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Yeast prions are protein-based genetic elements
that produce phenotypes through self-perpetuating
changes in protein conformation. For the prion [PSI*]
this protein is Sup35, which is comprised of a prion-
determining region (NM) fused to a translational
termination region. [PSI*] strains (variants) with dif-
ferent heritable translational termination defects
(weak or strong) can exist in the same genetic back-
ground. [PSI*] variants are reminiscent of mammalian
prion strains, which can be passaged in the same
mouse strain yet have different disease latencies and
brain pathologies. We found that [PSI*] variants con-
tain different ratios of Sup35 in the prion and non-
prion state that correlate with different translation
termination efficiencies. Indeed, the partially purified
prion form of Sup35 from a strong [PSI*] variant con-
verted purified NM much more efficiently than that of
several weak variants. However, this difference was
lost in a second round of conversion in vitro. Thus,
[PSI*] variants result from differences in the efficiency
of prion-mediated conversion, and the maintenance of
[PSI*] variants involves more than nucleated confor-
mational conversion (templating) to NM alone.
Keywords: amyloid/conformational conversion/
epigenetics/[ PST*]/Sup35

Introduction

The Saccharomyces cerevisiae prion [PSI*] causes
translational read-through of stop codons and is detected
by the suppression of nonsense mutations (Cox, 1965;
Wickner, 1994; Patino et al., 1996; Paushkin et al., 1996).
The protein determinant of [PSI*] is the translational
termination factor Sup35 (reviewed in Serio and
Lindquist, 1999). [PSI*] appears when some Sup35
undergoes a conformational change that renders it insol-
uble and less active (Patino et al., 1996; Paushkin et al.,
1996). Importantly, the insoluble prion form of the protein
Sup35°5* promotes conversion of newly synthesized
Sup35 to the prion form. Thus, the Sup3575™ state, as
well as its associated phenotype, is heritable, indepen-
dent of any nucleic acid change (Kushnirov and
Ter-Avanesyan, 1998; Liebman and Derkatch, 1999;
Wickner and Chernoff, 1999).
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Because [PSI*] is a protein-based genetic element, it
has peculiar genetic properties. [PSI*] is dominant (Cox,
1965), cytoplasmically inherited (Cox, 1965; Cox et al.,
1980) and in [psi] strains it arises at a low spontaneous rate
(Cox, 1965; Lund and Cox, 1981). The frequency with
which it appears can be increased by transiently over-
producing Sup35 or various fragments containing its
N-terminus (Chernoff ef al., 1993; Derkatch et al., 1996).
[PSI*] is also lost spontaneously at low frequency (Cox,
1965; Cox et al., 1980) and loss is accelerated by growth
in low concentrations of guanidinium hydrochloride
(GuHCI) (Tuite et al., 1981) or changes in the level of
the protein remodeling factor Hsp104 (Chernoff et al.,
1995).

These unusual genetic properties reflect its protein-
based mode of inheritance, as do its biochemical and cell
biological properties. In [psi7] cells, Sup35 is mostly
soluble; in [PSI*] cells, it is largely insoluble (Patino et al.,
1996; Paushkin et al., 1996). Insight into the molecular
mechanism underlying this switch came from biochemical
characterization of Sup35 and an N-terminal fragment
essential for [PSI*], NM. Like Sup35 in vivo, NM can exist
in a soluble or insoluble state in vitro under physiological
conditions. The insoluble form is highly organized, rich in
[B-sheet structure and exhibits an X-ray diffraction pattern
characteristic of amyloid fibers (Glover et al., 1997; Serio
et al., 2000). Minute amounts of pre-existing NM amyloid
greatly accelerate the rate of assembly of soluble NM into
amyloid (Glover et al., 1997). [PSI*] may or may not be
equivalent to the amyloid observed in vitro, but the
conformational changes that produce [PSI*] and amyloid
are certainly very closely related. Addition of [PSI*] but
not [psi~] lysate greatly accelerates conversion of NM to
the prion form (Glover et al., 1997; Paushkin et al., 1997).
NM mutations that increase or decrease [PSI*] induction
frequency in vivo correspondingly alter the rate of amyloid
formation in vitro (Doel et al., 1994; DePace et al., 1998;
Liu and Lindquist, 1999). Thus, NM amyloid formation
in vitro closely models the induction and propagation of
Sup35P8!* in vivo.

[PSI*] shares many characteristics of mammalian
prions, including the existence of heritable variants with
distinct biological properties that can be passaged in the
same genetic background (Caughey, 2000). Mammalian
prion variants, called strains, are distinguished by different
rates of disease progression and brain pathology (Bruce
and Fraser, 1991; Bruce, 1993). The existence of these
strains is the most commonly cited evidence against a
protein-based mechanism and in favor of a viral mechan-
ism of prion propagation (Dickinson and Outram, 1979;
Bruce and Dickinson, 1987; Scott et al., 1999). Prion
proponents posit, however, that such strains result from
transmissible conformational differences in the mamma-
lian prion protein (PrP) (Prusiner, 1998; Scott et al., 1999;
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Caughey et al., 2001). Certainly conformational variation
exists (reviewed in Caughey et al., 2001; Collinge, 2001),
but whether it is the molecular basis of strains is
unproven.

[PSI*] strains are classified by the extent of their
translational termination defects and by how stable they
are. Here, we refer to them as [PSI*] variants to avoid
confusion with the many different yeast genetic back-
grounds in which they can exist, which are also referred to
as strains. Weak [PSI*] variants suppress nonsense muta-
tions less efficiently and they are typically less stable than
strong [PSI*] variants in that they lose [PSI*] more often
(Derkatch et al., 1996). Once established, however,
variants do not generally switch from weak to strong
or vice versa, although an example of this has recently
been reported (Kochneva-Pervukhova et al., 2001).
[PSI*] variants appear spontaneously or when the prion
is induced de novo by overproduction of Sup35 or
specific N-terminal fragments (Derkatch et al., 1996;
Kochneva-Pervukhova et al., 2001). They are not caused
by differences in the genome: when variants from the same
genetic background are cured of [PSI*] and new [PSI7]
elements are induced, the same broad spectrum of variants
arises in each (Derkatch et al., 1996). Thus, the phenom-
enon is not due to new mutations arising in Sup35 or
elsewhere in the genome; it is epigenetic.

Little is known about the molecular basis of [PSI*]
variants. Two studies of NM amyloid formation in vitro
suggest they might represent conformational differences
in Sup35P*. Purified NM forms amyloid fibers in vitro
that vary in structure (wavy or straight) and these
differences are perpetuated throughout the length of the
fibers (Glover et al., 1997). Similarly, a chimeric NM
mutant can adopt distinct physical states in vitro, perhaps
due to quaternary structural differences (Chien and
Weissman, 2001). However, there is no direct evidence
linking wild-type [PSI*] variants with different Sup35°S™*
conformational states. [PSI*] variants could also be due to
stochastic, self-perpetuating differences in the associa-
tion of Sup35 with other proteins (Schirmer and Lindquist,
1997; Czaplinski et al., 1998; Bailleul et al., 1999;
Honey et al., 2001; Wang et al., 2001). Indeed, one
such protein, Sup45, associates with Sup3575™* in some
but not all genetic backgrounds (Patino et al., 1996;
Paushkin er al., 1996; Czaplinski et al., 1998;
Eaglestone et al., 1999).

One piece to the puzzle is that in the few cases
examined, weak [PSI*] variants have more soluble Sup35
than strong [PSI*] variants. An especially weak [PSI*]
variant, [ETA*], retains ~50-fold more soluble Sup35
than a strong [PSI*] variant (Zhou et al., 1999). A different
weak variant, in an unrelated genetic background, has
4-fold more soluble Sup35 than an isogenic strong [PSI*]
variant (Kochneva-Pervukhova et al., 2001). The solu-
bility of chimeric Sup35 formed by a fusion of NM
from two yeast species can also differ (Kushnirov
et al., 2000a). Variation in the amount of soluble
Sup35 seems linked to the molecular mechanism that
underlies these variant prion forms. Here, we test the
possibility that Sup35P5™* protein variants have inherent
differences in their capacities to convert Sup35 into
the prion form.

Prion conversion in [PSI*] strains

Results

Sup35 solubility and nonsense suppression
phenotypes in [PSI] variants

To characterize further the relationship between transla-
tional termination defects and Sup35 solubility in [PSI7]
variants, we examined one [psi~] and three isogenic [PSI*]
variants in the yeast strain 74-D694 (Derkatch et al., 1996,
1998) and one [psi] and two isogenic [PSI*] variants in
the strain SL1010-1A (Zhou et al., 1999). One of the
SL1010-1A variants, [ETA"], is an especially weak variant
of [PSI*] (Zhou et al., 1999). Both genetic backgrounds
contain adel-14, a stop codon mutation in a gene involved
in adenine biosynthesis. In [psi~] strains, ribosomes do not
read through this stop codon. Cells can not grow on media
lacking adenine (SC—Ade), and on rich media (YPD) they
form red colonies because they accumulate a red-
pigmented metabolic byproduct. The greater the level of
read through (nonsense suppression) in [PSI*] variants, the
better they grow on SC—Ade and the whiter the colonies on
YPD (Figure 1A). To provide an independent, more
quantitative assay of stop codon read through, we meas-
ured the B-galactosidase (B-gal) activity of strains carrying
plasmids encoding a translational fusion of phospho-
glycerate kinase and B-gal with or without an intervening
UGA, UAG or UAA stop codon (Figure 1B; Stansfield
et al., 1995). Neither of the two [psi~] isolates grew on
SC-Ade media and they produced very little B-gal.

By these criteria, one [PSI*] variant in the 74-D694
background and another in the SL1010-1A background
were classified as strong; they grew better on adenine-
deficient media and produced more B-gal than the other
variants (Figure 1A and B). Two 74-D694 variants, 13 and
21, were classified as weak; they grew equally poorly on
SC-Ade and their pink colony color was indistinguishable
on YPD. By the plasmid-based assay, the weak [PSI*]
variant 13 seemed to suppress nonsense codons slightly
better than variant 21, although these differences were
within the range of experimental error (Figure 1B). By all
criteria, [ETA*] was the weakest [PSI*] variant.

By immunoblot analysis of total cell lysates, all of the
74-D694 [PSI*] variants had the same quantities of total
Sup35 (data not shown). To determine whether they
contained different amounts of Sup35 in the soluble state,
lysates were sedimented through a sucrose cushion
(Figure 1C; Zhou et al., 1999). Top fractions, which
contained the soluble proteins, were serially diluted and
spotted onto a membrane. Ponceau S staining confirmed
equal protein loading for each dilution series (Figure 1C,
bottom).

Within a given genetic background, [psi7] lysates
always had ~100- to 200-fold more soluble Sup35 than
the lysates from strong [PSI*] variants (Figure 1C, top;
Zhou et al., 1999). Lysates from [psi~] cells had ~15- to
30-fold more soluble Sup35 than lysates of the two weak
variants. The very weak variant [ETA*] from the
SL1010-1A strain had ~2- to 4-fold more soluble Sup35
than either of the weak [PSI*] variants from the 74-D694
strain (Figure 1C; Zhou et al., 1999). In contrast with the
plasmid-based suppression assay, we could unambigu-
ously distinguish between the two 74-D694 weak variants
with this method; variant 13 consistently had 2- to 3-fold
more soluble Sup35 than variant 21. Thus, assaying the
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Fig. 1. Analysis of the amount of nonsense suppression and soluble
Sup35 in [PSI*] variants. (A) Five-fold serial dilutions and growth of
[PSI7] variants on rich media (YPD, 30°C, 4 days) and media lacking
adenine (SC—Ade, 30°C, 14 days). (B) Quantitation of translational read
through of [PSI*] variants. (C) Dot-blot analysis of Sup35 solubility in
[PSI7] variants. Proteins from the top fraction of each sucrose cushion
were normalized, serially diluted in 2-fold increments and applied to a
PVDF membrane. Top, reactivity with a Sup35-specific antibody (Patino
et al., 1996). Bottom, membrane stained with a non-specific protein
stain, Ponceau-S. The amount of total protein per column is indicated at
the top.

amount of soluble Sup35 in this manner provided a very
sensitive means of distinguishing between [PSI*] variants.

Sup35 from [PSI*] but not [psi-] lysates stimulated
NM conversion

Next, we investigated whether the prion proteins from
different [PSI*] variants have intrinsically different cap-
acities to convert the soluble prion-determining region of
Sup35 into the prion conformation. We fractionated
lysates and quantified how efficiently fractions containing
Sup35P5T+ stimulated conversion of soluble NM into in-
soluble amyloid fibers. A previous method demonstrating
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that proteins from [PSI*] cells could convert Sup35 to a
prion-like state used a C-terminally truncated form of
Sup35P5+ purified in the presence of 2.5 M GuHCI
(Paushkin et al., 1997). We used gentler conditions to
avoid possible conformational rearrangements or the
removal of additional proteins that might be necessary
to maintain [PSI*] variants (see Materials and methods).
To determine whether other components that altered the
kinetics of NM conversion might co-purify with
Sup35P5™*, we subjected a lysate isolated from a [psi]
NM-deletion strain (ANMSup35) to the same protocol.
This strain can not become [PSI*] because the NM region
of Sup35 was deleted from the chromosome.

Indeed, adding small amounts of crude fractions from
[psi~] lysates often inhibited NM conversion. For example,
proteins from a [psi~] strain that pelleted upon high-speed
sedimentation [see Materials and methods, preparation 1
(P1)] slowed NM conversion considerably, compared with
buffer alone (Figure 2A, ANMSup35 strain; data not
shown for the wild-type strain). Inhibition was not due to
contaminating proteases (data not shown; performed as in
Figure 3B) nor was it due to an alternative state of the NM
region of Sup35 since the results from a ANMSup35 or
wild-type fraction were indistinguishable. Although we
did not identify the inhibitor, subsequent fractionation
eliminated it. The proteins that pelleted after the Pl
fraction was treated with 1 M LiCl and sedimented
through a sucrose cushion [preparation 2 (P2)] did not
inhibit conversion (Figure 2A). As discussed below, this
protocol did not disrupt differences between weak and
strong Sup35P5T*, Other fractionation approaches also
eliminated the inhibitor (below). Here, we report only the
results of experiments lacking the inhibitor(s).

Next, we tested inhibitor-free pellet proteins (P2) from a
strong [PSI*] variant for their ability to stimulate NM
conversion. We confirmed the presence of Sup35 in the
pellet by immunoblot analysis using Sup35-specific anti-
bodies (data not shown). To ensure that conversion was
dependent upon Sup3575* we employed the same
fractionation procedures with proteins from an isogenic
[psiT] strain. The pellet fraction of the [psiT] strain had a
small effect on NM conversion (Figure 2B). Pellet proteins
from a strong [PSI*] variant, however, dramatically
stimulated NM conversion when samples were diluted
into a vast excess of NM. Fiber formation was also
stimulated by fractions enriched for strong Sup35°5'*
obtained by several other methods, including by sedimen-
tation through a sucrose cushion [preparation 3 (P3),
compare with Figures 2B and 3A]. Treatment with 1 M
LiCl (Figure 2B), RNases, EDTA or 0.5% (w/v) sodium
deoxycholate did not disrupt strong Sup35P5™* activity
(data not shown).

Weak Sup35°si* converted NM less efficiently than
strong Sup35°rsi*

Fractionated proteins from other [PSI*] variants converted
NM with strikingly different efficiencies (Figure 3A). The
effectiveness of Sup35°5* from a given variant correlated
with the severity of its termination defect and with the
amount of soluble Sup35 it contained in vivo. Proteins of
the strong variant were always much more effective than
those from the weak [PSI*] variants and proteins from the
weak variants were always more effective than those from
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Fig. 2. Sucrose cushion pellet proteins from [PSI*] but not [psi~]
lysates increased the rate of NM conversion. (A) Kinetics of NM fiber
formation with or without proteins pelleted from the ANMSup35 strain.
NM fiber formation was monitored by fluorescence emission of
thioflavin-T (ThT) at 481 nm. Two fractionation methods were used,
preparation 1 (untreated, see Materials and methods) or 2 (LiCl
treated). The black curve (open squares) represents the progress of NM
conversion in the presence of buffer diluted 25-fold; the purple curve
with filled triangles represents [psi-] ANMSup35 pelleted P2 proteins
diluted 25-fold and the purple curve with filled sqaures represents [psi]
strain ANMSup35 pelleted P1 proteins diluted 100-fold. (B) Effect of
different salt-treated P2 pellets on the kinetics of NM conversion.
Conversion was monitored by fluorescence emission of ThT at 481 nm.
Sucrose cushion P2 pellets or buffer were diluted 25-fold. Curves are
drawn to indicate the likely data trends and are not correlated
sigmoidal fits.

the very weak variant, [ETA*]. These differences were
robust and highly reproducible. Indeed, we repeatedly
differentiated between phenotypically indistinguishable
variants by how effectively Sup3575* stimulated NM
conversion. Sup35P5™* from weak variant 13 always
converted NM more rapidly than Sup3575* from weak
variant 21. Moreover, this efficiency difference correlated
with differences in Sup35 solubility between these variants
in vivo: weak variant 13 had less soluble Sup35 than weak
variant 21 (Figure 1C).

A trivial reason for the differences in conversion
efficiency is that the Sup35PS™ fractions were contamin-
ated with different amounts of proteases that degraded NM

Prion conversion in [PSI*] strains

during fiber formation in vitro. To test this, we compared
the total amount of NM remaining after incubation with
pellet fractions with the initial amount of NM by
SDS-PAGE. For all reactions, proteolytic digestion of
NM by any cellular proteases that may have been present
in the Sup35”5™* fractions was negligible (Figure 3B).

Apparent differences in conversion efficiencies could
also be produced by differences in the final product’s
ability to bind Thioflavin-T (ThT), the dye used to detect
fiber formation. To test this, we monitored fiber formation
by Congo Red binding, another dye commonly used to
detect amyloid (Serio et al., 1999). We also assayed the
amount of NM that remained detergent soluble and
visualized fibers using electron microscopy (EM) through-
out the time course (Serio et al., 1999). ThT fluorescence
always coincided with loss of detergent-soluble NM, onset
of Congo Red binding and EM-visible fibers (data not
shown), thereby eliminating this explanation.

It is possible that yeast factors in addition to Sup35PS™
modulate conversion of NM in vitro and that these factors
were present in different amounts in the various Sup3575™*
preparations. Glutamine- and asparagine-rich proteins,
like the yeast prion Rnql, are likely candidates for such
accessory factors because they can influence the frequency
of [PSI*] induction (Derkatch et al., 2001; Osherovich and
Weissman, 2001). Molecular chaperones are a second
class of likely candidates since they can modulate [PSI]
and can exert variant-specific effects on [PSI*] in vivo
(Chernoff et al., 1995, 1999; Newnam et al., 1999; Jung
et al., 2000; Kushnirov et al., 2000b). We tested each
Sup35PSH preparation for the presence of Rnql, as well as
Hsp104, Ssa and Ssb (cytosolic Hsp70 homologs) and Sis1
and Ydjl (two Hsp40 homologs) by immunoblot analysis.
All of these proteins were found in our preparations and
the signals obtained for each were different. However, the
signal for any particular one was the same in Sup35°5H
preparations from all the weak and strong variants, and
even from preparations from [psi-] strains (data not
shown).

Strong Sup35°S* converted NM at least 20-fold
more efficiently than weak Sup35°Si*

The pellet fractions from weak variants may have
converted NM at a slower rate because they contained
less Sup35 protein than the pellet fraction from the strong
variant. To test this, we compared the relative amounts of
Sup35 in each pellet fraction after serially diluting them in
2-fold increments (Figure 3C). As expected, [psiT] pellets
had much less Sup35 than [PSI*] pellets; however, the
amount of Sup35 in the pellet fractions from all [PSI*]
variants differed by <2-fold. Consistent with our observa-
tion that only a small fraction of Sup35 remained in the
soluble state in different [PSI*] variants (Figure 1C), the
quantity of Sup35 in the pellet fractions ranged between 75
and 99% of the total amount present in the cell.

It seems highly unlikely that such small differences in
the amount of Sup35 in pellet fractions could account for
the differences in NM conversion. To test this possibility
more rigorously, we compared the effectiveness of several
dilutions of Sup35°5™* from weak and strong 74-D694
variants. As expected, the more Sup35”5!* that was added,
the more quickly conversion occurred (Figure 3D). The
effect of concentration, however, was not proportional;
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Fig. 3. Sup35”5™* from different [PSI*] variants differ in NM conversion efficiency. (A) Effect of sucrose cushion P3 proteins isolated from several
[PSI*] variants on NM conversion. Sucrose pellet P3 was used at a 100-fold dilution. Curves are drawn to indicate the likely data trends and are not
correlated sigmoidal fits. (B) Extent of NM degradation during the conversion in the presence of different P3 pellets as shown in (A). Coomassie Blue
R-250 staining of proteins separated by SDS-PAGE. The arrow shows migration of full-length NM. The positions and molecular weights of pre-
stained marker proteins are shown on the right. Minor faster migrating bands present in all lanes are NM degradation products that co-purified from
E.coli (data not shown). (C) Comparison of the amount of Sup35 in each P3 preparation. Pellet fractions were serially diluted in 2-fold increments as
indicated and separated by PAGE. Sup35 was detected with NM-specific antiserum (Patino ez al., 1996). (D) Effect of different dilutions of P3
preparations on the conversion efficiency of Sup3575'* from a strong and weak [PSI*] variant. P3 from strong [PSI*] was diluted either 100- or 200-
fold and P3 from weak variant 13 was diluted 10- or 100-fold as indicated. (E) Estimation of the amount of Sup35 present in each P3 pellet fraction.
Purified NM, which was serially diluted as indicated and subjected to PAGE, served as a protein standard. NM and Sup35 were detected by
immunoblotting with NM-specific antiserum (Patino et al., 1996). Since P3 preparations from all [PSI*] variants have similar amounts of Sup35 (C),
only the strong [PSI*] P3 pellet fraction is shown (upper blot). A darker exposure of the strong [PSI*] samples of (C) is shown here, because the
signals were not visible without a longer exposure. (F) Comparison of the conversion efficiency of Sup357™* from a strong [PSI*] variant with that of
spontaneously formed NM fibers. P3 from strong [PSI*] was diluted 25-fold and spontaneously formed NM fibers were diluted 1000-fold; thus, the
ratio of Sup35”5™* or NM in fibers to soluble NM was ~1:1000.
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adding 10-fold more of weak Sup35PS™* increased the rate
of conversion by much less than 10-fold. Sonicating NM
amyloid fibers fractures them and enhances nucleating
activity (Serio et al., 2000) but the conversion efficiency of
weak or strong Sup3575* did not change after Sup35°5+
preparations were sonicated (data not shown). We do not
yet understand why there is not a simple linear relationship
between the amount of Sup3575* added and the rate of
fiber formation. Nevertheless, slight differences in the
amount of Sup35 per se can not explain the differences in
NM conversion by Sup355* preparations from different
variants.

Using different dilutions enabled us to quantify how
much less efficiently weak Sup35°5* induced conversion
of NM than strong Sup3575™, When Sup3575* from weak
variant 13 was diluted 10-fold, it accelerated NM conver-
sion to a rate that was nearly equivalent to a 200-fold
dilution of strong Sup35P5™* but slower than a 100-fold
dilution (Figure 3D). Thus, the Sup35P5™* preparation from
weak variant 13 contained nearly the same amount of
Sup35 protein as Sup35P5* preparations from a strong
[PSI*] variant yet it converted NM at least 20-fold less
efficiently.

Next, we compared the conversion efficiencies of strong
Sup35P5™ with those of NM fibers that were never exposed
to Sup35”5™* but instead were formed by spontaneous
nucleation in solutions of soluble NM. To do this, we first
determined the amount of Sup35 in our various prepar-
ations by immunoblot analysis. Each pellet fraction was
serially diluted and the amount of Sup35 per fraction was
estimated by comparing it with known amounts of purified
NM (Figure 3E). Using this method, we estimated that the
molar ratio of Sup35 to NM ranged from 1:1000 to 1:5000,
depending on the pellet preparation. Pre-formed NM fibers
diluted to this same range stimulated NM polymerization
to about the same extent (Figure 3F). Thus, the conversion
efficiency of NM fibers formed spontaneously without
agitation is comparable to that of strong Sup35°5+,

Efficiency differences of Sup35°S* were not
maintained in a second round of NM conversion
We used several different spectroscopic and biochemical
techniques to see whether structural differences between
fibers nucleated by weak or strong Sup3575* could be
detected. We examined numerous samples of NM fibers
formed in the presence of Sup35”5* isolated from variants
by EM (A.Kowal, S.M.Uptain and S.Lindquist, unpub-
lished data) and atomic force microscopy (AFM;
Figure 4A). They were indistinguishable from fibers
formed in the presence of buffer. Those same fibers also
appeared identical by Fourier transform infrared (FTIR)
spectroscopy (Figure 4B) and by digestion with proteinase
K (data not shown), two techniques that are used to detect
structural differences in PrP derived from different
mammalian prion strains (Bessen and Marsh, 1992a;
Caughey et al., 1998).

Since we could not find any physical difference between
them, we tested whether fibers converted by Sup357S+
retained the remarkable differences in conversion effi-
ciency characteristic of the initial Sup357S™* preparations.
We passaged fibers formed in the presence of Sup3575+
from variants by diluting them into a second batch of
soluble NM. At a 1000-fold dilution, all stimulated NM

Prion conversion in [PSI*] strains

conversion similarly (Figure 4C). We also tested the effect
of using 100-, 10 000- or 100 000-fold dilutions of each
seed type. Although the extent that NM conversion was
stimulated changed with the dilution, no reproducible
differences in the rate of NM conversion were observed,
regardless of whether the fibers had been initially
converted under the influence of weak or strong
Sup35P8!* preparations (Figure 4C and data not shown)
or whether they had formed spontaneously in the presence
of [psi~] preparations (Figure 4C and data not shown) or
with NM alone (data not shown).

Discussion

Our data provide a molecular explanation for the different
nonsense suppression phenotypes and stabilities of genet-
ically identical [PSI*] variants (Derkatch et al., 1996;
Zhou et al., 1999). Sup35°5™* isolated from weak and
strong [PSI*] variants converted NM, the prion-determin-
ing region of Sup35, with dramatically different efficien-
cies. Importantly, the conversion efficiency of Sup35°5™*
from a given variant correlated with the amount of soluble
Sup35 and the nonsense suppression phenotype charac-
teristic of that variant. Sup35P5™* preparations from a
strong variant that had little soluble Sup35 and a substan-
tial translational termination defect converted NM into
amyloid at least 20-fold more efficiently than Sup35°5™*
from two weak variants. Conversion mediated by
Sup35PST+ from [ETA*], a very weak variant, was even
less efficient.

These data strongly indicate that in yeast cells, weak and
strong Sup357S* convert soluble Sup35 into the prion
conformation with a wide range of efficiencies and that
this dictates the type of variant that is propagated. In a
strong [PSI*] variant, conversion is efficient and conse-
quently the amount of soluble Sup35 is low. Weak
Sup35P5™* converts soluble Sup35 less efficiently; thus
weak variants contain more soluble Sup35 and have a
weaker termination defect. The poorer conversion effi-
ciency of weak Sup35P5T* can also explain the reduced
genetic stability of weaker variants compared with
stronger ones. Most importantly, the differences in con-
version rates are likely to be inherent to the prion form of
Sup35, since these differences required the presence of
Sup35 from a [PSI*] variant and co-purified with it.

Our data also resolve the apparently paradoxical
differences in how well Sup35°5™* mediates conversion
in vivo and in vitro. In a less purified cell-free system,
Sup3575T* from a strong variant was reported to convert
twice the amount of NM to an aggregated, proteinase
K-resistant state than Sup357S™* from a weak variant
(Kochneva-Pervukhova et al., 2001). In these experiments,
the ratio of Sup3575* to NM was 1:4, yet the majority of
NM remained soluble, even when strong Sup357S* was
used. This result was perplexing because conversion of
Sup35 to the prion state is very efficient in vivo and
because the vast majority of Sup35 is insoluble in [PSI*]
cells, even in the weakest variants. We found that both
weak and strong Sup3575™* converted soluble NM into
amyloid remarkably well. Indeed, after comparing the
amount of Sup35 in our assays with a known amount of
NM, we estimated that the molar ratio of Sup35 to NM
was between 1:1000 and 1:5000, yet we easily detected a
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[PSI*]-dependent stimulation in NM conversion, for both
strong and weak Sup35°75'*, The likely explanation for this
discrepancy is that the inhibitory activity we observed in
cruder preparations reduced the conversion efficiency in
the earlier study.

We also compared the conversion efficiency of NM
amyloid fibers formed spontaneously in vitro with that of
strong Sup35”™* from yeast cells. When comparable
amounts of each were used, the rates of conversion were
nearly identical, suggesting that the physical states that
NM adopts when converted by strong Sup3575* from
yeast cells and by spontaneous nucleation in vitro are
similar.

By comparison, conversion by the mammalian PrP is
generally much less efficient than conversion by
Sup35FS*, It is usually limited to sub-stoichiometric
yields in vitro (Caughey, 2000; Wong et al., 2001),
although the yield can be substantially improved with
repeated cycles of sonication (Saborio et al., 2001). This
difference appears to be biologically relevant since yeast
can mitotically divide in as little as 90 min, whereas
neuronal cells are not mitotic. Thus, propagation of prions
in yeast seems to necessitate much more efficient conver-
sion to the prion state. When conversion of Sup35 is less
efficient, as is the case with weak [PSI*] variants, more
Sup35 is soluble and a greater proportion of progeny fail to
inherit the prion.

Epigenetic differences in how well PrP converts the
normal folded conformation into the prion conformation
also occur with the mammalian PrP. Indeed, different
efficiencies of conversion have been reported for two mink
prion strains passaged in hamster, termed Drowsy (DY)
and Hyper (HY). The PrP from the HY strain converts
more efficiently in vitro and has greater infectivity in vivo
than that from the DY strain (Bessen and Marsh, 1992b;
Bessen et al., 1995). Intriguingly, the incubation period of
DY in hamsters is much longer than that of HY (Bessen
and Marsh, 1992b). Thus, conversion efficiency in vitro

Fig. 4. Structural and biochemical characterization of fibers converted
in the presence of Sup3575!* from different variants. (A) AFM images
taken in tapping mode of fibers formed in the presence of Sup35/5™*
from strong or weak variants or with an identically prepared fraction
from a [psi] strain. The white bar represents 100 um. (B) Second
derivative attenuated total reflectance infrared spectra of NM fibers
converted with strong [PSI*], weak [PSI*] (13 and 21) and [psiT]
lysates. Second derivative spectra show negative deflections that
correspond to positive absorbance maxima in primary spectra and
provide a means of better resolving small differences between infrared
spectra. For comparison, the spectra of hemoglobin (predominantly
o-helix) and PrPS¢ (mixed o-helix and B-sheet) are included. The
amide I region is shown, which is sensitive primarily to the secondary
structure of the polypeptide backbone. No consistent differences were
observed between the four types of NM fiber in either the primary (not
shown) or second derivative spectra. All of the NM fiber spectra
showed predominant negative bands in the region dominated by B-sheet
absorbances (~1616-1640 cm™); however, the pattern of these
probable B-sheet bands was distinct from that of PrPS¢. The other
major NM fiber band was centered at ~1660 cm™!, a wavenumber

that is inconsistent with either B-sheet or a-helix but consistent

with the presence of turn structure(s). (C) Determining whether the
characteristic conversion efficiencies of Sup35”™*of variants can be
serially passaged to a second NM preparation. Sucrose P2 pellets from
[psi] and two [PSI*] variants (strong or weak 21) were used to prepare
NM fibers that were subsequently diluted 1000-fold into another
preparation of 10 UM soluble NM.



and in vivo for the mammalian prion as well as for [PSI*]
correlates with their properties in vivo.

What leads to the differences in conversion efficiencies
associated with [PSI*] variants? We suggest three possi-
bilities that are not mutually exclusive. First, the Sup35
protein may itself adopt different conformations that have
intrinsically different abilities to convert the normal form
into the prion form. Using EM, Congo Red binding and
protease digestion patterns, one study has shown that NM
can form amyloid fibers with different structural states
in vitro (Glover et al., 1997) and another has shown that a
chimeric NM can form fibers with different biochemical
properties (Chien and Weissman, 2001). However, the
relevance to [PSI*] variants is unclear. By these and other
techniques, we have not yet found any direct evidence for
conformational differences between NM fibers that were
nucleated by weak or strong Sup35°5™* preparations, nor
were we able to passage the characteristic conversion
efficiencies of weak Sup35757* to a second NM preparation
in vitro. Instead, when such fibers were passaged, they
converted as efficiently as fibers formed in the presence of
strong Sup35P5™ preparations. Perhaps conversion in vitro
is not faithful enough to reproduce conformational differ-
ences throughout the >1000-fold amplification that we
have employed. If NM occasionally switches from an
efficient form to an inefficient form, this would have a
negligible effect on the reaction. However, with occa-
sional switching of inefficient to efficient forms, the latter
would soon take over the reaction.

A second explanation for the different conversion
efficiencies of weak and strong Sup35757* is predicated
upon the finding that fiber ends nucleate NM amyloid
formation (Serio et al., 2000). If conversion of Sup35
ensues via a similar mechanism in vivo, the prion protein
of a strong [PSI*] variant might contain more surfaces to
promote conversion than weaker variants. This model does
not require that the Sup35°5™* aggregates vary in secondary
or tertiary structure; rather, differences in quaternary
structures could be sufficient. For example, aggregates of
stronger variants could be smaller and more numerous
than those of weaker variants, thus, they would presum-
ably convert soluble Sup35 more effectively and be
propagated more faithfully. Such differences in nucleation
surfaces are not likely to be retained by NM fibers formed
under the influence of Sup35P5™* in vitro.

A third explanation is that interactions between other
cellular factors and Sup35, which might be stochastic in
origin but self-perpetuating in nature, may modulate the
efficiency of conversion to the prion state in yeast [PSI]
variants. If so, these factors would be present in our
initial preparations and would influence the first, but not
subsequent rounds of conversions. Two likely candidates
are molecular chaperones, which aid protein folding, and
glutamine- and asparagine-rich proteins (QNrps).
Changing the balance of molecular chaperones has
pleiotropic effects on different [PSI*] variants (Chernoff
et al., 1995, 1999; Newnam et al., 1999; Jung et al., 2000;
Kushnirov et al., 2000b). Moreover, two chaperones, Sisl
and Ssal, interact stably with another yeast prion protein,
Rnql, only when it is in the prion conformation
(Sondheimer et al., 2001). At least 12 QNrps, including
Rnql, can influence the frequency at which [psi-] cells
convert to [PSI*] (Derkatch et al., 2001; Osherovich and

Prion conversion in [PSI*] strains

Weissman, 2001), but they are not required to maintain
[PSI*]. Although there were no apparent differences in the
distribution of several molecular chaperones and Rnql in
our Sup35PS* preparations, this does not preclude variant-
specific differences in the nature of these or other such
protein associations. Phenomena of this type may be
common. In mammalian cells, worms and yeast, diverse
QNrps interact with each other and with molecular
chaperones, and may thereby modulate the toxicity of
protein aggregates in several neurodegenerative diseases
(Cha, 2000; Chernoff, 2001; Nucifora et al., 2001; Perutz
and Windle, 2001).

Our work establishes that the key feature underlying
[PSI*] variants is a difference in conversion efficiency.
Since our system preserves this feature in the initial rounds
of conversion, it provides an assay for discovering the
molecular mechanism(s) that might maintain and propa-
gate such differences. Moreover, it will be interesting to
see whether similar differences in conversion efficiencies
of another yeast prion protein, Ure2, underlie the recently
reported [URE3] prion variants (Schlumpberger et al.,
2001). Ultimately, experiments of this type may contribute
to our understanding of the molecular mechanism that
underlies strains of mammalian prions, other neurodegen-
erative disease processes and diverse epigenetic phenom-
ena that still defy explanation.

Materials and methods

Yeast strains

We used [PSI*] variants in 74-D694 [MATa adel-14 (UGA) trpl-289
his3-A200 ura3-52 leu2-3,112] (Chernoff et al., 1995) and SL1010-1A
[MATo. adel-14 (UGA) met8-1 (UAG) leu2-1 his5-2 trpl-1 ura3-52]
(Zhou et al., 1999). The latter strain is related to 74-D694 by one out-
crossing (Zhou et al., 1999). The 74-D694 strong [PSI*], [psi~] and the
ANMSup35 strains were provided by I.Derkatch and Y.Chernoff. The
other [PSI*] variants were provided by P.Zhou, I.Derkatch and
S.Liebman: 74-D694 derivatives weak [PSI*] 13 (Derkatch et al., 1997,
1998; Zhou et al., 2001) and weak [PSI*] 21 (Derkatch et al., 1998; Zhou
et al.,2001) and SL1010-1A derivatives strong [PSI*], [ETA*] and [psi~]
(Zhou et al., 1999).

Lysate preparation

Cells were grown in YPD at 25 or 30°C to an optical density of 0.4-0.6 at
600 nm (ODg), treated with 50 pg/ml zymolyase 100 T (Seikagaku
America, Inc.) and incubated in YPD containing 1.2 M sorbitol and 1 mM
NaNj for 15 min. Spheroplasts were suspended in lysis buffer [25 mM
Tris—HCI pH 7.5, 100 mM NaCl, 5 mM MgCl,, 5% (v/v) glycerol, 4 mM
AEBSF, 5 pg/ml aprotonin and 5 pg/ml leupeptin]. Lysis commenced
upon sequential addition of sodium deoxycholate to 0.5% (w/v) and 5 min
later Brij-58 to 0.5% (w/v). Lysates were partially clarified by
centrifugation at 10 000 g for 20 min at 4°C. The protein concentration
of the supernatants was normalized and they were processed in one of
three ways.

In preparation 1, supernatants were sedimented at 100 000 g for 30 min
at 4°C (TLA-100.2 rotor; Beckman). Pellets were suspended in the
original volume of lysis buffer without AEBSF. After sedimentation was
repeated, the pellets (P1) were suspended in lysis buffer without AEBSF,
which was omitted since it retarded fiber formation (data not shown).

In preparation 2, LiCl was added to P1 pellets to 1 M. Suspensions were
incubated for 30 min with gentle rotation at 4°C and layered upon 30%
(w/v) sucrose prepared in lysis buffer without AEBSF. Samples were
sedimented as described (Zhou et al., 1999). Sucrose pellets (P2) were
suspended in lysis buffer without AEBSF.

In preparation 3, supernatants were layered upon 30% (w/v) sucrose
prepared in lysis buffer without protease inhibitors and sedimented at
200 000 g for 103 min at 4°C (SW28 rotor; Beckman). The pellet fraction
(P3) was suspended in lysis buffer without protease inhibitors. We
estimate that ~30 ug of Sup35 were present per 1 mg of total protein in
each P3 Sup35”5 preparation (Figure 3E).
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NM purification

Untagged NM was purified to homogeneity from Escherichia coli as
described (Serio et al., 1999) with minor changes. Proteins were eluted
from the Q-Sepharose fast flow column (Pharmacia) using a shallow
linear gradient of 25 column vols from 40 to 240 mM NaCl in 8 M urea
and 10 mM Tris—HCI pH 7.2. Fractions containing NM were pooled and
loaded onto the Macro prep Ceramic hydroxyapatite Type 1 column (HA;
Bio-Rad). Sodium phosphate replaced potassium phosphate in all HA
column solutions. HA wash buffer II contained 40 mM sodium phosphate
pH 6.8 in 8 M urea. Protein was eluted using 125 mM sodium phosphate
pH 6.8 in 8 M urea. Purified NM was dialyzed against 8 M urea, 20 mM
Tris—HCI pH 7.5, precipitated with 4 vols of 100% anhydrous methanol
and stored at —80°C.

NM conversion and detection

Recombinant NM (10 uM) was incubated in 1X PBS pH 7.4, 5 ug/ml
aprotonin, 5 pg/ml leupeptin with or without yeast protein fractions
according to the figure legends. Conversion was performed at 7°C for all
experiments except for those shown in Figures 3F and 4C, which were
performed at 25°C. Conversion was monitored by fluorescence emission
of 20 uM ThT (Sigma) and in the presence of 0.2 uM NM using a Jasco
FP-750 (bandpass 5 nm ex., 10 nm em.) or a Jobin Yvon Horiba
Fluormax-3 (bandpass 3 nm ex. and em.) fluorescence spectrophotometer.
The excitation and emission wavelengths were 450 nm and between 481
and 486 nm, respectively. Sigmoid curves [SigmaPlot 2000 for Windows
(SPSS Inc.)] in Figures 2A, B, 3A, D and F indicate only trends and are
not intended as correlated fits. Error bars represent the standard error of
between 3 and 5 measurements of one sample at each time point. The
activity of any contaminating proteases during fiber assembly was
determined throughout each time course by Coomassie Blue R-250
staining of proteins separated by SDS-PAGE.

For AFM, 50 pul of 1.0 uM fibers were applied to a freshly cleaved mica
surface for 10 min. The mica was rinsed once with 150 pl of 1X PBS,
rinsed five times with 150 pl of distilled water and allowed to air dry
overnight. Samples were imaged in tapping mode with a Multimode
scanning probe microscope (Digital Instruments, Santa Barbara, CA)
using a type NCH etched silicon probe (Nanosensors, Wetzlar-
Blankenfeld, Germany).

For FTIR spectroscopy, NM fibrils were pelleted by centrifugation at
11 000 g for 10 min at 4°C. Aliquots (2 pl) of slurried pellets were applied
to a Golden Gate single reflection diamond attenuated total reflectance
unit (Graseby-Specac) purged with dry air and covered to prevent sample
evaporation. Data collection was performed on a System 2000 FT-IR
Instrument (Perkin Elmer). Test conditions: 20°C, 2 cm™! resolution,
5 cm/s OPD velocity, 1000 scans, 2500-1000 cm™! scan range, 0.5 cm™!
data interval. The detector was an nbl MCT cooled by liquid nitrogen.
Primary spectra were obtained by individually subtracting spectra of
corresponding buffer and water vapor. Second-derivative spectra were
calculated from smoothed primary spectra using five data points and
normalized to adjust for differences (of less than a factor of two) in NM
concentration. The software used for spectral analyses was Spectrum
v2.00 (Perkin Elmer).

Dot-blot analysis

The amount of soluble Sup35 in [PSI*] variants was determined as
described (Zhou et al., 1999), except that crude lysates were partially
clarified by sedimentation at 12 000 g rather than 4000 g. All strains were
grown at 25°C to an ODg of ~1.5 and a cell density of 4-5 X 107 cells/
ml.

Quantification of translational read through

[PSI*] variants expressing a translational fusion of phosphoglycerate
kinase to B-gal either with or without an intervening UGA, UAG or UAA
stop codon (Stansfield et al., 1995) were grown at 25°C to an ODg
between 0.4 and 0.6. B-gal activity was measured as described (Chernoff
et al., 2001) using a GalactoStar kit (Tropix). The average values from
two independent experiments (three replicates each) for each plasmid are
plotted as percentage B-gal specific activity of strains with the plasmid
lacking a stop codon. Error is reported as percentage population standard
deviation (Taylor, 1982).
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