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Prions are infectious proteins that cause fatal neurodegenera-
tive disorders including Creutzfeldt—Jakob and bovine spongi-
form encephalopathy (mad cow) diseases. The yeast [PSI"]
prion is formed by the translation-termination factor Sup35, is
the best-studied prion, and provides a useful model system for
studying such diseases. However, despite recent progress in the
understanding of prion diseases, the cellular defense mecha-
nism against prions has not been elucidated. Here, we report
that proteolytic cleavage of Sup35 suppresses spontaneous de
novo generation of the [PSI*] prion. We found that during yeast
growth in glucose media, a maximum of 40% of Sup35 is cleaved
at its N-terminal prion domain. This cleavage requires the vac-
uolar proteases PrA—PrB. Cleavage occurs in a manner depen-
dent on translation but independently of autophagy between the
glutamine/asparagine-rich (Q/N-rich) stretch critical for prion
formation and the oligopeptide-repeat region required for prion
maintenance, resulting in the removal of the Q/N-rich stretch
from the Sup35 N terminus. The complete inhibition of Sup35
cleavage, by knocking out either PrA (pep4A) or PrB (prbi1A),
increased the rate of de novo formation of [PSI*] prion up to
~5-fold, whereas the activation of Sup35 cleavage, by overpro-
ducing PrB, inhibited [PSI*] formation. On the other hand, acti-
vation of the PrB pathway neither cleaved the amyloid conform-
ers of Sup35 in [PSI*] strains nor eliminated preexisting [PSI*].
These findings point to a mechanism antagonizing prion gener-
ation in yeast. Our results underscore the usefulness of the yeast
[PSI*] prion as a model system to investigate defense mecha-
nisms against prion diseases and other amyloidoses.

The yeast prion [PSI'] is a self-propagating amyloidogenic
isoform of Sup35 (1-5). Similar to other prions, Sup35 carries a
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prion-determining domain (PrD),> which is required for the
formation of self-perpetuating protein aggregates (6 —10). PrD
consists of a Q/N-rich stretch and adjacent oligopeptide repeat
(OR) region. Although both regions are essential for transmis-
sion of the [PSI"] prion (2, 6), the QN-rich stretch mediates
the initial formation of aggregates, whereas the OR region is
required for the replication and stable inheritance of these
aggregates (11, 12). Modifying these domains may affect the
frequency of prion generation. However, relatively little is
known about the physiological regulation of the spontaneous
de novo formation of the [PSI"] prion (for a review, see Ref. 2).

Although the process of spontaneous de novo prion forma-
tion remains elusive, the process of prion induction by Sup35
overproduction is associated with the actin cytoskeletal networks
and components of the endocytic/vacuolar pathway (13, 14).
Overexpression of Sup35 or its PrD gives rise to peripheral ring-
like aggregates along the cell membrane. The peripheral ring then
collapses and is transported to surround the vacuole (15). The cells
with the ring-like aggregates generate the [PSI*] prion. Assembly
of the endocytic vesicles and their movement toward the endo-
somal/vacuolar system involves actin polymerization/depolymer-
ization. The cytoskeleton-assisted generation of aggregates of
prion-forming proteins resembles the formation of aggresomes,
which accumulate misfolded proteins in mammalian cells.

Here, we show that proteolysis suppresses the spontaneous de
novo formation of the [PSI™] prion. The PrA—PrB proteases medi-
ate the cleavage of Sup35 between the Q/N-rich stretch and oligo-
peptide-repeat region, resulting in the removal of the Q/N-rich
stretch, critical for prion formation, from the N terminus of Sup35.
This leads to inhibition of the spontaneous de novo formation of
[PSI*]. However, the amyloid conformers of Sup35 in [PSI*]
strains were not cleaved and preexisting [PSI" ] was not eliminated
by the activation of the proteases. Our results indicate that proteolysis
acts as a defense mechanism against prion generation in yeast.

Results

A short isoform of Sup35 appears during fermentative growth
in glucose

In the course of investigating the molecular dynamics of
Sup35, we noted that a short isoform of Sup35 appears during

2 The abbreviations used are: PrD, prion-determining domain; OR, oligopep-
tide repeat; PrA, proteinase A; PrB, proteinase B; PrC, proteinase C; CHX,
cycloheximide; Sup35s, short isoform of Sup35; APP, amyloid precursor
protein; Ub, ubiquitin; V-ATPase, vacuolar ATPase.
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Figure 1. A short isoform of Sup35 appears during fermentative growth in glucose. A, GT17 [psi~ pin~] cells grown in the mid log-phase (lane 5) were
starved in YPA medium for 12 h (lane 6), and cultured in YPDA. Cells were harvested at the specified time points (lanes 7-14) and analyzed by Western blotting
(WB) using anti-Sup35 and anti-GAPDH. The four leftmost lanes indicate 2-fold dilutions of the protein to confirm that the condition used was semi-quantitative.
B, the protein levels of Sup35 (blue) and Sup35s (red) were measured by MultiGauge and normalized to that of GAPDH, and the normalized Sup35 level (0 h) was

defined as 100%. Dotted line indicates the Agq, of the yeast culture.

growth in nutrient-rich media. When cells were cultured with
2% glucose after 12 h of starvation, the short isoform of Sup35
(hereafter denoted as Sup35s), with an apparent molecular
mass of ~5 kDa less than that of full-length Sup35, appeared
within 2 h after the addition of glucose (mid or late log-phase),
peaked at 8 h (stationary phase), and then returned to basal
levels according to the depletion of glucose over 24 h of culture
(Fig. 1, A and B). The transiently increased appearance of this
isoform was inversely correlated with a transient decrease in
the amount of full-length Sup35.

Sup35 is cleaved through the activation of PrA-PrB proteases

We surmised that the observed appearance of Sup35s was
due to proteolysis. Thus, we examined the effects of various
protease inhibitors including the serine protease inhibitor
PMSE, cysteine protease inhibitor E-64, and proteasome inhib-
itor MG132. Among these inhibitors, PMSF completely inhib-
ited the glucose-induced appearance of Sup35s (Fig. 24). These
results suggest that Sup35 is proteolytically cleaved during
growth in glucose media, and a serine protease is involved in
this process. Therefore, we screened a collection of budding
yeast knockout strains (16) for the mutants of serine protease
responsible for the cleavage of Sup35. As shown in Fig. 2B,
Sup35s was still observed in strains nmalllA, imp2A, stel3A,
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and pcplA, whereas we could not detect any Sup35sin prbIA
(Fig. 2B). Proteinase B (PrB), the protein product of the PRB1
gene, has been identified as a subtilisin/furin class serine
protease that matures in the vacuoles (17). Proteinase A
(PrA), encoded by PEP4, catalyzes the cleavage of PrB zymo-
gen (Pro-PrB) to produce the active mature form of PrB,
whereas PrB catalyzes the cleavage of proteinase C (PrC)
zymogen (Pro—PrC), which is encoded by PRCI, to produce
active PrC (18). Notably, pep4A, but not prciIA, abolished
Sup35s, leading to the same phenotype as prbIA (Fig. 2C).
These results indicate that PrA—-PrB proteases mediate
Sup35s production.

Cleavage of Sup35 occurs in a manner dependent on
translation and independently of autophagy

The involvement of vacuolar proteases PrA—PrB in Sup35s
production implies that Sup35 is delivered to the vacuole by a
process of autophagy and cleaved in the vacuole. To examine
these possibilities, we tested if Sup35s production occurs in
autophagy-deficient strains, in which the core autophagy fac-
tors ATG3 and ATG4 are knocked out. As shown in Fig. 34,
cleavage of Sup35 was observed equally in both wild-type and
autophagy-deficient strains. These results indicate that the
Sup35 cleavage is not the result of autophagy and the auto-
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Figure 2. Sup35 is cleaved through the activation of PrA-PrB proteases.
A, glucose-starved GT17 [psi~ pin~] cells were cultured in YPDA containing
either 0.5 mm PMSF, 20 um E64, 100 um MG132, or their vehicle control. Cells
were harvested at the specified time points and analyzed by Western
blotting (WB) using anti-Sup35. B, wild-type (BY4741) and five serine pro-
tease knock-out strains (nmal171A,imp2A, ste13A,pcp1A,and prb1A) were
treated as in A. C, Prb1-related protease knock-out strains (pep4A, prc1A)
were analyzed as in B.

phagic process is not primarily responsible for the cleavage
of Sup35. Next, we examined if cleavage occurs in the vacuole.
A recent study showed that C terminally tagged PrB purified
from the pep4A strain is active and can cleave the histone H3 in
vitro (19). Thus, PrB protein was purified from the lysate of the
pep4A strain carrying a single copy plasmid expressing PRB1-
FLAG. The anti-FLAG affinity-purified fraction contained a
major 45-kDa protein recognized by both anti-FLAG and anti-
PrB antibodies (supplemental Fig. S1). Unexpectedly, the pro-
teolytic activity of the purified PrB, which was assessed using
the azocoll assay, showed that the optimum pH for the cleavage
reaction was around pH 6.5 and the activity of the purified PrB
decreased dramatically at an acidic pH below 5.5 (supplemental
Fig. S2). Under the optimum conditions, we incubated yeast
lysate from the prbI1A strain with or without purified PrB. The
purified PrB could recapitulate Sup35 cleavage in vitro to pro-
duce a small isoform with a molecular weight corresponding to
Sup35s observed in vivo (Fig. 3B and supplemental Fig. S3).
The cleavage activity of the purified PrB was inhibited by
PMSF (Fig. 3C). In sharp contrast, the purified PrB could
hardly cleave Sup35 at a vacuolar acidic pH (pH 5.0) (Fig.
3D). These results suggest that Sup35 cleavage by PrB occurs
outside the vacuole.

SASBMB

Because Sup35 functions as a translation termination factor,
we next examined if cleavage occurs at or near the translation
site. To test this, we first examined the effect of the protein
synthesis inhibitor cycloheximide (CHX) on the cleavage of
Sup35. As shown in Fig. 3E, CHX completely inhibited the
cleavage of Sup35. The result suggests that Sup35 cleavage
occurs during or coupled with translation. To address this pos-
sibility, we next examined the localization of Sup35s in ribo-
somal fractions by polysome profile analysis. Fig. 3F shows that
in wild-type cells, Sup35s along with full-length Sup35 localized
in the polysomal fractions. The band corresponding to Sup35s
was confirmed from the comparison with prbl-deficient cells
(Fig. 3F, right panel). The result indicates that Sup35s is pro-
duced during translation or before Sup35 is transported to the
polysome. A previous study indicated that misfolded Sup35
aggregates generated in the process of prion induction by
Sup35 overproduction are transported to the vicinity of the
vacuole through the actin cytoskeletal networks and the endo-
somal/vacuolar pathway (13). Therefore, we examined the
effect of the disruption of SLA1 or END3 on the cleavage of
Sup35. As shown in Fig. 3G, Sup35 cleavage was still observed in
the mutants defective in the actin cytoskeletal networks and
endosomal/vasuolar pathway. Taken together, these results are
consistent with the idea that Sup35 cleavage occurs outside the
vacuole.

Sup35 is cleaved at the N-terminal prion domain

To determine whether Sup35 is cleaved at the N terminus or
C terminus, we engineered Sup35 derivatives with the N-termi-
nal or C-terminal FLAG tags. The engineered Sup35 protein
was expressed in cells and detected by Western blotting using
an anti-FLAG antibody (Fig. 44). The band corresponding to
Sup35s was detected for C terminally tagged Sup35 at 6 h after
the addition of glucose (late log-phase cells), indicating that the
glucose-induced cleavage of Sup35 occurred at the N termi-
nus. We thus purified Sup35s and performed N-terminal
Edman sequencing to identify the cleavage site in Sup35.
N-terminal sequencing by the Edman degradation method
gave the sequence for the first 5 amino acids as AQPAG,
which corresponded to the 39th-43rd amino acids of Sup35
(Fig. 4B). The identified cleavage site (Ala®*?) was located
exactly between the Q/N-rich stretch and OR region of
Sup35. As the Q/N-rich stretch is essential for the induction
of [PSI*] (7, 11) by overproduced Sup35, these data suggest
that removal of the Q/N-rich stretch by the glucose-induced
cleavage of Sup35 may decrease the de novo formation of
[PSI*].

The PrA-PrB-mediated Sup35 cleavage negatively regulates de
novo formation of [PSI™]

To test the above prediction, we first examined the frequen-
cies of spontaneous [PSI "] formation in the early and late log-
phase cells of strains containing another prion, [PIN"], which
promotes the de novo formation of [PSI] (20). In the late log-
phase cells, active mature PrB was produced and Sup35 cleav-
age occurred, whereas in the early log-phase cells, both the
active mature PrB and Sup35s were hardly observed (Fig. 54).
As expected, the frequency of [PSI"] appearance was signifi-
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Figure 3. Sup35 cleavage occurs in a manner dependent on translation and independently of autophagy. A, wild-type (BY4741) and two autophagy-
deficient mutant strains (atg3A and atg4A) were starved in YPA for 12 h and cultured in YPDA. Cells were harvested at the specified time points and analyzed

by Western blotting (WB) using anti-Sup35. B, PrB was purified from the culture

supernatant of a pep4A strain carrying a PRB1-FLAG single copy plasmid. In vitro

Sup35 cleavage reactions were performed by incubating anti-FLAG affinity purified PrB with yeast cell lysate from prb1A knock-out strain at 30 °C. An aliquot
of the reaction mixture was collected at the indicated time points and analyzed by Western blotting using anti-Sup35. G, in vitro Sup35 cleavage reactions were

performed as in B except treatment was with 2 mm PMSF or vehicle control.

D, in vitro Sup35 cleavage reactions were performed as in B, except that the

condition was at acidic pH (pH 5.0) or neutral pH (pH 7.0). £, glucose-starved GT17 [psi~ pin~] cells were cultured in YPDA containing either 100 pg/ml of CHX
orits vehicle control. Cells were harvested at the specified time points and analyzed by Western blotting using anti-Sup35. F, cell extracts prepared from
wild-type (OT60) and prb1A (yAO66) were subjected to the polysome profile analysis. Top, absorbance at 254 nm. Bottom, Western blot analysis using
anti-Sup35. G, wild-type (BY4741) and two deletion strains of actin-cytoskeleton and endosomal/vacuolar pathways (sla’A and end3A) were treated as

in A.

cantly higher in the early log-phase cells as compared with the
late log-phase cells (Fig. 5B). Next, we examined the frequencies
of spontaneous [PSI"] formation in the pep4A and prbIA
strains, defective in the cleavage of Sup35 (see above, Fig. 2, B
and C). In both strains, active mature PrB was not detected (Fig.
5, Cand E, right panel). In the pep4A cells, inactive pro-PrB was
produced, but could not be processed to the active mature PrB
(Fig. 5C, right panel). Consistent with this observation, Sup35s
was not detected, even in the late log-phase cells (Fig. 5, Cand E,
left panel). As expected, the frequency of [PSI"] appearance
was significantly higher in each of the pep4A and prbIA strains,
as compared with the wild-type strain (Fig. 5, D and F). How-
ever, in prcA cells, which are deficient in another vacuolar
protease PrC but normally express mature PrB, Sup35s was
detected (Fig. 5G) and the frequency of [PSI"] appearance
was equivalent to that in the wild-type strain (Fig. 5H). In
contrast, the strain overexpressing PRBI constantly pro-
duced active mature PrB to generate Sup35s even in the early
log-phase (Fig. 5I) and exhibited a significantly reduced fre-
quency of spontaneous [PSI"] formation (Fig. 5J). Taken
together, these results indicate that the PrA—PrB-mediated

20116 J. Biol. Chem. (2017) 292(49) 20113-20124

proteolysis of Sup35 suppresses the de novo generation of the
[PSI"] prion.

Sup35s itself does not antagonize prion generation

Next, we examined if production of the cleaved Sup35 at
Ala®® (39ASup35) exerts an effect on the frequencies of
spontaneous [PSI*] formation. We constructed plasmids
expressing ubiquitin (Ub)-tagged wild-type Sup35 (1MSup35)
or amino-terminal 38 amino acid-deleted Sup35 (39ASup35).
As described previously, when the eRF3 constructs are
expressed in cells, the Ub moiety is removed by multiple
ATP-dependent protease, and a Sup35 fragment without Ub
can be produced in yeast cells (Fig. 64). As shown in Fig. 6B,
the expression of 1MSup35 doubled the amount of Sup35 in
cells and increased the frequencies of spontaneous [PSI™]
formation, as expected from a previous report (7, 21). How-
ever, the expression of 39ASup35 had no significant effect on
spontaneous [PSI"] formation compared with the control
case with vector alone (Fig. 6C). These results indicate that
the production of Sup35s itself does not antagonize prion
generation.

SASBMB
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Figure 3—continued

PrB activation neither cleaves the amyloid conformers of
Sup35 nor eliminates preexisting [PSI™ ]

Finally, we determined whether the activation of proteases
could cure preexisting [PSI"]. As Sup35 protein may form dis-
tinct variants of the [PSI™] prion that differ from each other in
suppressor efficiency and mitotic stability (2, 7), we checked
two [PSI] variants, designated here as “weak” and “strong.” At
normal levels of PrB, we did not detect any cleavage of Sup35 in
the [PSI"] cells under conditions that induced Sup35s in the
[psi~] cells (Fig. 7A). When PRBI was overexpressed, still no
cleavage was detected in the extracts of the strong [PSI "] strain,
and also some minor cleavage (less than that in the [psi~] back-
ground) was detected in the extracts of the weak [PSI"] strain
(Fig. 7B). This was despite the fact that mature PrB was pro-
duced at levels comparable with the isogenic [psi~] overexpres-
sor (Fig. 7C). These data are consistent with the previous
observations showing that most Sup35 is aggregated in cells
containing weak [PSI*], and almost all Sup35 is aggregated in
cells containing strong [PSI"] (7, 22), and that the prion form of
Sup35 is more protease-resistant than the non-prion form (23,
24). Notably, PrB overexpression had no effect on [PSI "] main-
tenance as it did not cause the appearance of red ([psi™]) colo-

SASBMB

nies (Fig. 7D). From these results, we conclude that the activa-
tion of PrA—PrB proteases suppresses the de novo generation of
[PSI"], but cannot cure preexisting [PSI"].

Discussion

In this study, we have shown that Sup35 is cleaved at its
amino-terminal prion domain during growth in glucose media
and the cleavage is mediated by the PrA—PrB proteases. An in
vitro cleavage experiment showed that PrB plays an essential
role in this reaction. The identified cleavage site Ala®® is located
exactly between the Q/N-rich stretch and oligopeptide-repeat
region of Sup35. Therefore, the cleavage releases the Q/N-rich
stretch, which is essential for the de novo [PSI "] formation (10).
These data imply that the PrA-PrB-mediated cleavage of
Sup35 may affect the de novo [PSI"] formation. Indeed, we have
shown that PrA—PrB negatively regulates the de novo genera-
tion of [PSI"]. Although we cannot totally rule out the possibil-
ity that the PrA—PrB also targets proteins other than Sup35 to
suppress [PSI"] formation, it is reasonable to think that PrA—
PrB regulates [PSI"] formation at least in part through the
cleavage of Sup35. It is also possible to assume that production
of the cleaved Sup35 (Sup35s) itself exerts an effect on the for-

J. Biol. Chem. (2017) 292(49) 20113-20124 20117
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Figure 4. Sup35 is cleaved at the N-terminal prion domain. A, YCplac22-
SUP35-Flag(C-tag) (yAO149) and YCplac22-Flag-SUP35(N-tag) (yYAO150)
transformants were cultured in YPDA after a 12-h starvation in YPA. Cells were
harvested at the specified time points and analyzed by Western blotting (WB)
using anti-FLAG. B, schematic representation of Sup35. The N-terminal prion
domain (1-124) consists of a Q/N-rich stretch and oligopeptide repeats
region. Cleavage occurs at Ala*°,

mation of [PSI*]. However, the expression of 39ASup35 had no
significant effect on the spontaneous formation of [PSI'],
which was measured by the adenine assay. Previous study dem-
onstrated that 39ASup35 is aggregation-defective (11). We
have also observed that 39ASup35 is functionally compromised
when expressed in sup35A cells (data not shown). Therefore, it
is unlikely that production of the cleaved Sup35 itself affects
formation and phenotype of [PSI*]. On the other hand, we also
showed that activation of the PrB pathway neither cleaves the
amyloid conformers of Sup35 nor eliminates pre-existing
[PSI]. These results indicate that the protease-mediated anti-
prion system identified in this study prevents prion generation
but cannot cure preexisting prions.

It remains unclear which cellular compartment houses the
PrA-PrB-mediated cleavage of Sup35. In this study, we provide
evidence showing that: (i) the cleavage is dependent on trans-
lation, and (ii) the cleaved product Sup35s localizes in the
polysome. These results strongly suggest that the translation
termination factor Sup35 is cleaved on actively translating ribo-
somes. Although PrB is generally thought to be involved in vac-
uolar proteolysis, a recent study reported that PrB cleaves his-
tone H3 in the nucleus (19). This indicates that PrB also
functions outside the vacuole. In the yeast vacuolar lumen, the
pH is maintained as acidic (pH 5.0) (25) and the pH optimum of
the major vacuolar proteases (e.g. PrA, etc.,) is acidic, corre-
sponding to the vacuolar pH (26). However, it was surprising
that the pH optimum of the proteolytic reaction measured
using the purified PrB is about neutral, which was also men-
tioned previously by Jones’ group (27). Consistent with this, we
have shown that Sup35 could hardly be cleaved under acidic
conditions in vitro. These results further support the idea that

20118 J Biol. Chem. (2017) 292(49) 20113-20124

the cleavage of Sup35 occurs outside the vacuole. Although the
process of spontaneous de novo prion formation remains elu-
sive, Sup35 aggregates generated in the process of prion induc-
tion by Sup35 overproduction are associated with the actin
cytoskeletal networks and components of the endosomal/vac-
uolar pathway (13, 14). In this study, we have shown that the
cleavage of Sup35 could still be observed in deletion mutants
lacking the proteins Slal or End3, which are involved in the
actin cytoskeletal network and endosomal/vacuolar pathway.
Therefore, it is reasonable to assume that misfolded Sup35,
produced either after overproduction or accidentally during
physiological processes (i.e. translation termination and mRNA
deadenylation), is proteolytically cleaved before being trans-
ported via the actin cytoskeletal network and endosomal/vacu-
olar pathway toward vacuoles.

It also remains to be determined why the cleavage of Sup35 is
linked to the growth in glucose media. The expression of PrB is
known to be regulated by glucose. PRBI transcription is barely
detectable during the early log-phase and de-repressed when
the cells have exhausted the glucose supply and enter the sta-
tionary phase (28, 29). The level of PrB enzymatic activity mea-
sured under optimal (neutral) conditions increases as the cells
progress from the log-phase to the stationary-phase. However,
this might not reflect all of the PrB activity in cells. A recent
study reported that vacuolar ATPase (V-ATPase) regulates the
cytosolic pH in response to the availability of a carbon source
(30). The cytosolic pH is around neutral (pH 6.7~7.0) during
the exponential growth phase and mid to late exponential phase
(that is, before glucose is depleted) and then is decreased to the
acidic level in the stationary-phase (31). Thus, the cytosolic PrB
is thought to be active in log-phase cells and repressed in sta-
tionary-phase cells, which is consistent with the observed cleav-
age of Sup35; the cleavage occurs in log-phase cells and is
repressed in stationary-phase cells. In this regard, we have con-
firmed that bafilomycin Al, the specific V-ATPase inhibitor
that makes the cytosolic pH acidic, inhibited the cleavage of
Sup35 (supplemental Fig. S4). These data suggest the possibility
that the changes in the intracellular pH by extracellular glucose
may regulate the pH-dependent PrB activity and resultant
cleavage of Sup35. Rates of spontaneous de novo [PSI"] forma-
tion are typically low, at a level of 107° (32, 33). This is much
lower than those for some other prions, e.g. [PIN"] (3). The
[PSI] prion is rare in wild and industrial yeast isolates: a recent
study detected it in only 10 of 690 strains analyzed (34). In the
same study, at least about ¥4 of the tested strains contained
some other prions. These data suggest that yeast must have
evolved mechanisms to suppress the formation of [PSI"]. Our
results presented here potentially uncover one such mecha-
nism. In humans, prion diseases such as Creutzfeldt—Jakob dis-
ease are caused by converting the cellular prion protein (PrP¢)
to its pathogenic and B-sheet-rich isoform (PrP*°) (35, 36). The
a-cleavage of PrP€ occurs within the neurotoxic domain, which
is essential for the conformational conversion to PrP*¢ (37, 38),
and removes the N-terminal polybasic region, which is impor-
tant for the initial interaction between PrP¢ and PrP*¢ in the
process of misfolding (39, 40). This indicates that the a-cleav-
age of PrP° might be a defense mechanism against human prion
propagation. Another example is Alzheimer’s disease, which is
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thought to be caused by the accumulation of amyloid B (AB) duction (41). As a result, a-secretase cleavage of APP is pro-
peptide derived from the proteolytic cleavage of amyloid tective against Alzheimer’s disease. Thus, the proteolytic
precursor protein (APP). An alternative cleavage of APP by cleavage of amyloidogenic proteins might be used as a
a-secretase destroys the Af sequence and inhibits A pro- defense mechanism against amyloidosis, in common from
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Figure 6. Sup35s itself does not suppress de novo prion generation. A, schematic representation of the Ub-tagged Sup35 deleted of the amino-terminal 38
amino acids and its processing to 39ASup35. B, wild-type (yAO90), YCplac22-Myc-Ub-SUP35(1M) transformants (yAO91), and YCplac22-Myc-Ub-SUP35(39A)
transformants (yAO92) were grown in YPDA and harvested at the early log-phase. Cell extracts were analyzed by Western blotting (WB) using anti-Sup35 and
GAPDH. The four leftmost lanes indicate 2-fold dilutions of the protein to confirm that the condition used was semiquantitative. C, the frequency of the
formation of [PSI"] in wild-type, Myc-Ub-SUP35(1M) transformants, and Myc-Ub-SUP35(39A) transformants was calculated as described in the legend to Fig.
5B. Guanidine curability of strains is checked and the significant proportion of them is confirmed to be curable (supplemental Table S3). Average results of 3
repeats are shown, bars correspond to standard deviations.

yeast to humans. By uncovering the mechanism that sup-
presses prion generation in yeast, our study may also shed
light on defense mechanisms against prion diseases, as well
as noninfectious amyloidoses in higher eukaryotes including
humans.

Experimental procedures

Yeast strains and media

All Saccharomyces cerevisiae strains used in this study are
listed in supplemental Table S1. The yeast knockout collection
was purchased from EUROSCAREF (16). GT17, OT60, OT55,

and OT56, which are derived from 74D-694, were previously
described (42, 43). All strains were grown at 30 °C either in
YPDA (1% vyeast extract, 2% peptone, 2% glucose, and 100
pg/ml of adenine) or defined minimal medium (0.67% yeast
nitrogen base without amino acids, 2% glucose) supple-
mented with the appropriate amino acids. To select the
KanMX, cells were grown in YPDA medium containing 200
pg/ml of G418. Yeast strains were grown on YPD solid
medium containing a low concentration adenine (1% yeast
extract, 2% peptone, 2% glucose, 10 ug/ml adenine, 2% agar)
for yeast color selection.

Figure 5. The PrA-PrB proteolytic pathway negatively regulates de novo formation of [PSI*]. A, wild-type (OT60) grown in YPDA were harvested at the
early log-phase or the late log-phase. Cell extracts were analyzed by Western blotting (WB) using anti-Sup35 or anti-PrB. B, cells cultured as in A were plated
onto an adenine-deficient SD plates (SD-Ade). Colonies grown on the SD-Ade plates were tested for curability on YPD plates containing 2.5 mm guanidine HCl;
numbers of Ade " colonies cured by guanidine HCl were used to calculate the frequencies of spontaneous [PS/*] formation. Average results of 3 repeats are
shown, bars correspond to standard deviations. C, wild-type (OT60) and pep4A (yAO121) grown in YPDA were harvested at the late log-phase. Cell extracts were
analyzed asin A. D, the frequencies of [PS/*]formation in wild-type and pep4A in Cwere measured as in B. E, wild-type (OT60) and prb1A (yAO66) grown in YPDA
were harvested at the late log-phase. Cell extracts were analyzed as in A. F, the frequency of the appearance of [PSI"]in wild-type or pep4A in E was calculated
asin B. G, wild-type (OT60) and prc1A (yAO179) grown in YPDA were harvested at the late log-phase. Cell extracts were analyzed as in A. H, the frequency of the
appearance of [PSI"] in wild-type or pep4A in G was calculated as in B. I, wild-type (yAO109) and p8L2-PRB1 transformants (yAO110) grown in YPDA were
harvested at the early log-phase. Cell extracts were analyzed as in A. J, the frequency of the appearance of [PSI"]in wild-type or p8L2-PRB1 transformants was
calculated asin B. Guanidine curability of all strains in B, D, F, H, and Jis shown in supplemental Table S3. Average results of 3 repeats are shown, bars correspond
to standard deviations.
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Figure 7. PrB activation neither cleaves the amyloid conformers of Sup35 nor eliminates preexisting [PSI*]. A, glucose-starved [psi ], [PSI*1ek and
[PSI*1°"9 cells were cultured in YPDA medium, harvested at the specified time points, and analyzed by Western blotting (WB) using anti-Sup35. B, [psi~],
[PSIT]e2k, or [PSIF1°7°"9 cells transformed with either p8L2-Flag or p8L2-PRB1 were grown in YPDA and harvested at the early log-phase. Cells extracts were
analyzed by Western blotting using anti-Sup35. C, cells extracts in Bwere analyzed using anti-PrB. D, cells as in Bwere streaked on YPD plates to evaluate if PRB1
transformants were [PS/™] or [psi~] (see “Experimental procedures”). White and pink colonies represent strong and weak [PSI*], respectively. Mitotic stability of

these plasmids is shown in supplemental Table S4.

Yeast construction and genetic manipulation

SUP3S5 gene disruption was performed in the OT60 strain,
which had been transformed with pKT10-SUP35C (44). The
targeting construct, which contained Candida glabrata HIS3
selection marker (CgHIS3), was generated by PCR using
pBS-CgHIS3 (45) and the primer pairs AO0009/A00010.
The SUP35-disrupted strain was further transformed with
YCplac22-SUP35-HA, and pKT10-SUP35C was eliminated by
negative selection using 5-fluoroorotic acid (46). For disruption
of PRBI, PEP4, and PRCI genes, the targeting constructs were
generated as described above using the primer pairs AO0036/
A00037, AO0069/A00070, and AO0102/A00103, respec-
tively. The synthetic oligonucleotides used in this study are
listed in supplemental Table S2.

SASBMB

Plasmid construction

YCplac22-Flag-SUP35(WT) and YCplac22-SUP35(WT)-
Flag were constructed by inverse PCR using YCplac-SUP35 (44)
and the primer pairs AO0082/A00083 and AO0080/A00081,
respectively. YCplac22-Myc-Ub-SUP35(1M) and YCplac22-
Myc-Ub-SUP35(39A) were constructed by inverse PCR using
YCplac22-Myc-Ub-SUP35(ATG BamHI) and the primer pairs
A0O0025/A00020 and AO0025/A00022, respectively. For
creating YCplac22-Myc-Ub-SUP35(ATG BamHI), YCplac22-
SUP35 (ATG BamHI) was first prepared by inverse PCR using
YCplac22-SUP35(WT) and the primer pair AO0015/A00016.
Myc-Ub fragment was then PCR-amplified using pCMV-Myc-
Flag-Ub-GSPT1 (47) and primer pair AO0018/A00019, and
inserted into the BamHI site of YCplac22-SUP35(ATG
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BamHI). To construct the multicopy vector p9L2, the TDH3
terminator sequence was PCR-amplified using pKT10 (44) and
the primer pair NH0209/NHO0210, and inserted into the BglII
and Pstl sites of p9L (45). The p9L2-FLAG, which contained the
Kozak and FLAG tag sequences, was generated by inverse PCR
using p9L2 and the primer pair NH0206/NH0207. To construct
the multicopy vector p9L2-FLAG-PRB1, the PRBI gene was
PCR-amplified using genomic DNA from the GT17 strain and
the primer pair AO0051/A00052, and inserted into the BglII
site of the p9L2-FLAG. To construct the single copy vector p8L,
the cassette harboring the zetO promoter and CYCI terminator
was excised from pCM190 and inserted into YCplacl1l. To
construct the single copy vector p8L2-FLAG, the Kozak-FLAG-
TDH3 terminator was PCR-amplified using p9L2-FLAG and
the primer pair AO0086/A00087, and inserted into the BamHI
site of p8L. To construct the single copy vector p8L2-FLAG-
PRB1, the Kozak-FLAG-PRBI-TDH3 terminator fragment was
PCR-amplified using p9L2-FLAG-PRB1 and the primer pair
AO0086/A00087, and inserted into the BamHI site of the p8L.
The p8L2-PRB1 was constructed by inverse PCR using p8L2-
FLAG-PRB1 and the primer pair AO0073/A00074. p8L2-
PRB1-FLAG was constructed by inverse PCR using p8L2-PRB1
and the primer pair AO0119/A00120. The single copy vector
YCplac22-SUP35-HA was constructed by inverse PCR using
YCplac-SUP35 (44) and the primer pair FNO1/FNO02. The syn-
thetic oligonucleotides used in this study are listed in supple-
mental Table S2.

Analysis of the proteolytic cleavage of Sup35

Yeast cells were grown to an Ay, of 2 (mid log-phase) in
YPDA medium, and cells were collected and resuspended in
medium lacking a carbon source (YPA). After cells were cul-
tured for 12 h in YPA, cells were collected and resuspended in
YPDA with the indicated reagents. The cells were further incu-
bated for the specified times and analyzed by Western blotting.

Preparation of yeast extracts and detection of yeast proteins

Yeast extracts were prepared as previously described (48).
The extracts were analyzed by Western blotting using the fol-
lowing antibodies; anti-Sup35 antibody raised against His-
tagged Sup35 (136-483), anti-Prbl antibody raised against
His-tagged mature Prbl (281-573), anti-GAPDH antibody
raised against His-tagged human GAPDH (1-335), and anti-
FLAG M2 antibody (Sigma).

PrB purification and in vitro Sup35 cleavage reaction

Freshly produced colonies of yeast cultures (yAO226,
yAO227, and yKO5) were inoculated into selective medium
and incubated for 14 h. The culture was diluted to A, 0f 0.3 in
YPDA medium and grown for 24 h to an A, of ~8 (stationary
phase). Cells were collected by centrifugation, resuspended
either in lysis buffer A (100 mm Tris-HCI (pH 7.5), 1 mm EDTA,
and 150 mm NaCl) for yAO226 and yAO227 strains or in
extraction buffer (100 mMm Tris-maleate (pH 5.0 or 7.0)) for the
yKO5 strain. Proteins were extracted by seven cycles of vortex-
ing with zirconia beads using beads crasher uT-12 (TAITEC).
After centrifugation at 20,400 X g for 15 min, the supernatants
were used as the yeast extract. The extracts isolated from
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yAO226 and yAO227 strains, which were supplemented with
0.1% of Nonidet P-40, were mixed with anti-FLAG M2 Affinity
Gel (Sigma) and were further incubated at 4 °C for 2 h. The
beads were washed three times with wash buffer A (100 mm
Tris-HCI (pH 7.5), 1 mm EDTA, 150 mMm NaCl, and 0.1% Non-
idet P-40). Sup35 cleavage reaction was performed by incubat-
ing the FLAG-PrB bound beads with yeast cell extract from
yKOS5 strain at 30 °C with shaking. An aliquot of the reaction
mixture was collected at the indicated time points and analyzed
by Western blotting. For the azocoll assay, the FLAG-PrB
bound beads were incubated in reaction buffer (100 mm Tris-
maleate (pH 5.0 - 8.5), 0.05% SDS, 10 mg/ml of azocoll) at 30 °C
for 15 min with shaking. PrB activity was calculated by measur-
ing absorbance at 520 nm (27).

Scoring the frequency of spontaneous [PSI* ] formation

The phenotypic detection of yeast [PSI*] was performed as
described (49). Cultures of wild-type (OT60 strain) and knock-
out strains derived from OT60 were grown to an A, of ~5
(late log-phase) in 1 ml of YPDA, and each culture was diluted
into5 mlof YPDA atan A, of ~0.3 and grown for a further 6 h
to an A4, of ~1 (early log-phase, p8L2-PRBI1 transformant) or
10 hto an A4y, of ~5 (late log-phase, serine protease knock-out
strains). Each culture (total of ~1 X 10° cells/plate, 10 plates)
was plated on adenine-deficient SD plates (SD-Ade) to score for
the frequency of spontaneous [PSI"] appearance. A 1000-fold
dilution of the culture (total of ~200 cells/plate, 3 plates) was
plated on YPD plates containing a low concentration of adenine
(10 pg/ml) (YPD) to assess living cells. YPD plates were incu-
bated for 3 days, and SD-Ade plates were incubated for 10 days.
Colonies on the SD-Ade plates were picked up and streaked on
YPD plates and incubated for 2-3 days to recheck [PSI']
appearance. We did not detect red colonies on these plates. The
streaked colonies were passed to YPD plates containing 2.5 mm
guanidine HCl and grown for 2-3 days. The passage was
repeated three times. The colonies that produced red subcolo-
nies on YPD plate were determined to be curable.

Affinity purification of cleaved Sup35

The yeast culture (yAO53) grown to an A, of ~2 (mid log-
phase) was collected and resuspended in YPA and grown for
12 h. The cells were further grown in YPDA medium for 10 h,
and then treated with 100 ug/ml of CHX for 15 min. The yeast
cells were washed once with water containing 100 pg/ml of
CHX and resuspended in lysis buffer B (20 mm HEPES-KOH
(pH7.5), 5 mM EDTA, 1 mm dithiothreitol, 150 mm NaCl, 1 mm
PMSEF, 2 ug/ml of aprotinin, 100 ug/ml of CHX, and protease
inhibitor mixture (Roche Applied Science)). Proteins were
extracted using beads crasher as described above. The extract,
which was supplemented with 1% Nonidet P-40, was incubated
with Anti-HA Affinity Matrix (Roche Applied Science) at 4 °C
for 3 h. The resin was washed five times with wash buffer B (20
mM HEPES-KOH (pH 7.5), 5 mm EDTA, 1 mwm dithiothreitol,
150 mm NaCl, 100 pg/ml of CHX, and 1% Nonidet P-40). The
proteins retained in the resin were eluted with an SDS-PAGE
sample buffer by boiling for 10 min. The eluted proteins were
separated by SDS-PAGE and transferred to Immobilon-P (Mil-
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lipore). The cleaved Sup35 retained on the membrane was ana-
lyzed using N-terminal Edman degradation.

Polysome profile analysis

The yeast culture (wild-type (OT60) and prblIA (yAO66))
grown to an Agy, of ~2 (mid log-phase) was collected and
resuspended in YPA and grown for 12 h. Cells were collected,
further grown for 11 h in YPDA, and then treated with 100
png/ml of CHX for 5 min. The yeast culture was washed once
with water containing 100 ug/ml of CHX and resuspended in
lysis buffer C (20 mm HEPES-KOH (pH 7.5), 1 mM EGTA, 1 mm
dithiothreitol, 5 mm MgCl,, 10 mm KCl, 0.1 mm PMSF, 100
pg/ml of CHX, and protease inhibitor mixture (Roche Applied
Science)). Proteins were extracted using beads crasher as
described above. The equivalent of 20 A, units of the extract
was then layered on linear 10- 50% sucrose density gradients
and centrifuged at 110,500 X g for 100 min at 4 °C. Gradients
were then fractionated using piston gradient fractionator (BIO-
COMP). The distribution of polysome was monitored by con-
tinuous absorbance measurement at 254 nm. Proteins in the
fractions were precipitated with trichloroacetic acid and then
resuspended in HU buffer (200 mm Tris-HCI (pH 8.6), 8 M urea,
5% SDS, 1 mm EDTA, 0.002% bromphenol blue). The samples
were analyzed by Western blotting.

Analysis of mitotic stability of plasmid

The [psi~], [PSI*]¥**%, and [PSI"]**"°"¢ strains transformed
with either p8L2-FLAG or p8L2-PRB1 at an A, of ~1 (early
log-phase) in YPDA medium were diluted and plated on the
selective plates or YPD containing low adenine plates. The ratio
of the number of colonies on the selective plate to that on the
YPD containing low adenine plate was calculated to determine
the percentage of cells carrying plasmids.

Author contributions—A. O., N. H,, Y. O. C,, and S. H. designed the
experiments; A. O., N. H,, A. T, and G. P. N. performed the experi-
ments; A. O., G.P.N,, N. H,, Y. O. C,, and S. H. analyzed the data;
A.O., Y.0O.C, and S.H. wrote the paper; S.H. conceived and
directed the study.
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