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Lethal neurodegenerative prion diseases result from the
continuous accumulation of infectious and variably protease-
resistant prion protein aggregates (PrP”) which are misfolded
forms of the normally detergent soluble and protease-sensitive
cellular prion protein. Molecular chaperones like Grp78 have
been found to reduce the accumulation of PrPP, but how
different cellular environments and other chaperones influence
the ability of Grp78 to modify PrP® is poorly understood. In
this work, we investigated how pH and protease-mediated
structural changes in PrP® from two mouse-adapted scrapie
prion strains, 22L and 87V, influenced processing by Grp78 in
the presence or absence of chaperones Hsp90, DnaJC1, and
Stipl. We developed a cell-free in vitro system to monitor
chaperone-mediated structural changes to, and disaggregation
of, PrPP. For both strains, Grp78 was most effective at struc-
turally altering PrPP at low pH, especially when additional
chaperones were present. While Grp78, DnaJCl, Stipl, and
Hsp90 were unable to disaggregate the majority of PrP® from
either strain, pretreatment of PrP® with proteases increased
disaggregation of 22L PrP” compared to 87V, indicating strain-
specific differences in aggregate structure were impacting
chaperone activity. Hsp90 also induced structural changes in
87V PrP” as indicated by an increase in the susceptibility of its
n-terminus to proteases. Our data suggest that, while chaper-
ones like Grp78, DnaJCl, Stipl, and Hsp90 disaggregate only a
small fraction of PrPP, they may still facilitate its clearance by
altering aggregate structure and sensitizing PrP” to proteases
in a strain and pH-dependent manner.

Infectious prions are the causative agents of lethal and
transmissible mammalian prion diseases (1), such as scrapie in
sheep, bovine spongiform encephalopathy in cattle, chronic
wasting disease in deer and elk, and Creutzfeldt-Jakob disease
(CJD) in humans (1). The gradual onset of disease and neu-
rodegeneration during prion infection is associated with the
continuous accumulation of non-native, infectious, and var-
iably protease-resistant aggregates of the disease-associated
prion protein (PrPP), which are formed by the conversion of
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the native and protease-sensitive mammalian prion protein
(PrP€) into PrP® (2). During PrP” formation, which occurs at
or near the cell surface and throughout the endosomal traf-
ficking network (3-6), PrP© adopts the same conformation of
the PrP" that it interacts with (7). However, multiple non-
native prion protein conformations produce the infectious
and protease-resistant aggregates that are characteristic of
PrP® and help define unique prion strains (8—10). Prion strains
can have distinctive neuropathologies (11, 12), structural sta-
bilities (13), routes of cellular endocytosis (14), and cellular
degradation rates (15, 16).

Cellular systems attempt to combat the accumulation of
infectious prions by internalizing PrP"” and trafficking it
through the endosome to the lysosome, which is believed to be
the primary site of prion degradation (17, 18). In our previous
work, cells were found to begin degrading PrP" during uptake
by first sensitizing it to proteases and then destabilizing the
aggregate structure, resulting in the exposure of protease-
sensitive material buried within larger aggregates to pro-
teases (15, 19). Thus, while the cellular processes responsible
for destabilizing PrP" during endocytosis are poorly under-
stood, acidification of vesicle environments during endosomal
trafficking appears to play a role in both sensitization of PrP”
to proteases and its degradation (15, 18). PrP< has been found
to unfold when exposed to lower pH environments (20) and
exposure to low pH during trafficking may also drive the
structural destabilization of PrP® observed during endosomal
trafficking (15, 19). However, changes in pH may also promote
the ability of endosomal proteins, like molecular chaperones,
to alter the structural properties of PrPP.

Chaperones play a critical role in protein homeostasis
throughout the cell and can disassemble non-native protein
aggregates (21), unfold non-native proteins (22), and facilitate
the folding of proteins into their native conformation (23).
Chaperones belonging to the Hsp70 protein family are ATP-
driven protein conformation modifiers that contribute to
almost every aspect of cellular proteostasis (24) and have been
found to play a role in prion biology (25). In cells infected with
the RML strain of PrP®, the concentration of the membrane-
bound Hsp70 protein Grp78, also known as BiP, is inversely
proportional to the concentration of PrP” (25). Grp78 typically
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localizes to the endoplasmic reticulum (ER) but is regularly
translocated to the cell surface, where PrP" may be found. This
translocation is dependent upon its ATP hydrolysis stimu-
lating protein recruitment co-chaperone DnaJCl (26, 27).
Previous studies have shown that the formation of de novo
PrP® can happen almost immediately following the interaction
of PrPP and PrP€ on the cell surface (28), but Grp78 takes
almost 20 h to reduce the PK resistance of RML PrP" by 50%
at neutral pH in a cell-free in vitro assay (25), indicating that
Grp78 alone is likely incapable of clearing PrP" faster than it is
created. However, Grp78 can escort protein cargo through the
endosomal trafficking network to the late endosome (29) and
remains active at pH 5.5 (30), which is the pH of vesicles in the
late endosome (31). Thus, structural destabilization and
modification of PrP" during cellular uptake as a result of
changes in endosomal pH and exposure to proteases could
influence its structural destabilization by Grp78.

Other chaperones and co-chaperones may facilitate the
activity of Grp78 and be required for the timely processing of
PrPP. For example, the Hsp90 chaperone and its substrate
recruitment co-chaperone Stipl (32), which have been
observed interacting with and altering the structure of PrP€ on
the surface of cells (33, 34), may also interact with PrP". Stipl
can also recruit Hsp70 chaperones to Hsp90, forming a multi-
chaperone complex between Hsp70, Stipl, and Hsp90, that
allows for substrate protein to pass from Hsp70 to Hsp90 (35).
This multi-chaperone complex may promote the binding of
Hsp90 to PrPP in cases where differences in strain confor-
mation (7, 36) or protease exposure (37) obscure or remove
Stip1 binding sites on the n-terminus (38). Stip1 also promotes
endocytosis of PrP€ through direct interaction (39), suggesting
that co-complexed Hsp90 and Grp78 could accompany PrPC,
and possibly PrPP, during endocytosis. Members of the Hsp90
chaperone family are active at low pH and undergo confor-
mational changes with pH shifts that influence chaperone
activity (40, 41). Hsp90 may thus facilitate changes in PrP"
alongside Grp78 even in the low pH environments of the late
endosome. While previous observations make it appear
possible that Hsp90 and Stipl play a role in Grp78-mediated
regulation of PrP°, how chaperones co-ordinate to influence
the properties of PrP” and their role in PrP" degradation are
poorly understood.

We therefore characterized how changes in pH, protease
exposure, and the presence of the chaperones Hsp90, Stipl,
and DnaJC1 influence the ability of Grp78 to alter the size and
structure of PrP® from two unique prion strains, 22L and 87V.
Our data show that at a lower pH, PrPP from both strains is
conformationally altered by Grp78 within 30 min, becoming
less stable and thus more sensitive to loss of protease pro-
tection. The addition of auxiliary chaperones enhanced the
ability of Grp78 to sensitize both strains to proteases in high-
and low-pH solutions, but 22L PrPP was consistently more
susceptible to structural destabilization by chaperones than
87V. While 22L PrP® pre-treated with proteases was the most
susceptible to disaggregation, the majority of PrP® was not
disaggregated for either strain, regardless of experimental
condition or observation of structural change. Taken together,
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our data suggest that pH, Grp78, and auxiliary chaperones can
work synergistically to destabilize the structure of PrP". This
may facilitate the degradation of PrP® as it is trafficked further
along the endolysosomal pathway and through multiple cycles
of exposure to proteases, chaperones, and shifts in pH. These
data not only highlight the importance of chaperones in the
processing and clearance of PrP" but also suggest the chap-
erones that could be involved and the subcellular localizations
where they could contribute to the effective processing of
prion aggregates.

Results

Exposure to Grp78 and low pH reduces PrP° protease-
resistance in a strain-specific manner

We first asked how pH influences the ability of Grp78 to
alter the structural properties of PrP® from different prion
strains by determining how the PK resistance of PTA
precipitated 221 and 87V PrP" changed with incubation in
different pH-buffered solutions. PTA precipitated total PrP"
from both strains was incubated for 30 min in solutions with
pH values ranging from 7.4 to 5.5, which respectively correlate
with the physiological pH values recorded on the surface of
cells (42) and in the late endosome (43), before being treated
with PK and then de-glycosylated with PNGase F. Samples
were then analyzed via Western blot using the 6D11 anti-PrP
antibody, and the PK resistance of both 22L and 87V PrP" at
each pH was calculated. Following de-glycosylation, full-
length and n-terminally truncated PrP" can be seen at mo-
lecular weights of approximately 25 and 20 kDa, respectively
(Fig. 1A). While the PK resistance of both 22L and 87V prpP
decreased with pH, the PK resistance of 22L PrP” was
significantly lower than that of 87V PrP® at pH 5.5, with the
PK resistance of 22L and 87V populations decreasing by
~80% and ~55%, respectively, from pH 7.4 to 5.5. Changes in
PK resistance are often used to measure the conformational
and structural stability of PrPP strains (44, 45), as loss of a
protein’s properties can result from changes in the confor-
mation of the protein and/or the structure of the oligomers
they form. Thus, the greater loss of PK resistance in pop-
ulations of 22L PrP" at low pH when compared to pop-
ulations of 87V PrP® suggests that the structure of 22L PrP” is
less pH stable than that of 87V. This is consistent with pre-
vious observations that 22L PrP® is generally less stable than
87V (16, 19).

Total PrP® from both 22L and 87V was less stable at a pH of
5.5, which could facilitate further structural destabilization by
molecular chaperones. To test this, we employed an in vitro
cell-free chaperone system. Total PrP® from both 22L and 87V
was diluted into either a pH 7.4 or 5.5 buffer containing an
ATP regenerating system (ATP, creatine phosphate, creatine
kinase) before being incubated for 30 min with and without
Grp78. Half of each sample was used to test the protease-
resistance of PrP" as well as the protection of the protease-
sensitive PrP” n-terminus of full-length PrP" (Fig. 1, B-D),
which was previously determined to be a good marker for
destabilization of aggregate structure (19). The other half of
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Figure 1. Grp78 mediates a prion strain and pH-dependent change in PrP® structure in the absence of disaggregation. A, Western blot of total PrP°
from 22L (upper left panel) and 87V (lower left panel) that was PTA precipitated from brain homogenate of prion-infected mice and incubated at the
indicated pH for 30 min before being PK treated. The percentage of PrP® remaining at each pH was plotted as shown in the right panel for 22L (black line
and open circles) and 87V (blue line open squares). Significance was determined using a two-way ANOVA Tukey multiple comparisons test. p* = 0.013; p** =
0.009. B, Western blot of PTA precipitated total PrPP from 22L (upper panel) and 87V (lower panel) that was incubated for 30 min at a pH of 7.4 or 5.5 with (+)
or without (=) Grp78 and then treated with PK. All samples contained both ATP and an ATP regeneration system. PrP® remaining after PK treatment was
quantified (C) and the percentage of total PrP® was calculated by dividing the amount of 22L (left panel) and 87V (right panel) PrP® present at pH 7.4 or pH
5.5 by the average amount of PrP® not exposed to Grp78. D, the percentage of 25 kDa, full-length, PrP® protected from proteases at a pH of 7.4 or 5.5 for
22L (left panel) and 87V (right panel) for PrP® that was (+) or was not (-) treated with Grp78. E, quantification of the amount of insoluble 22L (left panel) and
87V (right panel) PrPP with (+) or without (—) previous exposure to Grp78. For all Western blots, samples were de-glycosylated by treatment with PNGase F
before being analyzed and developed with the anti-PrP antibody 6D11. Size markers to the right of each immunoblot correlate to 25 kDa (upper marker) and
20 kDa (lower marker). For all graphs, data were calculated from n = 3 for each timepoint and are given as mean + standard deviation. Yellow circles indicate
individual data points. Significance was determined using an unpaired one-tail t test. ****p = <0.0009. For all bar graphs, black bars = pH 7.4; white bars = pH
5.5.

each sample was used to test for PrP® disaggregation via
sedimentation assay (Fig. 1E). Samples treated with Grp78
were then normalized to samples not treated with Grp78 to
facilitate comparison between strains and experiments. At a
pH of 7.4, neither 22L nor 87V PrP® exhibited increased PK
sensitivity in the presence of Grp78 (Fig. 1, B and C). However,
at a pH of 5.5, Grp78 further sensitized about half of the total
amount of PrPP from 22L, but not 87V, to PK with increased
exposure of the n-termini of full-length, 25 kDa, PrPP (Fig. 1,
B-D) but no noticeable disaggregation (Fig. 1E). Interestingly,
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full-length PrP® in both 22L and 87V populations was better
protected from PK at a pH of 5.5 than at 7.4, indicating that a
subpopulation of protease-resistant PrP” is undergoing a pH-
dependent change in structure that results in better protection
of its protease-sensitive n-termini (Fig. 1, B-D). Additionally, a
23 kDa truncation product was observed in both 22L and 87V
at a pH of 5.5 (Fig. 1B), further supporting the possibility that a
subpopulation of PrP” is only partially accessible to proteases
at pH 5.5. While the n-terminus of PrP® is sensitive to pro-
teolytic degradation, previous work has found that full-length
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PrP® can be fully or partly protected from proteases within
larger aggregates (19), which may explain the presence of the
23 kDa band. Taken together, these data indicate that
acidification-induced destabilization of PrP" appears to facil-
itate aggregate structural destabilization by Grp78 in a strain-
dependent manner.

Co-chaperones DnaJC1 and Stip1 promote Grp78-mediated
structural changes in 22L and 87V PrP° at low pH

Modulation of the Grp78 binding cycle by ATPase stimu-
lating co-chaperones DnaJC1 (27) and Stipl (46, 47) could
facilitate Grp78-mediated structural change in PrPP, allowing
Grp78 to more effectively sensitize PrP" to proteases. Addi-
tionally, the presence of DnaJCl may also help by directly
recruiting PrP” to Grp78. To determine if these co-
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chaperones could influence the ability of Grp78 to destabi-
lize PrP®, total PrP® from 22L and 87V was mixed with an
ATP regeneration system containing DnaJCl1 or Stipl at a pH
of either 7.4 or 5.5. Half of each sample set was then incu-
bated with Grp78 for 30 min before being tested for changes
in PK resistance by Western blot (Fig. 2A4). At a pH of 7.4, the
presence of DnaJCl or Stipl did not change the sensitivity of
22L or 87V PrPP to proteases in the presence of Grp78 (Fig. 2,
A and B). However, for both strains, the ability of Grp78 to
sensitize total PrP" to PK was enhanced by the presence of
either DnaJC1 or Stipl at a pH of 5.5. Compared to samples
not treated with Grp78, 22L lost almost 75% of its resistance
to PK (Fig. 2, A and B), 25% more than observed with Grp78
alone (Fig. 1, B and C). Even more significant, 87V PrP" lost
nearly 50% of its resistance to PK in the presence of Grp78
and either co-chaperone (Fig. 2, A and B), while Grp78 alone
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Figure 2. The co-chaperones DnaJC1 and Stip1 promote Grp78-mediated modification of 22L and 87V PrPP. A, representative Western blots of 22L
(left panel) and 87V (right panel) total PrP° incubated with DnaJC1 or Stip1 in the presence (+) or absence (-) of Grp78. The 25 kDa (upper marker) and
20 kDa (lower marker) size markers to the right of each immunoblot correlate with 25 kDa, full-length, and n-terminally truncated PrP", respectively. All
samples were treated with PK followed by treatment with PNGase F. The immunoblots were developed with the anti-PrP 6D11 mouse monoclonal
antibody. B, immunoblots were quantified, and the percentage of 22L (left plots) and 87V (right plots) PrP® remaining after PK treatment was determined. C,
the percentage of 25 kDa, full-length, PrP® remaining after PK treatment for 22L (left plots) and 87V (right plots). For all graphs, black bars = pH 7.4; white
bars = pH 5.5. All data were calculated from n = 3 for each group and are given as mean * standard deviation. An unpaired one-tail t test was used to
calculate the statistical significance between data. Asterisks represent a range of p-values with p* = 0.03, p*** = 0.001 to 0.004, and p**** = <0.0009.
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had no effect at the same pH (Fig. 1, B and C). Thus, the
addition of either co-chaperone stimulated a similar degree of
PK sensitization for PrP® from each strain. While the co-
chaperones did not appear to facilitate the Grp78-mediated
sensitization of the n-terminus of 22L PrP° to proteases
(compare Fig. 1D to Fig. 2C), the presence of either co-
chaperone facilitated the ability of Grp78 to expose the
n-terminus of 87V PrPP to PK at pH 5.5 (Fig. 2C, right
panels). Taken together, the data show that the presence of
DnaJC1 or Stipl stimulated the ability of Grp78 to sensitize
total PrP” to proteases. In addition, loss of PK resistance
in both 22L and 87V PrP" at acidic pH suggests that
pH-dependent structural destabilization also facilitates the
activity of Grp78 against both strains, albeit in a strain-
specific manner.

Proteolytic digestion alters the sensitivity of 22L and 87V PrP”
to structural destabilization by acidification and chaperone
activity

Previous studies have shown that cellular processes are able
to sensitize a portion of 22L and 87V PrP" aggregates to
proteases during cellular uptake, ultimately leading to the
accumulation of a population of small, stable, protease-
resistant PrP" aggregates (15). Similarly, the present work
shows that a combination of acidification and chaperone-
induced structural change over 30 min was only able to
partially sensitize 22L and 87V PrP” to proteolytic degrada-
tion, indicating that the PrP" aggregate core is highly stable
and recalcitrant to structural destabilization. In order to
determine how sensitive the protease-resistant core of PrP" is
to structural destabilization by changes in pH, 22L and 87V
PrP® were treated with PK prior to PTA precipitation to yield
the highly protease-resistant PrP® core, which was then
incubated for 30 min at pH 7.4, 7.0, 6.5, 6.0, or 5.5 before being
again treated with PK (Fig. 34). Unlike total PrP" that was not
treated with PK prior to PTA, the protease-resistant cores of
PrP® from 22L and 87V PrP" did not exhibit a significant
decrease in protease-resistance as a result of the transition
from pH 7.4 to 5.5 (compare Fig. 3A to Fig. 1A) Thus, the
protease-resistant core of PrP" that survives PK digestion is
indeed less sensitive to pH-induced structural destabilization
than total PrP".

We next sought to ascertain how sensitive the protease-
resistant cores of 22L and 87V PrP" were to chaperone-
mediated structural destabilization. PK pre-treated PrP" was
incubated in an ATP regeneration system in pH 7.4 and 5.5
buffer with and without Grp78 (Fig. 3, B and C). Similarly to
the total PrP” samples, Grp78 was not able to sensitize the
protease-resistant core of 87V to further protease digestion at
either pH. As with total PrP", Grp78 was able to increase the
protease-sensitivity of the protease-resistant core of 22L prPP
at a pH of 5.5 though only to about 40% (compare Fig. 3, B and
C to Fig. 1, B and C). However, it was also able to reduce the
PK resistance of the protease-resistant core of 22L PrP" at a
pH of 7.4 by ~25%. This was not observed in the 22L total
PrP® samples at pH 7.4, where Grp78 had no effect (Fig. 1, B
and C). Further examination of the protease-resistant core of
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22L and 87V PrPP showed that the amount of protease-
protected n-termini in both strains remained the same
following incubation with Grp78 at either pH (Fig. 3D), and no
disaggregation was observed (Fig. 3E). The addition of DnaJCl1
or Stipl to the reaction at pH 5.5 marginally improved the
ability of Grp78 to sensitize the protease-resistant core of 22L
PrP® to PK (compare Fig. 4B to Fig. 3C). There was no
enhanced effect compared to Grp78 alone at a pH of 7.4 and
no enhanced effect on the 87V PrPP protease-resistant core at
either pH (compare Fig. 4B to Fig. 3C). However, in the
presence of either co-chaperone at any pH, Grp78 had a small
but significant impact on increasing the sensitivity of the n-
terminus of 87V, but not 22L, PrP® to proteases (Fig. 4C).
With the exception of 22L at a pH of 7.4, the protease-resistant
core of PrP” was less susceptible to alteration by Grp7s,
DnaJCl1, and Stipl when compared to total PrP® (see Fig. 2),
indicating that it is generally less sensitive to structural
destabilization by pH and chaperones.

DnalJC1 and Stip1 facilitate Grp78-mediated disaggregation of
the protease-resistant core of 22L PrP°

Disaggregation of 22L and 87V PrP” was not observed with
Grp78 alone (Fig. 1E). However, since Grp78 was more capable
of sensitizing PrP® to PK in the presence of co-chaperones
(Fig. 2), we considered that DnaJC1 and Stip1 could similarly
promote disaggregation of total PrP” and its protease-resistant
core by Grp78. To determine the amount of 22L and 87V PrP”
solubilized by Grp78 in the presence of DnaJCl or Stipl, we
pelleted PrP® after 30 min of exposure to chaperones and then
compared the amount of PrP® in the pellet and supernatant
via immunoblot (Fig. S1). Regardless of the pH, strain, or
combination of Grp78 and co-chaperone, the majority of PrP"
pelleted, indicating that Grp78 in the presence of either
DnaJCl1 or Stipl was not solubilizing a significant proportion
of PrP into small oligomers or monomers. However, longer
exposures of immunoblots containing only the supernatant
samples showed that some solubilization of the protease-
resistant core of 22L, but not 87V, PrP® occurred when
incubated with Grp78 and its co-chaperones, with more ma-
terial being solubilized at a pH of 5.5 than 7.4 (Fig. 5A). While
the presence of Grp78 increased the amount of soluble PrP” in
the presence of either co-chaperone, a small amount of soluble
prion protein was also observed in samples containing only
DnaJCl1 at both pH values (Fig. 5B). Hsp40 co-chaperones, like
DnaJCl, are not known to perform disaggregation but have
been observed preventing protein aggregation (48), suggesting
that PK pre-treatment creates smaller aggregates of 22L that
DnaJC1 may be preventing from re-aggregating. Overall the
data are consistent with chaperones solubilizing a small
amount of aggregated, highly protease-resistant PrP" in a
strain-specific manner.

Hsp90 facilitates protease-sensitization and disaggregation of
PrP° by Grp78 in a manner dependent upon strain, pH, and
protease exposure

In order to ascertain the ability of Hsp90 to modify the
structure of PrPP, the relative protease-resistance of 22L and
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Figure 3. The protease-resistant core of PrP® is less sensitive to destabilization by pH and Grp78. A, Western blot of the PK treated, PTA precipitated
protease-resistant core of PrPP from 22L (upper left panel) and 87V (lower left panel) incubated at different pH prior to a second PK digestion. The percentage
of PrP® remaining was calculated and is plotted as shown in the right panel for 22L (black line and open circles) and 87V (blue line open squares). B, the
protease-resistant core of 22L PrpP (upper panels) and 87V PrPP (lower panels) was incubated for 30 min at a pH of 7.4 (left panels) or 5.5 (right panels) with
(+) or without (—) Grp78 before being digested with PK and analyzed via immunoblot. All samples contained ATP and an ATP regeneration system. C, the
percentage of PrPP remaining at pH 7.4 or 5.5 was calculated for 22L (left plot) and 87V (right plot). D, the percentage of 25 kDa, full-length, PrP° protected
from proteases for the samples in panel B. Shown are 22L (left panel) and 87V (rightDpaneI) at a pH of 7.4 or 5.5 that was (+) or was not (-) treated with Grp78.
E, the amount of insoluble 22L (left plot) and 87V (right plot) protease-resistant PrP™ that pelleted out of solution with (+) and without (=) previous exposure
to Grp78. All samples were de-glycosylated by treatment with PNGase F before being analyzed by immunoblot and developed with the anti-PrP mouse
monoclonal antibody 6D11. Size markers to the right of each immunoblot correlate to 25 kDa (upper marker) and 20 kDa (lower marker). For all graphs, data
were calculated from n = 3 for each timepoint and are given as mean + standard deviation. An unpaired one-tail t test was used to calculate the statistical

significance shown in panel C. p** = 0.007 and p*** = 0.002. Black bars = pH 7.4; white bars = pH 5.5.

87V PrP® was characterized after exposure to either Grp78,
Hsp90, or a combination of both chaperones. Both DnaJCl1
and Stipl were present in all samples and assays were per-
formed at a pH of 7.4 and 5.5 against either total PrP” (Fig. 6)
or the PrP® protease-resistant core (Fig. 7). In samples of total
PrPP, Hsp90 alone was not able to significantly reduce the PK
resistance of 22L, while the combination of both Hsp90 and
Grp78 reduced the PK resistance of 22L by nearly 50% and
90% at a pH of 7.4 and 5.5, respectively (Fig. 6A). By contrast,
Hsp90 had no impact on the PK resistance of 87V PrP® alone
and Hsp90 did not enhance the activity of Grp78 on 87V
(Fig. 6A). However, in combination with Grp78 at pH 7.4, it

6 . Biol. Chem. (2024) 300(6) 107346

did significantly increase the exposure of the n-terminus of
total PrP® from 87V to proteolytic digestion (Fig. 6B).

When incubated with the protease-resistant core of either
22L or 87V PrPP, Hsp90 alone did not significantly reduce its
protease-resistance (Fig. 7A), although there was again an
increased exposure of the n-terminus of 87V PrP® to proteo-
lytic degradation at pH 7.4 (Fig. 7B). Furthermore, at pH 5.5,
the susceptibility of the n-terminus of 87V PrP® to PK was
increased by exposure to the full set of chaperones (Fig. 7B),
such that no trace of full-length 25 kDa PrP® could be detected
even following over-exposure of the immunoblots (Fig. S2).
Thus, while Hsp90 did little to reduce the PK resistance of 22L
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Figure 4. Protease treatment alters the susceptibility of 22L and 87V PrP® to Grp78 in the presence of co-chaperones DnaJC1 or Stip1. A, Western
blot of the protease-resistant core of 22L (left panel) and 87V (right panel) PrP® mixed with DnaJC1 or Stip1 at pH 7.4 or 5.5 before being incubated for
30 min with (+) or without () Grp78 and an ATP regeneration system. Samples were then treated with PK before being de-glycosylated with PNGase F and
analyzed via Western blot using the 6D11 antibody. Size markers to the right of blots indicate 25 kDa (upper marker) and 20 kDa (lower marker). B,
quantification of the amount of the protease-resistant core of 22L (left plots) and 87V (right plots) PrP® remaining following exposure to chaperones at pH
7.4 or pH 5.5. C, for the protease-resistant core of PrPP following exposure to chaperones at pH 7.4 or pH 5.5, the percentage of 25 kDa, full-length, 22L (left
plots) and 87V (right plots) PrPP that survived PK treatment was quantified. For all graphs, data were calculated from n = 3 for each condition and are given
as mean = standard deviation. An unpaired one-tail t test was used to calculate the statistical significance. Asterisks represent a range of p-values with p* =

0.01 to 0.04, p** = 0.007, p*** =

and 87V PrP® on its own, in the presence of Grp78 it enabled
further reduction of the PK resistance of 22L PrP" and further
exposure of the n-terminus of 87V PrPP. Overall, the data
suggest that Hsp90’s ability to alter PrP" is strain-specific and
that it either works synergistically with Grp78 to unfold PrP°
or requires Grp78 for recruitment to PrP°.

The combined activity of Hsp90, Grp78, DnaJCl, and Stip1
at pH 5.5 reduces the protease-resistance of 22L by nearly 90%
(see Fig. 6), but also greatly exposes the n-terminus of 87V to
proteases (see Fig. 7), suggesting that these chaperones may be
destabilizing PrP" around its n-terminus. It is thus possible that
these chaperones are destabilizing the region of PrP from
amino acids 93 to 109, the location of the epitope for the 6D11
anti-PrP antibody used throughout this work, allowing PK to
access this region. This could lead to loss of the region of PrP"
containing just the 6D11 epitope, with the rest of PrPP
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0.001, and p**** = <0.0009. Black bars = pH 7.4; white bars = pH 5.5.

remaining protease-resistant. In order to determine the amount
of total PrP® that completely loses resistance to PK as opposed
to only losing the 6D11 epitope, total PrP" from 22L and 87V
was exposed to Hsp90, Grp78, DnaJCl, and Stip1 at pH 7.4 and
5.5 before being analyzed via immunoblot with the Saf84
antibody (Fig. 8). Saf84 recognizes a more c-terminal region of
PrP® from amino acids 159 to 169. In the absence of chaper-
ones, the banding patterns of 22L and 87V observed with the
Saf84 antibody were similar to those observed with the 6D11
antibody (compare Fig. 84 to Fig. 6A). However, when im-
munoblots were developed with the Saf84 antibody, a lower
molecular weight band of about 16-17 kDa consistent with loss
of the PrP® n-terminus was observed at both pH 5.5 and 7.4 in
samples of 22L total PrP" exposed to the full set of chaperones
(Fig. 84). When 22L exposed to all chaperones at pH 5.5 was
further probed with the 31C6 (a.a. 143-149) and mab 132 (a.a.
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immunoblot. A, representative long exposure immunoblots, using the same supernatant samples shown in Fig. S1, of the supernatants from centrifuged
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7.4 and 5.5. Recombinant PrP (1.5 ng, rPrP) was used to control for exposure times between both blots. B, representative immunoblots (left panel) and
quantitation (right panel) of the amount of the protease-resistant core of 22L PrP® that was solubilized following exposure to different combinations of
Grp78, DnaJC1, and Stip1 at pH 7.4 or 5.5. All samples were PNGase F treated before being analyzed by Western blot. Molecular weight markers for 25 kDa
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119-127) antibodies (49), the lower molecular weight band was
detected by 31C6 but not mab 132, indicating that it was a c-
terminal fragment of PrP" approximately 16 kDa in size (Fig.
$3). This band was not observed in samples of 87V total PrP°
(Fig. 8, A and B) or on immunoblots developed with the 6D11
antibody (Fig. 7), indicating that the ~16 kDa band lacks the
6D11 epitope. Thus, the chaperone mediated loss of protease
resistance in 22L PrP" is the result of partial loss of protease
resistance through n-terminal residues 119-127.

The total amount of the ~16 kDa band was ~20 and ~55%
of the 22L PrP® population at pH 7.4 and 5.5 respectively
(Fig. 8B), indicating that the amount of 22L that completely
lost resistance to PK in the presence of all chaperones set was
~43% at pH 7.4 and ~38% at pH 5.5. By contrast, loss of
protease-resistance in 87V was due to either loss of the n-

8 J Biol. Chem. (2024) 300(6) 107346

terminus of PrP” up to amino acid residue 169 or the complete
sensitization of PrP® to proteases. The 16 kDa band produced
by the interaction of chaperones with PrP” is similar to a c-
terminal fragment that has been observed following partial
chemical denaturation and subsequent protease digestion of
PrP® (50). This is consistent with the 16 kDa c-terminal
fragment of PrP" being a highly protease-resistant species of
PrPP that is the result of structural destabilization (50). These
data demonstrate not only that chaperones can sensitize a
significant portion of the PrP® n-terminus to proteases in a
prion strain-specific manner, but also suggest how they may
contribute to the disaggregation and/or degradation of prions
within the cell.

The combined activity of Hsp90, Grp78, DnaJCl1, and Stipl
greatly reduced the PK resistance of 22L PrP°. We
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Figure 6. Hsp90 can cooperate with Grp78 to enhance the sensitivity of total PrP® to proteases. A, representative Western blots of total PrPP from 22L
(upper left panels) or 87V (upper right panels). PrP® was mixed with DnaJC1 and Stip1 at a pH of 7.4 or 5.5 before being incubated with either Grp78, Hsp90,
or Grp78/Hsp90, for 30 min in the presence of an ATP regeneration system. Samples were then treated with PK and de-glycosylated with PNGase F before
being run over a gel and analyzed by Western blot with the 6D11 anti-PrP monoclonal antibody. To the right of each blot are 25 kDa (upper marker) and
20 kDa (lower marker) size markers. Lower panels show the percentage of total PrP® from 22L (lower left plot) or 87V (lower right plot) remaining following
exposure to chaperones and PK. B, percentage of 25 kDa, full-length, PrP® remaining after exposure to chaperones and PK treatment for 22L (left plot) and
87V (right plot). For all bar plots, data were calculated from n = 3 for each sample and are given as mean + standard deviation. A one-way ANOVA with
Tukey multiple comparisons within each pH data set was used to calculate the statistical significance. Asterisks represent a range of p-values with p* = 0.01
to 0.04, p*** = 0.001, and p**** = <0.0009. Black bars = pH 7.4; white bars = pH 5.5.

hypothesized that the presence of Hsp90 could also be facili- the protease-resistant core of 22L PrP” was relatively more
tating Grp78-mediated disaggregation of 22L and 87V PrP". susceptible to disaggregation than either total PrP” 22L or
We, therefore, looked for soluble, disaggregated PrP® by PrP" from 87V (Fig. 9A). The presence of Hsp90 significantly
centrifuging both total PrP" and the protease-resistant core of improved 22L PrP® solubilization but only in the presence of
PrP® from both strains following exposure to different com-  Grp78 (Fig. 9B). Thus, the presence of both Grp78 and Hsp90
binations of Hsp90, Grp78, DnaJC1, and Stip1 at different pHs. can stimulate some disaggregation of the protease-resistant
The amount of PrP” in pellets and supernatants was then core of 22L PrP” despite being unable to sensitize the same
compared by immunoblot (Fig. S4). In general, the majority of ~PrP" population to proteases (Fig. 7A). This is reminiscent of
PrP® was observed in the pellet samples and thus did not other studies with other aggregate and chaperone systems (51)
appear to be solubilized by the chaperones. Only ~1% of the and suggests that sensitization of PrP" to proteases and
protease-resistant core of 22L PrP® appeared to be solubilized ~ disaggregation of PrP" are separate processes that can be
and only in the presence of all chaperones at a pH of 5.5 driven independently by chaperones.

(Fig. S4B, left panel). We re-analyzed the supernatants using

longer gel exposure times to enhance the detection of soluble Discussion

PrP® at levels lower than 1% of total PrP® (Fig. 9). Similar to Molecular chaperones that maintain cellular proteostasis by
what we observed previously in the absence of Hsp90 (Fig. 5), processing and removing non-native protein aggregates are
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(lower left) and 87V (lower right) PrPP remaining after PK treatment. B, the amount of 25 kDa, full-length, PrP® remaining in the protease-resistant core of 22L
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almost ubiquitous in cellular environments and modulating proteases, the co-chaperones Stipl and DnaJC1 enabled Grp78
the concentration of chaperones in vivo influences the pro- to also sensitize 87V PrP® to proteases and facilitated desta-
gression of prion disease (25, 52). In our previous studies, both  bilization of 22L PrP® by Grp78. The addition of Hsp90 to the
22L and 87V PrP” were found to undergo changes in structure ~ system promoted further structural changes in total PrP", but
and protease-resistance during endocytosis (15, 19) and we in a strain-specific manner. However, Hsp90 and co-
considered that surface and endosome-associated chaperones chaperones provided little enhancement to the protease-
like Grp78 and Hsp90 may contribute to the modification of sensitization activity of Grp78 against the protease-resistant
PrP® prior to degradation. In the current study, we charac- core of PrP®, which was also less sensitive to pH-induced
terized how environmental pH and protease pre-treatment destabilization. These data suggest that stability, and by cor-
affected the ability of an in vitro multi-chaperone system to relation sensitivity to pH and chaperone-mediated destabili-
influence the aggregation state and stability of PrP" from two  zation, is heterogeneous across different populations of PrP".
different prion strains, 22L and 87V. In general, chaperones Without Hsp90, Grp78 and its co-chaperones failed to
disaggregated and sensitized 22L PrP® to protease digestion significantly sensitize 22L total PrPP to proteases at a pH of 7.4
better than 87V PrPP, with chaperone activity enhanced by in our assay. However, once it had been pre-treated with PK to
structural destabilization of PrP® with a shift in pH from 7.4 to  yield its highly protease-resistant core, 22L PrP” was actually
5.5. While Grp78 alone was only able to sensitize 22L PrP” to  more sensitive to disaggregation than total 22L PrP"” or any
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Figure 8. Increased protease-sensitivity of the n-terminus of PrP°
following interaction with chaperones is prion strain specific. A, im-
munoblots, developed with the anti-PrP monoclonal antibody Saf84
(epitope from a.a. 159-169), of 22L and 87V total PrpP following exposure to
chaperones and proteases at pH 7.4 and 5.5. All samples were digested with
PK and de-glycosylated with PNGase F. Molecular mass markers for 25 kDa
(upper marker), 20 kDa (middle marker), and 15 kDa (lower marker) are
indicated to the right of each blot. B, quantification of the percentage of
16 kDa PrPP relative to total PrPP. Data were calculated from n = 3 for each
sample and are given as mean =* standard deviation. A one-way ANOVA
with a Tukey multiple comparisons test within each pH and strain data set
was used to calculate the statistical significance. Asterisks represent p-values
with p*** = 0.0028 and p**** = <0.0009. Black bars = pH 7.4; white bars = pH
55.

population of 87V PrP°. These data strongly suggest that
protease-sensitive portions of PrP® have to be removed to
enable either chaperone-mediated direct disaggregation or in-
direct disaggregation following structural destabilization. Our
data are consistent with previous observations indicating that
PrP” aggregates are amalgamates of both protease-resistant and
sensitive forms (15, 53-55), and suggest that either the
protease-sensitive n-terminus of PrP® or full-length, 25 kDa,
protease-sensitive PrP® may block chaperone access to
protease-resistant regions of PrP", Alternatively, the presence of
protease-sensitive PrP” may enhance the overall stability of 22L
aggregates. While the latter possibility is seemingly contradic-
tory, structural heterogeneity has been documented to improve
the resilience and durability of materials (56). Regardless of how
the removal of protease-sensitive PrP® influences the properties
of prion aggregates, it is possible that timely clearance of PrP”
requires cycles of exposure to proteases to remove protease-
sensitive material from the aggregate, thus exposing previ-
ously protected regions of PrP” to chaperones.

SASBMB

In the absence of chaperones, the influence of low pH on
22L and 87V prions was heterogeneous across total PrPP
populations. The majority of both strains lost resistance to PK
with acidification, while the protease-resistant PrPP core of
both strains underwent a change in structure that led to better
protection of full-length, protease-sensitive PrP” within the
aggregate. This change in protection at low pH coincided with
the appearance of a 23 kDa partial truncation product after PK
treatment of either strain (Fig. 1B). A similar banding pattern
was observed in 22L PrPP taken up by cells (19) that was
consistent with exposure of PrP® to endosomal acidification
during uptake and trafficking. However, a 23 kDa band was not
observed in populations of 87V PrP® after cellular uptake (19),
despite the demonstration in this work of a similar sized band
in 87V at low pH (Fig. 1B). Taken together, these data suggest
that, in cells, either 87V PrP" is not exposed to sufficiently low
pH to lead to partial truncation of the n-terminus or cellular
chaperones sensitize the n-terminus of 87V to proteases dur-
ing uptake. This latter possibility is supported by our obser-
vation that the n-terminus of 87V PrP” is greatly sensitized to
proteases by Hsp90 and Stipl (Fig. 7), which are also able to
alter the conformation of PrP€ during the regulation of neu-
ritogenesis (34, 38).

In previous studies, both 22L and 87V PrP" were found to
initially become more protease-sensitive shortly after cellular
uptake, though cells began to accumulate highly protease-
resistant and intermediate-sized aggregates over time (15).
The initial drop in protease-resistance of PrP® after cellular
uptake was found to be dependent upon endosomal acidifi-
cation. In light of our observations here, it is possible that low
pH can both directly reduce the protease-resistance of PrP”
and promote the activity of chaperones by either destabilizing
PrP® before chaperone interaction or possibly by directly
amplifying the activity of the chaperones. The intracellular
accumulation of protease-resistant forms of 22L and 87V PrP”
over time could be the result of cells losing the ability to
process PrP", possibly through exhaustion of the chaperone
system, but could also result from cells slowly accumulating
the populations of PrP” most resistant to pH and chaperone-
mediated structural destabilization. Thus, although our data
show that changes in pH and chaperone activity can sensitize
the majority of PrP® to proteases relatively rapidly, the por-
tions of PrP"® most recalcitrant to structural destabilization
may take hours to clear in cellular environments, even under
optimal circumstances.

In our chaperone assay, disaggregation by Grp78, Hsp90,
and co-chaperones was improved when 22L PrP® was pre-
treated with proteases, suggesting that disaggregation of
PrP® in cellular environments could require repeated cycles of
exposure to chaperones and proteases for complete degrada-
tion. While we were unable to test time frames longer than 30
min due to limitations with the ATP regeneration system, it is
also possible that disaggregation of total PrP” could be
observable over longer time frames, especially if it depends
upon the initial unfolding of PrP® around the n-terminal re-
gion of the prion protein. Previous work has found that lyso-
somal inhibition can reduce PrPP accumulation (57),
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Figure 9. Hsp90 aids disaggregation of the protease-resistant core of 22L PrP® by Grp78, DnaJC1, and Stip1. A, representative Western blots of
disaggregated, soluble total PrP® and the protease-resistant core of 22L (left panel) and 87V (right panel) PrpP following incubation with DnaJC1 and Stip1 in
the presence of Hsp90, Grp78, or Grp78/Hsp90, at pH 7.4 and 5.5 for 30 min. Blots were developed with the anti-PrP antibody 6D11. Samples were run
alongside 1.5 ng of recombinant PrP (rPrP) to control for exposure between both blots. B, a representative long-exposure immunoblot showing the amount
of the protease-resistant core of 22L PrPP disaggregated following incubation with DnaJC1 and Stip1 in conjunction with Hsp90, Grp78, or Grp78/Hsp90 (left
panel). Samples are the same supernatant samples shown in Fig. S4. All samples were PNGase F treated. Molecular mass markers for 25 kDa (upper marker)
and 20 kDa (lower marker) are shown to the right of each blot. Quantification of the data is shown in the bar graph in the right panel. The amount of PrP® is
given as a pixel sum in arbitrary units. Data shown were calculated from n = 3 for each sample and are given as mean + standard deviation. A one-way
ANOVA with a Tukey multiple comparisons test within each pH data set was used to calculate the statistical significance. p**** = <0.0009.

indicating that lysosomal activity may, paradoxically,
contribute to prion conversion. Thus, it is possible that
clearance of less recalcitrant layers of PrP® aggregates may
expose sites of prion conversion on the protease-resistant core
of PrP” leading to new PrP" formation that may negate PrP"
degradation. Alternatively, structural or conformational
modification during trafficking to the lysosome may facilitate
PrP€ conversion after PrP” cycles out of the lysosome. Thus,
the chaperones and proteases responsible for clearing PrP®
may actually promote prion conversion by acting as a ‘proof-
reading’ system for prion conversion that clears away less
stable forms of PrP® prior to the next round of prion con-
version. Regardless of whether chaperones ultimately interfere
with or inadvertently contribute to prion propagation, this
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work demonstrates that chaperones can contribute to prion
processing and may be targeted for therapeutic intervention
during prion infection, perhaps by stimulating interactions
between different chaperones to maximize their ability to
interact with and degrade prion aggregates.

Experimental procedures
Animal care and propagation of prions

C57BL/10 and VMDK mice were used to respectively
propagate 22L and 87V as described previously (16). Mice
were euthanized after becoming clinically positive for prion
disease and brains were harvested and stored at —-80 °C until
use. Protocols for inoculation, care to onset of prion disease,
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and euthanasia in the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health were rigor-
ously followed for all mice used to propagate prions. The
Rocky Mountain Laboratories Animal Care and Use Com-
mittee reviewed and approved the protocol used for animal
experiments (protocol number 2021-023-E).

Preparation of PrP° brain homogenate and phosphotungstate
acid (PTA) precipitation

As described previously (15), brains harvested from 22L and
87V infected mice were homogenized with a Mini-BeadBeater-
8 instrument (Biospec) in phosphate-buffered saline to a
concentration of 10% (wt/vol). For each strain, brain homog-
enate stocks were composed of ten brains from clinically
positive mice. Samples were clarified via centrifugation at 500g
for 5 min after homogenization. Clarified brain homogenates
were mixed 1:1 with 4% sarkosyl, vortexed, and incubated for
30 min at 37 °C. The 2% sarkosyl and brain homogenate so-
lutions were then mixed with benzonase (Sigma) and magne-
sium chloride to a final concentration of 0.05 Units/pl and
1 mM, respectively. After a brief vortex, brain homogenate
samples were incubated for 45 min at 37 °C. Benozonase
treated brain homogenates were then centrifuged at 5000g for
5 min and supernatants were removed and split into two
samples. One sample was treated with 50 [lg/ml proteinase K
(PK; Novagen) for 1 h at 37 °C while the second sample was
not. Throughout this work we will refer to PrP" that was
treated with PK prior to sodium phosphotungstate acid hy-
drate (PTA; Sigma) precipitation as the protease-resistant core
of PrP® and material that was not pre-treated with PK during
PTA precipitation as total PrPP.

Both PK-treated and untreated brain homogenates were
then mixed with Pefabloc (Sigma) and PTA to a final con-
centration of 5 mM and 3.2 [ig/ml, respectively, before being
incubated for 1.5 h at 37 °C. PrP” was then pelleted with a
16,000g centrifugation for 30 min at room temperature. Pellets
were washed in PBS containing 0.1 M EDTA and vortexed
before being incubated at 37 °C for 30 min. PrP"” was again
pelleted with a 16,000¢g centrifugation for 30 min at room
temperature. Pellets were then resuspended in PBS before
being mixed with glycerol to 15%, snap frozen, and stored
at —80 °C until use. Sample replicates in each assay were
derived from a single sample aliquot.

Plasmids, protein expression, and protein purification

Purification for Grp78, Stipl, and DnaJC1 was carried out
similarly to, but modified from, previous work (27, 58). The
Grp78, Stipl, and DnJC1 proteins were expressed in and pu-
rified from a bacterial expression system while the Hsp90
protein was purified directly from mouse brain. The genes for
Grp78, Stipl, and DnaJC1 were engineered by Genescript into
the pET-14b plasmid behind a cleavable affinity tag. The af-
finity tag for Grp78 and Stipl was a cleavable His6x Sumo
protein tag and the affinity tag used for DnaJCl was a His6x
tag with a thrombin cleavage site. While the genes for Grp78
and Stipl were unmodified wild-type genes from mice, the
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gene for DnaJC1 was modified to only code for the luminal
domain of the protein, amino acids 46 to 148. This region of
DnaJC1 completely encompasses the J-domain of the protein
and was previously found to be both properly folded and to
stimulate the ATPase activity of both Grp78 and the bacterial
Hsp70 DnaK (27). Throughout the article, this truncated form
of DnaJC1 will be referred to as DnaJCl1.

E. coli BL21(DE3) competent cells (ThermoFisher) were
transformed by heat shock at 42 °C with the pET-14b plasmids
containing the genes for Grp78, Stipl, and DnaJC1. Colonies
of E. coli containing the pET-14b plasmid were identified via
antibiotic selection and were grown up at 37 °C while being
shaken at 200 rpm to an ODgq of 0.6 before expression of each
gene was induced with isopropyl-1-thio-B-D-galactopyrano-
side (Sigma) at a final concentration of 0.4 mM. Both Grp78
and DnaJC1 were induced at 37 °C for 3 to 4 h while Stipl was
induced at 18 °C for 24 to 36 h. After induction, the bacteria
were pelleted with a 5000g spin at 4 °C and pellets were stored
at —80 °C until proteins could be purified. Pelleted E. coli
containing Grp78, Stipl, and DnaJC1 were thawed on ice and
resuspended in a phosphate lysis buffer (50 mM NaH,PO, pH
8.0, 300 mM NaCl, 10 mM imidazole, 5 mM [-mercaptoe-
thanol, 10% sucrose) containing 2x cOmplete Mini EDTA-free
protease inhibitor cocktail (Sigma). Resuspended cells were
then lysed by three passages through a French press cell
disrupter (ThermoFisher). Cell lysates were clarified via
centrifugation at 35,000¢ for 30 min.

All bacterial lysates containing Grp78, Stipl, and DnaJCl
were initially run over an Ni-NTA Superflow resin (Qiagen),
and proteins that bound non-specifically to the resin were
washed away in a phosphate-based wash buffer (25 mM
NaH,PO, pH 8.0, 300 mM NaCl, 20 mM imidazole, 5 mM J-
mercaptoethanol). Grp78, Stip1, and DnaJC1 were eluted from
the Ni-NTA column with a series of elution steps in wash
buffer containing 25, 50, 100, 200, and 400 mM imidazole.
Elution fractions for each protein that were determined by
SDS-PAGE to have the highest concentration and purity were
pooled and dialyzed against wash buffer overnight with either
5 units of SUMO protease (ThermoFisher) for Grp78 and
Stipl or 2.5 units of thrombin (ThermoFisher) for DnaJC1 to
remove affinity tags. Once cleavage of affinity tags was >95%
complete, Grp78, Stipl, and DnaJC1 were run over back over a
Ni-NTA Superflow resin. The flow through was kept and
protein was buffer exchanged into an ion exchange column
loading buffer (50 mM Tris-HCI pH 7.4, 25 mM NaCl, 0.1 mM
EDTA, 5 mM PB-mercaptoethanol) by dialysis. Dialyzed Grp78,
Stip1, and DnaJC1 were then run over a HiTrap Q HP column
(Cytivia) and eluted over a long linear gradient from 25 to
1000 mM NaCl generated from ion exchange column loading
buffer and elution buffer (50 mM Tris-HCI pH 7.4, 1000 mM
NaCl, 0.1 mM EDTA, 5 mM B-mercaptoethanol). The purest
fractions, determined via SDS-PAGE, were pooled and then
both concentrated and buffer exchanged via Amicon Ultra
spin concentrators (Millipore) into a storage buffer (50 mM
Tris-HCl pH 7.4, 150 mM KCl, 0.05 mM EDTA, 15% glycerol,
2 mM dithiothreitol) before being snap frozen and stored
at —-80 °C until use. While the purity of Grp78, Stipl, and
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DnaJC1 was typically greater than 99% after elution from the Q
column, in cases where a significant amount of a contami-
nating protein was present proteins were either rerun over the
Q column or cleaned with a run-over a superdex size exclusion
column (Cytivia) equilibrated and run with 50 mM Tris-HCl
pH 74, 150 mM KCl, 005 mM EDTA, and 2 mM
dithiothreitol.

Purification of Hsp90 was modified from, but performed
similarly to, previous work (59). For purification of Hsp90,
brains from prion protein gene (Prup) knockout mice (60)
were homogenized with a Mini-BeadBeater-8 (BioSpec
Products) to a final 10% w/v brain homogenate in a Tris lysis
buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM j-
mercaptoethanol, 10% sucrose) containing 2x cOmplete Mini
protease inhibitor cocktail. Brain homogenates were initially
clarified with a 500g spin for 5 min before being transferred to
a new tube and clarified further with a 35,000¢g spin for
30 min. Clarified homogenates of Prup knockout mouse
brains, prepared at 10% w/v in 1x PBS, were diluted to 0.1%
brain homogenate in ion exchange column load buffer before
being loaded onto a HiTrap DEAE Sepharose FF column
(Cytivia). Hsp90 was eluted from the DEAE column with a
long linear gradient from 25 to 1000 mM NaCl generated
from ion exchange column loading buffer and elution buffer.
SDS-PAGE gel was used to determine the fractions with the
highest purity of Hsp90, which were then pooled and buffer
exchanged via Amicon Ultra spin concentrator into ion ex-
change column loading buffer before being loaded onto a
HiTrap Heparin HP column (Cytivia). Hsp90 was eluted from
the heparin column similarly to the DEAE column with a long
linear gradient from 25 to 1000 mM NaCl generated from ion
exchange column loading buffer and elution buffer. SDS-
PAGE gel analysis was again used to determine the frac-
tions with the highest purity of Hsp90. The highest purity
fractions were pooled and diluted 1:10 into ion exchange
column loading buffer containing KCl as opposed to NaCl
before being loaded onto a HiTrap Q HP column. Hsp90 was
eluted with a long linear gradient from 25 to 750 mM KCl
generated from ion exchange column loading buffer and
elution buffer that both contained KCl as opposed to NaCl.
Fractions containing the highest purity of Hsp90 by SDS-
PAGE were pooled and concentrated by dialysis against
concentration buffer (50 mM Tris-HCl pH 7.4, 150 mM KCl,
0.05 mM EDTA, 20% dextran, 2 mM dithiothreitol). After
concentration, Hsp90 was then mixed with 2x storage buffer,
snap frozen, and stored at —80 °C. Samples of Hsp90 were
>95% pure at the end of purification and were determined via
mass spectrometry to contain 80 and 20% alpha and beta
forms of Hsp90 respectively. The activity of the purified
chaperones was verified with a luciferase refolding assay
prepared similarly to previous studies (21, 58) (Fig. S5).

PrP® pH-dependent protease-resistance assay

Stock solutions of 22L and 87V PrP® that were PTA
precipitated with and without PK treatment were diluted into
disaggregation buffer (50 mM HEPES, 150 mM KOAc, 10 mM
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MgOAC,, and 2 mM DTT) with pH values of 7.4, 7.0, 6.5, 6.0,
and 5.5. PrP® solutions were allowed to sit for 15 min at room
temperature before being mixed with PK to a concentration of
10 pg/ml and incubated at 37 °C for 1 h. The pH range where
PK has the highest activity is 8 to 9 and activity decreases with
pH. However, PK is stable and functional down to a pH range
of 4 to 5 (61, 62). After digestion, all samples were mixed with
Pefabloc to 5 mM and were incubated at room temperature for
10 min to stop the activity of PK.

Assay for chaperone-mediated changes in PrP°

Different combinations of Grp78, Hsp90, DnaJC1, and Stipl
were mixed with 22L and 87V PrP® that had, or had not, been
treated with PK before PTA precipitation. The concentration
of 221 and 87V PrP" was then determined via Western blot
and PrP® samples were diluted to the same concentration for
each assay. All reactions were carried out in pH 7.4 or 5.5
disaggregation buffer and all reaction solutions contained
0.1 uM of PrP°, 2 mM ATP (Sigma), and an ATP regeneration
system composed of 0.25 UM creatine kinase (Sigma) and
2 mM creatine phosphate (Sigma). Creatine kinase has been
used in previous studies to replenish ATP in chaperone assays
(51) as the rate at which creatine kinase regenerates ATP is
much faster than the rate at which chaperones can deplete it.
While the activity of creatine kinase varies between pH 7.4 and
5.5 (63), the rate of ATP hydrolysis by Grp78 and Hsp90 is still
much lower than the rate at which creatine kinase converts
ADP to ATP. In all reactions with Grp78 and Hsp90, their
concentrations were 2 UM and 1 UM respectively. In experi-
ments where DnaJCl and Stipl were mixed together their
concentrations were 0.5 UM. However, when they were tested
individually, their concentrations were 1 pM. Chaperone re-
actions were carried out at 37 °C for 30 min in an Eppendorf
Thermo Mixer C with shaking at 300 rpm. After 30 min, re-
action samples were diluted 1:1 with a disaggregation buffer of
the same pH as the reaction buffer before samples were split
into two equal volumes to test for protease-resistance and
disaggregation of PrP®.

To test for changes in protease-resistance after chaperone
interaction, half of each reaction mixture was mixed with PK
to a final concentration of 10 [ig/ml before being incubated at
37 °C for 1 h. Samples were treated with 5 mM Pefabloc at
room temperature for 10 min to inhibit the activity of PK. The
other half of each reaction was used to test for disaggregation
by separating small solubilized PrP" aggregates and monomers
from large insoluble aggregates via centrifugation-induced
sedimentation of larger PrP” aggregates. Sedimentation was
performed by centrifuging reaction samples over a layer of 10%
sucrose at 18,300g in an F301.5 Beckmann rotor at 4 °C for
30 min. Supernatants were removed and pellets were resus-
pended in 2x NuPAGE sample buffer. As a size standard, a
mixture of 15 to 600 kDa protein standards (Sigma) was run
over a 0 to 20% sucrose gradient in order to approximate the
size of PrP® in the supernatant and pellet samples. No protein
in the 15 to 600 kDa mixture was detected beyond fraction 5,
which roughly correlates to 10% sucrose (Fig. S6).
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SDS-PAGE and Western blots

PK treated samples of 22L and 87V PrP® were mixed with
4x NuPage sample buffer (Novex) to a final concentration of
1.5x before being heat denatured at 95 °C for 5 min. De-
glycosylation of indicated samples was performed with
PNGase F (NEB) by first mixing 12 pl of sample in NuPAGE
sample buffer with 1 pl of glycoprotein denaturing buffer
(NEB). Samples were then denatured by heating at 95 °C for
5 min before being mixed with 1 pl each of glycobuffer
(NEB), NP-40 (NEB), and PNGase F (500,000 U/ml) and
incubated at 37 °C overnight. De-glycosylated samples were
heated to 95 °C for 5 min again prior to being run on gels.
Gels were run for ~3 h, or until the dye front reached the
bottom of the gel, at a constant voltage of 75 V. Proteins in
each gel were transferred to polyvinylidene difluoride
(PVDF, EMD Milipore) Immobilon-P membranes with a
NuPAGE Novex gel system run at a constant 34 V
overnight.

PVDF membranes were blocked with a 5% powdered milk
and TBST solution, (10 mM Tris HCI (pH 8.0), 150 mM NaCl,
0.05% Tween 20, 5% powdered milk (wt/vol)), for 1 h at room
temperature. Blots were then probed with either the anti-PrP
antibody 6D11 (BioLegends, antibody epitope to PrP€ resi-
dues 93-109) or Saf84 (Cayman Chemical Co, antibody
epitope to PrP€ residues 159-169) that were both diluted to
1:10,000 in TBST. After a 1.5 h incubation, membranes were
rinsed four times with TBST over 30 min. Membranes were
then incubated with a sheep anti-mouse secondary antibody
conjugated to horseradish peroxidase (GE Amersham) at a
1:40,000 dilution for 1 h before membranes were rinsed four
times with TBST over 30 min. Blots were developed with the
ECL Plus reagent (GE Healthcare Life Sciences) and developed
on photosensitive film. Digital scans of the developed film were
processed using Un-Scan-IT software (version 7.1; Silk Sci-
entific Corporation).

Quantification of blots, data analysis, and calculations

Bands of PrP were quantified from scans of film similarly to
previous work (15) using the “Segment Analysis” tool in the
Un-Scan-IT software. Bands of PrP in each lane were quan-
tified via summation of all pixels in user-defined “boxes” or
analysis regions. Quantified PrP bands were background
corrected by subtraction of an average background value
calculated by taking the average of four boxes near each PrP
band. Data not represented as a pixel sum value was divided
by the average pixel sum of a piece of data within the same
data set, which was then multiplied by 100 in order to
normalize all data in a set to a percentage of one piece of data
in the set.

For the line graphs in Figures 1 and 3, all of the data for each
line was processed by dividing the pixel sum for each pH by
the average pixel sum of data from pH 7.4 in order to show
how protease-resistance changes with a drop from pH 7.4 to
5.5. Data in bar plots showing the change in 22L and 87V PrP®
populations after chaperone exposure were prepared by
dividing all data in a set by the average pixel sum of control
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data containing either no chaperones (Figs. 1 and 3) or a
combination of the co-chaperones DnaJC1 and Stipl (Figs. 2,
4, 6 and 7). For PNGase F treated samples, percentages of full-
length, 25 kDa PrP®, or partially truncated 16 kDa PrPP, were
calculated by dividing the pixel sum of the 25 or 16 kDa PrP”
bands by the total amount of PrP” in each lane and then
multiplying by 100. All bands were background corrected
before ratio calculations. In all plots, data are shown as an
average of three sample replicates with error bars representing
the standard deviation. Statistical analysis for each data set was
done in Prism Graphpad Software (version 8.0.2). In figures,
the asterisks represent p-values for CI = 95% 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.

Data analysis

All values are expressed as the mean + SD from n = 3
samples for data shown in main text figures and n = 4 for
Figure S1. The significance of line plots in Figures 1 and 2 were
calculated via two-way ANOVA using a Tukey’s multiple
comparison. For the Bar plots in Figures 1-5, where only two
samples were compared at time, significance was calculated via
unpaired one-tailed ¢ tests while significance tests of data in
bar plots comparing multiple samples, such as those in Figures
6-9 and Figure S1, were performed with one-way ANOVA
using a Tukey’s multiple comparison.

Data availability

Data are shared upon request.
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