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Chaperone-mediated disaggregation of infectious prions
releases particles that seed new prion formation in a
strain-specific manner
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The mammalian prion protein can form infectious, nonna-
tive, and protease resistant aggregates (PrPD), which cause le-
thal prion diseases like human Creutzfeldt-Jakob disease. PrPD

seeds the formation of new infectious prions by interacting
with and triggering the refolding of the normally soluble
mammalian prion protein, PrPC, into more PrPD. Refolding of
misfolded proteins in the cell is carried out by molecular
chaperones such as Grp78. We have recently shown that Grp78
sensitizes PrPD to proteases, indicating structural alterations
and leading to its degradation. However, the process of
chaperone-mediated PrPD disaggregation, the chaperones
involved, and the effect of disaggregation on PrPD seeding
activity are unclear. We have now monitored the structural
modification, disaggregation, and seeding activity of PrPD from
two mouse adapted prion strains, 22L and 87V, in the presence
of Grp78 and two forms of the Hsp110 disaggregase chaperone
family, Hsp105 and Apg-2. We found that both forms of
Hsp110 induced similar amounts of disaggregation and struc-
tural change in the protease resistant cores of PrPD from both
strains. However, 22L PrPD was more susceptible to destabili-
zation and disaggregation by the chaperones than 87V. Sur-
prisingly, despite disaggregation of both strains, only the 22L
PrPD aggregates released by the chaperones had seeding ac-
tivity, with both forms of Hsp110 enhancing the Grp78 medi-
ated release of these aggregates. Our data show that
disassembly of PrPD by Grp78 and Hsp110 chaperones can
release seeding particles of PrPD in a strain-specific manner,
potentially facilitating prion replication and spread.

Transmissible neurodegenerative prion diseases such as
chronic wasting disease in deer, scrapie in sheep, and
Creutzfeldt-Jakob disease in humans are caused by prions (1).
A key step in prion disease pathogenesis is the continuous
accumulation of a mammalian prion protein with a non-
natively folded and infectious conformation (PrPD) that is the
primary, if not sole, component of the infectious prion (2).
During prion disease, the protease sensitive natively folded
prion protein (PrPC) interacts with aggregated PrPD, resulting
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in PrPC both incorporating into and acquiring the nonnative
conformation of the PrPD aggregate (2, 3). Different nonnative
and infectious conformations of PrPD are referred to as strains
as they can vary in their structure and biochemical properties
(3–6) as well as in the pathologies they induce during infection
(7, 8). Despite these differences, most strains of PrPD form
large and insoluble aggregates that are structurally very stable
and resistant to proteolytic degradation (2).

PrPD persists and accumulates in cellular environments
(9–12) despite the presence of molecular chaperones capable of
unfolding and disassembling nonnative, i.e. misfolded, protein
aggregates (13–15) as well as proteolytic machinery capable of
degrading protein that cannot be repaired by chaperones
(16–18). In mammals, chaperone-mediated disaggregation is
performed by members of the Hsp70 chaperone family and
their cochaperones (13, 19, 20). These are ATP driven protein
clamps (21–24) that forcibly unfold protein clientele (15,
25–27) with the help of their protein recruitment cochaperones
and nucleotide exchange factors (15, 24, 25, 28, 29). Hsp70s and
their cochaperones are universal components of cellular pro-
teostasis systems that constantly protect cells from a wide range
of nonnative and aggregated proteins. While the high structural
and conformational stability of PrPD might be expected to make
it recalcitrant to chaperone activity, the Hsp70 system has been
found to play a role in prion biology (28, 30). Increasing the
cellular concentration of Hsp70s, like Grp78, has been shown to
reduce the concentration of PrPD in chronically infected cells
(30). This observation supports the possibility that PrPD persists
in part because of insufficient chaperone expression or activity.
However, cells are not cured of infectious prions by increasing
the concentration of chaperones (30), indicating that the rela-
tionship between chaperones and prions is more complex.

Propagation of PrPD is dependent upon both continuous
conversion of PrPC and processes that increase the number of
aggregates with seeding activity by fragmenting larger PrPD

aggregates into smaller ones (31, 32). While molecular chaper-
ones have been found to fragment and thus promote the
propagation of disease related tau (33), a-synuclein (34), and
sup35 aggregates (35), the mechanism by which PrPD is frag-
mented and the role of chaperones in prion propagation is
poorly understood. PrPD can be found at the cell surface (10, 12)
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Chaperones release seeding particles from infectious prions
as well as within the endosomal trafficking network and it is
known to accumulate in lysosomes (11, 12). Both conversion of
PrPD and its subsequent disaggregation, potentially via the ac-
tivity of noncytoplasmic chaperones, could therefore occur in
any of these cellular compartments. In addition, PrPD dis-
assembled during endosomal trafficking is mostly protease
resistant (36, 37), suggesting that the process of disaggregation
after endocytosis could generate additional particles with seed-
ing activity that could in turn promote the propagation of PrPD.
In a more recent study of how the cell surface chaperones
Grp78, Hsp90, and their cochaperones modified PrPD from
two mouse adapted prion strains, 22L and 87V, we used sus-
ceptibility to proteases as an indicator of structural change. We
found that chaperones significantly reduced the protease resis-
tance of PrPD from both strains, indicating structural modifi-
cations, but still failed to disaggregate the majority of 22L and
87V PrPD (28). Disaggregation of 22L PrPD by Grp78, Hsp90,
and cochaperones was improved when pretreated with pro-
teinase K (PK), suggesting that disaggregation of PrPD in cellular
environments may result from cycles of exposure to chaperones
and proteases (28). However, Grp78 and Hsp90 are not the only
chaperones present extracellularly and cointeraction between
these chaperones and other extracellular chaperones could
facilitate more efficient disaggregation of PrPD.

Numerous mammalian proteins, such as TRIM (38) and
DAXX (39), possess a putative disaggregase activity under
specific conditions. However, many of these putative dis-
aggregases still cooperate with the Hsp70 chaperone network
(40) and, when tested independently, possess comparatively
lower chaperone activity when compared to Hsp70 systems
(38, 39). Additionally, nonheat shock protein disaggregases are
typically cytoplasmic (41, 42) and are not known to localize
where prions propagate along the cell surface and endosome.
Disassembly of nonnative protein aggregates in higher meta-
zoans typically also requires the activity of the cytoplasmic
chaperone Hsp110, which is a nucleotide exchange factor for
Hsp70 chaperones that also possesses an Hsp70 substrate
binding domain (13, 20, 29). Two members of the Hsp110
chaperone family that predominately drive disaggregation in
mammals are Apg-2 and Hsp105, though the expression of
these chaperones can vary with cell type (43–45). Secretion of
Hsp110 chaperones has been observed in specific cancer cells
(46), intestinal cells (47), and cells that are stressed (48, 49) but
they are not consistently found extracellularly. Despite the
different localization of Hsp110 chaperones and PrPD, over-
expression of Hsp110 in Drosophila was found to reduce the
amount of both aggregated PrPD and aggregates with seeding
activity (50). While the effect of Hsp110 overexpression on
PrPD may have directly led to the reduction in PrPD concen-
trations through disaggregation, the effect could also have
been indirect as Hsp110 regulates expression and secretion of
several proteins as well as regulating clathrin-mediated endo-
cytosis (47, 51). Thus, a detailed analysis of the disaggregation
activity of Hsp110 chaperones in vitro would help to directly
determine whether Hsp70/Hsp110 can mediate disaggregation
of PrPD and its seeding activity.
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In this work, we investigated whether the Hsp70 variant
Grp78, the cochaperone DnaJC1, and two members of the
Hsp110 chaperone family, Agp-2 and Hsp105, were able to
disassemble larger 22L and 87V PrPD aggregates into smaller
PrPD aggregates with seeding activity. Sucrose sedimentation
was used to evaluate the amount and relative size of PrPD

solubilized by chaperones, and the real-time quaking-induced
conversion (RT-QuIC) assay was used to assess seeding ac-
tivity in solubilized PrPD. We found that while 10 to 35% of
22L and 87V PrPD was disassembled by Grp78 in the presence
of either Apg-2 or Hsp105, chaperones liberated particles with
seeding activity only from 22L PrPD. Our data indicate that
while chaperones are capable of disassembling PrPD, their
ability to disrupt the seeding properties of PrPD may be limited
in a strain-specific manner.
Results

Hsp105 and Apg-2 promote both the loss of protease
resistance and disaggregation of PrPD by Grp78 in a strain-
specific manner

We first asked if Hsp105 and Apg-2 facilitated the Grp78
mediated structural modification of PrPD from different prion
strains. To monitor PrPD structural changes, we assessed the
susceptibility of PrPD to protease digestion, a well-established
method for monitoring protein structural modification and
destabilization (52–54) that is commonly used in the prion
field (52–56). We used immunoblot analysis to quantify
changes in protease resistance of sodium phosphotungstic acid
hydrate (PTA) precipitated 22L and 87V PrPD following
exposure to Grp78 and DnaJC1 with and without either
Hsp105 or Apg-2 (Fig. 1). Since our previous work had shown
that proteolytic digestion of 22L and 87V PrPD could influence
chaperone-mediated modification of both strains (28), we
compared the influence of chaperones on PrPD that was or was
not pretreated with PK, respectively referred to as the “pro-
tease resistant core” and “total PrPD”.

Both total PrPD and the PrPD protease resistant core were
incubated with or without chaperones for 30 min before being
treated with PK. Three independent PK treated (Fig. 1) sam-
ples were then analyzed via Western blot developed with the
6D11 anti-PrP antibody (Fig. 1, left panels). For both strains,
the PK resistance of the PrPD n terminus up to residue 109 was
not significantly reduced in the presence of Grp78 and DnaJC1
regardless of PK pretreatment (Fig. 1, A and B). Both Hsp105
and Apg-2 reduced the PK resistance of total PrPD from both
strains, with 22L (Fig. 1A, right panel) showing a greater
sensitivity to chaperone activity than 87V (Fig. 1B, right panel).
These differences were not due to variability in the amount of
PrPD in the starting samples as each sample contained similar
levels of PrPD (Fig. S1). However, while the protease resistant
core of 22L PrPD up to residues 93 to 109 was mostly resistant
to destabilization by Hsp105 but not Apg-2 (Fig. 1A, right
panel), the same region of 87V was resistant to destabilization
by both Hsp105 and Apg-2 (Fig. 1B, right panel). These data
are consistent with previous work showing that 87V is more
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Figure 1. Hsp105 and Apg-2 promote the loss of PrPD PK resistance in a strain-specific manner. 22L and 87V PrPD precipitated with PTA from prion
infected mouse brain homogenates was incubated without chaperones (none) or in the presence of Grp78 and DnaJC1 (G/J) with either Hsp105 (G/J/
Hsp105) or Apg-2 (G/J/Apg-2) for 30 min. Samples were then PK treated for 1 h before being analyzed by Western blot. Immunoblots (left panels) show the
influence of chaperones on total PrPD (upper blots) and its protease resistant core (lower blots) from both (A) 22L and (B) 87V. All samples contained ATP and
an ATP regeneration system. All blots were probed with the anti-PrP antibody 6D11 (epitope 93–109) and molecular mass markers for 25 kDa (uppermarker)
and 20 kDa (lower marker) are shown to the right of each blot. The bar plots (right panels) show the average percentage of protease resistant PrPD

remaining after exposure to no chaperones (none, black bars), G/J (gold bars), G/J/Hsp105 (blue bars), or G/J/Apg-2 (purple bars), followed by PK treatment.
Percentages were calculated by normalization to samples not exposed to chaperones (none) run on the same gels. For all graphs, data were calculated from
n = 3 from each of the three replicates (Rep) shown for each condition and are given as mean ± standard deviation. Individual data points are shown in
yellow. Significance was determined using a one-way ANOVA with Tukey’s multiple comparisons. p* = 0.02, p** = 0.007, and p**** = < 0.0009. PK, proteinase
K; PTA, phosphotungstic acid.

Chaperones release seeding particles from infectious prions
structurally stable (37) and recalcitrant to chaperone activity
(28), while the greater effectiveness of Apg-2 on the protease
resistant core of 22L PrPD compared to Hsp105 indicates that
the ability to destabilize PrPD can vary between members of
the Hsp110 chaperone family.

Previous work has shown that loss of protease resistance
does not necessarily correlate with disaggregation (28). Using
an immunoblot based sedimentation assay, we therefore tested
whether the addition of either Hsp105 or Apg-2 facilitated
disaggregation of 22L and 87V PrPD in the presence of both
Grp78 and DnaJC1. Samples of total PrPD and its protease
resistant core containing similar levels of PrPD (Fig. S2) were
incubated with the chaperones for 30 min before samples were
centrifuged to separate large PrPD aggregates from those
liberated by chaperone activity. In order to quantify the
amount of 22L and 87V disaggregated by chaperones, samples
of PrPD that were neither centrifuged nor exposed to chap-
erones were analyzed on the same Western blot alongside
supernatant samples (Fig. 2) of PrPD exposed to both Grp78
and DnaJC1 with and without either Hsp105 or Apg-2. Similar
to previous studies with Grp78 and cochaperones (28), the vast
majority of 22L and 87V PrPD was not disaggregated in the
presence of only Grp78 and DnaJC1 (Fig. 2, A and B, lanes
labeled G/J). However, a significant amount of disaggregation
J. Biol. Chem. (2025) 301(1) 108062 3
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Figure 2. Disaggregation of 22L and 87V PrPD can be mediated by Grp78 and DnaJC1 in the presence of either Hsp105 or Apg-2. Total PrPD (upper
blots) and its protease resistant core (lower blots) from (A) 22L and (B) 87V were PTA precipitated and incubated with Grp78 and DnaJC1 (G/J) and either
Hsp105 (G/J/Hsp105) or Apg-2 (G/J/Apg-2) for 30 min. Control samples without either chaperones or centrifugation (none) were also incubated for 30 min.
All samples contained ATP and an ATP regeneration system. Chaperone samples were centrifuged over 10% sucrose to pellet insoluble aggregates.
Chaperone solubilized monomer and small aggregates remained in the supernatant, which was analyzed by Western blot (left panels) alongside control
samples that were not centrifuged or exposed to chaperones to determine the amount of prion protein liberated by chaperone activity. All blots were
probed with the anti-PrP antibody 6D11 and molecular mass markers for 25 kDa (upper marker) and 20 kDa (lower marker) are shown to the right of each
blot. The bar plots (right panels) show the average percentage of PrPD present in the supernatant after exposure to no chaperones (none, black bars), G/J
(gold bars), G/J/Hsp105 (blue bars), or G/J/Apg-2 (purple bars). Percentages were calculated by normalization to samples not exposed to chaperones or
centrifuged. For all graphs, data were calculated from n = 3 replicate (Rep) samples for each condition shown and are given as mean ± standard deviation.
Individual points are shown in yellow. Significance was determined using a one-way ANOVA with Tukey’s multiple comparisons. p* = 0.01 to 0.04,
p** = 0.005 to 0.009, p*** = 0.003, and p**** = < 0.0009. PTA, phosphotungstic acid.

Chaperones release seeding particles from infectious prions
of PrPD ranging from 20 to 35% for 22L (Fig. 2A, right panel)
and 10 to 20% for 87V (Fig. 2B, right panel) was observed when
either Hsp105 or Apg-2 were present. There was little differ-
ence in the amount of PrPD solubilized in the presence of
Hsp105 and Apg-2 in each sample set (Fig. 2, right panels).
However, similar to our earlier studies (28), the protease
resistant core of 22L PrPD was more susceptible to disaggre-
gation than total PrPD samples (Fig. 2). Overall, the data
demonstrate that Grp78 and two members of the Hsp110
chaperone family can facilitate disaggregation of prions from
at least two different scrapie strains.
4 J. Biol. Chem. (2025) 301(1) 108062
Disaggregation of 22L PrPD facilitated by Hsp105 and Apg-2
releases particles capable of seeding new PrPD

Prion replication and spread is likely dependent upon the
generation of small oligomers/aggregates of PrPD from larger
PrPD aggregates that can then seed the formation of new PrPD

(31, 32). How these seeding oligomers are generated is poorly
understood, but our data suggest that chaperone activity can
lead to the release of smaller PrPD particles (Fig. 2). We
therefore considered the possibility that these smaller PrPD

particles could have seeding activity. In order to determine if
PrPD particles with seeding activity were released during



Chaperones release seeding particles from infectious prions
disaggregation with Grp78 and DnaJC1 in the presence of
either Hsp105 or Apg-2, we first tested 22L total PrPD (Fig. 3)
for changes in seeding activity using the RT-QuIC assay. The
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Chaperones release seeding particles from infectious prions
average time each RT-QuIC reaction took to cross a threshold
set to two times the baseline of each sample (Fig. 3E). We
initially tested whole unfractionated samples but found no
significant difference in seeding activity (Fig. 3A).

We next used centrifugal sedimentation in increasing con-
centrations of sucrose (Fig. 3, B–D) to separate larger aggre-
gates from smaller aggregates in the supernatant. This allowed
us to look specifically for seeding activity across a range of
smaller PrPD particle sizes released from the aggregate. The
number of positive wells, average threshold times, and stan-
dard deviations are shown in Table 1. The data show 22L PrPD

seeding activity in the supernatants of chaperone-treated
samples centrifuged through 10 to 20% sucrose, with no sig-
nificant seeding activity in samples not exposed to chaperones
(Table 1, Fig. 3, B–D). The lower time to threshold for total
PrPD from 22L that had been treated with Grp78/DnaJC1 and
Apg-2 suggested that it contained significantly more seeding
activity than samples treated with Grp78/DnaJC1 and Hsp105
(Table 1 and Fig. 3E). Thus, treatment of total 22L PrPD with
chaperones led to the release of particles capable of seeding the
formation of new PrPD.

The protease resistant core of 22L PrPD was more suscep-
tible to disaggregation by chaperones than total PrPD samples
(Fig. 2A), suggesting the possibility that a greater number of
PrPD particles with seeding activity were being released from
the aggregate. We therefore determined the seeding activity of
PrPD released from the protease resistant core of 22L PrPD

following treatment with Grp78 and DnaJC1 in the presence of
either Hsp105 or Apg-2 (Fig. 4). In general, the data were
similar to those from 22L total PrPD incubated with chaper-
ones (Fig. 3). Nonpelleted samples showed no difference in
seeding activity (Table 1 and Fig. 4, A and E), while seeding
activity was almost exclusively detected in supernatant samples
exposed to chaperones (Table 1, Fig. 4, B–E). A few wells from
Table 1

Number of po

None

Total PrPD
Protease resis-

tant core Total PrPD

22L 87V 22L 87V 22L 8

No spin 8/8 8/8 8/8 8/8 8/8 8
10% 0/8 0/8 0/8 0/8 8/8 0
15% 0/8 0/8 3/8 0/8 8/8 0
20% 0/8 0/8 0/8 2/8 8/8 0

Average thresho

None G

Total PrPD Protease resistant core Total PrPD

22L 87V 22L 87V 22L 87V

No spin 9.6 ± 1.3 23.8 ± 9.5 12.9 ± 4 29.2 ± 16.6 8.1 ± 1.5 24.8 ± 1
10% N/A N/A N/A N/A 23.8 ± 14.5 N/A
15% N/A N/A 59.3 ± 8.5 N/A 23.7 ± 13.8 N/A
20% N/A N/A N/A 54c 15 ± 6 N/A
a # of Positive Wells/Total Wells.
b Threshold set to 2x baseline fluorescence of each well. Number denotes average ± SD
c Average based on n = 2 wells.
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samples not exposed to chaperones showed some activity
(Fig. 4, C–E, black lines and circles), indicating that protease
treatment alone may have altered the size distribution of 22L
PrPD to create some particles with seeding activity, albeit much
less effectively than samples incubated with chaperones
(Fig. 4E). As with total PrPD from 22L, the seeding particles
from the 22L PrPD protease resistant core were relatively
small, with no difference in seeding activity between samples
pelleted through 10 to 20% sucrose (Table 1, Fig. 4, B–E). In
contrast to total PrPD, there was no significant difference in
the amount of seeding activity released from samples of the
protease resistant core of 22L by either Hsp105 or Apg-2
(Fig. 4E). Thus, the chaperone-mediated release of PrPD par-
ticles with seeding activity from larger aggregates appears to be
more efficient when either the PrPD n terminus, protease
sensitive PrPD, or possibly other proteins/cofactors, are first
removed from PrPD. Moreover, since the amount of seeding
activity from particles released during disaggregation of 22L
PrPD did not significantly vary when centrifuged through
layers of 10 to 20% sucrose, the data suggest that the majority
of seeding particles were small enough to be retained in su-
crose layers ≤10%.

While Hsp105 and Apg-2 facilitated the release of seed
particles with similar levels of activity from the protease
resistant core samples of 22L, total PrPD samples dis-
aggregated with Hsp105 had a higher threshold time than
samples disaggregated by Apg-2, suggesting that Hsp105 and
Apg-2 release different amounts of seed from total PrPD. To
verify this possibility we performed RT-QuIC on dilutions of
22L total PrPD disaggregated with the help of either Hsp105
(Fig. 5A) or Apg-2 (Fig. 5B) and analyzed the threshold time at
each dilution (Fig. 5C). Consistent with a higher number of
prion aggregates with seeding activity, lower threshold times
for particles released from 22L PrPD exposed to Apg-2 were
sitive wellsa

G/J/Apg-2 G/J/Hsp105

Protease resis-
tant core Total PrPD

Protease resis-
tant core

7V 22L 87V 22L 87V 22L 87V

/8 8/8 8/8 8/8 8/8 8/8 8/8
/8 8/8 2/8 7/8 0/8 8/8 0/8
/8 8/8 0/8 8/8 0/8 8/8 0/8
/8 8/8 0/8 7/8 0/8 8/8 2/8

ld time (Hr)b

/J/Apg-2 G/J/Hsp105

Protease resistant
core Total PrPD

Protease resistant
core

22L 87V 22L 87V 22L 87V

0.2 9 ± 1.7 20.8 ± 7.4 8.6 ± 1.5 18.9 ± 6.2 9.1 ± 1.6 24.8 ± 8.6
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Figure 4. Apg-2 and Hsp105 release similar amounts of seeding particles from the protease resistant core of 22L PrPD. The protease resistant core of
22L PrPD was incubated in ATP and an ATP regeneration system for 30 min alone (none, black lines and circles) or with Grp78, DnaJC1, and either Hsp105 (G/
J/Hsp105, blue lines and triangles) or Apg-2 (G/J/Apg-2, purple lines and squares). The real-time quaking-induced conversion assay was used to test the
seeding activity in samples that were (A) not centrifuged (No Spin) as well as the supernatants of samples that were centrifuged over layers of (B) 10, (C) 15,
and (D) 20% sucrose. The brackets in (A) indicate uninfected, normal brain homogenate (NBH) control samples, that were, or were not, exposed to each
chaperone set. The plots shown are based on the average of eight independent samples. E, the threshold times in hours (Hrs) was determined as in the
legend to Figure 3 with the number of positive wells, average, and standard deviation (None; black circles, G/J/Apg-2; purple circles, G/J/Hsp105; blue circles)
for each sample set given in Table 1. Significance was determined using a two-way ANOVA with Tukey’s multiple comparisons. p* = 0.01 to 0.04 and
p**** = < 0.0009.

Chaperones release seeding particles from infectious prions
seen at every dilution when compared to 22L PrPD exposed to
Hsp105 (Fig. 5C). Taken together, the data strongly suggest
that chaperones facilitate the formation of prion particles with
seeding activity by releasing smaller particles from larger ag-
gregates in a manner dependent upon both proteolytic expo-
sure and the cellular chaperones available.
J. Biol. Chem. (2025) 301(1) 108062 7
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Figure 5. Grp78 and DnaJC1 in the presence of Apg-2 liberated more seeding particles from 22L total PrPD than Grp78 and DnaJC1 in the presence
of Hsp105. The relative amount of seeding activity produced during disaggregation of 22L total PrPD exposed to Grp78, DnaJC1, and either (A) Hsp105 (G/J/
Hsp105) or (B) Apg-2 (G/J/Apg-2) was analyzed by real-time quaking-induced conversion across a 1000-fold dilution range (indicated by colored lines as
shown in each panel legend). The threshold times in hours (Hrs) was determined for all positive wells across all dilutions. C, plot of dilution versus average
threshold time for samples disaggregated with either Hsp105 (blue squares and lines) or Apg-2 (purple circles and lines). All samples were incubated with ATP
and an ATP regeneration system. Error bars represent the standard deviation for each point. For each sample set, the number of positive wells and the
average ± standard deviation of time in hours to threshold is shown in the table.

Chaperones release seeding particles from infectious prions
Disaggregation of 87V PrPD facilitated by Hsp105 and Apg-2
does not release particles capable of seeding new PrPD

Treatment of 87V PrPD with chaperones also led to the
release of prion protein, although the amount released was
lower than that from 22L (Fig. 2). In order to test whether there
were also fewer PrPD particles with seeding activity, the su-
pernatants from both chaperone-treated 87V total PrPD (Fig. 6)
and its protease resistant core (Fig. 7) were tested for seeding
activity using the RT-QuIC assay. While seeding particles were
8 J. Biol. Chem. (2025) 301(1) 108062
robustly detected in supernatants of 22L PrPD samples exposed
to chaperones (Figs. 4 and 5), the same was not true of 87V
PrPD. Seeding activity was detected in nonpelleted samples of
both 87V total PrPD (Fig. 6, A and E, No Spin) and the 87V
PrPD protease resistant core (Fig. 7, A and E, No Spin). How-
ever, while the same concentration of PrPD was used for 22L
and 87V in all assays, the average threshold time was longer in
samples of 87V, suggesting that a lower number of the particles
released by chaperones had seeding activity (compare Figs. 3E
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Figure 6. Exposure of total 87V PrPD to chaperones does not yield prion particles with observable seeding activity. The seeding activity of (A) 87V
total PrPD and supernatants produced by centrifugation over (B) 10, (C) 15, and (D) 20% sucrose after incubation with Grp78, DnaJC1, and either Hsp105 (G/
J/Hsp105, blue lines and triangles) or Apg-2 (G/J/Apg-2, purple lines and squares) was determined via real-time quaking-induced conversion. A control sample
not exposed to chaperones or centrifuged (none, black lines and circles) was prepared alongside samples incubated with chaperones. All reactions were
carried out in the presence of ATP and an ATP regeneration system for 30 min. The bracket in (A) indicates controls for spontaneous prion conversion
utilizing normal brain homogenate (NBH) samples that were or were not exposed to each chaperone set. All plots are averages of eight samples. E, the plot
shows the average threshold times in hours (Hrs) and associated standard deviations (none; black circles, G/J/Apg-2; purple circles, G/J/Hsp105; blue circles)
that were calculated for wells that tested positive for seeding activity as defined by crossing a threshold set to two times the baseline. The number of
positive wells, average, and standard deviation for each sample set can be seen in Table 1.

Chaperones release seeding particles from infectious prions
and 4E to 6E and 7E). In order to determine the difference in
seeding particles between strains, we performed end point di-
lutions to quantify the seeding activity for total PrPD and the
protease resistant core of both the 22L and 87V stocks used for
our experiments. The results showed that 22L PrPD had about
one log more seeding activity than 87V PrPD (Fig. S3).
J. Biol. Chem. (2025) 301(1) 108062 9
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Figure 7. Minimal release of prion seeding activity following the chaperone-mediated disaggregation of the protease resistant core of 87V PrPD. A,
The protease resistant core of 87V and the resultant supernatants from centrifugation over (B) 10, (C) 15, and (D) 20% sucrose for samples incubated with
Grp78, DnaJC1, and either Hsp105 (G/J/Hsp105, blue lines and triangles) or Apg-2 (G/J/Apg-2, purple lines and squares) were tested for seeding activity with
real-time quaking-induced conversion. A control sample not exposed to chaperones or centrifuged (none, black lines and circles) was prepared alongside
samples incubated with chaperones. All reactions were carried out in the presence of ATP and an ATP regeneration system for 30 min. The bracket in (A)
indicates controls for spontaneous prion conversion using normal brain homogenate (NBH) samples that were or were not exposed to each chaperone set.
All plots are averages of eight samples regardless of positivity for seeding activity. E, the plot shows the average threshold times in hours (Hrs) and
associated standard deviations (None; black circles, G/J/Apg-2; purple circles, G/J/Hsp105; blue circles) that were calculated for wells that tested positive for
seeding activity as defined by crossing a threshold set to two times the baseline. The number of positive wells, average, and standard deviation for each
sample are given in Table 1.

Chaperones release seeding particles from infectious prions
Following centrifugation through 10 to 20% sucrose, a few
wells tested positive after 50 h or more in samples of the pro-
tease resistant core of 87V PrPD without chaperones added
10 J. Biol. Chem. (2025) 301(1) 108062
(Fig. 7, D and E). This was similar to what was observed with
22L PrPD (Fig. 4) and suggests that, regardless of the prion
strain, protease treatment alone may free a small number of



Chaperones release seeding particles from infectious prions
seeding particles from larger aggregates. However, little or no
seeding activity was detected in supernatants from either
chaperone-treated 87V total PrPD (Fig. 6, B–E, Table 1) or the
chaperone-treated 87V PrPD protease resistant core (Fig. 7,
B–E, Table 1). Since 87V possesses around one log less seeding
activity than 22L (Fig. S3), we considered that 87V PrPD seeding
activity might be detectable in less diluted samples. We thus
retested supernatants from 87V total PrPD and its protease
resistant core that had been incubated with Grp78/DnaJC1 and
Apg-2 at 10- and 100-times higher concentrations using the
RT-QuIC assay. Once again, we found no trace of seeding ac-
tivity (Fig. S4), suggesting that the one log difference in seeding
activity between 22L and 87V PrPD is insufficient to explain the
difference in seeding activity in PrPD particles released
following incubation with chaperones. Thus, as opposed to 22L
PrPD, the chaperone-mediated disaggregation of 87V PrPD did
not result in the release of a detectable amount of PrPD particles
with seeding activity, indicating that the amount and propensity
to release small aggregates with seeding activity by chaperones
is prion strain specific. Overall, our data suggest not only that
the aggregates released from 87V PrPD by chaperones are un-
able to seed new prion formation, but also that there is a
fundamental difference in the way chaperones interact with 87V
PrPD when compared to 22L PrPD.
Grp78 and DnaJC1 alone release 22L PrPD particles with
seeding activity

We have previously shown that Grp78 and DnaJC1 alone
were able to disaggregate a small fraction of 22L, but not 87V,
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Figure 8. 22L PrPD seeding particles are released following incubation wit
(black lines and circles) and its protease resistant core (red lines and squares) we
and an ATP regeneration system. All samples were spun over 10% sucrose and
induced conversion. A total of eight wells for each sample were averaged and p
positive wells for total PrPD (black circles) and for the protease resistant core (red
the values for average threshold time and standard deviation are given in th
PrPD (28). Thus, we wanted to ascertain whether the PrPD

particles released by the activity of Grp78 and DnaJC1 alone
were able to seed new PrPD formation. We therefore exposed
22L PrPD that had, or had not, been pretreated with proteases
to Grp78 and DnaJC1 for 30 min before centrifuging all
samples over a 10% sucrose layer and testing the supernatant
for seeding activity using the RT-QuIC assay (Fig. 8). Inter-
estingly, seeding particles of 22L were released from both total
PrPD and its protease resistant core following incubation with
Grp78 and DnaJC1. Based on threshold times, 54.3 h for 22L
total PrPD and 39.6 h for its protease resistant core, the
amount of seeding activity appeared to be greater in particles
released from the protease resistant core. The threshold times
of total PrPD and protease resistant core samples were almost
twice as long as the threshold times observed with Hsp105 or
Apg-2 present (Figs. 3 and 4). By using the dilution curves
shown in Figure 7C, the difference in seeding activity can be
approximated to be about two orders of magnitude lower in
the absence of Hsp110s. Thus, while the data indicate that
Hsp110s facilitate the Grp78-mediated disaggregation and
release of seeding particles, the activity of Grp78/DnaJC1 alone
can still liberate seeding particles from PrPD and may
contribute to prion propagation independently of the presence
of Hsp110s.
Chaperone disaggregated 87V PrPD particles are less PK
resistant than chaperone disaggregated 22L PrPD particles

Both Hsp105 and Apg-2 facilitated the disassembly of 22L
and 87V PrPD, but significant seeding activity was only
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Chaperones release seeding particles from infectious prions
observed in particles liberated from 22L PrPD. This could be
explained by the chaperones either not solubilizing 87V PrPD

efficiently or by unfolding it enough to destroy its conforma-
tional properties, thus abolishing its seeding activity. We
therefore determined the degree to which disaggregated 22L
and 87V PrPD were PK resistant (Fig. 9). Total PrPD and the
protease resistant core from both strains was incubated with
Grp78, DnaJC1, and Apg-2 for 30 min, with ATP and an ATP
regeneration system, before samples were centrifuged over
10% sucrose. The supernatants, which contained prion protein
liberated from larger aggregates, were split and one half treated
with 10 mg/ml PK while the other half was not. Immunoblot
results (Fig. 9A) and subsequent quantification (Fig. 9B) show
that, for both total PrPD and its protease resistant core, a much
larger percentage of chaperone released 22L PrPD is PK
resistant when compared with 87V PrPD. Compared to un-
treated PrPD, about 55 and 1%, respectively, of chaperone
treated 22L and 87V total PrPD remained PK resistant, while
55 and 10%, respectively, of the chaperone treated protease
resistant core of 22L and 87V PrPD also remained PK resistant.
The results are consistent with 87V PrPD released by chaper-
ones likely being unfolded and at least partially conforma-
tionally altered, thus losing its ability to seed new PrPD

formation.
Discussion

In this work, we investigated the ability of Grp78, DnaJC1,
and two members of the Hsp110 chaperone family, Hsp105
and Apg-2, to disassemble and disrupt the properties of PrPD

from two different mouse prion strains, 22L and 87V. We
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Figure 9. PrPD particles liberated from 22L PrPD aggregates by chaperones
particles liberated following incubation with Grp78/DnaJC1 and Apg-2 (G/J/A
centrifuged over 10% sucrose and supernatants were, or were not, incubated w
probed with the anti-PrP mouse monoclonal antibody 6D11. Molecular mass m
right of each blot. 22L, upper blots; 87V, lower blots; Total PrPD, left blots; Protease
PK treatment for total PrPD (black bars) and its protease resistant core (red ba
normalization to samples that were incubated with G/J/Apg-2 but not PK treat
with ATP and an ATP regeneration system. Data were calculated from n = 3 re
deviation. A one-way ANOVA with Tukey’s multiple comparisons test was used
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demonstrate that, for both strains, Grp78/DnaJC1 in combi-
nation with either Hsp105 or Apg-2 reduces the PK resistance
of PrPD at neutral pH (Fig. 1) and disaggregates 10 to 30% of
PrPD within 30 min (Fig. 2). Previously, we had demonstrated
that the ability of Grp78/DnaJC1 and Hsp90/Stip1 to reduce
PrPD PK resistance was dependent upon low pH induced
destabilization of PrPD, leading to an observable disaggrega-
tion of only �1% of the 22L PrPD protease resistant core (28).
However, all of the chaperone-mediated disaggregation re-
actions in the current manuscript were done at neutral pH and
were thus independent of low pH induced destabilization of
PrPD. Therefore, while our data show that multiple different
chaperone combinations can disaggregate PrPD, the efficiency
of that disaggregation is likely dependent upon a combination
of strain, chaperone set, and environmental conditions. This
suggests that the disassembly of prion aggregates by the cell
may vary greatly depending upon the available chaperones in
different cell types as well as the cellular microenvironment
where PrPD is made and/or accumulates.

The 22L PrPD liberated by Grp78, DnaJC1, and the Hsp110s
was mostly protease resistant and possessed seeding activity,
both characteristic properties of infectious PrPD (2). Seeding
activity for 22L PrPD was observed under every condition with
every combination of chaperone tested, though the amount of
seeding activity varied between sample set. In general, more
particles with seeding activity were released from the protease
resistant core of 22L PrPD regardless of chaperone set, indi-
cating that predigestion with proteases actually increased the
efficiency of chaperone-mediated fragmentation. Predigestion
with proteases may clear away PrPC, partially converted PrPD,
protease sensitive PrPD (57, 58), the protease sensitive n
B
Total PrPD

Protease
Resistant Core

- + - + - + - +
0

20

40

60

80

100

120

Pr
PD

 R
em

ai
ni

ng
(%

)

22L 87V

PK

**** **** **** ****

are more protease resistant than PrPD particles liberated from 87V. PrPD

pg-2) were tested for resistance to PK. After disaggregation, samples were
ith PK for 1 h. A, immunoblot analysis of supernatant samples. All blots were
arkers for 25 kDa (upper marker) and 20 kDa (lower marker) are shown to the
resistant core, right blots; (B) The average percentage of PrPD remaining after
rs) was calculated and is plotted as shown. Percentages were calculated by
ed. Individual values are shown as yellow circles. All samples were incubated
plicates (Rep) for each time point shown and are given as mean ± standard
to determine significance. p**** = < 0.0009. PK, proteinase K.



Chaperones release seeding particles from infectious prions
terminus of the prion protein (59), or possibly other proteins.
If any of these factors help to stabilize aggregates of 22L and/or
block chaperone binding sites, their removal would be ex-
pected to increase seeding activity, which is what we observed
when comparing prion seeding activity released from total 22L
PrPD to that released from its protease resistant core.

Both members of the Hsp110 chaperone family in combina-
tion with Grp78 facilitated the release of 22L PrPD particles with
seeding activity. Since both Hsp110s liberated aggregates with
similar amounts of seeding activity from the protease resistant
core of 22L, it is unlikely that there is a difference either in the
ability of Hsp105 and Apg-2 to disrupt the infectious properties
of 22L or in their overall ability to remove seeds from larger
aggregates. However, when samples were not pretreated with
proteases (i.e. total PrPD), Apg-2 liberated seeding particles with
significantly more activity than Hsp105. It is possible that dif-
ferences in the activity of seeding particles released by different
chaperones from aggregates that were not pretreated with PK are
the result of differences in the exposure of sites where conver-
sion occurs. These differences could be explained by Hsp105
having a higher affinity for proteins and/or nonseeding particles
of prion protein, such as PrPC or partially converted PrPD, that
may still be present in aggregates of total PrPD (15, 37). Apg-2
may simply be better at directly exposing active conversion
sites while Hsp105 requires the removal of other factors to be
effective. A higher affinity of Hsp105 for protease-sensitive
components of PrPD could lead to less Hsp105 being available
to bind to and release PrPD seeding particles.

Unlike 22L PrPD, treatment of 87V PrPD with chaperones
led to the release of particles with no detectable seeding ac-
tivity that were also much less resistant to PK. Thus, prion
protein liberated from aggregates of 87V PrPD have less of the
characteristic properties of infectious prions. This suggests
that the chaperones are either destroying the infectious
conformational properties of 87V PrPD during disaggregation
or removing nonseeding particles, such as PrPC or partially
converted PrPD. Previous work has shown that protease sen-
sitive material can be buried inside large aggregates of both
22L and 87V PrPD (15), and that these protease sensitive
molecules may be released during disaggregation of both total
PrPD and its protease resistant core. In the current article as
well as in previous work (28), chaperones have also been found
to alter the structural properties of 22L and 87V PrPD, as
indicated by a loss of protease resistance. Failure to observe
seeding activity or protease resistance in 87V PrPD particles
released by chaperone activity indicates that there are strain-
specific structural differences between 22L and 87V that
either prevent chaperones from liberating seeding particles of
87V PrPD or that allow them to fully disrupt their conforma-
tional properties.

The progression of prion disease is faster in mice infected
with 22L compared to mice infected with 87V while multiple
cell lines can support 22L, but not 87V, prion infection (60).
We have previously suggested that the ability of the cell to
more rapidly degrade 87V PrPD compared to 22L PrPD could
in part explain the inability of 87V prions to infect cells as
well as the more rapid disease induced by 22L prions (36).
Given their lack of seeding activity and increase in protease
sensitivity, the current data suggest that the particles
released from 87V PrPD by chaperones may also be, at the
very least, not as infectious as those liberated from 22L PrPD.
This could significantly impact the ability of 87V to spread
from cell-to-cell and establish productive prion infection
both in vivo and in vitro. It is important to note, however,
that there are likely multiple other ways for chaperones to
promote the spread of 87V. Different chaperone sets than
those used in our study could interact with 87V PrPD to
release particles that can seed new prion formation. In
addition, chaperone induced structural destabilization within
aggregates of 87V PrPD could create weak points allowing
them to be fragmented by cellular proteases or shearing
forces generated by cellular processes, such as changes in
membrane dynamics during endocytosis or cell division.
Finally, even if the material liberated from 87V by chaper-
ones lacked the ability to seed new PrPD, the slow disag-
gregation of 87V PrPD could make the core of the aggregate
small enough to move between cells or allow chaperones to
clear away unconverted material and other proteins from
87V PrPD that may block conversion sites.

We observed that the Hsp110 chaperones facilitated the
ability of Grp78 and DnaJC1 to unfold and disassemble PrPD.
However, chaperone-mediated PrPD disaggregation also led to
the release of PrPD particles that could seed new PrPD forma-
tion, potentially promoting prion replication and spread. What
determines whether Hsp110 activity facilitates or disrupts the
formation of seeding particles may be dependent upon the
concentration of Hsp110, as suggested by a study in Drosophila
which found that overexpressing Apg-2 reduced the amount of
PrPD seeding particles (50). Thus, Hsp110 chaperones may play
a dual role in prion biology with diametrically opposed out-
comes: disassembly of PrPD to destroy infectious prions and
release of PrPD seeding particles to enhance prion replication.
Chaperones play a similar role in the propagation of yeast
prions as they possess a dual activity where they situationally
facilitate (61) or disrupt (62, 63) the formation and accumula-
tion of yeast prions. The data in the current article are
consistent with this and suggest that chaperones could play a
role in the different disease progressions observed in 22L and
87V. In a similar manner to yeast, 22L and 87V PrPD may have
different susceptibilities to structural destabilization by the
same chaperones, with the threshold for destabilization poten-
tially dependent upon the chaperone concentration. Thus, a
dose-dependent chaperone activity that liberates PrPD particles
with seeding activity from 22L, but not 87V, PrPD aggregates,
would only promote prion replication and spread of 22L prions.
By contrast, the release of fewer particles with seeding activity
from 87V PrPD aggregates could be protective by favoring, over
time, prion degradation over prion replication leading to (1) an
inability of PrPD formation in cells in vitro to outpace degra-
dation and (2) a slower spread of 87V prions in vivo. Further
study of chaperone-prion interactions may help us to not only
understand how chaperone imbalance may foster prion accu-
mulation but also how chaperone systems may be tuned to
create effective treatments for prion disease.
J. Biol. Chem. (2025) 301(1) 108062 13
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Experimental procedures

Prion propagation and animal care

This study was carried out in accordance with the Guide for
the Care and Use of Laboratory Animals of the National In-
stitutes of Health (64). The Rocky Mountain Laboratories
Animal Care and Use Committee reviewed and approved all
protocols used for animal experiments (protocol number
2021–023-E). Both 22L and 87V were propagated as described
previously in C57BL/10 and VMDK mice, respectively (65).
Mice were monitored until they showed unambiguous signs of
prion disease including altered grooming and nesting habits,
ataxia, and altered posture. Mice were then euthanized by
isoflurane overdose followed by cervical dislocation and brains
harvested and stored at −80 �C until use.
Brain homogenization and PTA precipitation of PrPD

Brains from mice infected with either 22L or 87V were
suspended in PBS to a concentration of 10% (wt/vol) before
being homogenized with a Mini-BeadBeater-8 instrument
(Biospec) and clarified via centrifugation at 500g for 5 min
(min), as described previously (36). Brain homogenates were
then mixed with sarkosyl to 2% by diluting the clarified ho-
mogenates 1:1 with 4% sarkosyl. Homogenates were vortexed
and incubated at 37 �C for 30 min before being mixed with
benzonase (Sigma-Aldrich) to 0.05 Units/mL and magnesium
chloride to 1 mM. The solution of benzonase and brain ho-
mogenate was mixed briefly before being incubated for 45 min
at 37 �C. After benzonase digestion, brain homogenates were
centrifuged at 5000g for 5 min. Half of each brain homogenate
supernatant sample was then treated with 50 mg/ml proteinase
K (Novagen) for 1 h at 37 �C while the other half was not. The
protease inhibitor Pefabloc (Sigma-Aldrich) was then added to
both samples to 5 mM. Sodium phosphotungstic acid hydrate
(PTA, Sigma-Aldrich) was added to a final concentration of
3.2 mg/ml and the homogenate incubated for 1.5 h at 37 �C.
PTA treated homogenates that were or were not PK treated
were then centrifuged at 16000g for 30 min at room temper-
ature in order to pellet PrPD. PTA was removed from pelleted
material with a wash in PBS containing 0.1 M EDTA. Pellets
were vortexed and incubated at 37 �C for 30 min before being
centrifuged again at 16000g for 30 min at room temperature.
The resulting PrPD pellets were then resuspended in PBS,
mixed with glycerol to 15%, snap frozen, and stored at −80 �C
until use.
Protein expression and purification

Grp78, DnJC1, Hsp105, and Apg-2 were expressed in
Escherichia coli and purified at RML by methods outlined in
previous work (28). The pET-14b plasmid was engineered by
GenScript to express the genes for Grp78, DnaJC1, Hsp105,
and Apg-2 with a cleavable His6x affinity tag. The His6x tag on
WT mouse genes for Grp78, Hsp105, and Apg-2 was attached
to proteins via a cleavable Sumo protein tag while the luminal
domain of DnaJC1 from amino acids 46 to 148, referred to as
DnaJC1 throughout this work, was expressed behind a
14 J. Biol. Chem. (2025) 301(1) 108062
thrombin cleavable His6x tag. Plasmids were transformed into
E. coli BL21(DE3) competent cells (Thermo Fisher Scientific)
by heat shock at 42 �C before being plated on ampicillin
antibiotic Lysogeny Broth agar plates. Colonies were picked
and grown at 37 �C and 200 rpm overnight before being
diluted 1:1000 and regrown at 37 �C and 200 rpm to an A600 of
0.6 for Grp78 and DnaJC1 and an A600 of 0.7 for Hsp105 and
Apg-2. Expression of all genes was induced with 0.4 mM of
isopropyl-1-thio-b-D-galactopyranoside (Sigma-Aldrich). All
proteins were expressed for 3 to 4 h at 37 �C before E. coli was
pelleted with a 5000g spin at 4 �C.

Purification of Grp78, DnaJC1, Hsp105, and Apg-2 was
performed similarly to previous work (28). In short, E. coli
pellets were resuspended in phosphate lysis buffer (50 mM
NaH2PO4 pH 8.0, 300 mM NaCl, 10 mM imidazole, 5 mM b-
mercaptoethanol, 10% sucrose, containing 2x cOmplete Mini
EDTA-free protease inhibitor cocktail (Sigma-Aldrich)) and
passaged through a French press cell disrupter (Thermo Fisher
Scientific) three times to lyse cells. Cell lysates were centri-
fuged at 35000g for 30 min, and the clarified lysates were then
run over an Ni-NTA Superflow resin (Qiagen). The Ni-NTA
column was rinsed with phosphate wash buffer (25 mM
NaH2PO4 pH 8.0, 300 mM NaCl, 20 mM imidazole, and 5 mM
b-mercaptoethanol), and protein was eluted with a series of
step washes containing 25 to 400 mM imidazole. Fractions
containing target proteins were pooled and their His6x tags
were removed with either SUMO protease (Thermo Fisher
Scientific) or thrombin (Thermo Fisher Scientific). Protein was
rerun over an Ni-NTA column to remove affinity tags before
being dialyzed into ion exchange column loading buffer
(50 mM Tris–HCl pH 7.4, 25 mM NaCl, 0.1 mM EDTA, and
5 mM b-mercaptoethanol) and run over a HiTrap Q HP col-
umn (Cytiva). Proteins were eluted over a linear gradient from
25 to 1000 mM NaCl and purity was determined via SDS-
PAGE. If protein was less than 99% pure it was either rerun
over a Q column or separated from contaminants over a
Superdex size-exclusion column (Cytiva) run with wash buffer
(50 mM Tris–HCl pH 7.4, 150 mM KCl, 0.05 mM EDTA, and
2 mM DTT). Once protein was ≥99% pure fractions were
pooled, concentrated, and buffer exchanged into storage buffer
(50 mM Tris–HCl pH 7.4, 150 mM KCl, 0.05 mM EDTA, 15%
glycerol, and 2 mM DTT) using an Amicon Ultra spin
concentrator (Millipore). Samples were snap frozen and stored
at −80 �C until use.
Chaperone mediated disaggregation and protease resistance
assays

PTA precipitated 22L and 87V PrPD that was or was not PK
treated prior to precipitation was diluted to 0.1 mM in disag-
gregation buffer (50 mM Hepes pH 7.4, 150 mM KOAc,
10 mM MgOAc2, and 2 mM DTT) containing 2 mM ATP
(Sigma-Aldrich), an ATP regeneration system, and chaper-
ones. The negative control sample was the same except that no
chaperones were added. The ATP regeneration system was
composed of 0.25 mM creatine kinase (Sigma-Aldrich) and
2 mM creatine phosphate (Sigma-Aldrich) (15, 28).
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Combinations of chaperones are indicated in each experiment
but the concentrations for Grp78, DnaJC1, Hsp105, and Apg-2
were 2, 1, 0.5, and 0.5 mM, respectively. PrPD from both strains
was incubated with and without chaperones for 30 min at 37
�C in an Eppendorf ThermoMixer C with shaking at 300 rpm.
Samples were then mixed 1:1 with disaggregation buffer before
an aliquot was removed for use in the RT-QuIC assay. Samples
were then split and one half was treated with PK at 10 mg/ml
and incubated at 37 �C for 1 h while the other half was
centrifuged over 10, 15, and 20% sucrose at 18,300g in a F301.5
Beckman rotor at 4 �C for 30 min. Supernatants were removed
and further split for analysis with small aliquots removed for
later testing with RT-QuIC and detection of PrPD. A portion of
the supernatant was removed and digested with PK (10 mg/ml)
at 37 �C for 1 h. Pellets were resuspended in 2x NuPAGE
sample buffer while PK treated samples were mixed with
Pefabloc to 5 mM and incubated for 10 min at room tem-
perature to inactivate PK. Samples not destined for RT-QuIC
that were or were not PK treated were mixed with 4x
NuPAGE sample buffer (Novex) to a final concentration of
1.5x before being heated at 95 �C for 5 min, spun down,
vortexed, snap frozen, and stored at −80 �C until use. Samples
destined for RT-QuIC analysis were aliquoted, snap frozen,
and stored at −80 �C until use.

SDS-PAGE and Western blots

Gels and blots were prepared as described previously (28).
In brief, frozen samples in NuPAGE sample buffer were
thawed heated to 95 �C for 5 min, spun down briefly, and then
vortexed before being run over 10% Bis-Tris gels for �3 h at a
constant voltage of 75 V. Gel contents was transferred to
polyvinylidene difluoride (EMD Millipore) Immobilon-P
membranes at a constant voltage of 34 V overnight in a
NuPAGE Novex gel system. After transfer, membranes were
incubated in 1xTBST (10 mM Tris–HCl (pH 8.0), 150 mM
NaCl, and 0.05% Tween 20) containing 5% powdered milk for
1 h to block the membrane prior to antibody exposure. After
rigorous washing, membranes were probed with the 6D11
primary antibody (BioLegends, antibody epitope to PrPC resi-
dues 93–109) diluted 1:10,000 in TBST before being incubated
for 1.5 h. Membranes were rigorously washed in 1x TBST
before being probed with a horseradish peroxidase-conjugated
sheep anti-mouse secondary antibody (GE Amersham) at a
1:50,000 dilution. After a 1 h incubation, membranes were
rinsed heavily in 1xTBST and developed with the ECL Plus
reagent (GE HealthCare Life Sciences). Membranes were then
imaged on an iBright gel imager (Thermo Fisher Scientific).

RT-QuIC assay for PrPD seeding activity

RT-QuIC assays for seeding activity were set up similarly to
previous work (66). Samples to be tested for seeding activity
were diluted 1:100 in 1xPBS containing 0.1% SDS before being
diluted 1:50 into 0.1 ml reaction solution composed of 1xPBS
supplemented with 1 mM EDTA, 10 nM thioflavin T (THT),
and 0.1 mg/ml of E. coli derived and purified recombinant
hamster PrP (rPrP-sen, hamster PrP residues 90–231). Reaction
solutions were placed into wells of a 96-well Nunc optical
bottom plate (Thermo Fisher Scientific) and sealed with
polyolefin tape (Thermo Fisher Scientific). Plates were placed
into a CLARIOstar plate reader (BMG) heated to 50 �C and
fluorescence from THT was recorded with excitation and
emission at 450 and 480 nm, respectively. Samples were
shaken at 700 rpm for 1 min, allowed to rest for 1 min, and
then readings were taken for 1 min. Fluorescence was recorded
every 3 min for 40 to 72 h. Samples were considered positive
for seeding activity if their THT fluorescence rose above a
threshold set to two times the background THT fluorescence
in each well. The time it takes for THT to rise above threshold
directly correlates with the number of seeding particles/con-
version sites (67). Thus, threshold time was used as a
comparative metric for seeding activity throughout this work.
The percentage of false positives induced by normal brain
homogenate across all datasets was 1 to 2%. All false positives
occurred after the 65 h time point. Data were analyzed in Excel
(Microsoft) for threshold time and averages, deviations, and
plots were developed in Graphpad Prism Software (8.0.2;
https://www.graphpad.com/).

Blot quantification and data analysis

PrPD gel bands were quantified using the “Segment Analysis”
tool in Un-Scan-IT software (version 7.1; Silk Scientific Cor-
poration; https://www.silkscientific.com/) to sum all pixels in
analysis regions. Background values derived from regions near
the bands being quantified were subtracted from the total PrPD

pixels as described previously (28). Pixel sum values were then
divided by the average pixel sum of PrPD that was either not
exposed to chaperones or was pelleted in order to respectively
calculate changes in PK resistance and the amount of prion
protein liberated by chaperones. Average normalized pixel sums
were then converted to a percentage by multiplying values by
100. For all plots, data are shown as an average with error bars
representing the standard deviations and individual points
overlaid. For blot data, averages are calculated from three rep-
licates while data from RT-QuIC assays is calculated from
different numbers of replicates, which are indicated in the
accompanying tables. Graphpad Prism Software (version 8.0.2;
https://www.graphpad.com/) was used for data management
and statistical calculations. The type of statistical test used is
indicated in the Figure Legends. The asterisks in figures
represent p-values within specific ranges with p* = 0.01 to 0.04,
p** = 0.005 to 0.009, p*** = 0.001 to 0.004, and p**** = < 0.0009.
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