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Simple Summary: DnaJB6 is a human cellular protein quality control factor that prevents diverse
peptides from forming disease-associated amyloid, a highly ordered fibrous protein aggregate.
DnaJB6 protects human cells, animals and yeast from toxicity caused by amyloids composed of
Huntington’s-related polyglutamine, Parkinson’s-related α-synuclein, and ALS- associated TDP-43,
and it cures yeast of endogenous prions (infectious amyloids). However, structurally different
amyloids of one and the same prion protein, and prions composed of them, can be insensitive
to anti-amyloid activity of DnaJB6. This limitation raises concerns about developing DnaJB6 as a
therapeutic for amyloid diseases. Prions showing this insensitivity are highly toxic to yeast with
reduced function of Sis1, a yeast protein related to DnaJB6. To begin assessing how DnaJB6 might act
on amyloid in cells we tested if DnaJB6 could protect yeast from this toxicity. Although it does not
eliminate the prion, it protects cells from prion toxicity, but differently than Sis1. Our work provides
insight into how human DnaJB6 counteracts cellular toxicity caused by amyloid and establishes an
in vivo genetic system useful for studying DnaJB6-amyloid interactions to decipher its mechanisms
of action.

Abstract: Human J-domain protein (JDP) DnaJB6 has a broad and potent activity that prevents
formation of amyloid by polypeptides such as polyglutamine, A-beta, and alpha-synuclein, related to
Huntington’s, Alzheimer’s, and Parkinson’s diseases, respectively. In yeast, amyloid-based [PSI+]
prions, which rely on the related JDP Sis1 for replication, have a latent toxicity that is exposed by
reducing Sis1 function. Anti-amyloid activity of DnaJB6 is very effective against weak [PSI+] prions
and the Sup35 amyloid that composes them, but ineffective against strong [PSI+] prions composed of
structurally different amyloid of the same Sup35. This difference reveals limitations of DnaJB6 that
have implications regarding its therapeutic use for amyloid disease. Here, we find that when Sis1
function is reduced, DnaJB6 represses toxicity of strong [PSI+] prions and inhibits their propagation.
Both Sis1 and DnaJB6, which are regulators of protein chaperone Hsp70, counteract the toxicity by
reducing excessive incorporation of the essential Sup35 into prion aggregates. However, while Sis1
apparently requires interaction with Hsp70 to detoxify [PSI+], DnaJB6 counteracts prion toxicity by a
different, Hsp70-independent mechanism.

Keywords: DnaJB6; J-domain proteins; amyloid; amyloid toxicity; yeast prions

1. Introduction
1.1. Yeast Prions Are Infectious Amyloids

[PSI+] prions of yeast propagate in the cytoplasm as amyloids composed of the essential
translation release factor Sup35/eRF3 [1,2]. Amyloid is a highly ordered, fibrous aggregate of
a misfolded protein. [PSI+] amyloid is infectious, as it is carried with cytoplasm to daughter
cells during mitosis, to different strains during mating, and to meiotic progeny during
sporulation. [PSI+] prion phenotypes can vary from weak (PSI+]W) to strong ([PSI+]S),
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which reflect differences in structures of the Sup35 amyloids of which they are composed. In
cells propagating [PSI+], Sup35 is depleted into insoluble prion aggregates, which reduces
its function and causes obvious nonsense suppression phenotypes [3,4]. Strong variants
confer stronger nonsense suppression by depleting more Sup35 than weak variants. Despite
this depletion, widely studied [PSI+] prions have little effect on cell growth.

1.2. [PSI+] Prions Depend on Protein Chaperones for Replication and Have Latent Toxicity

Replication of [PSI+] prions depends on Hsp104 protein disaggregation machinery that
includes Hsp70 and its regulators [5,6]. In attempting to disaggregate prions to resolubilize
Sup35, this machinery extracts Sup35 monomers. However, this process causes the amyloid
to divide into two smaller fibers that each continue to propagate the prion trait. Sis1 is a
class B Hsp40 family J-domain protein (JDP) that regulates Hsp70, is essential for viability,
and acts as a crucial regulator of this Hsp104 process [7–11].

Although widely studied [PSI+] prions have little effect on yeast growth, most [PSI+]
prions are inherently toxic [12–14]. Membrane composition can influence amyloid formation
by the Sup35 prion determining region [15], but whether this effect is connected to [PSI+]
toxicity is unknown. Well-studied [PSI+] prions are normally benign, but their inherent
toxicity is revealed in cells expressing Sis1JGF, a truncated Sis1 lacking its C-terminal domain
(CTD) [16–19]. The Sis1 CTD, which binds substrates and can interact with the C-terminus
of Hsp70, is therefore crucial for Sis1 to protect cells from [PSI+]S toxicity [19,20]. Reducing
Sis1 function or abundance causes prion aggregates to increase in size, which correlates with
excessive depletion of Sup35 that causes the toxicity. Thus, in addition to helping promote
propagation of [PSI+], Sis1 moderates toxic depletion of Sup35 in [PSI+] cells [19].

1.3. Human JDP DnaJB6 Protects Yeast from Amyloid Toxicity and Cures Yeast of Prions

Human DnaJB6b is a splice variant of DnaJB6, a JDP related to Sis1 that has a much
smaller CTD and an adjacent amyloid-binding serine/threonine-rich (ST) region. DnaJB6b
forms oligomers and possesses a potent ST-dependent activity that blocks nucleation and
assembly of amyloid by several disease-associated proteins [21–25]. Elevating expression
of DnaJB6b protects human cells, yeast, and animals from toxicity of highly expressed
Huntington’s related poly-glutamine (polyQ, or polyQ-GFP) [21,24,26], and other human
disease proteins, such as alpha-synuclein and TDP-43, which are associated with Parkin-
son’s disease and amyotrophic lateral sclerosis, respectively [27,28].

Toxicity of polyQ-GFP in yeast depends on the presence of [PSI+] or [PIN+] prions,
which are thought to enhance aggregation of polyQ-GFP that is associated with the tox-
icity [29–33]. DnaJB6b protects cells from the high toxicity of polyQ-GFP seen in cells
propagating both [PSI+]S and [PIN+] [24,34]. An interaction of DnaJB6b with Hsp70 is
needed for it to sequester disperse polyQ-GFP aggregates into a peri-vacuolar deposition
site, but not to detoxify them, showing that the protection does not require sequestration
and is probably accomplished directly [34]. The DnaJB6b ST region, which interacts with
both the disperse and sequestered polyQ aggregates, and its adjacent CTD are each nec-
essary for the protection. When combined, this ST-CTD (STC) polypeptide is enough to
protect cells, but how it detoxifies the polyQ aggregates without noticeably affecting their
aggregation state is still unclear.

[URE3] is another yeast prion that propagates as amyloid of Ure2 protein. DnaJB6b
prevents purified Ure2 from forming amyloid and it cures yeast of [URE3]. It also prevents
Sup35 from forming amyloid structures that produce [PSI+]W prions when used to infect
yeast, and it cures yeast of [PSI+]W prions. However, it does not prevent Sup35 from
forming amyloids structures that propagate as [PSI+]S, nor does it cure cells of [PSI+]S [24].
These observations reveal a limitation of the anti-amyloid activity of DnaJB6b on struc-
turally different amyloids composed of the same Sup35 protein. Because anti-amyloid
activity of DnaJB6 is wide-ranging, these findings surprised us. However, altered versions
of DnaJB6b can protect yeast from polyQ-GFP toxicity with minimal effect on polyQ-GFP
aggregation state, which suggests that the aggregates do not have to be dismantled or col-
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lected to be made non-toxic [34]. Despite its lack of effect on [PSI+]S prion phenotypes, we
hypothesized that DnaJB6 might protect cells from the toxicity of [PSI+]S observed in cells
lacking the Sis1 CTD. Indeed, although we do not observe anti-prion activity of DnaJB6b
when intact Sis1 is present, we find it can reduce toxicity of [PSI+]S in cells expressing
Sis1JGF in place of Sis1. DnaJB6b also prevented excessive aggregation of Sup35 upon
depletion of Sis1, and this protection occurs with only mild effects on prion strength and
stability. Our data show that DnaJB6b can protect yeast from toxicity of [PSI+] prions by
moderating depletion of Sup35, like Sis1, but by a seemingly different mechanism.

2. Materials and Methods
2.1. Yeast Strains, Plasmids, and Growth Conditions

Yeast strains are isogenic to wild type strain 779-6A (MATa, kar1, SUQ5 (SUP16),
ade2-1, his3, leu2, trp1, ura3 [3]). All are [pin−]. Strain 628-8Cc, used for cytoduction, is
described [18]. 970L is [psi−], sis1∆/pYW17 (URA3, SIS1), pRS315sis1JGF (LEU2, sis1JGF).
970LS, used for plasmid shuffles, is the same but propagates the strong [PSI+] variant
[PSI+]S. Strain 2140 is sis1∆, NGMC (Sup35-GFP [35]) and has a URA3 plasmid encoding
SIS1 regulated by a tetracycline repressible promoter. This plasmid, named pRED156, is
pRS316 (CEN6, URA3 [36]) with its Eco RI—Not I fragment replaced by the Eco RI—Not
I fragment from pTETrSIS1 [10]. Plasmid pJE237 and pJE65 were made by subcloning
the Bam HI—Sal I fragment from pYW62 [37] into the same sites in pRS315 and pRS314,
respectively. These and remaining plasmids are listed in Table 1.

Table 1. Plasmids used in this study.

Plasmid Marker Promoter Protein Expressed Source

pRS314 TRP1 na empty vector [36]
pRS315 LEU2 na empty vector [36]
pYW17 URA3 SIS1 Sis1 [37]
pMR286 TRP1 GPD Sis1-cmyc [38]

pMR286DN TRP1 GPD Sis1D36N-cmyc [38]
pRED156 URA3 TETr Sis1 This study
pMR266 TRP1 GPD Sis1 [24]

pMR266DN TRP1 GPD Sis1D36N [24]
JE167 LEU2 GPD Sis1-mCh [19]

JE167DN LEU2 GPD Sis1D36N-mCh This Study
JE237 LEU2 SIS1 Sis1JGF This Study
JE65 TRP1 SIS1 Sis1JGF This Study

pMR328 TRP1 GPD DnaJB6b-cmyc [24]
pMR328DN TRP1 GPD DnaJB6bD33N-cmyc [24]

pRED155 TRP1 GPD DnaJB6b∆ST [24]
pMR399 TRP1 GPD DnaJB6b This study
pRED152 TRP1 GPD DnaJB6b-mCh This Study

pRED152DN TRP1 GPD DnaJB6bD33N-mCh This Study
pRU14 LEU2 GAL DnaJB6b [24]

pRED114 TRP1 GAL DnaJB6b This study
JE66 TRP1 SIS1 Sis1 [19]
JE239 TRP1 SIS1 Sis1 [19]

pRED144 TRP1 GPD DnaJB6b-STC This Study
pRED142 TRP1 GPD DnaJB6b-ST This Study
pRED155 TRP1 GPD DnaJB6b∆ST This Study
pMR329 TRP1 GPD DnaJB6b∆STCTD [24]

Standard growth media and conditions were used [39]. Excess adenine (400 mg/L)
was added to all liquid media. Limiting amounts of adenine (10–20 mg/L) were used
for solid media only when monitoring prions. Cells were grown at 30◦ unless indicated
otherwise. For Sis1 depletion experiments doxycycline was added to cultures at a final
concentration of 6 µg/mL.
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2.2. Monitoring Prions

Sup35 promotes efficient translation termination by facilitating release of nascent
polypeptides when ribosomes encounter stop codons. The presence of [PSI+] reduces
translation termination by depleting Sup35 into insoluble amyloid aggregates, causing a
nonsense suppressor phenotype. In the absence of [PSI+], termination of translation at the
premature stop codon of ade2-1 mediated by Sup35 is efficient, which makes our strains
Ade- and when grown on limiting adenine they are red. The combination of [PSI+]S and
SUQ5 in our strains suppresses ade2-1 enough to make cells Ade+ and white. [PSI+]W

prions deplete less soluble Sup35, which produces a “weaker” intermediate pink color.
Cytoductions were done as described [40] using recipient strain 628-8Cc to confirm

presence of prions in cells and to determine if effects of JDPs on prions could be due to
alteration of physical properties of the underlying amyloid. Defective nuclear fusion in
kar1 cells after mating results in progeny that share cytoplasm but retain their original
genotypes. By this abortive mating “Donor” cells with prions infect 628-8Cc cells. Prion
phenotype of infected recipients reports on the prions present in the donor.

2.3. Plasmid Shuffle

Plasmid shuffle was done as described [19]. Briefly, strain 970LS expresses Sis1JGF
from a LEU2 plasmid to provide Sis1 function needed to support viability. Sis1JGF cannot
counteract toxicity of [PSI+]S, so 970LS also carries a URA3 plasmid encoding Sis1 that
protects cells from this toxicity. The presence of this plasmid (pYW17) makes cells sensitive
to 5-fluoro-orotic acid (FOA), which kills Ura+ cells. 970LS was transformed by TRP1
plasmids encoding proteins to be tested for ability to counteract [PSI+]S toxicity selecting
on medium containing uracil, which allows loss of the URA3 plasmid. Individual transfor-
mants were grown as patches of cells on similar plates, and then replica-plated onto similar
medium containing FOA. Images of plates were taken after 2–4 days incubation at 30◦.
CEN plasmids mis-segregate at low frequency (~2%) during mitosis and cells that fail to
inherit pYW17 will not grow on FOA unless the test protein can protect from prion toxicity
in place of Sis1. Density of growth on FOA provides an initial estimate of this protection.

2.4. Growth Rates

Cells in SC medium selecting for plasmids were grown in 24-well microtiter plates
shaking at 300 rpm in a microplate reader. OD600 was measured every 20 min for 48 h.
Cells were grown in 1 mL of total volume starting at OD600 ~ 0.02.

2.5. Western Blots for Sis1 Abundance

Abundance of Sis1 was determined by Western blot as described [19] using log phase
cells grown 28 h (~7 generations) in YPAD, or selecting medium when necessary, with or
without doxycycline (6 µg/mL). Briefly, 10 µL of lysates (at OD600 = 0.6) were separated
by 4–20% SDS-Page CriterionTMTGXTM gels. Proteins were transferred to PVDF mem-
branes and probed with Sis1 antibodies [19] diluted 1:10,000 and HRP-conjugate anti-rabbit
secondary antibodies diluted 1:6000. Amounts of Sis1 were quantitated using Image-J.

2.6. Fluorescence Microscopy

Strain 2140 log phase cells were grown in SC medium selecting for plasmids and fixed
via paraformaldehyde (http://mcb.berkeley.edu/labs/koshland/Protocols/MICROSCOPY/
gfpfix.html, accessed on 3 October 2022) before, and 28 h after 6 µg/mL of doxycycline was
added. Control cells were grown similarly without doxycycline. Microscopic images were
captured on a Nikon E-800 microscope using Nikon NIS Elements software (04.30.02 64 bit,
Nikon Instruments Inc., New York, NY, USA) with a Q-Imaging Retiga EXi digital camera,
Plan APO VC 60X oil immersion DIC optics, GFP and RFP filters. Images were processed for
presentation using Adobe Photoshop 2022 software.

http://mcb.berkeley.edu/labs/koshland/Protocols/MICROSCOPY/gfpfix.html
http://mcb.berkeley.edu/labs/koshland/Protocols/MICROSCOPY/gfpfix.html
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3. Results

3.1. DnaJB6b Protects Yeast from Toxicity of [PSI+]S Prions

Sis1JGF, a truncated Sis1 that contains only the J and GF domains (amino acids 1–121)
and lacks the substrate-binding CTD (see Figure 1A), provides the functions of Sis1 needed
for cell viability. When expressed as the only source of Sis1, however, Sis1JGF cannot
prevent toxicity of [PSI+]S (a strong variant of [PSI+]) caused by depletion of functional
Sup35 protein into prion aggregates [16,19]. Therefore, in sis1∆ cells (lacking Sis1) that
express Sis1JGF and propagate [PSI+]S, we co-express full-length Sis1 from a plasmid to
keep enough Sup35 functional for cells to grow. JDPs have a conserved HPD (His-Pro-Asp)
motif that mediates interaction with Hsp70, and homologous mutations of the aspartate
of this motif (D36N in Sis1 and D33N in DnaJB6b) disrupt interaction with Hsp70 [41].
Sis1-D36N cannot support growth in place of Sis1, indicating that interaction of Sis1 with
Hsp70 is essential for viability. DnaJB6b cannot support growth of sis1∆ cells [24], so it is
not a functional homolog of Sis1.
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Figure 1. DnaJB6 protects yeast from toxicity of [PSI+]S. (A) Structures of Sis1 and DnaJB6b (JB6b)
drawn near to scale. Numbers indicate amino acid residues that delineate structural domains. J-
domain mediates interaction with Hsp70, GF (DnaJB6) and GF/GM (Sis1) confer functional specificity,
ST of DnaJB6 interacts with amyloid, and CTD binds misfolded protein substrates. Terminal CTD
region of Sis1 encodes a dimerization region (DD); CTD of DnaJB6 is important for forming higher-
order oligomers [25]. (B) FOA-resistant [psi−] cells expressing Sis1JGF only or Sis1JGF plus indicated
proteins were grown on rich medium for 3 days at 30◦ and 1 day at 22◦. (C) Plasmid shuffle (see
text) using strain 970LS. All are sis1∆ and express Sis1 from a URA3 plasmid, Sis1JGF from a LEU2
plasmid and test protein indicated on left from a TRP1 plasmid. Cells grown on SC -Leu-Trp (-LT)
were replica-plated onto similar medium containing FOA and grown 2 days. (D) Same as (C) but
[PSI+]S cells. FOA plate was incubated 2–4 days as indicated at top. FOA plate was replica-plated
onto 1/2YPD (YPD), which has limiting amount of adenine to monitor prion color phenotype. For
(C,D); ev, empty TRP1 vector (Sis1JGF alone); B6, DnaJB6b.

To test if intact or mutant versions of DnaJB6b could counteract toxicity of [PSI+]S

when expressed in place of Sis1 we used a “plasmid shuffle” assay to exchange TRP1
plasmids encoding test proteins for a URA3 plasmid encoding Sis1 (pYW17) [19]. Our sis1∆
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strain 970LS expresses Sis1JGF from a LEU2 plasmid and Sis1 from pYW17. Selection for
the plasmid encoding Sis1JGF is maintained to support growth when pYW17 is lost, but
pYW17 cannot be lost unless a test protein exchanged for Sis1 can protect cells from [PSI+]S

toxicity. We monitor whether pYW17 can be lost using plates containing FOA, which kills
Ura+ cells. Cells from FOA that lost pYW17 will depend on Sis1JGF to provide essential
Sis1 functions. They also depend on a version of DnaJB6b that counteracts [PSI+]S toxicity,
so selection is not needed for either plasmid after recovery from FOA.

Expressing DnaJB6b slows growth of wild type yeast [34], so we first performed the
plasmid shuffle using [psi−] cells (strain 970L) to determine if expression of any other test
protein affected growth in the absence of prions. Several individual transformants of each
test protein were isolated from primary selection plates (SC -Leu-Trp) and inoculated as
patches onto a master plate of similar medium. These were then replica-plated onto similar
medium containing FOA to select for cells having lost pYW17.

Although [psi−] FOA-resistant cells that express only Sis1JGF (ev) grow more slowly
than those expressing wild type Sis1 (Figure 1B), they are evident on FOA plates after incu-
bating two days (Figure 1C). FOA-resistant [psi−] cells expressing Sis1JGF with DnaJB6b or
DnaJB6b-D33N in place of Sis1 also grew on FOA, but more slowly than those expressing
Sis1JGF alone (Figure 1B,C, Table 2). While those co-expressing DnaJB6b-D33N grew on
FOA to a similar density as those expressing Sis1JGF alone, those expressing DnaJB6b took
four days to show appreciable growth on FOA (Figure 1C).

Table 2. Growth rates of FOA-resistant strains.

Test Protein Doubling Time (min)

[psi−] [PSI+]S

Sis1 195 ± 5 225 ± 7
ev (JGF only) 270 ± 10 inviable

JB6 315 ± 5 520 ± 42
JB6-D33N 285 ± 15 455 ± 7

Cells from FOA plates were grown in SC -Leu -Trp medium. All express Sis1JGF from a LEU2 vector and test
protein (left column) from a TRP1 vector. Values are averages (±range) of two biological replicates.

We quantified growth rates of [psi−] cells recovered from FOA and found that, com-
pared with cells expressing Sis1JGF alone, the doubling time of cells expressing DnaJB6b
was 13% (45 min) longer, while that of cells expressing DnaJB6b-D33N was 5% (15 min)
longer (Table 2). These results suggest that an Hsp70-independent activity of DnaJB6b
reduces growth and that binding of DnaJB6b to Hsp70 further inhibits growth, perhaps by
competing with endogenous co-chaperones for interaction with Hsp70.

Surprisingly, although FOA-resistant [psi−] cells with Sis1JGF and the empty TRP1
vector were readily recovered in 2 days, we failed to recover viable [psi−] cells expressing
both Sis1JGF and Sis1-D36N after a week. These results suggest that Sis1-D36N interferes
with the ability of Sis1JGF to support growth even in cells without prions.

For the plasmid shuffle using [PSI+]S cells (strain 970LS), the rate of growth on FOA
and after recovery from FOA generally reflects the extent a test protein can protect from
prion toxicity in the absence of Sis1. In line with our earlier findings, [PSI+]S transformants
with the empty TRP1 vector (i.e., expressing only Sis1JGF) were not recovered on FOA,
while control cells with SIS1 on the TRP1 plasmid showed strong confluent growth on FOA
after incubating for a day. As with [psi−] cells, [PSI+]S cells expressing Sis1-D36N did not
grow on FOA, indicating they were dependent on wild type Sis1 for viability. (Figure 1D).

[PSI+]S transformants expressing DnaJB6b grew on FOA, although we did not observe
appreciable growth until plates were incubated for four days. Thus, although DnaJB6b is
itself somewhat toxic, it alleviated toxicity of [PSI+]S. DnaJB6b-D33N also counteracted
[PSI+]S toxicity. Consistent with the [psi−] cells, [PSI+]S cells expressing DnaJB6b-D33N
grew faster than those with wild type DnaJB6b, showing noticeable growth after 2 days
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and denser growth after 4 days. These results show that DnaJB6b can counteract toxicity of
[PSI+]S independently of Hsp70.

To gauge the extent that DnaJB6b was inhibiting propagation of [PSI+]S in cells lacking
the Sis1 CTD, we monitored prion status of transformants on plates with limiting adenine
(1/2YPD), where our [psi−] cells are red. The amount of red pigmentation in [PSI+]S

cells reflects the amount of Sup35 that remains soluble [3,4], and thus the extent that test
proteins reduce incorporation of Sup35 into prion aggregates. Mitotic stability is another
prion characteristic, typically linked to the number of prion “seeds” per cell that can be
distributed between dividing cells. Cells with fewer seeds have a higher chance of giving
rise to daughters that fail to inherit prions during cell division and become [psi−].

As an initial assessment for prion phenotypes, we replica-plated cells from the FOA
plates onto 1/2YPD. Replica-plated patches of cells co-expressing DnaJB6b or DnaJB6b-
D33N together with Sis1JGF had obvious red coloration (Figure 1D). Thus, both impaired
propagation of [PSI+]S. DnaJB6b-D33N caused a redder prion phenotype, indicating its
anti-prion effect was stronger.

The pink color of patches or colonies could reflect a weakening of the prion in all cells,
a change of the prion variant, or a mixture of red cells that have lost the prion and white
cells that have a normal prion phenotype. Finding red colonies among white ones would
indicate that DnaJB6b-D33N, and perhaps other test proteins, can cure cells of the prion,
which would allow cells without [PSI+] to grow on FOA without Sis1 or DnaJB6b. To test if
any cells were [psi−] we first took them from the FOA plates and streaked them to single
colonies on similar plates. All transformants with pink to red color gave rise to mixtures of
red and white colonies (Figure 2A).
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Figure 2. DnaJB6b impairs [PSI+]S propagation weakly. (A) Cells recovered from FOA plates of
the plasmid shuffle in Figure 1D were streaked onto 1/2YPD medium to monitor prion status—red
cells are [psi−]. Cells expressing DnaJB6b (JB6) or DnaJB6b-D33N (JB6-D33N) are mixtures of red
and white colonies. (B) Cells from white colonies in panel (A) produce only white colonies when
re-streaked. Cells lacking prions and expressing Sis1JGF in place of Sis1 are shown as [psi−] control.
(C) Continued expression of DnaJB6b in cells with Sis1JGF in place of Sis1 lose prions at low frequency,
producing rare red colonies (filled arrow, [psi−]) and pink colonies (open arrows, mixtures of red
[psi−] and white [PSI+]S give pink color).

Subsequent streaking showed cells from red colonies produced only red colonies
and those from white colonies gave rise to only white colonies (Figure 2B). These results
indicate that red cells had lost [PSI+]S and white cells propagated [PSI+]S stably. Thus,
DnaJB6b and DnaJB6b-D33N counteracted [PSI+]S toxicity while reducing [PSI+]S strength
or stability only modestly. Apparently, their inhibitory effect on [PSI+]S was enhanced
during the plasmid shuffle process. We note that upon continued re-streaking of [PSI+]S

cells expressing DnaJB6b, rare red colonies and pink colonies arose among the mostly white
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ones (Figure 2C). This observation is consistent with a modest ability of DnaJB6 to weaken
[PSI+]S prions. In contrast, extra Sis1 did not weaken [PSI+]S prion phenotype or cause any
detectable loss of [PSI+]S during continued subculturing (Figure S1A). Taken together, our
data show that modest impairment of prion propagation is enough to protect cells from
[PSI+]S toxicity and suggest that the ways DnaJB6b and Sis1 counteract toxicity of [PSI+]S

are different.
The STC polypeptide was unusual in that rather than providing general protection of

all cells, only 4–10 colonies arose on the FOA plates of the replica-plated patches of STC
transformants (Figure 1D). While one or two FOA-resistant colonies arose among dozens of
transformants of the empty vector, this pattern was evident in six of nine STC transformants,
which suggests the higher frequency of FOA-resistant cells required expression of STC.
These FOA-resistant colonies also were mixtures of red and white cells, showing the STC
region is enough to disrupt [PSI+]S propagation without affecting nonsense suppression.
The very low frequency at which cells were recovered from FOA, however, raises genuine
concerns that an additional effect was allowing STC to help these rare cells survive. We
therefore did not continue using STC cells recovered from FOA for this study.

To assess if the test proteins that counteracted prion toxicity might have changed some
physical property of the Sup35 amyloid to create a new prion variant, we used cytoduction,
an abortive mating, to transmit prions to a wild type [psi−] strain (see Methods). All
recipients infected by [PSI+] donors, including the wild type Sis1 control, had indistinguish-
able white and mitotically stable [PSI+]S phenotypes (Figure S1B). Thus, the DnaJB6b test
proteins were weakening toxicity of [PSI+]S without changing the prion to a weaker or less
stable variant.

3.2. DnaJB6b Prevents Hyper-Aggregation of Sup35 When Sis1 Is Depleted

To determine whether observed effects on counteracting [PSI+]S toxicity were as-
sociated with reduced depletion of Sup35 into prion aggregates, we monitored Sup35
aggregation status using a functional GFP-tagged version of Sup35 (called NGMC), which
has GFP inserted between the N and M domains of Sup35 [35]. In [psi−] cells, NGMC shows
diffuse fluorescence, but in [PSI+] cells NGMC forms many small disperse foci [42,43]. We
refer to NGMC prions as [GPSI+] to distinguish them from prions composed of untagged
Sup35 because they have a very faint pink color phenotype, which indicates they are
slightly weaker prions [35]. Accordingly, we find [GPSI+]S are toxic, but not lethal, in cells
expressing Sis1JGF in place of Sis1 (Figure S2). Earlier we showed that depleting Sis1 by
excising the SIS1 gene from a plasmid in sis1∆ [GPSI+]S cells causes [GPSI+] aggregates to
become strikingly larger and brighter [19]. This hyper-aggregation coincides with reduced
solubility of NGMC (i.e., Sup35). Sis1JGF cannot moderate this excess incorporation of
NGMC into the prions, suggesting the CTD of Sis1 is needed to help [PSI+]S cells survive
by keeping enough Sup35 soluble [19].

Our finding that DnaJB6b counteracts [PSI+]S toxicity suggests it also might moderate
incorporation of Sup35 into prion aggregates. Here, we used a doxycycline repressible
TETr promoter system to deplete Sis1 [10]. Our sis1∆ strain 2140 expresses NGMC in place
of Sup35, it propagates [GPSI+]S, and it expresses Sis1 from the TETr promoter on a single-
copy URA3 plasmid. Addition of doxycycline to cultures represses transcription from this
promoter, and Sis1 is subsequently depleted as cells continue to grow. This strain does not
have Sis1GF on the LEU2 plasmid. Test proteins were again expressed from TRP1 plasmids.

We first assessed if depleting Sis1 by using the TETr system affected fluorescence of
NGMC in a [psi−] version of strain 2140. In untreated cultures, NGMC fluorescence was
consistently diffuse in the cytoplasm of most cells, indicating it was soluble (Figure 3A).
This pattern was unchanged by treatment with doxycycline for 28 h (~7 generations), or
when the empty vector or any of the test proteins was also present. Thus, the status of
soluble NGMC protein was not affected by the depletion of Sis1 or the presence of any
test protein.
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Figure 3. Depleting Sis1 causes hyper-aggregation of NGMC in [PSI+] cells of strain 2140. (A) NGMC
fluorescence is diffuse in the cytoplasm of [psi−] cells with or without doxycycline, or with plasmids
that express the test proteins or carry empty vector (ev) indicated below. (B) NGMC fluorescence over
time for [GPSI+]S cultures without doxycycline. (C) Same as in panel (B) but doxycycline was added
at time t = 0. (D) Quantitation of percent of cells in population in panel (B) that have large bright
aggregates; (n = 100–200). (E) Western blot probing for Sis1 expressed from TETr or endogenous
promoter (left, asterisk indicates cross-reacting bands useful as load control); and in [PSI+]S and [psi−]
cells exposed to doxycycline for indicated times (right). Numbers below indicate number of cell
divisions. Scale bars = 5 µm; all images in each panel are at same scale.
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For [GPSI+]S cells we first monitored NGMC fluorescence in cells without test pro-
teins periodically during the 28 h treatment. Without doxycycline, NGMC formed many
small disperse foci that represent prion aggregates in a background of diffuse fluorescence
(Figure 3B). This pattern did not change throughout the time course. After adding doxycy-
cline to [GPSI+]S cultures the size and brightness of NGMC foci began increasing at about
8 h and continued until 28 h when the increase in brightness and number of foci tapered off
(Figure 3C,D). This increase in aggregate size coincided with a noticeable reduction in the
diffuse background fluorescence, which suggests the foci are incorporating cytosolic Sup35.

Earlier work by others shows the amount of Sis1 in doxycycline-treated cultures
drops below detection by 18 generations, yet cultured cells continue to grow for over a
hundred generations and to propagate [PSI+] stably for 30 generations [11]. As Sis1 is
essential for viability [7], trace amounts of Sis1 are enough to support cell growth and
[PSI+] propagation, and presumably to protect from [PSI+] toxicity. To confirm effectiveness
of doxycycline repression of Sis1 expression in our hands, we monitored abundance of Sis1
by Western blot (Figure 3E). Exposure to doxycycline for 28 h reduced the amount of Sis1
to less than 3% of that of untreated cells, which is comparable to earlier data [10,44].

Anti-amyloid activity of DnaJB6b is associated with its ST region binding to amy-
loid [23,24,26,45]. Our finding that DnaJB6b∆ST did not protect cells from prion toxicity is
consistent with protective activity of DnaJB6b being linked to its binding to Sup35 prion
amyloid. To test this hypothesis, we fused mCherry (mCh) to the C-terminus of Sis1,
DnaJB6b and DnaJB6b-D33N so we could assess their co-localization with NGMC. Recov-
ery of 970LS transformants expressing these tagged proteins on FOA was the same as their
untagged counterparts (Figure S3), showing the mCh tag had little effect on ability of the
proteins to protect cells from [PSI+]S. Expressing DnaJB6b-mCh or DnaJB6b-D33N-mCh in
[GPSI+]S cells without doxycycline had little effect on the pattern of NGMC foci (Figure 4A).
In contrast, an extra SIS1 gene on the TRP1 plasmid (encoding Sis1-mCh) caused the foci to
disappear and the fluorescence to become completely diffuse. We saw no visible difference
in color phenotype of cells with one or two wild type SIS1 genes and, despite their [psi−]
like fluorescence, they were not cured of [GPSI+]S. These data suggest that doubling the
expression of Sis1 in otherwise wild type cells was reducing incorporation of Sup35 into
prion aggregates without noticeably reducing prion-dependent nonsense suppression or
prion replication. For all test proteins, the red fluorescence was diffuse in the cytoplasm
with no visible foci. These data suggest they did not co-localize with the small NGMC foci,
but at this resolution we cannot make this conclusion with certainty.

To test if DnaJB6b-mCh could reduce hyper-aggregation of NGMC or co-localize with
the larger NGMC foci when Sis1 is depleted, we treated 2140 [GPSI+]S cells expressing
DnaJB6b-mCh or DnaJB6b-D33N-mCh with doxycycline as above and monitored fluores-
cence (Figure 4B). As controls we used Sis1-mCh and an empty vector. Roughly 9% of cells
with the empty vector had the large NGMC foci even before adding doxycycline to repress
Sis1 expression. This proportion likely represents a combination of cells that have lost the
TETr plasmid and those that otherwise fail to express Sis1. After 28 h of treatment with
doxycycline that proportion increased to 97%.

Cells co-expressing Sis1-mCh, DnaJB6b-mCH, or DnaJB6b-D33N-mCh with the TETr-
regulated Sis1 did not form the large NGMC foci (Figure 4B). In these cells the foci looked
much like the smaller foci in cells with the wild type amount of Sis1 (Figure 4A, ev).
For each of these strains the red fluorescence was diffuse, again preventing confident
assessment of co-localization. There was cell-to-cell variation in expression of each test
protein as indicated by differences in intensity of red fluorescence, and each had a fraction
of cells with no detectable red fluorescence, indicating the test protein was not expressed.
We suspect these differences in fluorescence intensity were due to gain or loss of plasmids
during mitosis.

Conspicuously, we did not observe the large NGMC foci in any of the cells showing
any detectable red fluorescence but did see them in all non-red cells. This complete
correlation implies that Sis1, DnaJB6b and DnaJB6b-D33N each actively prevented the
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formation of large NGMC foci caused by depleting Sis1 with doxycycline treatment. This
effect correlated with reduced toxicity, suggesting toxicity is counteracted by limiting
incorporation of NGMC into prion aggregates, which agrees with earlier data linking
inhibition of hyper-aggregation with increased Sup35 solubility [19].
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[GPSI+]S cells express the indicated test proteins or carry an empty vector (ev). Cells with normal
amount of Sis1 (ev) have noticeable NGMC foci. Extra Sis1 causes disappearance of foci, expression
of other test proteins does not. (B) Cells were treated with doxycycline for 28 h. Those expressing
Sis1JGF alone (ev) have large bright foci. Those co-expressing Sis1-mCherry, DnaJB6b-mCh (JB6) or
DnaJB6b-D33N-mCh (JB6-DN) have mixtures of cells with and without large foci. All cells that lack
large foci express test protein (red), while all those that show large foci (arrows) do not. Expression
of Sis1-D36N does not prevent hyper-aggregation of NGMC. (C) Experiment repeated using cells
expressing Sis1JGF from a LEU2 plasmid. Scale bars = 5 µm; all images in each panel are at same scale.

Untreated [GPSI+]S cells with a normal amount of Sis1 that also expressed Sis1-D36N-
mCh had a typical punctate pattern of NGMC fluorescence (Figure 4B), unlike the smooth
and diffuse NGMC fluorescence seen in cells with the extra copy of Sis1 (Figure 4A). Because
Sis1-D33N can form dimers with wild type Sis1, these results suggest that the ability of extra
of Sis1 to reduce the size of [PSI+]S prion aggregates required normal J-domain interaction
with Hsp70. After depleting Sis1 in these cells with doxycycline, large prion aggregates
formed in 90% of red-fluorescent cells expressing Sis1-D36N-mCh (Figure 4B). Again, these
results suggest that, unlike DnaJB6b, interaction of Sis1 with Hsp70 is needed for it to
moderate incorporation of Sup35 into prion aggregates.

Although Sis1-D36N prevented growth of cells expressing Sis1JGF in place of Sis1, it
did not slow growth of [PSI+]S or [psi−] cells expressing typical amounts of wild type Sis1.
Moreover, we found it took 48 h (~12 generations) of growth in doxycycline before Sis1
was sufficiently depleted for toxic effects of Sis1-D36N to be observed. For all images in
Figure 4B, cells were grown for 28 h (~7 generations) in doxycycline. Thus, the formation
of large NGMC foci in cells expressing Sis1-D36N was linked to its inability to prevent
the hyper-aggregation and not to toxicity of Sis1-D36N. We repeated the experiment in
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Figure 4B with all cells co-expressing Sis1JGF and obtained essentially identical results
(Figure 4C), showing Sis1JGF did not enhance or hinder formation of larger aggregates and
that preventing the hyper-aggregation depended on the CTD of Sis1.

3.3. NGMC Can Be Recovered from Large Prion Aggregates

To assess if the larger aggregates were irrecoverable dead-end products or could be
resolubilized by restoring Sis1 expression, we transferred doxycycline-treated cells to fresh
medium without doxycycline and monitored the status of NGMC fluorescence. After 8 h
we began to see a reduction in the number of cells with large foci. By 24 h (~5 generations)
only 9% of cells had very bright foci and in the remaining cells the foci and background
fluorescence resembled that of untreated cells (Figure 5A,B). After recovering for 24 h the
cells that still had bright foci, possibly having lost the plasmid, had a typical number of
brighter foci and lower background fluorescence, suggesting that the foci were not simply
being diluted among the growing number of cells. These results suggest that solubility of
Sup35 was increasing as NGMC was recovered from the foci and that restoring Sis1 was
primarily responsible for this recovery.
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4. Discussion

DnaJB6b very effectively cures yeast of [PSI+]W prions and in vitro it blocks formation
of Sup35 amyloid that composes [PSI+]W prions, but it does not affect [PSI+]S prions or
formation its underlying Sup35 amyloid [24]. These findings show that the potent and
broad anti-amyloid activity DnaJB6b has limitations. Nevertheless, when Sis1 function or
abundance is compromised, our finding that DnaJB6b reduces prion toxicity shows it can
weaken [PSI+]S to some degree. The [PSI+]S Sis1JGF system therefore provides a sensitive
approach to detect protective anti-amyloid effects of DnaJB6b in vivo on a structural variant
of amyloid that resists elimination.

The curing of [PSI+]S by continued expression of DnaJB6b in cells with Sis1JGF in place
of Sis1, although very inefficient, is further evidence of its anti-[PSI+]S activity in cells. The
ability of DnaJB6b to counteract prion toxicity depended on its ST region, which contains
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the amyloid-binding properties of DnaJB6, suggesting it acts directly. This interpretation
is further supported by our finding that the D33N mutant, which does not interact with
Hsp70, protects from [PSI+]S prion toxicity as effectively as intact DnaJB6b.

Because moderating depletion of Sup35 in [PSI+] cells is the main factor in preventing
[PSI+] toxicity, our data suggest that DnaJB6b, like Sis1, prevented toxic depletion of Sup35.
However, expressing Sis1-D36N in wild type cells did not reduce size of prion aggregates
like wild type Sis1 and it failed to prevent the hyper-aggregation seen when Sis1 is depleted.
Unlike DnaJB6b, these results indicate the J-domain interaction of Sis1 with Hsp70 was
important for these activities. Moreover, Sis1 does not possess an ST region, which DnaJB6
needed to counteract prion toxicity. Together our data point to a difference in the ways
these JDPs counteract prion toxicity. Figure 6 illustrates possible ways Sis1 and DnaJB6b
moderate prion-mediated depletion of Sup35.
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Figure 6. Possible ways that Sis1 and DnaJB6 (JB6) help keep Sup35 soluble in [PSI+]S cells. The blue
circles represent properly folded Sup35. The orange triangles represent misfolded [PSI+]S Sup35. The
stacked orange triangles represent Sup35 prion amyloid sheets that grows by adding Sup35 monomer
to its ends and converting them to amyloid as they join the fiber (arrows 5). Green arrows show
our proposed primary function of Sis1, which is to cooperate with Hsp70 and Hsp104 extract Sup35
monomers out of the amyloid sheet thereby dividing it into two smaller amyloids (arrow 1) that can
continue to grow. The extracted protein represented by the overlapped circle and triangle is in an
unknown misfolded state that has three different fates as shown by arrows 2–4. Sis1 with Hsp70
could refold Sup35 to its native conformation (arrow 2). The misfolded protein could aggregate in a
non-amyloid manner (arrow 3), or the protein could re-join the amyloid, perhaps more readily than
native Sup35 (thicker arrow 4). By promoting refolding (arrow 2), Sis1 would reduce arrows 3 and
4. Sup35 is capable of binding to the ends of prion amyloid at any point (arrows 5). Sup35 likely
interacts with the surfaces of the amyloid, where secondary nucleation might also occur (arrow 6).
We propose DnaJB6 (JB6) mainly acts by inhibiting arrows 3–6 via binding directly to the amyloid
or aggregate, thus sterically hindering its interaction with native Sup35. Sis1 needs to interact with
Hsp70 to help keep Sup35 soluble, so we suspect it mainly acts through arrows 1 and 2.

Sis1 could cooperate with Hsp70 to keep Sup35 soluble by helping the monomers that
are extracted from prion fibers by the Hsp104 machinery refold into a native conformation.
This action could make them less prone to be captured by the amyloid template, to be
depleted into non-amyloid aggregates or to be degraded. As DnaJB6 prevents both primary
and secondary nucleation of amyloid and arrests continued assembly of amyloid [22–24], it
instead could bind along the surfaces or ends of Sup35 amyloid and impair its replication
or growth, which would inhibit [PSI+]S propagation. Due to its limited effect on [PSI+]S,
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such interactions of DnaJB6b with the type of Sup35 amyloid that propagates as [PSI+]S

might be weaker than those with types of amyloid that underlie [PSI+]W phenotypes.
Our data correlate the rescue of Sis1JGF cells from [PSI+]S toxicity to the prevention

of hyper-aggregation of NGMC when wild type Sis1 is depleted. Cells transformed by
plasmids expressing Sis1, DnaJB6b or DnaJB6b-D33N counteracted toxicity of [PSI+]S

enough to allow growth, while the empty vector or plasmids expressing ST or Sis1-D36N
did not. When Sis1 was depleted by addition of doxycycline to [GPSI+]S cells, the same test
proteins that allowed growth of [PSI+]S strains (Sis1, DnaJB6b and DnaJB6b-D33N) also
prevented hyper-aggregation of NGMC upon Sis1 depletion. Likewise, the test proteins
that failed to rescue cell growth in [PSI+]S strains (ST and Sis1-D36N) also failed to prevent
hyper-aggregation of NGMC.

Since traces of Sis1 are enough to protect cells from [PSI+]S toxicity, subtle differences
in solubility of Sup35 must be enough to counteract this toxicity. This subtlety suggests
propagation of [PSI+]S is near a threshold of compromising Sup35 function enough to cause
harm. Although [PSI+]S cells lack overt growth phenotypes, they show a stress response [3],
which likely reflects the stress of the presence of Sup35 amyloid or this limitation of Sup35
function. This subtlety also likely explains how DnaJB6b can protect cells from [PSI+]S

toxicity without having substantial effects on the prion itself. Supporting this idea are that
typical dark pink [PSI+]W prions, although toxic, are not lethal to Sis1JGF cells, and that
strong prions composed of NGMC ([GPSI+]S), whose color phenotype is just slightly pinker
than [PSI+]S prions composed of untagged Sup35 [35], are also toxic but not lethal.

The fact that all cells among replica-plated patches of transformants expressing
DnaJB6b or DnaJB6b-D33N grow on FOA after four days, while only rare transformants
expressing STC (4–10 colonies/patch of cells) can grow, indicates that the JGF region of
DnaJB6b is integral to its efficient function needed to counteract [PSI+]S toxicity. Since the J
domain is not needed for its ability to interact with Hsp70, the benefit of this region is most
likely due to the GF portion. This dependency on the GF region represents a deviation
from how DnaJB6b protects cells from polyQ toxicity, in which the STC alone works as
effectively as wild type DnaJB6b [24]. Continued work to decipher what underlies this
difference will provide insight into anti-amyloid activities of DnaJB6 in vivo.

We show that Sis1-D36N has a toxic effect when Sis1 is depleted. In [psi−] strains,
cells can survive without Sis1 if Sis1JGF is present. However, if those cells also contain
Sis1-D36N, then they will die. Additionally, cells with their only source of Sis1 regulated
by a TETr promoter grew like wild type for over 12 generations when Sis1 is depleted with
doxycycline, but if the same cells have Sis1-D36N, their growth rate diminished beyond
this time. These results indicate that Sis1-D36N can inhibit vital action of both Sis1JGF and
the very low amounts of Sis1 remaining after doxycycline treatment, or that Sis1-D36N has
a separate toxic effect that requires only a small amount of full length Sis1 to counteract.

DnaJB6 shows promise as a therapeutic [26], yet the considerable difference in its
effectiveness on different amyloid structures composed of one and the same protein [24]
raises important questions regarding such approaches. Understanding the mechanistic
basis underlying these differences will help guide strategies for therapeutic use of DnaJB6.
Despite reduced sensitivity of Sup35 amyloid that composes [PSI+]S to anti-amyloid action
of DnaJB6, our system revealed that DnaJB6 can moderate incorporation of Sup35 into this
type of amyloid in cells. Continued use of this system should provide additional insights
into how DnaJB6b acts to protect cells from the harm associated with cytoplasmic amyloid.

5. Conclusions

Our work provides new insights into prions composed of Sup35, toxicity of cytoplas-
mic amyloid, and cellular factors like DnaJB6b and Sis1 that counteract amyloid toxicity.
When function of Sis1 is reduced in [PSI+]S cells, a subtle reduction in solubility of the
essential Sup35 protein due to enhanced depletion by [PSI+]S prions is enough to make
normally benign amyloid-based [PSI+]S prions lethal. Anti-amyloid activity of DnaJB6b is
very effective at curing yeast of [PSI+]W prions composed of the same Sup35 but is unable
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to disrupt propagation of [PSI+]S prions. The toxicity caused by enhanced depletion of
Sup35 in [PSI+]S cells with reduced Sis1 function allowed us to uncover an activity of
DnaJB6 that moderates depletion of Sup35 enough to restore viability without noticeably
affecting prion phenotype.

Our in vivo [PSI+]S Sis1JGF system therefore provides a sensitive tool to study pro-
tective anti-amyloid effects of DnaJB6b or other protein quality control factors. Based on
known activities of DnaJB6b and Sis1, our data prompt sound hypotheses to explain how
Sis1 and DnaJB6b can act to protect cells from the presence of amyloid in the cytoplasm,
without clearing the amyloid outright. This genetic model system will be useful for future
work that can be used to test these hypotheses and to identify interacting factors and
molecular interactions that will provide a better understanding of how cells respond to
amyloid and protect from its toxic effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11121846/s1, Figure S1: Sis1 does not impair [PSI+]S;
DnaJB6b does not change [PSI+]S prion character. (A) Cells from Figure 3A expressing two copies
of Sis1 that show diffuse fluorescence were streaked onto 1/2YPD. All resulting colonies are white
with no noticeable red or pink anywhere in the streaks, indicating that all cells giving rise to them
propagate [PSI+]S despite their original [psi–]-like fluorescence. (B) Cytoduction to infect wild type
recipient strain 628-8Cc with prions from red and white cells expressing Sis1 or DnaJB6 (left panel)
as indicated. Upper center panel shows plate selecting for 628-8Cc and [PSI+] prions (cytoductant
recipients only), right panel shows selection for diploids regardless of prion status to confirm that
cells mated. Patches of cells labeled yellow “C” use control [PSI+] donor strain—its genotype allows
selection for cytoductants but not diploids. 628-8Cc cytoductants from plate in center panel were
streaked for colonies onto 1/2YPD to monitor prion phenotype. All have the same prion phenotype.
Labels identify the donor source of prions; Figure S2: [GSPI+]S prions are not lethal. Plasmid shuffle
using strain 2140 [GSPI+]S. Cells expressing Sis1JGF only (ev) or Sis1JGF and co-expressing either
the ST or STC region of DnaJB6b grow similarly on FOA, indicating ST and STC do not counteract
[GSPI+]S toxicity. Both grow much more slowly than those expressing Sis1 or DnaJB6b (JB6), while
those expressing Sis1-D36N (Sis1-DN) do not grow on FOA (note no change in cell density from 2 to
4 days on FOA); Figure S3: A Plasmid shuffle selection on FOA shows fluorescent tags do not alter
ability of Sis1 and DnaJB6b test proteins to protect cells from prion toxicity (compare with Figure 1B).

Author Contributions: Conceptualization, R.E.D.III, J.K., M.R. and D.C.M.; Methodology, R.E.D.III,
J.K., M.R. and D.C.M.; Validation, R.E.D.III; Formal Analysis, R.E.D.III; Investigation, R.E.D.III,
J.K. and D.C.M.; Writing—Original Draft Preparation, R.E.D.III and D.C.M.; Writing—Review and
Editing, R.E.D.III, J.K., M.R. and D.C.M.; Supervision, D.C.M.; Funding Acquisition, D.C.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Intramural Program of the National Institutes of Health,
National Institute of Diabetes, and Digestive and Kidney Diseases (ZIA DK024946-24).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank our NIH colleagues for helpful discussion and comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wickner, R.B. [URE3] as an altered ure2 protein: Evidence for a prion analog in Saccharomyces Cerevisiae. Science 1994, 264, 566–569.

[CrossRef]
2. Tanaka, M.; Chien, P.; Naber, N.; Cooke, R.; Weissman, J.S. Conformational variations in an infectious protein determine prion

strain differences. Nature 2004, 428, 323–328. [CrossRef]
3. Jung, G.; Jones, G.; Wegrzyn, R.D.; Masison, D.C. A role for cytosolic hsp70 in yeast [PSI+] prion propagation and [PSI+] as a

cellular stress. Genetics 2000, 156, 559–570. [CrossRef]

https://www.mdpi.com/article/10.3390/biology11121846/s1
https://www.mdpi.com/article/10.3390/biology11121846/s1
http://doi.org/10.1126/science.7909170
http://doi.org/10.1038/nature02392
http://doi.org/10.1093/genetics/156.2.559


Biology 2022, 11, 1846 16 of 17

4. Uptain, S.M.; Sawicki, G.J.; Caughey, B.; Lindquist, S. Strains of [PSI+] are distinguished by their efficiencies of prion-mediated
conformational conversion. EMBO J. 2001, 20, 6236–6245. [CrossRef]

5. Chernoff, Y.O.; Lindquist, S.L.; Ono, B.; Inge-Vechtomov, S.G.; Liebman, S.W. Role of the chaperone protein hsp104 in propagation
of the yeast prion-like factor [psi+]. Science 1995, 268, 880–884. [CrossRef] [PubMed]

6. Reidy, M.; Miot, M.; Masison, D.C. Prokaryotic chaperones support yeast prions and thermotolerance and define disaggregation
machinery interactions. Genetics 2012, 192, 185–193. [CrossRef] [PubMed]

7. Luke, M.M.; Sutton, A.; Arndt, K.T. Characterization of Sis1, a Saccharomyces cerevisiae homologue of bacterial dnaj proteins. J. Cell
Biol. 1991, 114, 623–638. [CrossRef] [PubMed]

8. Sondheimer, N.; Lopez, N.; Craig, E.A.; Lindquist, S. The role of sis1 in the maintenance of the [RNQ+] prion. EMBO J. 2001, 20,
2435–2442. [CrossRef]

9. Lopez, N.; Aron, R.; Craig, E.A. Specificity of class ii hsp40 sis1 in maintenance of yeast prion [RNQ+]. Mol. Biol. Cell 2003, 14,
1172–1181. [CrossRef]

10. Aron, R.; Higurashi, T.; Sahi, C.; Craig, E.A. J-protein co-chaperone sis1 required for generation of [RNQ+] seeds necessary for
prion propagation. EMBO J. 2007, 26, 3794–3803. [CrossRef]

11. Higurashi, T.; Hines, J.K.; Sahi, C.; Aron, R.; Craig, E.A. Specificity of the J-protein Sis1 in the propagation of 3 yeast prions. Proc.
Natl. Acad. Sci. USA 2008, 105, 16596–16601. [CrossRef]

12. McGlinchey, R.P.; Kryndushkin, D.; Wickner, R.B. Suicidal [PSI+] is a lethal yeast prion. Proc. Natl. Acad. Sci. USA 2011, 108,
5337–5341. [CrossRef] [PubMed]

13. Urakov, V.N.; Mitkevich, O.V.; Dergalev, A.A.; Ter-Avanesyan, M.D. The Pub1 and Upf1 proteins act in concert to protect yeast
from toxicity of the [PSI+] prion. Int. J. Mol. Sci. 2018, 19, 3663. [CrossRef]

14. Wickner, R.B.; Edskes, H.K.; Son, M.; Wu, S. Anti-prion systems block prion transmission, attenuate prion generation, cure most
prions as they arise and limit prion-induced pathology in Saccharomyces cerevisiae. Biology 2022, 11, 1266. [CrossRef] [PubMed]

15. Bandyopadhyay, A.; Sannigrahi, A.; Chattopadhyay, K. Membrane composition and lipid to protein ratio modulate amyloid
kinetics of yeast prion protein. RSC Chem. Biol. 2021, 2, 592–605. [CrossRef] [PubMed]

16. Kirkland, P.A.; Reidy, M.; Masison, D.C. Functions of yeast Hsp40 chaperone Sis1p dispensable for prion propagation but
important for prion curing and protection from prion toxicity. Genetics 2011, 188, 565–577. [CrossRef]

17. Harris, J.M.; Nguyen, P.P.; Patel, M.J.; Sporn, Z.A.; Hines, J.K. Functional diversification of Hsp40: Distinct J-protein functional
requirements for two prions allow for chaperone-dependent prion selection. PLoS Genet. 2014, 10, e1004510. [CrossRef]

18. Stein, K.C.; True, H.L. Structural variants of yeast prions show conformer-specific requirements for chaperone activity. Mol.
Microbiol. 2014, 93, 1156–1171. [CrossRef]

19. Kumar, J.; Reidy, M.; Masison, D.C. Yeast j-protein Sis1 prevents prion toxicity by moderating depletion of prion protein. Genetics
2021, 219. [CrossRef]

20. Li, J.; Wu, Y.; Qian, X.; Sha, B. Crystal structure of yeast Sis1 peptide-binding fragment and Hsp70 Ssa1 c-terminal complex.
Biochem. J. 2006, 398, 353–360. [CrossRef]

21. Hageman, J.; Rujano, M.A.; Waarde, M.A.v.; Kakkar, V.; Dirks, R.P.; Govorukhina, N.; Oosterveld-Hut, H.M.J.; Lubsen, N.H.;
Kampinga, H.H. A Dnajb chaperone subfamily with HDAC-dependent activities suppresses toxic protein aggregation. Mol Cell
2010, 37, 355–369. [CrossRef] [PubMed]

22. Månsson, C.; Kakkar, V.; Monsellier, E.; Sourigues, Y.; Härmark, J.; Kampinga, H.H.; Melki, R.; Emanuelsson, C. Dnajb6 is a
peptide-binding chaperone which can suppress amyloid fibrillation of polyglutamine peptides at substoichiometric molar ratios.
Cell Stress Chaperones 2014, 19, 227–239. [CrossRef] [PubMed]

23. Mansson, C.; van Cruchten, R.T.P.; Weininger, U.; Yang, X.; Cukalevski, R.; Arosio, P.; Dovson, C.M.; Knowles, T.; Akke, M.; Linse,
S.; et al. Conserved S/T residues of the human chaperone Dnajb6 are required for effective inhibition of abeta-42 amyloid fibril
formation. Biochemistry 2018, 57, 4891–4902. [CrossRef] [PubMed]

24. Reidy, M.; Sharma, R.; Roberts, B.-L.; Masison, D.C. Human J-protein Dnajb6b cures a subset of Saccharomyces cerevisiae prions
and selectively blocks assembly of structurally related amyloids. J. Biol. Chem. 2016, 291, 4035–4047. [CrossRef] [PubMed]

25. Cawood, E.E.; Clore, G.M.; Karamanos, T.K. Microsecond backbone motions modulate the oligomerization of the Dnajb6
chaperone. Angew. Chem. Int. Ed. 2022, 61, e202116403. [CrossRef]

26. Kakkar, V.; Månsson, C.; de Mattos, E.P.d.; Bergink, S.; Zwaag, M.v.; Waarde, M.A.W.H.v.; Kloosterhuis, N.J.; Melki, R.; Cruchten,
R.T.P.v.; Al-Karadaghi, S.; et al. The S/T-rich motif in the Dnajb6 chaperone delays polyglutamine aggregation and the onset of
disease in a mouse model. Mol. Cell 2016, 62, 272–283. [CrossRef]

27. Aprile, F.A.; Källstig, E.; Limorenko, G.; Vendruscolo, M.; Ron, D.; Hansen, C. The molecular chaperones Dnajb6 and hsp70
cooperate to suppress α-synuclein aggregation. Sci. Rep. 2017, 7, 9039. [CrossRef]

28. Park, S.-K.; Hong, J.Y.; Arslan, F.; Kanneganti, V.; Patel, B.; Tietsort, A.; Tank, E.M.H.; Li, X.; Barmada, S.J.; Liebman, S.W.
Overexpression of the essential Sis1 chaperone reduces TDP-43 effects on toxicity and proteolysis. PLoS Genet. 2017, 13, e1006805.
[CrossRef]

29. Meriin, A.B.; Zhang, X.; He, X.; Newnam, G.P.; Chernoff, Y.O.L.; Sherman, M.Y. Huntington toxicity in yeast model depends on
polyglutamine aggregation mediated by a prion-like protein Rnq1. J. Cell Biol. 2002, 157, 997–1004. [CrossRef]

30. Gokhale, K.C.; Newnam, G.P.; Sherman, M.Y.; Chernoff, Y.O. Modulation of prion-dependent polyglutamine aggregation and
toxicity by chaperone proteins in the yeast model. J. Biol. Chem. 2005, 280, 22809–22818. [CrossRef]

http://doi.org/10.1093/emboj/20.22.6236
http://doi.org/10.1126/science.7754373
http://www.ncbi.nlm.nih.gov/pubmed/7754373
http://doi.org/10.1534/genetics.112.142307
http://www.ncbi.nlm.nih.gov/pubmed/22732191
http://doi.org/10.1083/jcb.114.4.623
http://www.ncbi.nlm.nih.gov/pubmed/1714460
http://doi.org/10.1093/emboj/20.10.2435
http://doi.org/10.1091/mbc.e02-09-0593
http://doi.org/10.1038/sj.emboj.7601811
http://doi.org/10.1073/pnas.0808934105
http://doi.org/10.1073/pnas.1102762108
http://www.ncbi.nlm.nih.gov/pubmed/21402947
http://doi.org/10.3390/ijms19113663
http://doi.org/10.3390/biology11091266
http://www.ncbi.nlm.nih.gov/pubmed/36138748
http://doi.org/10.1039/D0CB00203H
http://www.ncbi.nlm.nih.gov/pubmed/34458802
http://doi.org/10.1534/genetics.111.129460
http://doi.org/10.1371/journal.pgen.1004510
http://doi.org/10.1111/mmi.12725
http://doi.org/10.1093/genetics/iyab129
http://doi.org/10.1042/BJ20060618
http://doi.org/10.1016/j.molcel.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20159555
http://doi.org/10.1007/s12192-013-0448-5
http://www.ncbi.nlm.nih.gov/pubmed/23904097
http://doi.org/10.1021/acs.biochem.8b00353
http://www.ncbi.nlm.nih.gov/pubmed/30024736
http://doi.org/10.1074/jbc.M115.700393
http://www.ncbi.nlm.nih.gov/pubmed/26702057
http://doi.org/10.1002/anie.202116403
http://doi.org/10.1016/j.molcel.2016.03.017
http://doi.org/10.1038/s41598-017-08324-z
http://doi.org/10.1371/journal.pgen.1006805
http://doi.org/10.1083/jcb.200112104
http://doi.org/10.1074/jbc.M500390200


Biology 2022, 11, 1846 17 of 17

31. Zhao, X.; Park, Y.-N.; Todor, H.; Moomau, C.; Masison, D.; Eisenberg, E.; Greene, L.E. Sequestration of Sup35 by aggregates of
huntingtin fragments causes toxicity of [PSI+] yeast. J. Biol. Chem. 2012, 287, 23346–23355. [CrossRef] [PubMed]

32. Gong, H.; Romanova, N.V.; Allen, K.D.; Chandramowlishwaran, P.; Gokhale, K.; Newnam, G.P.; Mieczkowski, P.; Sherman, M.Y.;
Chernoff, Y.O. Polyglutamine toxicity is controlled by prion composition and gene dosage in yeast. PLoS Genet. 2012, 8, e1002634.
[CrossRef] [PubMed]

33. Kochneva-Pervukhova, N.V.; Alexandrov, A.I.; Ter-Avanesyan, M.D. Amyloid-mediated sequestration of essential proteins
contributes to mutant huntingtin toxicity in yeast. PLoS ONE 2012, 7, e29832. [CrossRef] [PubMed]

34. Kumar, J.; Kline, N.L.; Masison, D.C. Human Dnajb6 antiamyloid chaperone protects yeast from polyglutamine toxicity separately
from spatial segregation of aggregates. Mol. Cell. Biol. 2018, 38, e004372013-18. [CrossRef] [PubMed]

35. Song, Y.; Wu, Y.-x.; Jung, G.; Tutar, Y.; Eisenberg, E.; Greene, L.E.; Masison, D.C. Role for Hsp70 chaperone in Saccharomyces
cerevisiae prion seed replication. Eukaryot. Cell 2005, 4, 289–297. [CrossRef] [PubMed]

36. Sikorski, R.S.; Hieter, P. A system of shuttle vectors and yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 1989, 122, 19–27. [CrossRef] [PubMed]

37. Yan, W.; Craig, E.A. The glycine-phenylalanine-rich region determines the specificity of the yeast Hsp40 Sis1. Mol. Cell. Biol. 1999,
19, 7751–7758. [CrossRef] [PubMed]

38. Reidy, M.; Sharma, R.; Shastry, S.; Roberts, B.-L.; Albino-Flores, I.; Wickner, S.; Masison, D.C. Hsp40s specify functions of Hsp104
and Hsp90 protein chaperone machines. PLoS Genet. 2014, 10, e1004720. [CrossRef]

39. Sherman, F. Getting started with yeast. Methods Enzymol. 2002, 350, 3–41.
40. Masison, D.C.; Maddelein, M.-L.; Wickner, R.B. The prion model for [URE3] of yeast: Spontaneous generation and requirements

for propagation. Proc. Natl. Acad. Sci. USA 1997, 94, 12503–12508. [CrossRef]
41. Suh, W.C.; Burkholder, W.F.; Lu, C.Z.; Zhao, X.; Gottesman, M.E.; Gross, C.A. Interaction of the Hsp70 molecular chaperone,

Dnak, with its cochaperone Dnaj. Proc. Natl. Acad. Sci. USA 1998, 95, 15223–15228. [CrossRef] [PubMed]
42. Greene, L.E.; Park, Y.-N.; Masison, D.C.; Eisenberg, E. Application of GFP-labeling to study prions in yeast. Protein Pept. Lett.

2009, 16, 635–641. [CrossRef] [PubMed]
43. Satpute-Krishnan, P.; Serio, T.R. Prion protein remodeling confers an immediate phenotypic switch. Nature 2005, 437, 262–265.

[CrossRef] [PubMed]
44. Miller, S.C.; Wegrzynowicz, A.K.; Cole, S.J.C.; Hayward, R.E.; Ganser, S.J.; Hines, J.K. Hsp40/JDP requirements for the propagation

of synthetic yeast prions. Viruses 2022, 14, 2160. [CrossRef] [PubMed]
45. Söderberg, C.A.G.; Månsson, C.; Bernfur, K.; Rutsdottir, G.; Härmark, J.; Rajan, S.; Al-Karadaghi, S.; Rasmussen, M.; Höjrup, P.;

Hebert, H.; et al. Structural modelling of the Dnajb6 oligomeric chaperone shows a peptide-binding cleft lined with conserved
S/T-residues at the dimer interface. Sci. Rep. 2018, 8, 5199. [CrossRef]

http://doi.org/10.1074/jbc.M111.287748
http://www.ncbi.nlm.nih.gov/pubmed/22573320
http://doi.org/10.1371/journal.pgen.1002634
http://www.ncbi.nlm.nih.gov/pubmed/22536159
http://doi.org/10.1371/journal.pone.0029832
http://www.ncbi.nlm.nih.gov/pubmed/22253794
http://doi.org/10.1128/MCB.00437-18
http://www.ncbi.nlm.nih.gov/pubmed/30224519
http://doi.org/10.1128/EC.4.2.289-297.2005
http://www.ncbi.nlm.nih.gov/pubmed/15701791
http://doi.org/10.1093/genetics/122.1.19
http://www.ncbi.nlm.nih.gov/pubmed/2659436
http://doi.org/10.1128/MCB.19.11.7751
http://www.ncbi.nlm.nih.gov/pubmed/10523664
http://doi.org/10.1371/journal.pgen.1004720
http://doi.org/10.1073/pnas.94.23.12503
http://doi.org/10.1073/pnas.95.26.15223
http://www.ncbi.nlm.nih.gov/pubmed/9860950
http://doi.org/10.2174/092986609788490221
http://www.ncbi.nlm.nih.gov/pubmed/19519522
http://doi.org/10.1038/nature03981
http://www.ncbi.nlm.nih.gov/pubmed/16148935
http://doi.org/10.3390/v14102160
http://www.ncbi.nlm.nih.gov/pubmed/36298715
http://doi.org/10.1038/s41598-018-23035-9

	Introduction 
	Yeast Prions Are Infectious Amyloids 
	[PSI+] Prions Depend on Protein Chaperones for Replication and Have Latent Toxicity 
	Human JDP DnaJB6 Protects Yeast from Amyloid Toxicity and Cures Yeast of Prions 

	Materials and Methods 
	Yeast Strains, Plasmids, and Growth Conditions 
	Monitoring Prions 
	Plasmid Shuffle 
	Growth Rates 
	Western Blots for Sis1 Abundance 
	Fluorescence Microscopy 

	Results 
	DnaJB6b Protects Yeast from Toxicity of [PSI+]S Prions 
	DnaJB6b Prevents Hyper-Aggregation of Sup35 When Sis1 Is Depleted 
	NGMC Can Be Recovered from Large Prion Aggregates 

	Discussion 
	Conclusions 
	References

