd& 19) or that of
proteins involved in conformational diseas@$,(21). We

rope, Amsterdam, The Netherlands) and the primérs 5
CGACAACAACAACAGGCAATTGAGGGTCGTAGTC-

recently demonstrated using FTIR spectroscopy and X-ray ACGTGGAGTATTCC-3 and 3-GGAATACTCCACGTGA-

fiber diffraction that Ure2p fibrils assembled under physi-
ologically relevant conditions lack the crofsstructure of
amyloids (6, 22). A working model for fibril formation,

CTACGACCCTCAATTGCCTGTTGTTCTCG-3
Assembly of Ure2p into FibrilsThe assembly of full-
length wild-type Ure2p and the Ure2pl91EGR94 variant was

based on the assembly of native-like molecules driven by achieved by incubation of the protein (5000uM) at 4 °C

non-native interactions between the N- and C-terminal
domains of the protein was proposetb). An alternative
model for the assembly of Ure2p into fibrils, based on the
stacking of Ure2p N-terminal domains into a central cross-
B-care running all along the fibrils from which the C-terminal
domains protrude, has been propos2g p4).

without shaking for 47 days in buffer A. The assembly
reaction was monitored using thioflavin T bindir@2{ using

a Quantamaster QM 2000-4 spectrofluorometer (Photon
Technology International, Inc., Laurenceville, NJ). Ure2p
fibrils were also examined following negative staining with
1% uranyl acetate on carbon-coated grids (200 mesh) in a

To better understand the molecular events that lead to thePNilips EM 410 electron microscope (Philips Inc., Amster-

assembly of Ure2p into protein fibrils, it is crucial to further
document the structure of Ure2p in the fibrillar scaffold. Here

we show that Congo Red binding and the associated yellow-

green birefringence in cross-polarized light are not specific
of amyloids. We also demonstrate by a combination of

dam, The Netherlands).

Congo Red Binding Assaylhe Congo Red (Sigma,
Sigma-Aldrich Corp., St. Louis, MO) concentration was
adjusted to 5&M in solutions of preassembled Ure2p fibrils
(50 uM in buffer A), actin filaments (5:M G-actin in 5

biochemical and biophysical approaches performed on the™M Tris-HCl, pH 7.8, 0.1 M KCI, 0.2 mM DTT, 0.1 mM

soluble and assembled forms of Ure2p among which pro-

CaCl, 0.2 mM ATP, 2 mM MgC}, 100 uM phalloidin),

teolytic treatments, a straightforward method to probe the @nd microtubules (7zM tubulin in 0.05 M MES, pH 6.8,

accessibility and the plasticity of proteins, SBBAGE
analysis coupled to the identification of all cleavage sites

0.5 mM EGTA, 6 mM MgC}, 1 mM GTP, 75uM taxol,
assembled at 30C). The polymers were then sedimented

by Edman sequencing, and MALDI-TOF mass spectrometry at 20°C in a TL100 Tabletop Beckman ultracentrifuge
that the N-terminal domain of Ure2p is not fully protected (B&ckman Instruments, Inc., Fullerton, CA) at 259Gor

against limited proteolysis in Ure2p fibrils. Finally, we
demonstrate that the C-terminal domain of the protein is
involved in the fibrillar scaffold. Our results are incompatible
with the model where the N-terminal domains of Ure2p form
a central crosg-core running all along the fibrils from which
the C-terminal domains protrude and bring novel insight in
the process of Ure2p assembly into protein fibrils.

EXPERIMENTAL PROCEDURES

Protein Purification.Recombinant full-length Ure2p (Ure2p
1—-354) was overexpressed as soluble proteirissicherichia
coli, purified as previously describedZ, 25), and stored at
—80 °C in buffer A (20 mM Tris-HCI pH 7.5, 250 mM
KCI, 1 mM DTT, 1 mM EGTA) at a concentration of 10
mg/mL. Actin was purified from rabbit muscle acetone
powder @6, 27) and stored as Ca-ATRG-actin at 4°C as
described28) following gel filtration chromatography?20).

Pure tubulin was prepared from fresh pig brains as previouslyO 2

described 30, 31) and stored at-80 °C (28).

Construction of the Ure2pl91EGR94 Variant Expression
Vector in E. coli.The variant Ure2pl91EGR94 expression

1 Abbreviations: DTT, dithiothreitol; EGTA, ethylene glycol bis-
(p-aminoethyl etherN,N,N',N'-tetraacetic acid; ATP, adenosiné 5
triphosphate; GTP, guanosinetiphosphate; MES, 2N-morpholino)-
ethanesulfonic acid; Tris, tris(hydroxymethyl)aminomethane; PMSF,
phenylmethanesulfonyl fluoride; DHB, 2,5-dihydroxybenzoic acid;
CHCA, a-cyano-4-hydroxycinnamic acid; sinapinic acid, 3,5-dimethoxy-
4-hydroxycinnamic acid; PVDF, poly(vinylidene difluoride).

30 min. A proportion of Ure2p fibrils and actin filaments
remain in the supernatant following this centrifugation step.
The samples were therefore further spun at 209G06020
min. The pellets were washed four times using an equal
volume of water. Following resuspension of the pellets an
aliquot was placed on a glass coverslip and allowed to dry.
Excess Congo Red was removed with 90% ethahigl @nd

the dried aliquots were viewed in bright field and cross-
polarized light by polarization microscopy using a Leica
(MZ12.5) microscope equipped with cross-polarizers (Leica
Microsystems, Ltd., Heerbrugg, Switzerland).

Proteolytic Treatments of the Soluble and Assembled
Forms of Ure2pSoluble and fibrillar wild-type Ure2p were
subjected to proteolysis using trypsin, chymotrypsin, or
proteinase K at a weight ratio of 1:5800, 1:1000, and
1:10000, respectively. All of the proteases were purchased
from Roche (Roche Diagnostics GmbH, Mannheim, Ger-
many). The digestion of Ure2p (1 mg/mL) was carried out
at 37°C in buffer (20 mM Tris-HCI, pH 7.5, 25 mM KCl,
mM DTT, 0.2 mM EGTA). Aliquots were removed in
duplicate after various time intervals. The reaction was
stopped simultaneously by addition of PMSF (to a final
concentration of JuM) or trifluoroacetic acid (to a final
concentration of 1%) for SDSPAGE and MALDI-TOF MS
analysis, respectively. The samples devoted to-SBSGE
analysis were immediately mixed (1:1 volume ratio) with
denaturing buffer (50 mM Tris-HCI, pH 6.8, 4% SDS, 2%
p-mercaptoethanol, 12% glycerol, 0.01% bromophenol blue)
preheated at 95C and further incubated at the same
temperature for 10 min. The aliquots containing 1% trifluo-
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roacetic acid were mixed to the suitable matrix solution and assembled under physiologically relevant conditions have
processed for mass spectrometry analysis. many properties akin to amyloids: among these properties,
Cleavage of the Ure2pl91EGR94 variant by the restriction the binding of Congo Red and the associated yellow-green
protease factor Xa (Roche Diagnostics GmbH, Mannheim, birefringence in polarized light1@, 17, 25). Although
Germany) was performed following the manufacturer's binding of Congo Red is not specific of amyloid35( 36),
recommendations. the associated yellow-green birefringence in polarized light
MALDI-TOF Mass Spectrometry AnalysiSoluble and is still cqnsidered by a number of authors as t_he_ signature
fibrillar Ure2p and their respective fragments were subjected Of the high crosg-structure content of Ure2p fibril24).
to MALDI-TOF analysis. All samples were prepared in Thus, although lacking (i) bands typically expected for the
triplicate using three different matrices: DHB, CHCA, and Crossg-structure (e.g., bands at 1628618 cm™; 37) (16)
sinapinic acid (Aldrich Chemical Co. Inc., Milwaukee, wiy. ~and (ii) the 4.7 A reflection in X-ray diffraction image88)
DHB and CHCA matrices were used for small fragment (up characteristic of amyloids 2€), Ure2p fibrils are still
to 5-5 000 Da) mass determination using the reflectron considered to be amyloids24). To determine whether
mode. The sinapinic acid matrix was used for longer, mostly Pinding of Congo Red to Ure2p fibrils assembled under
partially cleaved, fragments, from 5 to 40 kDa. The spectra phy3|olog|cqlly relevant condltlops and the associated yellow-
were acquired on a MALDI-TOF mass spectrometer (Voy- 9réen birefringence are meaningful, we compared the dye
ager Elite; Perseptive Biosystems, Inc., Framingham, MA) binding properties of _Ur_e2p to those of other biological
equipped with a nitrogen laser beam (337 nm) and a de|ayedpplymers, ngmely, actin filaments and microtubules, wher_e
extraction device. MALDI-TOF MS was performed in linear h|gh—re§olut|on models of.the assembled forms of the protein
and reflectron modes to cover a mass range from 600 to ata'e available, demonstrating the absence of gestsuctures
least 15000 Da. In the positive and linear mode, the (18 19). Figure 1A shows the binding of Congo Red to
accelerating voltage was 20 kV, the grid voltage 93%, and Ure2p fibrils, actin filaments, and microtubules using a
the delayed extraction 300 ns, while in the reflectron mode Sédimentation assay. Binding of Congo Red to all of these
the accelerating voltage was 25 kV, the grid voltage 73%, Polymers is accompanied by yellow-green birefringence in
and the delayed extraction 200 ns. About 200 shots werePolarized light as shown in Figure 1B. We conclude from
averaged for each acquired spectrum. Mass calibration wadhis observation thgt th'e yeIIovy-green birefringence observed
achieved using enolase, carbonic anhydrase, cytochopme UPON Congo Red binding to highly ordered polymers cannot
ACTH (7—38), ACTH (18—39), ACTH (1—17), neurotensin, as ;u_ch be consndgred as characteristic of amylpld_s.
Tyr8-Substance P, and des-Arg-bradykinin. In the reflectron ~ Limited Proteolysis of Full-Length Soluble Ure2pmited
mode, the resolution was about 50000 in the range from ~ Proteolysis is a powerful tool for investigating protein
600 to 6000 Da, with an accuracy lower than 50 ppm. In Structure, in particular, flexible regions and loops from folded
the linear mode, the difference between the calculated POlypeptide chains exposed to the solvent. Indeed, among
average mass and the experimental mass determination ofll potential cleavage sites predicted by primary structure

0.05% is consistent with the accuracy of MALDI-TOF mass analysis for one given protease, only a few are found to be
spectrometry. sensitive to limited proteolysis. This finding has been

SDS-PAGE Electrophoresis and Western Blotti&pS— attributed to the backbone accessibility and its distortion
polyacrylamide gel electrophoresis was performed in 129, CaPacities. , _
and 15% polyacrylamide gels (2415 x 0.15 cm) following Figure 2 shows the potential cleavage sites along the

the standard method described by LaemB8)(To sequence primary structure of Ure2p of three different proteases: one
the proteolytic products observed on the SDS gels, the with very narrow, a second with loose, and a third with broad

polypetides were transferred onto PVDF membranes fol- SPecificity requirements, namely, trypsin, chymotrypsin, and
lowing the manufacturer's recommendations (User bulletin Proteinase K, respectively. Only a subset of the 145, 80, and
58, Dec 1993, PE Applied Biosystems). Duplicate gels, ran 29 Potential cleavage sites for proteinase K, chymotrypsin,
in parallel, were stained either with Coomassie blue or with @nd trypsin, respectively, are accessible under limited pro-
silver nitrate 84). Following destaining, the gels were imaged teolysis _cond|t|ons. The identification of the different
using a CCD camera (Sony Corp., Tokyo, Japan) and further POlyPeptides generated upon cleavage of Ure2p by these
analyzed on a Maclntosh (Apple Computer, Inc., Cupertino, proteases with molecular masses ranging from 90 to 403_28
CA) computer using the software NIH Image (developed at Da is a complex issue as their theoretical number depending

the National Institutes of Health and available on the Internet ©" Whether miscleavage and methionine oxidation occurs is
at http://rsb.info.nih.gov/nih-image/). 36234, 10000, and 1800 for proteinase K, chymotrypsin, and

. . . trypsin, respectively.
Protein SequencindReptide sequence data for full-length . . - . .
Ure2p as well as Ure2p fragments were obtained by The experimental conditions for limited proteolysis using

automated Edman degradation using a sequencer (Applie he three enzymes listed above were determined by analyzing

Biosystems, Inc., Foster City, CA) equipped with an on- he onset of Ure2p cleavage reaction by SPAGE and

line phenylthiohydantoin amino acid analysis system (model :\él,:L[r)(l)—'l'rgsFSi\l\//leS. rﬁiessksm\',rv(r)\ fg\allcr)lﬁLézglégurriiﬁ)agi)enag?gerez
120A; Applied Biosystems, Inc.). Prog P ’ X

degradation products over time and to obtain reproducible
RESULTS limited proteolysis patterns, fixed enzyme-to-protein ratios
were used after preliminary experiments where the enzyme-
Binding of Congo Red to Ure2p Fibrils and the Associated to-protein ratios varied from 1:500 to 1:200000. The best
Yellow-Green Birefringence in Polarized Light Are Not data, shown on the SBSPAGE in Figure 3, were obtained
Indicative That the Polymers Are Amyloiddre2p fibrils using the following enzyme-to-protein ratios: 1:5800, 1:1000,
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A Start Spin 25000g, 30 min The separation of proteolyti_c produ_cts 0f_Ure2p on S‘DS
CR Ure2p F-act Mts CR Ure2p Fact Mts PAGE coupled to the N-terminal amino acid sequencing of
i the polypeptide chains generated allowed the identification
(- r s of accessible cleavage sites. It also allowed us to draft a
. @ ‘ ‘ comprehensive picture of the cleavage reaction from both
£ , the time course of the cleavage reaction and the relative

intensities of the polypeptides generated.
In our hands, the separation of the proteolytic fragments

Spin 200000g, 30 min Washed pellets . ;

CR Ure2p F-act Mts CR Ure2p F-act Mts generated upon treatment of Ure2p with the different
proteases by reversed-phase HPLC proved difficult to achieve

o - . and was potentially biased because of (i) the difficulties

' ‘ ‘ encountered when trying to fully dissolve the assembled form
L] - > o of Ure2p in the absence of SDS, (ii) the overlap between

different peaks due to the large number of proteolytic

Ure2p fibrils products, and (iii) the high risk of selecting or enriching

artificially a subset of peptides. We therefore used MALDI-
TOF MS that allows the analysis of mixtures of peptides
and proteins over a broad mass range with high sensitivity
and a high tolerance for contaminants (buffer, salts, some
detergents) to analyze directly the complex peptide mixtures
obtained upon proteolytic treatment of the soluble and
assembled forms of Ure2p. The kinetic analysis of the
polypeptides generated by the cleavage reactions allowed us
to observe their accumulation and decrease over time but
not their quantification.

Trypsin cleaves rapidly (in less than 1 min) soluble wild-
type Ure2p at positions R17, R24, and R65 (Figure 3A).
Later on, at time 5 min, cleavage occurs at positions R101
and K104 with high efficiency as compared to cleavage at
position R85. Polypeptides 854 and 25-354 accumulate
up to 2 h. A shorter polypeptide extending from amino acid
residue 105 to amino acid residue 354 is generated after
incubation of Ure2p in the presence of trypsin for 30 min.
This fragment resists the tryptic treatment for over 24 h. It
therefore constitutes a compact, highly resistant part of the
protein, in agreement with previous observatiatd .(Upon
incubation of Ure2p in the presence of trypsin for over 24
h, polypeptide 153354 is generated. The latter cleavage
site is located in a region exposed to the solvent according
to the three-dimensional structure of Ure2p-@54 (13).

This region is probably flexible and, thus, accessible to the
protease. Interestingly, cleavage does not occur at the
potential cleavage site K78, suggesting that this amino acid
Ficure 1: Congo Red binding to assembled Ure2p and the residue is Iocated.in a struc_tured.region extendin_g from
associated yellow-green birefringence in polarized light are not residue N66 to residue R85, including the latter residue as
indicative that Ure2p fibrils are amyloids. (A) Sedimentation assay witnessed by the low efficiency of cleavage at position R85.

showing the binding of Congo Red to Ure2p fibrils, actin filaments, The first peptide detected after 1 min digestion by MALDI-

and microtubules. Congo Red (3M) was added to buffer A : ; ;
(control reaction) and to solutions containing preassembled Ure2p TOF MS corresponds to the peptide 17 (Figure 4A). This

fibrils (50 uM), actin filaments, and microtubules in the buffers clearly indicates that the first tryptic cleavage event occurs
indicated in Experimental Procedures (upper left panel). The at position R17. At time point 5 min, efficient cleavage
solutions were then centrifuged at 25@0for 30 min at 20°C occurs at residues R24 and R65 while cleavage at residues
S}Jpriel; right ptaﬂe_l)- 'Ubrllzs afed3f¥l||| prestent in tthe ?ﬂpemfitafgt t())f R85 and R101 is less efficient. Two hours after the onset of
e tubes containing Ure2p and filamentous actin. The same tube ; :
were further spun at 20009@r 20 min at 20°C (lower left panel). “the cleavage reaction, po!ypeptldes—BS, .25_65’ 6.6_101’
The pellets were washed four times with water and suspended in@nd 66-104 accumulate, in agreement with what is expected
20 uL of water (lower right panel). (B) Binding of Congo Red to  from SDS-PAGE and Edman degradation analysis. Interest-
Ure2p fibrils, actin filaments, and microtubules is accompanied by ingly, the potential polypeptides 7401, 79-104, and 79-
yellow-green birefringence. A dried aliquot of each suspension was g5 gre not detecte2 h following the onset of the tryptic
washed with ethanol, and the polymers were visualized in bright A .
(left panels) and cross-polarized light (right panels). treatment. We conclude from this opservauon anc_i the Edman
degradation results that the potential cleavage site at residue
K78 is located in a potentially ordered structure.
and 1:10000 for trypsin, chymotrypsin, and proteinase K, Treatment of Ure2p by chymotrypsin for 5 min yields
respectively. polypeptides with apparent molecular masses of 39 and 29

Actin Filaments
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Ficure 2: Potential cleavage sites along the primary structure of Ure2p of the proteases used in this work. Predictions of the potential
cleavage sites of trypsin (red), chymotrypsin (blue and cyan), and proteinase K (blue and green) were obtained through the peptidecutter
software (http://us.expasy.org/tools/peptidecutter/). Cleavage sites common to chymotrypsin and proteinase K are in blue. The secondary
structure content of Ure2[ 8) is represented above the primary structure. The figure was created using E88)ript (

kDa on SDS-PAGE and the N-terminal amino acid residues  Finally, Ure2p was subjected to limited proteinase K
S13 and R17 for the 39 kDa polypeptide and S92, S100, treatment. Because of its broad cleavage specificity require-
and F106 for the 29 kDa product (Figure 3B). The N-terminal ment, this enzyme allows the identification of the most
amino acid residue of the fragment with an apparent flexible regions in Ure2p on one hand; however, for the same
molecular mass of 33 kDa corresponds to that of intact reason, a very large number of degradation products are
Ure2p, which indicates that cleavage occurs within the generated, thus increasing significantly the complexity of the
globular C-terminal domain of the protein potentially within  polypeptide identification process, in particular, that using
the highly flexible region extending from amino acid residue MALDI-TOF MS.

280 to amino acid residue 300, thecap region 13). While The first polypeptide generated upon treatment of soluble
the 29 kDa product is degraded, three polypeptides arefyll-length Ure2p for 0.5-1 min by proteinase K (Figure
produced and accumulate for over 2 h. They have apparent3C) has an apparent molecular mass of 39 kDa on-SDS
molecular masses of 20, 19, and-10 kDa and the  PAGE and the N-terminal amino acid residues S13 and R17.
N-terminal amino acid residues S100, F106, and S283, | ater on, at time point 3 min, three polypeptides with
respectively. The concomitant disappearance of the 29 kDaapparent molecular masses 35, 33, and 31 kDa and the

degradation product and generation of the 19 anfi’kDa  N-terminal amino acid residues T28, 135, and F37, respec-
polypeptides suggest that they result from cleavage of thetively, are observed.

29 kDa polypeptide in the-cap region mentioned above at  tpege products do not populate, which suggests that they
amino ac_ld residue Y282. The 19 ane 30 kDa polypep- are further degraded rapidly. As early as 1 min following
tides resist chymotryptic treatment _for ové h althpugh ._the onset of the cleavage reaction, a polypeptide with an
containing a large number of potential cleavage sites. This apparent molecular mass of 29 kDa and the N-terminal amino
could be in part due to their location at the interface between acid residues S92, S95, and K104 was observed. This large
the two monomers in the Ure2p dimer. polypeptide reported previously upon treatment of Ure2p by
MALDI-TOF MS a_nalysis r_eveals_that five polypeptide_s proteinase K 12) accumulates during the first 10 min of
are generat_ed within the first minute of chymotrypt_|c proteinase K treatment and is further degraded later on.
treatment (Figure 4D). Four come from cleavage occurring  aqditional polypeptides are generated following the
within the N-terminal domain of the protein (polypeptides jncypation of Ure2p with proteinase K for 30 min to 2 h.
1-16, 1-37, 1-91, and +-99) and one (polypeptide 283 The major polypeptides have apparent molecular masses of
354) from within thea-cap region. Five minutes after the 18 4nd 16 kDa and the N-terminal amino acid residue K104.
onset of the proteolytic treatment additional polypeptides |t js reasonable to consider that these polypeptides originate
coming _malnly from cleavage reactions occurring at amino f.om the cleavage of the 29 kDa polypeptide following an
acid residues L12, F39, F105, and F294 are detected. Lateryqgitional cleavage in the-cap region as they accumulate

on, at time point 10 min, cleavage occurs at amino acid ynon degradation of the 29 kDa polypeptide. The observed
residue L81. We conclude from these observations and thatgifference in their apparent molecular masses is probably
obtained using trypsin that the N-terminal part of Ure2p qye to cleavage at two different sites within teeap region.
extending up to residues 105 is highly flexible with the A fuzzy band with an apparent molecular mass-efld kDa
noticeable exception of the amino acid stretch-66. that resists proteinase K treatment for p2eh is generated
The cleavage sites in the C-terminal domain of Ure2p in a synchronous manner. The identification by Edman
identified by MALDI-TOF MS analysis were in accord with  degradation of these polypeptides revealed that they all
the structure of the proteii8) with all cleavage sites being  originate from the C-terminal part of the protein as their
exposed to the solvent. Cleavage occurred at amino acidN-terminal amino acid residues are S283, G285, W300, and
residues F117 and F294 at time point 5 min, F146, F236, L301, clearly demonstrating that cleavage occurs within two
L186, and Y192 at time point 10 min, and Y256 and L231 amino acid residue clusters in the highly flexibdecap
at time points between 30 min @2 h asshown in Figure region. Thus the 29 kDa polypeptide representing the
4F. globular C-terminal domain of Ure2p appears indeed to be



Structural Characterization of Fibrillar Ure2p Biochemistry, Vol. 43, No. 17, 20046027

soluble fibrils as observed upon comparing the three-dimensional structures
A E:"D“;) 1 5 10° 30'2h24h <Trypsin> 1° & 10° 30’ 2h 24h of Bousset et al.13) and Umland et al.14).
.. A F - Changes in the Claage Pattern of Full-Length Ure2p
»-SNERERIRS ' meTEEa ’ upon Assembly into Protein Fibril§.o determine whether
o ""':'_"z“: - w“%f: Ure2p assembly is accompanied either by a conformational
20 - }m_‘ 4 : "'.m" change or by an increased protection toward proteolysis of
- , = i | 105- a region of the protein, fibrillar Ure2p was subjected to the
| '.‘“ same proteolytic treatment as the soluble form, and the time
7- - - : course of cleavage was analyzed by SIFRAGE and
MALDI-TOF MS. The digestion profiles of the fibrillar form
of Ure2p generated upon trypsin, chymotrypsin, and pro-
B V' §10°30°2h 240 <CT> 1 S 1073020240 teinase K digestions are shown in panels A, B, and C of
D —— T —— =i Figure 3, respectively. The polypeptide bands were identified
T T ee—— . - s e by Edman degradation and MALDI-TOF MS as for soluble
| e bty Ure2p.
e R =g Overall, the quantitative comparison of the SEFSAGE
- oo - Yios- profiles obtained for the soluble and the fibrillar forms of
R e . Ure2p shows that the cleavage rate decreases upon assembly
. of Ure2p. In addition, while all of the degradation products
- with molecular masses below 30 kDa are generated, several
c 0 1" 310°30° 2h  <PK> 1' 3’ 10'30°' 2h 24h polypeptides with molecular masses between 38 and 30 kDa
_ P are either poorly populated or not observed, indicating that
-ee = = s - :& a number of potential cleavage sites located within the
- Ty e T\ 3 TTRE .-, N-terminal part of the protein are less exposed to the solvent.
- e - N P Indeed, SDS'PAGE analysis reveals that the polypeptides
. L '—\ 104 with the N-terminal amino acid residues Q18 and N25, S13,
10a- 104- and R17, and S13, R17, and S26, generated upon treatment
- T\ - TN, of the soluble form of Ure2p by trypsin, chymotrypsin, and

proteinase K, respectively, are absent from the degradation
FiGuRe 3: Identification of the reaction products of the proteolytic Profiles of the fibrillar form of the protein.
treatment of the soluble and assembled forms of Ure2p. The time  These observations are further supported by the MALDI-

courses of degradation of the soluble (left panels) and assembledTOF MS analysis where polypeptides 17 and 124 were
(right panels) forms of Ure2p (1 mg/mL) by trypsin (0 Ag/mL) detected in trace amounts or not at all, respectively, in the

Eé;'ng‘ém,ﬁ;%E’;‘Qd(éﬁ%@é&,&@fﬂ‘;‘eg;"ﬁe‘gﬁge"re(gﬁ%’r?}v)vere tryptic digest of assembled Ure2p. Similarly, polypeptides
stopped at the time points indicated on the top of each gel by 1—12, 1-17, 13-91, and 1791 were not detected upon
addition of PMSF (1uM) and preheated denaturing buffer to the treatment of assembled Ure2p by chymotrypsin. Most
aliquots. TV(;IO _1%% polyacrylag}ide 995 vr\]/ere Lun in duplica';e: 039 interestingly, MALDI-TOF analysis allowed the identifica-
e, stined il Coomassie b, and he ther e Tansfrred fon of leavage sites tht are ignificanty more exposed to
least five residues of each polypetide band after Coomassie bluethe solventin the assembled form of the protein as compared
staining. The position of the N-terminal amino acid residue to soluble Ure2p. Indeed, trypsin was found to cleave with
identified by Edman degradation for each polypeptide band is higher efficiency at the early stages of the proteolytic
indicated Eetwe?]n thf panelfstr::orrelspbc:nding to theb?e(?rfadatio”treatment (e.g., at time points 5 and 10 min) at amino acid
racions by each protease of e Solule and assembled 0 ofsigues k65 and R8s, yilding lager amouns of polypep-
tides 66-101, 66-104, 66-85, 86-101, and 86-104.

In the presence of chymotrypsin, polypeptides-8Q, 38—
cleaved into two byproducts with apparent molecular masses91, and 46-99 are detected, indicating that cleavage sites
of 16 and 710 kDa. at amino acid residues F37 and F39 are exposed to the

Altogether, our results reveal the existence of hot spots solvent in fibrillar Ure2p. Furthermore, and in agreement
for proteolytic cleavage in Ure2p. The N-terminal domain with data obtained with trypsin, chymotrypsin was found to
as a whole is fully accessible to proteolysis with the exception cleave with higher efficiency the fibrillar form of Ure2p at
of the amino acid stretch 681 and possibly 85. The latter amino acid residue L81, yielding polypeptide-8246.
strongly suggests the existence of structured regions within Comparison of the polypeptides generated upon treatment
the supposedly fully unfolded N-terminal domain of Ure2p. of fibrillar Ure2p by trypsin or chymotrypsin clearly indicates
The second hot spot is located between amino acid residueghat the cleavage sites located in the region extending from
86—117. This region appears as a 31 amino acid residueamino acid residue 12 to amino acid residue 38 are
flexible region linking the globular and the prion-forming significantly protected toward proteolysis. Another stretch
domains of Ure2p. The third and last hot spot for proteolytic of amino acids is significantly protected within the fibrils.
cleavage in Ure2p lies within the-cap region extending Indeed, the chymotrypsin cleavage sites located in the
from amino acid residue S283 to amino acid residue L301. flexible a-cap region appear also to be protected as well.
It is interesting to note that cleavage of Ure2p within the While the 33 kDa fragment corresponding to Ure2p cleaved
o-cap region has no significant influence on the overall in the a-cap region with an intact N-terminal is degraded
tertiary and quaternary structures of soluble dimeric Ure2p within 10 min in soluble Ure2p, this polypeptide resists
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FIGURE 4: Susceptibility to proteolysis of a number of cleavage site changes upon assembly of Ure2p into protein fibrils. The soluble and
assembled forms of full-length Ure2p were subjected to limited proteolysis with trypsi€jAand chymotrypsin (BF). The time course

of reaction product generation was analyzed by MALDI-TOF mass spectrometry. The time points are 1 min in panels A and D, 5 min in
panel B, 10 min in panels E and F, and 30 min in panel C. Peptides present in the digestion mixture were analyzed in the reflectron mode
in panels A, B, and E and in the linear mode in panels C, D, and F. Each peak is labeled with the peptide to which it corresponds.
Biprotonated ions are labeled ). Unidentified peptides are labeled with a question mark (?), and potassium ion adducts are labeled with
an asterisk (*).

proteolysis for over 24 h in the assembled form of the protein, rigidity (16). On the basis of this observation we hypoth-
suggesting a significant protection of the C-terminal domain esized that Ure2p 95354 is involved in the fibrillar scaffold.
of Ure2p within the fibrils. To determine whether Ure2p 9854 surrounds the N-

It is worth noticing that treatment of fibrillar Ure2p by terminal moiety of the protein or is involved in the fibrillar
chymotrypsin and proteinase K yields polypeptides with scaffold, i.e., whether it is released in the medium or remains
apparent molecular masses of 70 kDa in a manner similar ~ associated to the fibrils upon cleavage between the N- and
to what is observed upon treatment of soluble Ure2p with C-terminal moieties of the protein, we engineered a highly
the same proteases. Edman degradation of this polypeptidespecific cleavage site between these moieties as described
species, together with MALDI-TOF MS analysis, demon- in Experimental Procedures. The variant Ure2pl91EGR94
strates that it originates from the C-terminal part of Ure2p assembles in vitro into fibrils that are indistinguishable in
with (i) the N-terminal amino acid residues S283, G285, the electron microscope from fibrils made of wild-type full-
W300, and L301 and (ii) a molecular mass of 8500. length Ure2p (Figure 5A,B). Treatment of preassembled

The Globular C-Terminal Domain of Ure2p (Ure2p-94 Ure2pl91EGR94 fibrils with the site-specific protease factor
354) Is Tightly Inolved in the Fibrillar Scaffold. The Xa has no effect on the shape of the fibrils (Figure 5C) and
treatment of filamentous Ure2p by proteinase K has beenyields, as expected, two polypeptides with apparent molecular
reported recently to yield thin fibrils made of polypeptides masses 30 and 10 kDa corresponding to Ure2p3&t and
originating from the N-terminal domain of the protein that 1—91, respectively. SDSPAGE analysis of the polypeptide
are 4 nm wide 24). These highly resistant fibrils can be content of the pellet and the supernatant fractions of
separated by ultracentrifugation from polypeptides originating sedimented Ure2pl91EGR94 fibrils treated by factor Xa
from the C-terminal domain of Ure2p that is cleaved by strongly suggests either that Ure2p-2854 is involved in
proteinase K into small soluble polypeptid@d), These data  the fibrillar scaffold or that it interacts strongly with the
strongly support a model where the N-terminal domains of N-terminal domain of the protein as the polypeptides
Ure2p constitute the backbone of the filaments while the cosediment (Figure 5D). To distinguish between these two
surrounding C-terminal moieties of the protein are not tightly possibilities, Ure2pl91EGR94 fibrils pretreated by factor Xa
involved in the fibrillar scaffold. Using AFM imaging and  were incubated fol h at 20°C in the presence of 4 M
electron microscopy, we reported that treatment of Ure2p GdnHCI prior to their sedimentation. Figure 5E clearly
fibrils in solution by proteinase K is not sufficient to disrupt demonstrates that the interaction between the N- and C-
the fibrillar structure but leads instead to a reduction of fibril terminal domains of Ure2p within the fibrils is not weakened
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Ficure 5: The globular C-terminal domain of Ure2p remains
associated to the fibrils following treatment of the fibrillar form of
the variant Ure2pl91EGR94 by the site-specific protease factor Xa.
(A—C) Negative-stained electron micrographs of wild-type Ure2p
and Ure2pl91EGR94 fibrils before and after treatment with factor
Xa, respectively. Bar= 0.1 um. (D) Ure2pl91EGR94 fibrils (2
mg/mL) in 20 mM Tris-HCI, pH 7.5, 50 mM KCI, 1 mM EGTA,
and 1 mM DTT were spun at 10009@r 30 min at 15°C either
without any further treatment or following incubation with the site-
specific protease (2.6g/mL) for 8 h, and the protein content in
the pellet and supernatant fractions was analyzed by-SE¥S5E.

To document the strength of the interaction between the N- and
C-terminal domains of the protein within the fibrils, the GdnHCI
concentration was adjusted # M in solutions of untreated and
factor Xa treated Ure2pl91EGR94 fibrils, and the samples were
centrifuged fo 3 h at30000@ and 15°C to take into account the
viscosity of the solution. (E) SDSPAGE analysis of the protein

content in the pellet and supernatant fractions of untreated and facto

Xa treated Ure2pl91EGR94 fibrils in the presence of GAnHCI. The

r
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17), (i) their ability to bind the dye Congo Red and exhibit
a yellow-green birefringence in polarized lighf/( 25), (iii)

their increased resistance to proteolysik?)( (iv) the
persistence foa 4 nmresidual filament after treatment of
the fibrils with proteinase K47, 24, 40), (v) the nature of
the polypeptide that resists proteinase K treatment, (vi) the
finding of -sheet structure in mixtures containing Ure2p
and a synthetic peptide reproducing the N-terminal 65 amino
acids of Ure2p17), (vii) the observation that the N-terminal
65 amino acids of Ure2p alone or fused to four different
polypeptides form fibrils 40), (viii) the inaccessibility of
the N-terminal domain of Ure2p to antibodies directed
against the N-terminal moiety of the protei®4], and (ix)
electron microscopy observations revealing the presence of
a pattern compatible with a central backbone from which
globular particles protrude24).

The second model hypothesizes that the assembly of full-
length Ure2p into fibrils is driven by limited conformational
rearrangements and non-native inter- or intramolecular
interactions between Ure2p monomet$)( This model is
based on (i) the absence of a major conformational change
as determined upon comparison of the proteolytic patterns
and glutathione binding properties of the soluble and
assembled forms of the proteibd), (ii) the observation that
Ure2p fibrils assembled under physiologically relevant
conditions are devoid of a crogseore as determined by
FTIR spectroscopy and X-ray fiber diffraction imagds,(
22), and (iii) the finding that the fibrillar structure is not
disrupted neither upon treatment of the fibrils by high
concentrations of GAnHCI nor upon their complete digestion
by proteinase KZ2).

Significance of the Aspect of Ure2p Fibrils, Their Congo
Red Binding Property, and the Associated Yellow-Green
Birefringence in Polarized LightJre2p fibrils are about 20
nm wide and over km long. They are flexible and periodic.

In that respect they resemble amyloids. Ure2p fibrils
resemble as well a wide variety of biological polymers such
as actin filaments that are 10 nm in diameter and oyeml

12% polyacrylamide gels were silver stained. The molecular mass Iong (41) and RecA and FtsZ fibrils that are 9 and 23 nm in

markers are shown.

by GdnHCI treatment as Ure2p-B1 and 95-354 remain

diameter, respectively, and oveuin long @2, 43). Ure2p
fibrils are also very similar to protein involved in a number
of diseases upon assembly into fibrils following subtle
conformational changes such as lithostathine and the mem-

associated. We conclude from these findings that the domaing,ers of the serpin superfamilp@, 44, 45).

of Ure2p remain associated within the fibrils following
cleavage in the flexible region that bridges them together.
The finding that the two domains of Ure2p cosediment even

Congo Red binding is not specific of amyloid35( 36).
It is, however, the yellow-green birefringence associated to
Congo Red binding that is considered as one of the signatures

under denaturing conditions strongly suggests that the of amyloids. We show here that biological polymers such

C-terminal domain of Ure2p is tightly involved in the fibrillar
scaffold as the interaction between the two domains would
have been suppressed as Ure2p-854 unfolds under the
experimental conditions use@%, 39).

DISCUSSION

Two models have been proposed to account for the
assembly of Ure2p into protein fibrils and describe the
architecture of the fibrils. The first model hypothesizes that
the fibrils are amyloids. The assembly of the protein is
according to this model driven by a conformational change
of the N-terminal domain of the protein, leading to its
organization into a crogs-core running along the fibril2@,

24). This model is based on (i) the aspect of the fibrilg,(

as actin filaments and microtubules whose structures have
been solved at an atomic resolution revealing the absence
of a crosss-core (18, 19) bind Congo Red and exhibit
yellow-green birefringence in polarized light upon staining.
Amyloids are defined as compact extracellular deposits
with inherent birefringence associated to various pathologies
and made of fibrillar materials that exhibit a typical cross-
p-structure in X-ray fiber diffraction image$,(46). The
inherent birefringence of amyloid deposits increases intensely
upon hinding of the dye Congo Red)( Ure2p fibrils
assembled in vitro under physiologically relevant conditions
lack the typical crosg-structure of amyloids22). They are
not associated to disease as yeast cells exhibiting the [URE3]
phenotype grow relatively well. Finally, Ure2p deposits and
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fibrils have been described as intracellul28,(47). Thus, it susceptibility to proteolysis of the first category is not
is crucial to avoid using the term amyloid and even amyloid- significantly affected while that of the second category is
like when describing Ure2p fibrils based only on their either significantly increased or decreased. The first category
congophilia and the associated yellow-green birefringenceis exemplified by cleavage following amino acid residues
in polarized light. R65 for trypsin and F91 for chymotrypsin. The second class
Nature of the Polypeptide That Resists the Proteolytic is exemplified by cleavage occurring at amino acid residues
Treatment of the Assembled Form of Ure@fhile the time K78, R85, R17, and N23.
courses of degradation of the soluble and fibrillar forms of ~ Comparison of the tryptic and chymotryptic polypeptides
Ure2p by a variety of proteases (trypsin, chymotrypsin, generated upon proteolytic treatment of the soluble and
proteinase K, and subtilisin) differ significantly, the reaction assembled forms of Ure2p reveals that the unique tryptic
products are very similar, suggesting that the overall cleavage site located at amino acid residue R24, i.e., between
conformation of Ure2p is not altered within fibrils assembled amino acid residues 12 and 37 where cleavage occurs, is
under physiologically relevant condition$2). In contrast, protected upon assembly of Ure2p. The finding that a 25
the proteolytic pattern of Ure2p fibrils changes significantly amino acid stretch at most is resistant to proteolysis, as
upon the large structural rearrangement that occurs upon heatompared to the 70 amino acid polypeptide proposed to
treatment of the fibrilsZ2). Based on polyclonal antibody constitute the crosg-core of the fibrils 24), does not
recognition, on apparent molecular mass estimation from necessarily mean that it is involved in a crgbkstructure.
SDS-PAGE, and on mass spectrometry measurements, a The Globular C-Terminal Domain of Ure2p Is Tightly
7—10 kDa polypeptide that resists significantly proteinase Involved in the Fibrillar Scaffold.The cross3-core model
K treatment is proposed to represent a polypeptide from the (23, 24) predicts that the globular C-terminal domain of
N-terminal domain of Ure2p24). The evidence that the  Ure2p should be released in the medium following specific
7—10 kDa polypeptide corresponds to the N-terminal domain cleavage between the N- and C-terminal domains of the
of Ure2p is weak. Indeed, treatment of full-length soluble protein in its fibrillar form. This is not what we observe upon
Ure2p and Ure2p 95354 by proteinase K yields a polypep- cleavage between the two domains of Ure2p when the
tide with the same apparent molecular maas).(Further- N-terminal domain of the protein is in its natural context in
more, the polyclonal antibody that recognizes the N-terminal contrast with what occurs when it is fused to unrelated
domain of Ure2p binds not only to purified full-length Ure2p proteins such as GFP or barnase. The C-terminal domain of
but also to a polypeptide that has an apparent molecular mas&Jre2p is tightly bound to the high molecular mass fibrillar
of 7—10 kDa, which not only is present before the onset of material even upon incubation of preformed fibrils treated
the cleavage reaction (see lane 0 in Figure 3, lower panel,by factor Xa in the presence of high GdnHCI concentrations.
in ref 24) but which does not appear to populate the mixture Thus the C-terminal domain of Ure2p is tightly involved in
(compare the intensities in lanes 0 and 60 min in the samethe fibrillar scaffold. This result is incompatible with the
paper). Finally, the molecular masses of the polypeptides crossp-core model 24) where the only part of Ure2p
present in the proteinase K resistant fraction measured byinvolved in the central cros8-core, which runs all along
LC-MS are 5744.5, 6042.5, 6171.2, and 6284.9. They were the fibrils, is the flexible N-terminal domain of the protein
assigned to polypetides Q18I70, V9—G64, Q8-G64 or with the globular C-terminal domain protruding from the
S13-Q69, and G6-S63 or N~—G64 or L12-Q69, respec- polymers.
tively, with an uncertainty of 0.21 Da @4). Proteinase K One obvious reason for the discrepancy between our
possesses 145 potential cleavage sites in Ure2p that couldesults and those of Baxa and co-workers could be due to
generate 36234 theoretical fragments ranging from 90 to the experimental conditions used as our fibrils are assembled
40328 Da. The number of polypeptides that can be theoreti-at pH 7.5 in the presence of KCI and without agitation while
cally generated upon proteinase K cleavage that havethose of Baxa and co-workers are produced at pH 8.0 in the
molecular masses of 5744.5 Da with a molecular mass presence of NaCl and with agitation. We do not believe this
uncertainty of£1 Da is 11; that with a molecular mass is at the origin of the disagreement as the only difference
uncertainty of+2 Da is 20. This number increases consider- we observe when the experimental conditions of Baxa and
ably when the degree of oxidation of methionine residues is co-workers are used is a higher proportion of amorphous
taken into account, which underlines the complexity and aggregates. The reason for the observed difference in our
weakness of the assignment process of a measured moleculaspinion is the use of the N-terminal domain of Ure2p out of
mass to a given polypeptide when proteinase K is used. Toits biological context. Indeed, it is reasonable to envisage
overcome this complexity, the fuzzy band on SEFFAGE that the N-terminal domain of Ure2p is not in the same
that resists significantly proteinase K and chymotrypsin conformation in a nonnatural context and in the authentic
treatments was subjected to Edman degradation. Our datgrotein. The main evidence supporting this view is that full-
demonstrate unequivocally that the polypeptides that con-length Ure2p assembles into fibrils with a lag phase of tens
stitute this band are generated following cleavage within the of hours while polypeptides reproducing the N-terminat-65
o-cap region that is located in the C-terminal domain of 80 amino acid residues assemble into fibrils within minutes
Ure2p. following dilution from denaturant. Other evidence for this
Identification of Two Classes of Cleage Sites in the  view comes from the fact that while fibrils made of full-
N-Terminal Domain of Ure2pThe time-based comparison length Ure2p under physiologically relevant conditions lack
of the polypeptides generated upon cleavage of the solubleboth the FTIR spectroscopic and X-ray fiber diffraction
and assembled forms of Ure2p by trypsin and chymotrypsin signatures of crosg-structures 16, 22), mixed fibrils made
by MALDI-TOF MS reveals the existence of two classes of of equimolar amounts of Ure2p-165 and full-length protein
cleavage sites within the N-terminal domain of Ure2p. The have an increasggtsheet contentl(7). This is typically what
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is expected if Ure2p 165 was assembling-rich structures ~ we proposed for the assembly of Ure2p into fibrils where
while full-length Ure2p was assembling into fibrils where assembly is driven by non-native inter- and/or intramolecular
the native-like structure is maintained. The last evidence interaction between Ure2p monomers following subtle con-
underlining the influence of the natural context of the formational changed6) and reveal weaknesses in the cross-
N-terminal domain on the assembly reaction comes from j-core model.

Ure2p unfolding studiesl@, 25). The partial unfolding of

Ure2p by GdnHCI leads to a significant reduction in its ACKNOWLEDGMENT

assembly capacities. If the flexible N-terminal domain of
Ure2p was solely responsible for its assembly properties, the
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aggregates are produced, thus indicating that the C-terminal
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ormation.
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fibrils that has been attributed the role of the central cross- Of the soluble and assembled forms of Ure2p by trypsin
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