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The [PSI'] prion can be induced by overproduction of
the complete Sup35 protein, but only in strains carry-
ing the non-Mendelian [PIN*] determinant. Here we
demonstrate that just as [psi~] strains can exist as
[PIN"] and [pin~] variants, [PSI*] can also exist in the
presence or absence of [PIN]. [PSI'] and [PIN"] tend
to be cured together, but can be lost separately.
[PSI"]-related phenotypes are not affected by [PIN*].
Thus, [PIN"] is required for the de novo formation of
[PSI'], not for [PSI'] propagation. Although [PSI*]
induction is shown to require [PIN*] even when the
only overexpressed region of Sup35p is the prion
domain, two altered prion domain fragments circum-
venting the [PIN'] requirement are characterized.
Finally, in strains cured of [PIN*], prolonged
incubation facilitates the reappearance of [PIN'].
Newly appearing [PIN*] elements are often unstable
but become stable in some mitotic progeny. Such
reversibility of curing, together with our previous
demonstration that the inheritance of [PIN*'] is non-
Mendelian, supports the hypothesis that [PIN*] is a
prion. Models for [PIN*] action, which explain these
findings, are discussed.

Keywords: nonsense suppression/[PIN™ J/prion/[PSI* ]/
SUP35

Introduction

Prions are conformational variants of particular proteins
that can propagate their conformation to conventionally
folded variants. The first hypothesized prion was the
causative agent of transmissible spongiform encephalop-
athies in mammals—PrP5°, an abnormal conformation of
the mammalian protein PrP® (for reviews, see Horwich
and Weissman, 1997, Prusiner et al., 1998). Now the list of
transmissible protein conformations includes [PSI*]
(Sup35pP Sl+) and [URE3] (UreZpURE3) in yeast and
[Het-s] in Podospora anserina (Wickner, 1994; Coustou
et al., 1997; for reviews, see Cox, 1994; Lindquist, 1997;
Wickner, 1997; Liebman and Derkatch, 1999; Wickner
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and Chernoff, 1999). The following genetic criteria for
fungal prions were proposed (Wickner et al., 1995, 1999):
(i) a non-Mendelian pattern of inheritance; (ii) reversible
curing; (iii) induction of the prion by overproduction of
the normal form of the protein; and (iv) phenotypic
resemblance between strains bearing the prion and strains
carrying mutations that inactivate the prion-encoding
gene. The first criterion is shared by viruses, plasmids
and cytoplasmic organelles. Moreover, like prions, these
elements can usually be cured by guanidine hydrochloride
(GuHCI). However, prions are the only non-Mendelian
elements that have been shown to reappear after curing.
Thus, reversibly curable non-Mendelian genetic factors
are likely to be prions. The third criterion is met by /PSI*],
[URE3] and [Het-s], while the fourth is met only by
[PSI*] and [URE3], which inactivate normal cellular
functions of Sup35p and Ure2p, but not by the [Het-s]
prion, which appears to have a function of its own.

[PST*] is a prion variant of the yeast Sup35p (for a
review, see Liebman and Derkatch, 1999). [PSI*] is
characterized by the formation of proteinase K-resistant
Sup35p aggregates (Patino et al., 1996; Paushkin et al.,
1996) that cause a reduction of translation termination
efficiency and can be scored as nonsense suppression
because Sup35p is the translation termination factor eRF3.
Analyses of nonsense suppression levels in isogenic
[PSI*] derivatives demonstrated that there are weak
[PSI"] variants characterized by a low level of nonsense
suppression and strong [PSI™ ] variants characterized by a
high level of nonsense suppression, and the efficiency of
nonsense suppression correlates with the level of Sup35p
aggregation (Derkatch er al., 1996; Zhou et al., 1999).
These [PSI*] variants are analogous to the mammalian
prion strains and are presumed to carry either alternative
prion conformations of Sup35p or different types of [PSI*]
aggregates.

Sup35p consists of three major domains. The
C-terminal part (Sup35C) starting from amino acid
254 is highly conserved and essential for viability
(Ter-Avanesyan et al., 1993). It contains the G-domain
(Kushnirov et al., 1988; Wilson and Culbertson, 1988) and
sequence(s) required for interacting with eRF1 (Paushkin
et al., 1997a; Ebihara and Nakamura, 1999; Eurwilaichitr
et al., 1999). The Sup35Cp homolog from Xenopus laevis
is sufficient for GTP binding, and promotion of the stop
codon and eRF1-dependent release of fMet from fMet-
tRNA (Zhouravleva et al., 1995; Frolova et al., 1996). The
N-terminal domain (Sup35N) ending at amino acid 123
and the internal M-domain (Sup35M) are not conserved
and are not essential for the termination process. However,
Sup35N is required for the maintenance of [PSI*] (Ter-
Avanesyan et al., 1994) and, when overproduced, induces
the de novo appearance of [PSI*] (Derkatch et al., 1996;
Patino et al., 1996), as does the complete Sup35p
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Table 1. [PSI"] derivatives can be [pin”]

Derivative used Inducing No. of [PSI"]s induced
for [PSI] Sup35p
induction construct Weak Strong

[PIN"] [pin”] [PIN"] [pin”]
[pin”] truncated 0 7 0 8
[PIN*] wild type 7 0 6 0
[PIN*] truncated 9+ 1* 2° 5 1

[PST" Js were induced in 74-D694 derivatives with pEMBL-SUP35 (wild type) and pEMBL-ABal, (truncated). Hsp104p overproduction was used to eliminate
[PSI*] from these strains prior to the determination of their Pin status. This was accomplished by transforming [PSI*] derivatives with pYS-GAL104 and inducing
HSP104 overexpression. Following colony purification, red [psi ] colonies were assayed for Pin by a cross to a tester [psi ~J[pin”] strain overproducing the
complete Sup35p. Only when the 74-D694 [psi ~] derivatives used in the cross carried [PIN* ] were the resulting diploids [PIN*], i.e. overproduction of Sup35p

induced the appearance of [PSI"], scored as growth on adenineless media.
*Both [PIN*] and [pin”] progeny were obtained from this [PSI*] derivative.

PThese [PSI" ] derivatives also generated [pin”] progeny when [PSI*] was lost spontaneously or on 1 mM GuHCI, proving that they were indeed [pin”]. The
appearance of occasional [PSI* J[pin~] derivatives among [PSI* Js induced in this experiment reflects the inherent instability of /PIN*] and the ability of
pEMBL-ABal,, to induce [PSI*] in a [pin~] background. Note that when this experiment was repeated using two freshly isolated colonies of a [PIN*] derivative,

none of 12 [PSI*] derivatives induced gave rise to any [pin | progeny.

(Chernoff et al., 1993). The presence of Sup35N is crucial
and sufficient for Sup35p—Sup35p binding in a [PSI*]-
dependent manner (Paushkin et al., 1996, 1997a), and the
Sup35Np fragment from a [PSI'] strain can convert
soluble Sup35p to proteinase K resistance in vitro or be
converted to proteinase K resistance in the reverse
experiment (Paushkin er al., 1997b). Mutational studies
have defined two Sup35N regions, the glutamine/
asparagine-rich stretch and the oligopeptide repeats,
which are involved in [PSI" ] biogenesis and maintenance,
although the roles of these regions may be different (Doel
et al., 1994; DePace et al., 1998; Kochneva-Pervukhova
et al., 1998a; Derkatch et al., 1999; Liu and Lindquist,
1999).

Purified Sup35p (or Sup35Np) can form amyloid-like
fibers in vitro, and the growth of these fibers can be
accelerated by seeding with pre-formed fibers as well as by
adding lysates of [PSI"] cells (Glover et al., 1997; King
et al., 1997). These fibers can be considered to be an
in vitro model of [PSI'] behavior. However, additional
factors are apparently involved in [PSI*] genesis and
maintenance in vivo. For example, the Hsp104p chaperone
is required for [PSI" ] maintenance but cures [PSI* ] when
present at a high concentration without the simultaneous
overexpression of Ssalp, a chaperone from the Hsp70p
family (Chernoff et al., 1995; Newnam et al., 1999). Also,
a non-Mendelian factor [PIN*] has to be present in yeast
strains for efficient induction of the de novo appearance of
[PSI* ] by Sup35p overproduction (Derkatch et al., 1997).

Here we show that [PIN'] is not needed for the
propagation of [PSI"] but is required for the de novo
formation of [PSI*], because [PSI"] derivatives can be
[pin~] and neither [PSI*] stability nor any [PSI" J-related
phenotype is affected by [PIN™ ]. The presence of Sup35M
and Sup35C in the [PSI*]-inducing constructs is not
crucial for such [PINT]-dependence, and exceptions to
[PIN* ]-dependence were observed only in the presence of
Sup35p fragments carrying the RVDLQACKLMIQYQRK
extension. Finally, we show that curing of [PINT] is
reversible. This, together with our previous observations
that [PIN™ ] is characterized by a non-Mendelian pattern of
inheritance and depends upon Hsp104p for its mainten-
ance, strengthens the hypothesis that /PIN*] is a prion.

Results

[PSI*] derivatives obtained in a [pin~] strain remain
[pin~]

We have shown previously that the induction of the de
novo appearance of [PSI'] by overproduction of the
complete Sup35p is observed only in the presence of
[PIN"] (Derkatch et al., 1997). Thus, [PIN"] is required
for either the maintenance or the induction of [PSI*].
Surprisingly, one of the Sup35Np-encoding plasmids,
pEMBL-ABal,,, (previously called pEMBL-ABal2), was
able to induce [PSI"] when introduced into [pin~] cells
(Derkatch et al., 1997). This plasmid encodes a truncated
protein containing the first 154 amino acids of Sup35p and
a 17 amino acid tail from the vector (see below). Either
this Sup35p fragment can seed [PSI*] in the absence of
[PIN" ], and the induced [PSI* Js remain [pin~] and do not
require [PIN"] for further propagation, or [PSI"] induc-
tion occurs in conjunction with the de novo appearance of
[PIN™].

To distinguish between these possibilities, isogenic
weak and strong [PSI*] derivatives were obtained in
[PIN"] and [pin~] versions of strain 74-D694 transformed
with pPEMBL-ABal.,, or the plasmid expressing the com-
plete Sup35p, pEMBL-SUP35 (Tablel). These [PSI*]
derivatives were then exposed to excess Hsp104p, which
causes the loss of [PSI"] (Chernoff et al., 1995) but does
not affect [PIN* ] (Derkatch et al., 1997), by transforming
them with pYS-GAL104. Usually the Pin status of six
[psi~] colonies arising from the progeny of three pYS-
GAL104 transformants was analyzed for each [PSI']
derivative. The [psi~] progeny of all 15 [PSI] variants
obtained by expression of the pEMBL-ABal,,, encoded
Sup35p fragment in a [pin | derivative were shown to be
[pin”]. In contrast, the progeny of the control [PSI*]
variants obtained in a [PIN*] version of 74-D694 were
usually [PIN*] (Table I).

Similar results were obtained when the Pin status of
[PSI*] derivatives described above was re-determined
after [PSI" Js were lost spontaneously or upon treatment
with 1 mM GuHCI (data not shown), which apparently
cures prions by a mechanism different from that of excess
Hsp104p (Eaglestone et al., 1999b). Weak [PSI" Js were
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Table II. /[PIN*] and [PSI*] tend to be lost or retained together on GuHCl-containing media

Progeny Strong [PSI*J[PIN*] Weak [PSIT][PINY]

Observed Expected Observed Expected
[PST"][PIN"] 63 43 19
[psi “J[PIN*] 17 22 46
[PST" ][pin”] 41 42 66
[psi~]lpin”] 174 190 166
Total 295 297 297

The data from three independent subclones, which gave similar results, are combined (see Materials and methods). Strong [PSI*J[PIN*] or weak [PSI* J[PIN*]
74-D694 derivatives were grown on 5 mM GuHCI for 7.4 generations. The expected values were calculated using the observed frequency of the loss/retention of
[PSI*] and the observed frequency of the loss/retention of [PIN*] assuming that the loss of [PSI*] and [PIN" ] is independent. For example, the expected value for
[psi “J[PIN*] is the product of the observed frequency of the loss of [PSI"] and the observed frequency of the retention of [PIN*] times the total number of
derivatives analyzed. The difference between the observed and the expected proportions is statistically significant (P <0.005). In control experiments, where cells
were grown on YPD, strong [PSI"] was 99.81% stable, weak [PSI*] was 99.55% stable (12 240 and 12 673 colonies counted, respectively) and [PIN*] was 100%
stable (26 and 29 progeny analyzed from strong and weak [PSI” J[PIN* ] derivatives, respectively). Data suggestive of co-loss of [PSI*] and [PIN*] were also
obtained in two other experiments, when [PSI* J[PIN* ] 74-D694 derivatives were grown on 5 mM GuHCI for 6.9 generations (36 [PSI" J[PIN*], five

[psi “J[PIN*], 16 [PST*][pin~] and 32 [psi ~][pin”] derivatives of the strong [PSI"J[PIN*] and 25 [PSI* J[PIN*], 11 [psi J[PIN*], 15 [PSI* ][pin ] and 23

[psi ~][pin~] derivatives of the weak [PSI" J[PIN*] were scored). Shorter incubation on 5 mM GuHClI (approximately five cell generations) resulted in [PSIT]

becoming cryptic (cultures were red on this medium but [PSI*] was not cured).

chosen for these experiments because they give rise to
spontaneous [psi | colonies at a frequency higher than
10~ (thus outnumbering any Mendelian mutants with
[psi~]-like phenotypes), and growth on 1 mM GuHCI
frequently eliminates weak [PSI*]s without eliminating
[PIN* ] (Derkatch et al., 1997).

Thus, [PSI* ] derivatives can be [pin”] as well as [PINT]
and a pEMBL-ABal.,-encoded protein fragment can
induce [PSI'] in a [pin~] strain without the appearance
of [PIN"]. Interestingly, we find (data not shown) that
[PSI*] strain 783/4c (Eaglestone et al., 1999a), derived
from strains used by B.S.Cox and co-workers in the classic
[PSI"] studies (for reviews, see Cox et al., 1988; Cox,
1994), is [pin~]. This may be relevant in interpreting some
early [PSI"] data.

[PSI*] and [PIN*] tend to be retained or lost
together upon growth on GuHCl-containing
medium
The above results suggest that [PIN™] is required only at
the initial step of Sup35p conformational change and/or
[PSI*] seed formation, and that, once induced, [PSI*]
does not require [PIN*] for its maintenance. The possi-
bility remains, however, that [PSI"] variants induced by
the complete Sup35p or its fragments through a [PINY |-
dependent pathway will be dependent on [PIN™ ] for their
further propagation. To examine this possibility, weak and
strong [PSITJ[PIN*] 74-D694 variants induced in the
presence of [PIN"] were grown on 5 mM GuHCI in an
attempt to cure [PIN"] but retain [PSI"]. Cultures were
then colony purified on YPD. About 30% of the progeny
were non-sectored white (or, in the case of weak [PSI'],
pink), indicative of the retention of a mitotically stable
[PST*]. The Pin status of these [PSI*] clones was
determined (see above and Materials and methods) and,
in agreement with the hypothesis that /PIN* ] is not needed
for [PSI" ] propagation, [pin~]s were detected.

A quantitative analysis of the progeny of [PSI" J[PINT]
strains grown on 5 mM GuHCI was performed to test
whether [PIN*] and [PSI*] are cured independently
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(Table II, see also Materials and methods). The frequency
of [PSI*][PIN*] and [psi~][pin~] derivatives was higher
than expected and the frequency of [psi J[PIN*] and
[PSI*][pin~] derivatives was lower than expected, if
[PSI"] and [PIN'] were lost independently. The data
indicate that even though each of the factors can be cured
separately, [PIN"] and [PSI*] tend to be eliminated or
retained together.

A ‘protection’ hypothesis postulating that [PIN*]
protects [PSI"] from being cured, or [PSI*] protects
[PIN"], was tested. In the first experiment, isogenic
[PSI* ][pin~] and [PSI* ][PIN" ] 74-D694 derivatives were
grown on 5 mM GuHCI for 7.4 cell generations and then
plated to YPD. The fraction of [psi] colonies was
estimated from ~12 000 colonies from each culture. The
observation that strong [PSI" ] was eliminated in 64.7 and
61.7% of the cells in [PIN'] and [pin~] derivatives,
respectively, and weak [PSI" ] was eliminated in 71.4 and
72.7% of the cells of [PIN"] and [pin~] derivatives,
respectively, excluded the possibility that the presence
of [PIN"] protects [PSI"] from being eliminated. In
an analogous experiment that involved an isogenic
[psi”][PIN"] and the same [PSI*][PIN"] 74-D694
derivatives, the fraction of [pin~] colonies was estimated
among 300 colonies from each culture. Curing of [PIN*]
was estimated at 79.5% in the [psi~] derivative, and at
72.9 and 78.1% in the strong and weak [PSI" ] derivatives,
respectively. These differences were shown to be not
statistically significant (P >0.25) using a contingency %>
test (Herskowitz, 1977). Thus, the presence of [PSI* ] does
not protect [PIN™ ] from being eliminated.

[PIN*] does not affect [PSI']-related phenotypes

The demonstration of the existence of [PSI" ][pin~] as well
as [PSI"][PIN"] strains raises the question of whether
[PSI" J-related phenotypes are affected by the absence of
[PIN™]. No differences in the following phenotypes were
detected in isogenic weak and strong [PSI*J[PIN*] and
[PSI* ][pin~] derivatives of 74-D694: (i) the level of
nonsense suppression (Figure 1A); (ii) the level of Sup35p
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Fig. 1. [PIN*] does not affect various [PSI" J-related phenotypes in the
isogenic [PSI"][pin”] and [PSI" J[PIN"] derivatives of 74-D697.

(A) [PIN*] does not affect nonsense suppression caused by [PSI*].
Ten-fold serial dilutions of the indicated cultures were spotted on
SD-Ade (top panels) and SD (bottom panels) and incubated at 20°C.
Growth on SD-Ade is due to the suppression of the adel-14 nonsense
allele. The SD medium is the growth control. (B) [PIN"] does not
affect the levels of Sup35p aggregation. Cells from logarithmically
growing cultures of the derivatives indicated were resuspended in
buffer (25 mM Tris—HCI pH 7.5, 10 mM MgCl,, 50 mM KCI, 1 mM
EDTA, 1 mM dithiothreitol) and broken with glass beads. Cell extracts
containing 200 pg of protein normalized to 2 pg/ul were centrifuged
(30 min, 18 000 g, 4°C), and pellet (P) and supernatant (S) fractions
were used in Western blot analysis. T (total) is the ‘no centrifugation’
control. Polyclonal mouse anti-Sup35p antibody M12 (kindly supplied
by V.Prapapanich) was used for immunodetection using Western-Star™
reagents and the Tropix protocol (Bronstein et al., 1994). (C) [PIN*]
does not affect growth inhibition caused by overproduction of Sup35p
in [PSI"] derivatives as well as the rescue of this growth inhibition by
simultaneous overproduction of Sup45p. Ten-fold serial dilutions of
cultures of co-transformants carrying either pGAL::SUP35 or YCp50
and either YEp13-SUP45 or YEp13 are shown. Incubation was on
SGal-Ura,Leu at 30°C for 4 days. + shows that indicated protein is
overproduced, — stands for the lack of overproduction.

aggregation (Figure 1B); (iii) mitotic stability of [PSI*] in
the absence and presence of GuHCI (previous section);
(iv) growth inhibition by overproduction of wild-type
Sup35p (Figure 1C); (v) rescue of this growth inhibition by
simultaneous Sup45p overproduction (Figure 1C); (vi)
lethality of [PSI*] haploids carrying the sup35-2 allele
(data not shown); or (vii) /PSI"*] stability and suppression
efficiency in the presence of the PNM2 allele of SUP35.
PNM?2 cured all [PSI" Js in [pin~] 783/4c but did not cure
[PSI" ] in 74-D694 [PSI* ] derivatives whether or not they
were [PIN"], suggesting that [PIN" ] does not determine

[PSF] and [PIN*]: a two-prion system in yeast

the ‘Psi no more’ phenotype of the PNM2 allele. Also, as
previously reported for [PSI"J[PIN"] strains (Derkatch
etal., 1999), PNM?2 overexpression increased and reduced,
respectively, the suppressor phenotypes of weak and
strong [PSI*][pin~] derivatives of 74-D694. The fact that
[PIN* ] does not affect [PSI* J-related phenotypes supports
the hypothesis that [PIN* ] affects [PSI" ] appearance but
not propagation.

[PSF*] induction usually remains [PIN*]-dependent
even when the inducing constructs lack the
Sup35p M and C domains
We have demonstrated previously that overproduction of
the complete Sup35p or its pPEMBL-ABcl-encoded frag-
ment containing the N and M domains cannot cause the de
novo appearance of [PSI*] in [pin~] derivatives, whereas
the pPEMBL-ABal,,-encoded fragment containing just the
N and the beginning of the M domain can (Derkatch et al.,
1997). If this [PINT]-independence were due to the
absence of downstream domains in the inducing Sup35p
fragment (e.g. if the functional form of the Pin protein,
Pin®"", interacts with Sup35M or Sup35C to inhibit the
format10n of [PSI*] seeds; see Derkatch et al., 1997),
other Sup35p fragments lacking the M and C domains
should also induce [PSI"] in a [PIN']-independent
manner. Alternatively, if the [PIN* J-independence of the
pEMBL-ABal,,-encoded fragment is not due to the lack
of downstream domains, other Sup35 fragments lacking M
and C generally should remain [PIN*]-dependent. This
could be, for example, if the Pin protein exerts its effect
through the N-terminus of the [PSI*]-seeding fragment.
Then, dependence on [PIN*] would disappear only if
certain modifications (e.g. extensions present in genetic-
ally engineered Sup35p fragments) alter the conformation
of Sup35N and/or its ability to take on the [PSI*] shape.

Single- and multi-copy plasmids encoding the complete
Sup35p or three N-terminal fragments extended either by
different short sequences or by a LacZ fragment were
tested for their ability to induce [PSI*] (see Materials and
methods; Figure 2). If the presence of the M and C
domains is required to make /[PSI*] induction [PIN*]-
dependent, then [PSI*] is likely to be induced in [pin”]
strains by the multicopy plasmids lacking these domains
(pFL44-ABal, pFL44-AEcoR, pFL44-ABal-lacZ or
pFL44-AEcoR-lacZ) but not by the plasmids containing
them (pFL44-SUP35, pFL44-ABcl or pFL44-ABcl-lacZ).
The data show that none of the plasmids caused the de novo
appearance of [PSI"] in a [pin”] background frequently
enough to be detected in a patch test (Figure 2). Despite
this, expression of Sup35p fragments was not reduced
significantly in [pin~] derivatives (Figure 3), and all
multicopy plasmids induced the de novo appearance of
[PSI"] in [psi~J[PIN"] strains, confirming that the prion
domains were functional (Figure 2). Moreover, even the
low level of expression of the constructs bearing the
N-terminal Sup35p fragments (not fused to LacZ or the
Sup35p C-terminus) from single-copy plasmids caused
efficient [PSI"] induction in a [PIN*] background
(Figure 2). These results show that the absence of
downstream Sup35p domains is not sufficient for the
relief of [PIN* ]-dependence for [PSI"] induction.

A comparison of constructs that do or do not induce
[PSI*] in [pin~] strains indicates that the extensions
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Plasmid [PST'] induction
SUP35 fragment

Description | 2 p-based vector CEN vector
[pin] [PIN"] [PIN']

UPFK1 upfl | UPFI | upf! UPF1 | upfl

pFL44 (pFL38)-based plasmids

————— V/VPSSN AEcoR * - - 4+ | |+ At
|_::1 GVPSSN ABal - - + |- —
|—:| PGRVPSSN ABcl - - r P .
| AEcoR-lacZ | - - | . _
|_m ABal-lacZ | - _ ¥ " N N
|— e ABcllacZ. | - N + + : 5
full SUP35 | - By P - -

basic vector | - - - - N R

pEMBI.-yex4-based plasmids

I AECOR ext - - +++ +++ N/A N/A
|— SRVDLQACKLMIQYQRK AFcoRea | ++ [ [ [NA | NA
l—: aRVDLQACKLMIQYQRK ABaley e | At | At | e [ N/A | N/A
|—::I LESTCRHASL ABcl - - |+ |NA[NA
: full SUP35 | - - FUIE NA | N/A

basic veetor | - - - - N/A N/A

Fig. 2. Sequences attached to Sup35N determine whether it can induce [PSI'] in a [PIN" J-independent manner. The results of patch tests in which
[PST*] de novo appearance was detected as growth or papillation on adenineless media are presented. Filled square, open square and shaded square
indicate N, M and C domains of Sup35p, respectively; hatched square indicates LacZ extension; the amino acid sequences of shorter extensions are
shown in upper case letters. In the ABal., construct, the first amino acid in the extension, shown as a lower case ‘a’, is the same as normally found at
position 155 in Sup35p. It is included in the extension to show the comparison with the other ABal constructs, which include only amino acids 1-154
of Sup35p. ++++ and +++ stand for different levels of growth on adenineless media after 4 days of incubation at 30°C. ++ and + stand for very
intensive and intensive papillation after 12 days of incubation in 30°C. — indicates the absence of growth or intensive papillation on adenineless
media. “The absence of a yeast transcription termination signal immediately downstream of the polylinker in pFL44 and pFL38 makes it possible that
the mRNAs encoding the AEcoR, ABal and ABcl Sup35p fragments may be extended considerably beyond the stop codons located within the
polylinker and may therefore be subject to nonsense-mediated mRNA decay (NMD). Thus, all experiments were repeated using an isogenic AupfI
strain lacking NMD. Note that control experiments showed that Aupf] had no effect on the efficiency with which the full-length Sup35p induces
[PSI*] (see also Derkatch et al., 1996). Furthermore, there were only minor increases noted even in experiments employing the AEcoR, ABal and
ABcl constructs (except for experiments with CEN vectors).

attached to the construct, rather than the length of the
N-terminal Sup35p fragment, determines the [PINY]-
dependence (see Figure 2). Indeed, the proteins encoded
by pFL44-ABal, pEMBL-ABal.,, pFL44-ABal-lacZ,
pFL44-SUP35 and pEMBL-SUP35 differ only by se-
quences (which are six, 17, 129, 531 and 531 amino acids
long, respectively) downstream of the 154 amino acid
Sup35 piece. Western analysis shows that the 17 amino
acid extension present in the inducing pEMBL-ABal.,,
construct does not increase the protein expression
or stability (Figure 3). On the contrary, the level of
the pEMBL-ABal.-encoded fragment was significantly
lower than the level of the fragments encoded by
pFL44-ABal, pFL44-ABal-lacZ, pFL44-SUP35 and
pEMBL-SUP35 (the last is in agreement with Kochneva-
Pervukhova et al., 1998b).

To see if the presence of an analogous 17 amino acid
extension on a different fragment containing the prion
domain could also facilitate the appearance of [PSI*] in
[pin~] derivatives, the pEMBL-AEcoR.,; plasmid was
utilized. Indeed, the de novo appearance of [PSI*] was
observed in [pin ] derivatives when transformed with
pEMBL-AEcoR.,; but not when transformed with the
control pEMBL-AECOR e, plasmid (Figure 2). Thus,
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[PIN* ]-dependence is relieved in cells expressing two
different Sup35Np constructs with the RVDLQACKL-
MIQYQRK extension.

Extended incubation allows for the induction of
the de novo appearance of [PSI] in [pin~]
derivatives: [PIN*] reappearance

According to the prion model, the loss of a prion should be
reversible as long as the gene encoding the prion protein is
expressed. Thus, if [PIN"] is a prion, it should reappear
spontaneously at a low frequency. Since prolonged
incubation at low temperature apparently increases the
spontaneous appearance of prions (see Discussion), we
used these conditions in an attempt to increase the
frequency of spontaneous [PIN*] appearance to a detect-
able level. To detect the de novo appearance of [PIN™ ], we
selected for the appearance of [PSI"] in a [psi~][pin”]
strain overproducing Sup35p and screened these [PSI*]s
for the presence of [PIN].

Transformants of the [psi~J[pin ] 74-D694 derivative
with the pGAL::SUP35 plasmid were incubated on SD-
Ura for 1 month at 4°C prior to replica plating to SGal-Ura,
where Sup35p is overproduced, and then to SD-Ade and
SEt-Ade, which select for [PSI"] as well as for other
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Fig. 3. Comparison of expression of Sup35p fragments in [PIN*] and
[pin~] derivatives of 74-D694. The indicated [psi~] derivatives of the
Aupfl mutant of 74-D694 were transformed with the plasmids listed.
Cells from logarithmically growing cultures were resuspended in buffer
(50 mM Tris-HCI pH 7.5, 5 mM MgCl,, 10 mM KCl, 0.1 mM EDTA,
0.1 mM dithiothreitol, 100 pg/ml RNase A, 100 pg/ml cycloheximide,
2 pg/ml pepstatin A, 2 pg/ml phenylmethylsulfonyl fluoride, 1 pg/ml
benzamidine, 10 pg/ml leupeptin) and broken with glass beads. Cell
extracts containing 120 pg of protein were used in Western blot
analysis (top panel). Antipeptide antibody against amino acids 137-151
of Sup35p (Patino et al., 1996; kindly supplied by M.Patino and
S.Lindquist) was used for immunodetection using Western-Star™
reagents and the Tropix protocol (Bronstein et al., 1994). All lanes are
from the same gel. Lanes 1-7 were exposed for the same amount of
time, whereas lane 8 shows a longer exposure of lane 7. Arrows
indicate the positions of the proteins encoded by pFL44-ABal-lacZ (top
left), pFL44-ABal (bottom left) and pEMBL-ABal,,, (right). The
amount of protein loaded was normalized by Coomassie Blue staining
(bottom panel).

[PSI*] and [PIN*]: a two-prion system in yeast

Ade™ revertants. The slight increase in the number of
the Ade" colonies following prolonged incubation and
GAL::SUP35 induction relative to the control ‘no induc-
tion’ experiments was due to the de novo appearance of
[PSI"]s (Table 1II, A). Importantly, the majority of these
[PSI*]s were shown to be [PIN*] and the remainder
appear to have gone through a transient /[PIN™ ] state (see
below). Because the [psi~][pin~] 74-D694 derivative used
in this experiment was obtained by GuHCI curing of
[PIN"] from the [psi”][PIN"] 74-D694 strain (see
Materials and methods), this result confirms that the
curing of [PIN™] is reversible.

Several results suggest that the newly induced [PIN™ s
are unstable. First, 10 of 28 [PSI"J[PIN"] derivatives,
when cured of [PSI"], gave rise to [psi~][pin”] as well as
[psi”J[PIN"] progeny. Indeed, when pYS-GAL104 was
introduced into the [PSI*][PIN*] derivatives to cure
[PSI*], both [psi~][PIN"] and [psi~][pin~] clones could
occasionally be obtained from a single transformant.
Secondly, when Sup35p overproduction was induced after
several generations of growth at 30°C following the 4°C
incubation (delayed induction, Table III, B), the propor-
tion of /[PSI" ] colonies among Ade™ colonies was reduced
from 50 to 10%, indicating a reduction in the de novo
appearance of [PSI"], possibly because some cells lost
[PIN*] prior to the Sup35p overexpression. Likewise,
when yeast overexpressing Sup35p on SGal-Ura medium
were incubated at 4°C for a prolonged period (Table III, C),
the proportion of [PSI*]s among Ade® colonies was
increased to 65%. Finally, newly generated [PSI']
derivatives that at first appeared to be [pin ] have
apparently lost [PINT] following [PSI"] induction. In
these cases, although no [PIN™ | was found among the first
six clones tested, [PIN*] was detected when several
additional clones were analyzed (data not shown).

Table IIL. The effects of prolonged incubation on [PSI*] induction and [PIN"] de novo appearance

Plasmid 4°C Incubation No. of colonies
incubation on SGal-Ura
Ade* [PST"] Confirmed as [PSI*][PIN"]

A pGAL::SUP35 1 month immediately after 4°C 106 53 28

pGAL::SUP35 1 month none 25 0 NA

YCp50 1 month immediately after 4°C 42 0 NA

YCp50 1 month none 23 0 NA
B pGAL::SUP35 1 month delayed after 4°C 30 3 2

YCp50 1 month delayed after 4°C 21 0 NA
C pGAL::SUP35 1 month during 4°C 34 22 6"

YCp50 1 month during 4°C 11 0 NA
D pGAL::SUP35 7 days immediately after 4°C 30 5 1

pGAL::SUP35 7 days none 36 0 NA
E pGAL::SUP35 4 days immediately after 4°C 124 7 1*

pGAL::SUP35 4 days none 69 0 NA
F pGAL::SUP35 none yes 174 1° 0

(A, D and E) Like-size patches on SD-Ura of nine (A), three (D) and seven (E) transformants with each plasmid were incubated at 4°C for the time period listed.
After the 4°C incubation, yeast were replica plated first to SGal-Ura (if ‘immediately after 4°C’ is indicated) or to SD-Ura (if ‘none’ is indicated), and then to
SD-Ade and SEt-Ade to select for Ade™ colonies. (B) Same as above except that after the 4°C incubation, four transformants were first replica plated to SD-Ura,
then to SGal-Ura and only then to SD-Ade and SEt-Ade. (C) Like-size patches on SGal-Ura of two transformants with each plasmid were incubated at 4°C for

1 month and then replica plated to SD-Ade and SEt-Ade. (F) Combined control data in which 4°C incubation was omitted for transformants used in A-E. When
comparing data between sections with different letters, the proportion of /[PSI* Js among Ade* clones and not the absolute number of Ade™ and [PSI*] colonies
best indicates the efficiency of [PSI"] induction because the number of transformants and the size of patches varied between these experiments.

*Pin status was determined in 19 of 22 and in and five of seven [PSI*] derivatives, respectively.

°The transformant that gave rise to this [PSI*] was also used in experiment E where it did not give rise to any [PSI"]s.
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Table IV. Mitotic stability of [PIN"] in [PSI* J[PIN*] derivatives
obtained following prolonged incubation at 4°C

[PSI* ][PIN"] Colonies No. [psi]
derivative
[PIN"] [pin”]

1 1-3 18 0

2 1 6 0
2,3 3% 9

3 1 6 0
2,3 0 12

4 1 28 4
2,3 0 10

The [PSI*] derivatives listed were colony purified and the Pin status of three
colonies of each was determined. For each colony, two [psi”]s obtained by
overexpression of Hsp104p in each of three pYS-GAL104 transformants
were examined.

*Two [psi_J[PIN*] derivatives were from a single pYS-GAL104
transformant.

The detection of [PSI*] derivatives carrying stable and
unstable [PIN*]s could be explained if [PIN*] were
generally unstable following its de novo appearance but is
stabilized in some clones. To test the possibility of [PIN*]
stabilization, four [PSI™ ] derivatives were colony purified,
and for each [PSI* ] the stability of [PIN* ] was analyzed in
three colonies (Table IV). In support of the stabilization
hypothesis, two [PSI™ ] derivatives that were prone to lose
[PIN* ] at high frequency each gave rise to one colony with
a stable [PIN™].

Although we established that the de novo appearance of
[PIN* ] can be detected only following prolonged incuba-
tion at 4°C, the possibility remained that [PIN'] is
encoded by Sup35p and is induced by Sup35p over-
production just as the appearance of [PSI*] and [URE3] is
induced by overexpression of the normal forms of the
prion proteins Sup35p and Ure2p, respectively, and that
prolonged incubation only facilitates this process. This
possibility was excluded by our finding that [PIN*]
reappeared following prolonged 4°C incubation of cells
transformed with a SUP35 fragment encoded by pFL44-
ABcl that was shown previously (Derkatch et al., 1997) not
to encode [PIN*]. Indeed, 65 out of 85 Ade™ colonies that
appeared in four pFL44-ABcl transformants following
prolonged incubation were [PSI"], and three of eight
[PSI'* ] derivatives examined were shown definitively to be
[PIN"].

Finally, we demonstrated that short-term incubation at
4°C for 4 or 7 days was not sufficient to increase the
frequency of [PSI*] or [PIN*] appearance to the same
level as the month long incubation. The data suggest that
the longer the incubation, the more frequent the appear-
ance of prions (Table III, D and E; data not shown). The
possibility that prolonged incubation in the absence of cold
shock causes the induction of [PIN"] was also examined.
A month long incubation at 30°C resulted in the severe
loss of viability, whereas a 7 day incubation at 30°C did
not induce [PSI" ] (data not shown). However, following a
month long 20°C incubation of [psi~]J[pin ] transformants
carrying pGAL::SUP35, yeast were still alive and [PSI"]
appearance was detected when Sup35p was overproduced
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during the prolonged incubation: out of 26 Ade™ colonies,
18 were [PSI"] and at least five were [PIN™].

Discussion

Prion model for [PIN*]

The GuHCl-curable factor [PIN*] was added to the list of
provisional prion elements when its non-Mendelian
pattern of inheritance and Hspl04p-dependence were
established (Derkatch et al., 1997). Here we show that
[PIN*] can reappear in derivatives from which it was
cured. Such a demonstration of reversible curing, an
important genetic criterion for prions (see Introduction),
strongly supports the hypothesis that /PIN*] is a prion. In
addition, our finding that [PINT] shares two other
properties with prions: (i) frequent de novo appearance
caused by prolonged incubation and (ii) instability
following de mnovo induction, strengthens the prion
hypothesis for [PIN*].

We show that the de novo appearance of [PIN*] is
facilitated by prolonged incubation at 4°C, a condition that
also induces the de novo appearance of the other yeast
prions, [URE3] (M.Aigle, reproduced and cited in
Chernoff et al., 1995) and [PSI" ] (our unpublished results
including experiments in [PIN* ] 74-D694; Y.O.Chernoff,
personal communication). The mechanism behind this
phenomenon is unknown. Our data exclude the possibility
that cold shock induces [PIN* ] and indicate that prolonged
incubation is the crucial factor. Possibly the shift in the
chaperone balance in deep stationary phase causes the
appearance of [PIN*]. It is important to stress that even
though SUP35 overexpression was essential to detect the
de novo appearance of [PIN'] following prolonged
incubation, this does not suggest that overexperssion of
Sup35 induces the appearance of [PIN*] as would be
expected if SUP35 encoded [PINT]. This is because
[PIN*] appearance was also observed when SUP35
fragments encoding only Sup35NMp or Sup35Np,
previously shown not to encode [PIN"] (Derkatch et al.,
1997), were overexpressed in place of the complete
SUP35 (see Results; data not shown). Furthermore,
substitution of the complete Saccharomyces cerevisiae
SUP35 with the Pichia methanolica SUP35 did not cause
the loss of [PIN* ] (Chernoff et al., 2000; our unpublished
observations).

Another trait shared by [PIN*] and prions is their
instability when they are newly induced. We observe that
when [PIN™] factors appear de novo they are frequently
unstable and segregate both [pin~] and stable [PIN*]
clones. We find that such instability and subsequent
stabilization is also typical of freshly induced [PSI*]
derivatives that form sectored (red/white or red/pink)
colonies, which keep producing sectored as well as stable
non-sectored (red and white or pink) clones (data not
shown). Also, prions induced by the overproduction of
N-terminal domains of Sup35p homologs from other yeast
species in S.cerevisiae are frequently unstable (Chernoff
et al., 2000; Santoso et al., 2000). Possibly, prions must go
through a maturation step (Glover et al., 1997) when they
first arise before they can propagate efficiently.
Alternatively, a certain number of prion seeds may have
to accumulate in order to ensure inheritance.



Relationship of [PSI*] and [PIN*]

Considerable experimental data in yeast (see the
Saccharomyces Genome Database for references; http://
genome-www.stanford.edu/Saccharomyces/) show that
usually all effects of gene overexpression disappear
when overexpression is discontinued and that phenotypes
caused by wild-type gene overdose rarely resemble those
of mutations inactivating the same gene. This indicates
that few proteins are likely to be able to take on a prion
conformation. The discovery of the [PSI* ]-[PIN" ] system
that appears to involve two prion elements suggests the
existence of a prion-based regulation pathway. [PSI* ] may
be engaged in adaptation to changing environmental
conditions. Indeed, the presence of [PSI*] was associated
with increased survival at high temperature or on ethanol
in some strains of S.cerevisiae (Eaglestone et al., 1999a),
and the amino acid composition of the prion domain and
the ability to prionize is conserved in Sup35p (Chernoff
et al., 2000; Santoso et al., 2000). However, under many
conditions, the presence of [PSI*] is likely to be disad-
vantageous because [PSI"] partially inactivates an essen-
tial translation termination factor. Indeed, Sup35p
aggregation (i.e. Sup35p™™ state) is rare among strains
of various yeast species (Chernoff et al., 2000). We
propose that [PIN*] may modulate the frequency of
spontaneous [PSI*] appearance. For example, [PINT]
could appear under certain conditions allowing for the
appearance of [PSI"]. Prolonged incubation at low
temperature could be one such condition. [PIN*] could
then be retained in some, but lost in other progeny of the
[PSI* ] derivative without causing any phenotypic change.
The two types of cells would provide the population with
variation that will become important upon the loss of
[PSI*]. Those retaining [PIN" ] will acquire [PSI*] more
easily if environmental changes become repetitious, while
those without [PIN"] will resist induction of the harmful
[PSIT].

We observed that while [PSI*] and [PIN'] can be
maintained/cured independently, they tend to be retained
or lost together during growth on GuHCI. One explanation
is that a state of competence for prion loss is established in
some but not other cells during growth on GuHCI. Another
possibility is that GuHCI inhibits the propagation of prion
seeds, causing them to be diluted at each division. This
model was proposed to explain [PSI"] loss caused by the
presence of PNM2 (McCready et al., 1977) or by growth
on GuHCI (Eaglestone et al., 1999b), and to predict that
~60 randomly distributing /PSI*] particles are present in
[PSI*] cells. Likewise, GuHCI curing of /PIN™ | (Derkatch
et al., 1997) may result from inhibition of [PIN']
propagation. According to this dilution model, different
prions with a similar number of seeds should be cured
simultaneously. During the first few divisions, all cells
would retain some seeds for each prion. Interestingly,
[PSI*] is cryptic in such cells (see Table 1I footnote)
possibly because newly synthesized Sup35p is not aggre-
gated. As the number of cell divisions on GuHCl increases,
the number of [PSI"] and [PINT] prion seeds per cell
would be reduced, until the chance of losing all seeds
increases dramatically, causing efficient curing of both
prions. Thus, on the GuHCI plate, cells that divided more
would tend to lose both prions, while cells with fewer cell
divisions would retain both prions.

[PSI*] and [PIN*]: a two-prion system in yeast

[PSI'] appearance in the presence and absence of
[PIN*]

Our data indicate that [PIN*] is not involved in [PSI*]
maintenance or propagation and thus cannot affect the
ability of Sup35p to join [PSI"] aggregates. However,
[PIN ] has to be present in the cell for [PSI" ] to appear de
novo. Because most Sup35Np fragments lacking the M
and C domains still induce /PSI*] only in the presence of
[PIN* ], we suggest that [PIN" ] exerts its effect on [PSI*]
induction through Sup35N. These results are compatible
either with the hypothesis that Pin™"" inhibits [PSI*]
seeding or with the hypothesis that PinplN+ makes such
seeding possible. In the first case, Pin®"" could inhibit the
completion of [PSI*] seed formation by recognizing rare
self-interacting Sup35p molecules. Inhibition of [PSI*]
induction by a direct interaction between Pin®"" and
individual native Sup35p molecules is unlikely because
extreme overproduction of Sup35p fails to overcome the
inhibition caused by [pin~] (Derkatch et al., 1997), but
does overcome the inhibitory effect of excess Sup45p
(Derkatch et al., 1998) that appears to bind to individual
Sup35p molecules (Stansfield et al., 1995; Zhouravleva
et al., 1995). In the second case, the proposed [PIN" ] prion
aggregates could help to seed the formation of [PSI*].
Since prions generally promote self-aggregation, we
expand this idea to propose that certain prions may be
able to seed the formation of other prions and that this is
how the [PIN"]J-dependent pathway of [PSI"] induction
works.

The discovery that [PSI" ] colonies appear frequently in
[pin”] strains carrying the pEMBL-ABal.,, or pEMBL-
AEcoR.,, plasmids without the induction of [PIN*]
indicates that [PSI"] can appear independently of
[PIN¥]. Both inducing plasmids encode proteins contain-
ing the [PSI*] prion domain at their N-termini and the
RVDLQACKLMIQYQRK sequence at their C-termini,
but in one construct these termini are separated by a piece
of Sup35M which might cause the observed increase in the
efficiency of the [PIN*]-independent [PSI*] induction
(Figure 2). Apparently, the truncation of Sup35p is not the
cause of the [PIN"] independence, since other constructs
expressing analogously truncated Sup35 proteins do not
allow for efficient [PSI" ] induction in [pin”], even though
they can induce [PSI"] much more efficiently than com-
plete Sup35p in [PIN* ] backgrounds (Figure 2). Thus, we
propose that [PINT]-dependence is reversed due to
the presence of the RVDLQACKLMIQYQRK ‘tail’.
However, it appears that in addition to using a [PIN* -
independent [PSI"] induction pathway, the ‘tailed’
Sup35p fragments are also converted into [PSI* ] through
a [PIN*]-dependent pathway. This is because such
fragments induce [PSI"] better than the analogous frag-
ments not carrying the RVDLQACKLMIQYQRK ‘tail’
even in [PIN'] cells (e.g. compare AECOR, ..y and
AEcoR.,; in [PIN"] columns of Figure 2), and the
efficiency of [PSI"] induction by the ‘tailed’ proteins is
increased by [PIN'] (e.g. compare [PIN'] and [pin]
columns for AEcoR.,, in Figure 2).

One possibility is that the ‘tail’ retards Sup35Np
folding, thus shifting the balance from the stable native
state to a meta-stable intermediate conformation prone to
both degradation and [PSI"] seeding. Slow folding could
be an intrinsic property of the ‘tailed’ Sup35Np fragment,
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or a consequence of its altered interaction with chaper-
ones. Indeed, it appears that the RVDLQACKL-
MIQYQRK-‘tailed” proteins are unstable because their
level is very low relative to the level of complete and other
truncated Sup35p constructs expressed from similar
plasmids, even when the nonsense-mediated mRNA
degradation pathway is disrupted (Kochneva-Pervukhova
et al., 1998b; Figure 3). Because unfolded or partially
folded proteins are prone to form aggregates that are
usually highly disordered but occasionally are nucleated
and extended into ordered fibrils, like amyloid (see
Dobson and Karplus, 1999), we propose that the meta-
stable conformation of Sup35Np is prone to form [PSI*]
seeds through a [PIN*]-independent pathway. Indeed,
Dobson and Karplus (1999) argue that the rapid folding
of proteins is one of the major roles of chaperones and
an important evolutionary development to minimize
aggregation. A strong tendency of the ‘tailed” Sup35Np
to aggregate could allow it to form [PSI"] seeds in the
absence of Pin"™* crystallization centers. Alternatively, if
it is Pin®"" that plays the active role in [PSI* ] induction,
the lack of interaction between partially unfolded
Sup35Np and the Pin®"" inhibitor may cause [PIN]-
independence

Materials and methods

Yeast strains

Derivatives of strain 74-D694 (MATa adel-14yGa trpl1-289 his3-A4200
ura3-52 leu2-3,112) were used in [PSI*] induction experiments and to
compare [PSI"]-related phenotypes. The original derivative was
[psi”][PIN*] (Chernoff et al., 1995; Derkatch et al., 1996). Previously
used weak (21) and strong (8) [PSI" J[PIN" ] derivatives were induced by
overproduction of the complete Sup35p (Derkatch et al., 1997, 1998,
1999). Unless specifically mentioned, these [PSI* ] derivatives were used
throughout this study. [pin~] variants of [psi~] and [PSI'] derivatives
were obtained on 5 mM GuHCL [psi”][PINY] and [psi~][pin”]
derivatives of the Aupfl mutant of 74-D694 (Derkatch et al., 1996)
were used to overcome the degradation of messages with premature stop
codons encoding Sup35p fragments. [psi J[PIN"] and [psi~][pin”]
derivatives of strain 64-D697 (MATo. adel-14yga trpl-289 lys9-A21
ura3-52 leu2-3,112; Derkatch et al., 1997) were used to determine the
Pin status of 74-D694 derivatives (see below). [PSI*] 783/4c (MATa
ade2-1yas leu2-3,112 ura3-1 his3-11,15 SUQS; kindly provided by
C.R.Nierras) is a [PSI*] strain used by B.S.Cox (Eaglestone et al.,
1999a).

Plasmids

The pGAL::SUP35 plasmid (Derkatch et al., 1996) is a YCp50-based
(Rose et al., 1987) centromeric URA3 vector that contains the
promoterless SUP35 gene under the control of the inducible GALI
(GAL) promoter.

pEMBL-SUP35, pPEMBL-ABcl, pPEMBL-ABal2 (here called pEMBL-
ABaly) and pEMBL-AEcoR (here called pEMBL-AEcoR.,,) are
pEMBL-yex4-based (Cesarini and Murray, 1987) 21 plasmids containing
either the complete SUP35 gene (pEMBL-SUP35) or SUP35 deletion
alleles controlled by the original SUP35 promoter (Ter-Avanesyan et al.,
1993) that were used previously to study the induction of /PSI" ] in [pin”]
and/or [PIN"] backgrounds (Derkatch et al., 1996, 1997; Kochneva-
Pervukhova et al., 19998b). pPEMBL-AECORocx Was constructed by
inserting the Pvull-EcoRV fragment containing the SUP35 promoter and
the first 112 codons into the Smal site of pPEMBL-yex4 followed by
BamHI digestion, Klenow fill-in and religation. The URA3 marker was
used to select for transformants and to maintain the plasmids.

Four new series of vectors bearing SUP35 or its fragments were
constructed on the base of URA3-bearing centromeric and 2 plasmids
pFL38 and pFL44 (Bonneaud et al., 1991), respectively. pFL38-SUP35
contains the complete SUP35 gene on a Pvull-EcoRI fragment of yeast
DNA inserted into pFL38 digested with Smal and EcoRI. pFL38-ABal-
lacZ and pFL38-AEcoR-lacZ were constructed by inserting the Pvull—
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Ball and Pvull-EcoRV fragments of yeast DNA containing the SUP35
promoter and the first 154 and 112 codons, respectively, into the Smal site
of pFL38. pFL38-ABcl-lacZ carries the truncated SUP35 ending at codon
239 on a Pvull-Bcll fragment of chromosomal DNA. To construct this
plasmid, the pYCH-U2 vector (Chernoff et al., 1992) was digested with
BamHI and Bcll, and self-ligated. The resulting construct was linearized
with EcoRl, filled-in with Klenow and self-ligated, the ligation product
(pID24) was digested with Pvull and the smaller fragment was inserted
into the pFL38 plasmid cut with Pvull and Smal. In all three plasmids,
pFL38-ABcl-lacZ, pFL38-ABal-lacZ and pFL38-AEcoR-lacZ, the
129 amino acid segment of the lacZ gene present in the pFL vectors
was fused to the 3" termini of the SUP35 fragments. pFL38-ABcl, pFL38-
ABal and pFL38-AEcoR were constructed by digesting the pFL38-ABcl-
lacZ, pFL38-ABal-lacZ and pFL38-AEcoR-lacZ plasmids with Aval,
EcoRI and EcoRI, respectively, and religating following Klenow fill-in.
pFL44-SUP35, pFL44-ABcl-lacZ, pFL44-ABal-lacZ, pFL44-AEcoR-
lacZ, pFL44-ABcl, pFL44-ABal and pFL44-AEcoR are identical to the
respective pFL38-based constructs except that they are 2L based.

The pYS-GAL104 plasmid (Lindquist and Kim, 1996) is a centromeric
URA3 vector containing the HSP104 gene under the control of the GAL
promoter. The YEp13-SUP45 plasmid (Chernoff ez al., 1992) contains the
4.9 kb BamHI-HindIII insert bearing a functional SUP45 fragment under
the original promoter cloned into a 2u LEU2 vector, YEp13 (Broach and
Hicks, 1980).

All DNA manipulations were according to standard protocols
(Sambrook et al., 1989). Sequencing used to confirm the structure of
plasmids was performed by Lark Inc. (University of Florida) and by the
University of Chicago Cancer Research Center DNA Sequencing
Facility.

Media and cultivation procedures

Standard yeast media, cultivation procedures and genetic methods were
used (Sherman et al., 1986; Rose et al., 1990). Unless specifically
mentioned, yeast were grown on organic complete glucose medium
(YPD) and at 30°C. YPD containing 1 or 5 mM GuHCI was used to cure
prions (Tuite et al., 1981). Transformants were grown on synthetic
glucose media selective for plasmid maintenance (e.g. SD-Ura). Synthetic
media selective for plasmid maintenance and containing 2% galactose as
the single carbon source (e.g. SGal-Ura) were used for the induction
of the GAL promoter in transformants bearing pYS-GAL104 or
pGAL::SUP35. Synthetic media lacking adenine and containing glucose
or ethanol (2%) as the single carbon source (SD-Ade or SEt-Ade) were
used for the selection of [PSI* ] derivatives and for suppression analyses.

[PSI*]-related phenotypes

Suppression of the ade!-14 and ade2-1 nonsense mutations was estimated
from growth at 20 and/or 30°C on SD-Ade and SEt-Ade and from the
color on YPD, because, in addition to adenine auxotrophy, adel and ade?2
mutations cause the accumulation of red pigment. The better the growth
on adenineless media and the lighter the color on YPD, the stronger the
suppression. Weak [PSI*] derivatives are pink on YPD and grow poorly
on adenineless media (growth can be detected only at 20°C or on
SEt-Ade). Strong [PSI" ] derivatives are white on YPD and grow well on
both SD-Ade and SEt-Ade. [psi~] derivatives are red and do not grow on
adenineless media.

Analysis of Sup35p aggregation was according to Patino et al. (1996).
Growth inhibition caused by Sup35p overproduction in [PSI*] deriva-
tives and the rescue of this growth inhibition by Sup45p overproduction
were scored exactly as in Derkatch et al. (1998). The incompatibility of
[PST*] variants with the sup35-2 nonsense allele was analyzed as
described previously (Liebman and All-Robyn, 1984; Zhou et al., 1999)
by crossing the [PSI" ] derivatives of 74-D694 with the sup35-2-bearing
strain, SL555-10C. The stability and suppressor phenotypes of weak and
strong [PSI* s overexpressing the PNM? allele of SUP35 were analyzed
in transformants carrying the YEp-PNM2 plasmid exactly as described in
Derkatch et al. (1999).

[PSF] curing
HSP104 overexpression was used to cure [PSI™ ] without affecting the Pin
status of the cells. [PSI"] derivatives were transformed with pYS-
GAL104. Three transformants of each [PSI] derivative were replica
plated to SGal-Ura and then colony purified on YPD. Usually >50% of the
colonies were red, indicative of [PSI* ] loss, and some were also unable to
grow on SD-Ura, indicative of plasmid loss. Two Ura™ [psi~] derivatives
from each transformant were selected for further experimentation.

A ‘curing test’ on 5 mM GuHCI was used to demonstrate that the
presence of [PSI*] was responsible for the Ade* phenotype. Ade"



papillae were picked from adenineless media, colony purified on YPD,
and two colonies were patched on YPD and replica plated twice onto
5 mM GuHCI. Patches that were white or pink on YPD but turned red
on 5 mM GuHCI medium were colony purified on YPD. The presence of
a significant proportion (usually >50%) of red colonies after GuHCI was
indicative of a curable [PSI" ] suppressor. Parallel replica plating on YPD
and subsequent colony purification were used to confirm the relative
stability of the Ade* phenotype in the absence of GuHCI.

When indicated, 1 mM GuHCI was used to eliminate weak [PSI*]s.
Independent clones were grown on 1 mM GuHCI for ~14 cell generations
and then colony purified on YPD. Approximately 10% of the progeny
were [psi~] (red). One [psi~] colony from each culture was selected for
further analysis. Spontaneous [psi~] derivatives were selected analo-
gously except that YPD was used throughout the experiment.

[PSF] induction

The de novo induction of [PSI"] by overproduction of Sup35p and its
fragments was performed as previously described (Derkatch et al., 1996).
Transformants were grown in patches on SD-Ura (or on SGal-Ura, if
pGAL::SUP35 was used) for ~14 cell generations. Patches were then
replica plated onto SD-Ade and SEt-Ade. Growth or intensive papillation
on adenineless media was indicative of [PSI*] induction. Curing of
several [PSI* ] isolates on 5 mM GuHCI was used to confirm the presence
of [PSI*]. Experiments testing low-level [PSI*] induction, where the
number of Ade* colonies did not increase significantly, are described in
the last section of Materials and methods.

Determination of the Pin status of [psi~] and [PSI*]
derivatives

To determine the Pin status of [psi~] derivatives, they were crossed to
[psi~][pin~] 64-D697-bearing pGAL::SUP35. Diploids selected on
SD-Ura,Lys,His were replica plated twice to SGal-Ura,Lys,His (to
induce Sup35p overproduction) and then to SD-Ade and SEt-Ade
(to score for the appearance of [PSI']). Derivatives that produced
diploids that grew or heavily papillated on adenineless media in this
experiment, but not in the control experiment where incubations were on
non-inducing SD-Ura,Lys,His, were scored as [PIN™]. Derivatives that in
a cross with [psi~][pin~ ] 64-D694 produced diploids that remained Ade™
following Sup35p overproduction were scored as [pin”], but only after
confirming that these derivatives produced [PSI*]-inducing diploids
when crossed to [psi J[PIN*] 64-D694. The validity of this test was
confirmed by transforming a group of derivatives defined as [PIN*] or
[pin~] with pGAL::SUP35 and pEMBL-SUP35 and testing their Pin
status directly (e.g. all spontaneous and 1 mM GuHCl-induced [psi~]
derivatives described in the first section of Results were tested in both
ways). [PSI"] derivatives were cured of [PSI*] by HSPI104 over-
expression (see above) prior to determination of their Pin status.

Quantitative analysis of [PSI'] and [PIN*] curing

Three fresh colonies of the indicated 74-D694 derivatives were picked
from YPD and suspended in water. Then 10° cells were spotted onto 5 mM
GuHCI (three plates, one spot per plate) and incubated for 7.4 cell
generations (unless otherwise stated). Cells from each plate were then
washed off and spread on three YPD plates at ~300 cells per plate. The
[psi~] (red), [PSI"] (white or pink) and Pet” (small beige) colonies were
counted. The Psi status of Pet™ colonies was determined on SD-Ade. The
samples chosen for Pin determination maintained the proportion of
[psi~], [PST"] and Pet™ colonies in the whole culture. YPD was used
instead of 5 mM GuHCI in control experiments.

Experiments involving prolonged incubations

pGAL::SUP35 transformants of [psi~][pin~] 74-D694 were patched on
SD-Ura (each patch was approximately one-fifth of the plate), incubated
at 30°C for 2 days, replica plated to SD-Ura, grown at 30°C for 2 days,
transferred to 4°C and kept there for 1 month. Following this prolonged
incubation, cells were replica plated to SGal-Ura and then to SD-Ade and
SEt-Ade. All Ade* colonies were subjected to the ‘curing test’ to check if
the Ade™ phenotype was due to the appearance of [PSI* ] (see above), and
the Pin status of the newly induced [PSI*] derivatives was determined
(see above). Control experiments involved ‘no incubation’, in which the
prolonged incubation at 4°C was omitted, ‘no induction’, in which yeast
were transferred to the non-inducing SD-Ura medium instead of to
SGal-Ura, and ‘no overproduction’, in which control vector, YCp50, was
substituted for GAL::SUP35. The conclusion that the appearance of
[PSI* ] was induced in an experiment was made only if significantly more
colonies were Ade™ due to the presence of /. PSI*] in the experimental data

[PSI] and [PIN*]: a two-prion system in yeast

compared with the control. Variations of the standard experiment are
described in Results (see also Table III footnotes).
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