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ABSTRACT The yeast non-Mendelian genetic factor
[PSI], which enhances the efficiency of tRNA-mediated non-
sense suppression in Saccharomyces cerevisiae, is thought to be
an abnormal cellular isoform of the Sup35 protein. Genetic
studies have established that the N-terminal part of the Sup35
protein is sufficient for the genesis as well as the maintenance
of [PSI]. Here we demonstrate that the N-terminal polypep-
tide fragment consisting of residues 2-114 of Sup35p,
Sup35pN, spontaneously aggregates to form thin filaments in
vitro. The filaments show a B-sheet-type circular dichroism
spectrum, exhibit increased protease resistance, and show
amyloid-like optical properties. It is further shown that fila-
ment growth in freshly prepared Sup35pN solutions can be
induced by seeding with a dilute suspension of preformed
filaments. These results suggest that the abnormal cellular
isoform of Sup35p is an amyloid-like aggregate and further
indicate that seeding might be responsible for the mainte-
nance of the [PSI] element in vivo.

Self-propagating protein conformational changes have been
proposed to be the cause of transmission of mammalian
transmissible spongiform encephalopathies (1, 2), as well as for
two yeast non-Mendelian inheritance elements, [PSI] and
[URES3] (3-7). In the case of [PSI], an altered conformation of
the Sup35 protein (Sup35p), which is the yeast homolog of the
eukaryotic translation termination factor eRF3, is thought to
be the determinant (3, 8). Consistent with this proposal it was
observed that the maintenance of [PSI] only requires the
N-terminal 114-amino acid domain of Sup35p, and that over-
production of Sup35p or its N-terminal fragment in yeast
induces the de novo appearance of [PSI] (9-11). Differential
sedimentation and fluorescence microscopic studies further
established a correlation between Sup35p coalescence and the
appearance of [PSI], suggesting that ordered aggregation
converts newly synthesized Sup35p into its like and is thus
responsible for the propagation of the [PSI] element (12, 13).
In this study, we investigate the properties of the Sup35p
polypeptide fragment consisting of residues 2-114, Sup35pN.
It is found that Sup35pN aggregates to form amyloid-like
filaments in vitro. We then show that seeding with preexisting
filaments can speed up the formation of filaments from freshly
prepared Sup35pN solutions.

EXPERIMENTAL PROCEDURES

Protein Purification and Filament Preparation. A DNA
fragment encoding the N-terminal 114-residue segment of
Sup35p, with an extra Met—Gly—Ser,—Hisc—Ser,—Gly>—Ser seg-
ment at the N terminus and a stop codon at the C terminus,
was obtained by PCR from yeast genomic DNA, using appro-
priate oligonucleotides. The fragment was inserted into the
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expression vector pMW172 (14) and the protein was overex-
pressed in the BLR21(DE3)/pLysS Escherichia coli strain
(Novagen). Cell lysate was prepared in 20 mM Tris-HCl buffer
(pH 7.9) containing 0.5 M NaCl, 5 mM imidazole, and 6 M
guanidine hydrochloride (GdmCl), and loaded onto a Ni?*-
NTA affinity column (Qiagen, Chatsworth, CA) followed by
reverse-phase high performance liquid chromatography
(HPLC, C18 column) in 0.1% trifluoroacetic acid (TFA) using
an acetonitrile gradient. The N-terminal Met—-Gly-Ser,—Hiss—
Ser,—-Gly,-Ser-Met segment was removed by cyanogen bro-
mide cleavage (15). Unreacted peptide was separated from
Sup35pN by a NaCl gradient, using an SP-Sepharose column
(Pharmacia) in 20 mM sodium acetate (pH 4.5) containing 6
M urea, which was removed immediately after separation using
a C18 reverse-phase HPLC column in 0.1% TFA with an
acetonitrile gradient. Final buffer exchanges were achieved by
gel filtration chromatography on Sephadex G25 columns
(Pharmacia). The primary structure of Sup35pN was con-
firmed by electrospray mass spectrometry, sequencing of the
N-terminal 25 residues, and isoelectric focusing. Filaments of
Sup35pN were prepared in 0.1% (vol/vol) TFA/40% (vol/vol)
acetonitrile using reverse-phase HPLC fractions containing
isocratically eluted Sup35pN. A typical preparation of a 100
uM solution of Sup35pN yielded filaments after 1 week of
incubation at 4°C. Spontaneous filament formation was also
observed in 50 mM sodium phosphate buffer (pH 2.0) with
40% acetonitrile. No influence on filament formation was seen
when borosilicate, polystyrol, or polypropylene tubes were
used.

Electron Microscopy (EM). Samples (5 ul) of the filament
suspension were adsorbed to glow discharged carbon-coated
copper grids. These were washed twice with deionized water,
negatively stained with 2% (wt/vol) uranyl acetate, and air-
dried after removal of excess liquid. The specimens were
examined in a Philips CM12 transmission electron microscope
at 100 kV, and images were recorded with a Gatan 694 slow
scan CCD camera.

Circular Dichroism (CD) Spectroscopy. CD spectra were
recorded on a Jasco J710 spectropolarimeter at 22°C. All
samples were briefly sonicated before measurement.

Polarization Light Microscopy. Filaments were sedimented
at 20,000 X g, washed with buffer A (50 mM sodium phos-
phate, pH 7.0/150 mM NacCl), stained with 50 uM Congo red
in buffer A at room temperature for 1 min, washed in
succession with buffer A and deionized water, then placed on
glass slides, dried at room temperature, and covered. The
samples were studied using a Zeiss Photomicroscope III
equipped with crossed polars.

Protease K Resistance Assay. About 8 ug of Sup35pN
filaments were suspended in 18 ul Tris/EDTA (TE) buffer (10
mM Tris'HCl/1 mM EDTA, pH 8.0) containing 0.8 M GdmCl.

Abbreviations: Sup35p, Sup 35 protein; Sup35pN, Sup35 protein
fragment of residues 2-114; CD, circular dichroism; TFA, trifluoro-
acetic acid; GdmCl, guanidinium hydrochloride; EM, electron micros-
copy.
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Two microliters of protease K (Boehringer Mannheim no.
1413 783) solution in TE buffer at concentrations from 0.5 to
4.0 pg/ml were added and the mixture was incubated at 37°C
for 80 min. The reaction was terminated by adding 5 mM
phenylmethylsulfonyl fluoride. Twenty microliters of SDS gel
loading buffer (100 mM TrissHCl, pH 6.8/4% SDS/0.2%
bromophenol blue/20% glycerol) were added and the samples
were boiled for 3 min. The resulting solution was briefly
centrifuged and then subjected to 15% tricine—-SDS/PAGE,
which has particularly high resolution for small polypeptides
(16). Protein was detected by Coomassie brilliant blue staining.

Seeding Assay. Freshly prepared Sup35pN solutions were
subjected to addition of different preparations of protein
aggregates. In the case of seeding in 0.1% TFA/40% aceto-
nitrile, a 50 uM solution of Sup35pN containing 1% (wt/wt)
of protein aggregates as seeds was incubated at 4°C. In the case
of seeding in 50 mM sodium phosphate at pH 7.0, a 5 uM
solution of Sup35pN containing 5% of aggregates as seeds was
incubated at 22°C. After overnight undisturbed incubation,
aggregates were sedimented at 20,000 X g for 20 min, dissolved
in 10 ul SDS gel loading buffer containing 6 M urea, boiled for
3 min, separated on 15% SDS polyacrylamide gels, and
detected by Coomassie brilliant blue staining. For CD mea-
surements, 2% (wt/wt) filaments were added as seeds to a
freshly prepared 5 uM Sup35pN solution in 50 mM sodium
phosphate at pH 7.0, and the mixture was incubated overnight
at 22°C.

RESULTS

Sup35pN was overexpressed in E. coli and purified to homo-
geneity as judged by SDS/PAGE. It had limited solubility in
aqueous buffers and, after sonication, submillimolar aqueous
suspensions contained amorphous aggregates, as judged by
EM. In 40% acetonitrile/60% H,O at pH 2.0 the formation of
amorphous aggregates could be suppressed, and after pro-
longed incubation unbranched filaments with a diameter of 3
nm and variable lengths were observed (Fig. 1a). It was also
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noted that two or more filaments could further associate
laterally to form fibrillar structures with larger diameter (Fig.
1b).

Sup35pN undergoes extensive secondary structural changes
upon aging. A freshly prepared solution exhibits a far UV CD
spectrum that indicates little a-helix or B-sheet content. In
contrast, the spectrum of an aged solution shows B-sheet-like
characteristics, with a single differential absorption minimum
near 220 nm (Fig. 2a). These B-type spectral features are
predominantly associated with the filaments, since the super-
natant obtained after the filaments were removed from the
aged solution by centrifugation had a similar CD spectrum as
the freshly prepared Sup35pN solution (Fig. 2b). Amorphous
aggregates of Sup35pN, which show strong light scattering, do
not give CD signals. Freshly prepared and aged samples were
indistinguishable by SDS/PAGE or isoelectric focusing under
denaturing conditions (data not shown), indicating that the
covalent polypeptide structure in the freshly prepared protein
solution is preserved during aging.

When Sup35pN filaments were collected by centrifugation
and washed with sodium phosphate buffer at neutral pH,
numerous red-stained aggregates were observed by light mi-
croscopy after Congo red treatment (Fig. 3a). Similar to
amyloids, the stained aggregates exhibited green—yellow color
when examined with crossed polars (Fig. 3b), showing that the
filaments of Sup35pN are amyloid-like and contain regular
secondary structure (17, 18).

To test whether the in vitro generated filaments had
increased protease resistance, we subjected the following
two samples to protease K digestion. (i) Filaments were
sedimented from an aged Sup35pN solution and resus-
pended in Tris/EDTA buffer (pH 8.0) containing 0.8 M
GdmCl. (i) As a control, the same number of filaments were
denatured in 8 M GdmCl and then diluted 10-fold using
Tris/EDTA buffer, whereby amorphous aggregation of de-
natured protein was induced by carrying out the dilution very
slowly. The experiments showed that Sup35pN filaments

FiG. 1.  (a and b) Electron micrographs of negatively stained Sup35pN filaments. (b Inser) Laterally associated fibrils are marked by arrows.

(Bars = 250 nm in @ and 100 nm in b and the Inset.)
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F1G. 2. Far UV CD spectra of Sup35pN in 0.1% TFA/40% acetonitrile. (¢) Normalized molar CD spectra of a freshly prepared sample (@)
and an aged sample (O). (b) Ellipticity in a 40 uM aged Sup35pN solution (@) and its sedimented (O; resuspended for the CD measurement in
0.1% TFA/40% acetonitrile) and nonsedimented (solid line) parts after centrifugation at 20,000 X g. Small amounts of Sup35pN may have
dissociated from the filaments during sedimentation and may contribute to the residual CD signal in the supernatant.

have increased protease K resistance when compared with A key experiment in this investigation showed convincingly
the control (ii) (Fig. 4). that seeding with filaments of Sup35pN leads to recruitment of
more Sup35pN polypeptide into filaments. After addition of
a 1% (wt/wt) of the filaments to a freshly prepared solution of
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F1G. 4. Protease K resistance of Sup35pN filamentous aggregates
Fic. 3. Photomicrographs of Sup35pN filaments stained with (a) and of amorphous aggregates (b) as determined by SDS/PAGE.
Congo red: (a) bright field, (b) polarized light. (Bar = 50 um.) The protease K concentration in each reaction is indicated.
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F1G. 5. Gels showing filament growth after seeding in 0.1% TFA/40% acetonitrile (a) or in 50 mM sodium phosphate at pH 7.0 (b). Lane 1,
mock-seeded; lane 2, seeding with amorphous aggregates; lane 3, seeding with GdmCl-denatured filaments; lane 4, seeding with filaments; lane
5, seeds alone directly loaded. (¢) CD spectra of 5 uM Sup35pN in 50 mM sodium phosphate at pH 7.0: (®) mock-seeded, (O) seeded with filaments;

the solid line corresponds to the spectrum of the added seeds.

Sup35pN in 40% acetonitrile/60% H,0/0.1% TFA at pH 2.0
and overnight incubation at 4°C, large amounts of filamentous
species could be isolated by centrifugation (Fig. 5a, lane 4) and
identified by EM, while a mock-seeded solution yielded no
sediments (Fig. 5a, lane 1). Formation of new filamentous
structures was clearly associated with the addition of filaments,
since the seeding activity was lost after denaturation of the
filaments by 8 M GdmCl before they were used for seeding
(Fig. 5a, lane 3). In another control, no increase of the degree
of aggregation was seen within 1 day after seeding with the
same amount of amorphous Sup35pN aggregates (Fig. 5a, lane
2).

Seeding was also observed at pH 7.0 in sodium phosphate
buffer without organic cosolvent (Fig. 5b, lane 4). The asso-
ciation between seeding activity and presence of the filamen-
tous structure was confirmed using the same controls as
described above (Fig. 5b, lanes 1-4). This relation was further
confirmed by comparison of the CD spectra of seeded and
mock-seeded solutions after overnight incubation at 22°C and
brief sonication. Fig. 5¢ shows that under these near-
physiological solution conditions, seeding did also result in an
increased B-type CD signal when compared with the mock-
seeded reaction.

DISCUSSION

Previous work by others has established that Sup35 protein
extracted from [PSI*] cells forms aggregates that exhibit
partial protease resistance and interact with a recombinant
Sup35p peptide fragment in vitro (12, 13). The presently
described ordered filaments, which were prepared from a
physiologically relevant peptide (9, 11), retain all the biochem-
ical properties reported for ex vivo Sup35p aggregates. Al-
though acidic pH and an organic cosolvent were initially used
to suppress amorphous aggregation, once filaments appeared
they were stable and capable of further growth also in aqueous
solution at neutral pH.

The observed delayed filament formation in the absence of
seeding and the seeding behavior of Sup35pN would be
compatible with growth kinetics similar to those reported
previously for amyloid fibrils, which elongate from critical
nucleation sites of which the formation is rate-limiting (19-24).
Such kinetics would offer an explanation for major features of
[PSI] inheritance: spontaneous [psi~] to [PSI*] reversion is
rare because de novo formation of an active nucleation site is
difficult (10, 25); once such sites exist, propagation of the [PSI]
determinant may involve recruiting newly synthesized peptide
into filaments, which can release new nucleation sites (12). A
similar mechanism was also proposed to rationalize the prop-
agation of prions in mammalian species (refs. 19, 26, and 27,
see also refs. 28 and 29 for alternative interpretations), where
the infectious form of the prion protein is also an oligomer with
amyloid characteristics (30). In this context, it is of further
interest that EM studies of aged solutions of the prion-inducing
domain of Ure2p (31), which is the cytosolic determinant of
[URES3] (3, 7), also revealed filamentous structures (C.-Y.K.
and K.W., unpublished work). The fact that mammalian prion
proteins Sup35pN and Ure2p, which are all thought to undergo
self-propagating conformation changes, are also able to adopt
filamentous structures suggests that filament growth by seed-
ing might be a common mechanism for prion propagation.
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