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Prion and prion-like diseases involve the propagation of misfolded
protein conformers. Small-molecule pharmacological chaperones
can inhibit propagated misfolding, but how they interact with
disease-related proteins to prevent misfolding is often unclear.
We investigated how pentosan polysulfate (PPS), a polyanion with
antiprion activity in vitro and in vivo, interacts with mammalian
prion protein (PrP) to alter its folding. Calorimetry showed that
PPS binds two sites on natively folded PrP, but one PPS molecule
can bind multiple PrP molecules. Force spectroscopy measure-
ments of single PrP molecules showed PPS stabilizes not only the
native fold of PrP but also many different partially folded inter-
mediates that are not observed in the absence of PPS. PPS also
bound tightly to unfolded segments of PrP, delaying refolding.
These observations imply that PPS can act through multiple possi-
ble modes, inhibiting misfolding not only by stabilizing the native
fold or sequestering natively folded PrP into aggregates, as pro-
posed previously, but also by binding to partially or fully unfolded
states that play key roles in mediating misfolding. These results
underline the likely importance of unfolded states as critical inter-
mediates on the prion conversion pathway.
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landscape

he propagation of misfolded proteins is a hallmark of a wide

variety of diseases, including Alzheimer’s disease, Parkin-
son’s disease, amyotrophic lateral sclerosis, and the tauopathies
(1). In misfolding diseases like these, nonnative conformers of
disease-linked proteins can convert natively folded molecules
into additional copies of the misfolded conformers, propagating
the misfolding (2). The archetypal misfolding diseases, where
propagated misfolding was first discovered, are the priono-
pathies, such as Creutzfeldt-Jakob disease (CJD) in humans,
scrapie in sheep, “mad-cow” disease, and chronic wasting disease
in cervids. In prion diseases, the helical fold of native cellular
prion protein, PrP€, is converted to a B-rich misfolded isoform,
PrP%, that is both toxic to neurons and acts as an infectious
agent to propagate the disease (3).

Because misfolding and conversion are central to prion and
prion-like diseases, one therapeutic strategy has been to search
for small molecules that can act as pharmacological “chaperones”
to inhibit the misfolding (4), analogous to the chaperone proteins
that help suppress misfolding in the cell (5). Even though the
structure of PrP> and the mechanism by which it converts PrP©
remain controversial (3, 6), a variety of chemically distinct com-
pounds with promising potential against prions have been found (7,
8). The mechanisms by which these putative chaperones act are
typically quite poorly understood, however, in part because it is
challenging to observe the effects of antiprion compounds on PrP
folding directly. As a result, it has proven difficult to develop ef-
fective therapeutics or indeed to use the effects of antiprion com-
pounds to gain insight into the misfolding mechanism.

Single-molecule methods are well suited to address this chal-
lenge because they can observe individual molecules directly as
they change conformation and distinguish subpopulations in a
heterogeneous mixture (9, 10), and they have been applied to
study misfolding in several disease-related proteins (11-16),
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including PrP (17-19). Such approaches have also been used to
study the mechanisms of cellular chaperones (20), but the effects
of pharmacological chaperones have been little explored at the
single-molecule level. The only study to date (21) examined the
changes in the folding of PrP caused by binding of an antiprion
iron tetrapyrrole, Fe-TMPyP, finding that it not only stabilized
the native fold as proposed based on ensemble studies (22) but,
more interestingly, that it also inhibited the interactions that
drove the formation of stable misfolded aggregates, similar to
the action of cellular chaperones (23). Owing to the paucity of
single-molecule studies of pharmacological chaperones, most of
the existing proposals for their mechanism of action are based on
the limited information available from ensemble assays, and it
remains unclear how they achieve their effect.

Here, we examine how the antiprion compound pentosan
polysulfate (PPS) changes the folding of PrP. PPS belongs to a
different class of pharmacological chaperone from Fe-TMPyP
and other similar molecules: Instead of having a compact, pla-
nar structure with cationic charge and low molecular weight, PPS
has the opposite character—it is a large, linear polymer with a
heparin-like structure (Fig. 1 A, Inset) and anionic charge. It has
been found to inhibit the accumulation of PrP5¢ in prion-infected
cells and prolong the lifespan of infected animals (24), and it has
even had some success increasing the survival period of patients
with CJD, although it is difficult to administer, as it does not
penetrate the blood-brain barrier (25-28). PPS is known to in-
teract with PrP (7, 29) and has been proposed to sequester PrP©
in nontoxic aggregates so that it cannot be converted to PrPS° (7,
30), but its mechanism of action remains uncertain. To study the
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Fig. 1. ITC of PPS binding to PrP<. (A) ITC thermogram for binding of PPS to
hamster PrP¢ at pH 7. (Inset) Structure of PPS. (B) Binding isotherm (black)
and fit to model with two independent binding sites (red).

interaction between PPS and PrP in more detail, we used a
combination of isothermal titration calorimetry (ITC), measur-
ing the thermodynamics of the interaction, and single-molecule
force spectroscopy (SMFS), observing the dynamics of a single
PrP molecule as it was unfolded and refolded while held under
tension by optical tweezers in the presence of PPS. We found
very heterogeneous binding: not only binding to two independent
sites on natively folded PrP, where each PPS molecule interacted
with multiple PrP molecules, but also strong binding to partially
and fully unfolded states. The fact that two chemically distinct
antiprion agents both interact strongly with unfolded states
suggests a central role for unfolded PrP in the prion conversion
mechanism.

Results

We first characterized the binding of PPS to natively folded PrP
by measuring the rate of heat produced from the binding while
PPS was titrated into a sample of recombinant Syrian hamster
PrP (see Methods) using ITC. The resulting thermogram
(Fig. 14) was integrated to generate a binding isotherm (Fig. 1B,
black). Fitting the shape of the isotherm to the expectations for
different binding models, we found that single-site models were
unable to account for the observed isotherm (SI Appendix, Fig.
S1); instead, a model with two independent binding sites fit
better (Fig. 1B, red). One site had dissociation constant Kp ; =
0.19 + 0.04 pM, binding enthalpy AH; = —47 + 2 kcal/mol, and
binding entropy AS; = —128 + 3 cal/mol - K, whereas the other
was noticeably weaker, with Kp, = 8 + 2 yM, AH, = —15 + 3
kcal/mol, and AS, = =25 + 13 cal/mol - K (all errors represent
SEM). Although binding of PPS to natively folded PrP was de-
tected using surface plasmon resonance previously, the binding
affinity and thermodynamics were not reported (31).

The binding stoichiometry from the fitting was particularly
interesting: each PPS molecule bound 5.6 + 0.9 PrP molecules at
the stronger binding site and 2.3 + 0.4 PrP molecules at the
weaker binding site. Such a result with a single ligand bound to
multiple protein molecules is unusual but possible because PPS
is a sizable linear polymer (containing in this case ~15 monomer
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repeats) rather than a compact ligand. Furthermore, because
each PrP molecule can bind a second PPS molecule, each of
which binds to multiple PrP molecules, chains of PPS-linked PrP
are possible.

PPS binding to PrP is proposed to be mediated by electrostatic
interactions between the negative charge of PPS and the net
positive charge of PrP. Since the isoelectric point of PrP is 8.9,
the protein will be more positively charged at acidic pH, which
should increase the binding affinity. Measuring the binding with
ITC at pH 4.5 (SI Appendix, Fig. S2), we found that the stoi-
chiometry of the two binding sites remained the same within
error, with each PPS molecule binding 5 + 1 PrP molecules at the
stronger binding site and 2.0 + 0.2 PrP at the weaker site. As
expected, however, the affinity was higher, with Kp ; =9 + 5 nM,
AH, = —11.3 + 0.4 kcal/mol, and AS; = —1 + 1 cal/mol - K for
the stronger binding site and Kp, = 0.4 + 0.1 pM, AH, = -8.7 +
0.3 kcal/mol, and AS, =0 + 1 cal/mol - K for the weaker binding
site. These results confirmed that electrostatic interactions play a
central role in the binding of PPS to PrP.

Next, to probe the effects of PPS binding on the folding of PrP,
we attached recombinant Syrian hamster PrP covalently to
kilobase-long DNA handles bound to beads held in optical traps
(Fig. 24). We then moved the traps apart at constant speed to
ramp up the force on the protein and induce unfolding, reversed
the trap motion to ramp the force back down and induce
refolding, and waited 5 s at near-zero force before repeating the
pulling-relaxing cycle, generating sets of force-extension curves
(FECs) that show the force applied to the molecule as a function
of the molecular extension. In the absence of PPS, unfolding
FECs revealed a single “rip” with an abrupt extension increase
and force decrease where the protein molecule unfolded
(Fig. 2B). As reported previously (18, 19), the contour length
change upon unfolding (34.3 + 0.4 nm) was consistent with the
34.3-nm value expected for complete unfolding of the structured
domain of hamster PrP (32), no intermediates were observed,
and the unfolding force was narrowly distributed around an av-
erage of 10.2 + 0.2 pN. In the presence of saturating PPS (5 pM),
in contrast, the unfolding FECs changed qualitatively in several
ways. Only ~30% of FECs contained rips, indicating that in most
of the FECs, the protein did not actually change structure. In
those FECs that did contain rips, the unfolding forces were
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Fig. 2. FECs of PrP bound to PPS. (A) Schematic of force spectroscopy ex-
periment: A single PrP molecule is attached to beads held in optical traps by
DNA handles. (B) Without PPS present, PrP unfolds with a characteristic
contour length change of 34.3 nm in a narrow range of forces near 10 pN.
(C) With PPS present, PrP unfolds heterogeneously, showing a variety of
different contour lengths and unfolding forces. (Inset) The unfolding force
distribution with PPS present (cyan) is much broader than without
PPS (black).
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generally both much higher and more broadly distributed than
without PPS (Fig. 2C). These FECs also showed the presence of
intermediate states, which were never observed for hamster PrP in
the absence of PPS, and diverse patterns of unfolding and refolding.

Examining a series of successive pulling-relaxing cycles for a
given molecule illustrates this diversity clearly (Fig. 3). In some
cases, multiple pulling-relaxing cycles occurred without any tran-
sitions before the contour length was seen to increase, indicating
unfolding of a state that was strongly stabilized by PPS (Fig. 34). In
other cases, cycles without transitions preceded a decrease in the
contour length, indicating that PPS binding had stabilized the
protein in a partially or fully unfolded state and the protein sub-
sequently refolded (Fig. 3B). Sometimes, an initial unfolding event
was followed by several cycles without further unfolding or
refolding (Fig. 3C), suggesting the formation of a stable PPS-bound
unfolded state; at other times, the protein unfolded through a series
of intermediate states over the course of multiple pulling-relaxing
cycles, indicating that PPS acted as a ratchet, binding and stabilizing
a sequence of ever-more—-unfolded intermediates (Fig. 3D).

To quantify this behavior, we analyzed the number of cycles
without transitions when PPS was present as well as the length
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Fig. 3. Heterogeneous unfolding of PPS-bound PrP. Four sets of successive
pulling (black) and relaxing (red) curves of PrP with PPS bound show various
behaviors. (Far Right) Unfolding curves for the four successive pulls. (A) PrP
remains folded through the first three cycles and unfolds on the fourth. (B)
PrP remains mostly unfolded but refolds between the second and third cy-
cles. (C) PrP remains mostly unfolded after unfolding.in the first cycle. (D) PrP
unfolds progressively through a series of intermediates in each cycle. Insets
between cycles show cartoons of PPS bound to PrP in different states.
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changes, unfolding forces, and number of intermediates in FECs
that did show transitions. The number of sequential pulling—
relaxing cycles without transitions was broadly distributed
(Fig. 4A4), highlighting the heterogeneity of the behavior. The
total contour-length change seen in each unfolding FEC con-
taining a transition, AL.'*" (Fig. 4B, black), was also broadly
distributed, ranging from ~3 to 34 nm but with most transitions
at 5 to 20 nm. Almost all (>99%) of these transitions had AL "
shorter than the value for complete unfolding of the native state,
indicating that partially folded states played a central role with
PPS present. Indeed, the importance of intermediates was
reinforced by the fact that a significant fraction (~25%) of the
unfolding trajectories containing rips included more than one
transition event and thus passed through at least one interme-
diate (Fig. 4C). In the ratchet-like unfolding events, the net
contour-length change per unfolding-refolding cycle ranged
from 2 to 22 nm with an average of ~10 nm, but it had a strong
peak at ~8 nm (the value seen in half of all cases, SI Appendir,
Fig. S34), corresponding to sequestration of ~20 amino acids
when PPS reconfigured to bind the unfolded portion of the
protein. The distribution of forces seen in unfolding transitions
(Fig. 2 C, Inset, cyan) was also very different from that found
previously in the absence of PPS (Fig. 2 C, Inset, black), with an
average (25.2 + 0.5 pN) that was over twice as large and an SD over
16 times as large (~10.6 pN compared to 0.65 pN without PPS).

Lastly, we examined the effects of PPS binding on the energy
landscape that underlies PrP folding, making use of the ability of
SMES to probe energy landscapes quantitatively (33). To char-
acterize the changes in the landscape induced by PPS binding, we
examined the distribution of unfolding forces. Whereas the force
distribution in the absence of PPS was previously found to fit well
to the expectation for two-state unfolding from a homogenous
initial state (34), returning a distance from the folded state to the
transition state of Ax* =9 + 1 nm (18), the distribution with PPS
present did not fit well to this model (Fig. 54, blue), consistent
with the observation that the binding induced heterogeneity. A
long tail of events at high unfolding forces extended far beyond
the sharp cutoff expected for unfolding of a single well-defined
state (Fig. 54, blue); these events could not be explained by the
instrumental force noise of <0.3 pN but rather indicated an al-
ternative model was needed to fit the data. We therefore used a
model that allows for heterogeneous initial states with different
barriers and kinetics, quantifying the heterogeneity in the initial
state via a dimensionless parameter A that is greater than zero
when there are multiple initial states that interconvert at rates
slower than the unfolding rates (with larger A indicating greater
heterogeneity) (35). This model fit the data well (Fig. 54, red;
R* = 0.85 for fit), returning Ax* = 1.1 + 0.2 nm and a value for
the heterogeneity parameter of A = 1.7 + 0.8.

These results indicate that PPS binding increased the me-
chanical rigidity of the system (by decreasing Ax*) while intro-
ducing a moderate amount of heterogeneity. In an attempt to
isolate unfolding events arising from a more homogeneous sub-
population of states, we also examined the scatterplot of contour
length change versus unfolding force (Fig. 5B), performing a
cluster analysis using a variational Gaussian mixture algorithm
(36) validated by silhouette index analysis (37). We found that a
large majority (~73%) of the unfolding events belonged to a
single cluster (Fig. 5B, cyan), for which the force distribution was
well fit by both the heterogeneous-state model (Fig. 5C, red) and
the model with a single initial state (Fig. 5C, blue). The two fits
returned similar Ax* values (1.1 + 0.1 nm and 1.5 + 0.3 nm,
respectively), but the heterogeneous-state model returned a
value for A that was reduced significantly from that for the full
force distribution, to 0.4 + 0.2, consistent with the notion that the
cluster represented a more homogeneous population. However,
A remained sufficiently large to suggest that the FECs may not
represent a single population. Indeed, the distribution of AL,

PNAS | 30of6
https://doi.org/10.1073/pnas.2010213118

www.manaraa.com

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010213118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010213118/-/DCSupplemental
https://doi.org/10.1073/pnas.2010213118

Downloaded at Palestinian Territory, occupied on December 1, 2021

>
L
5

60
50 50_3-
40 =
2 2
§30 §0.2-
20 % with PPS
S 0.14
10 T
0 0.0

0 20 40 60 0
Consecutive cycles without rips

10 20 30
Total AL, during unfolding (nm)

@)

without
PPS

N
o

a2
[$)]

[$)]

Occurrence frequency (%)
o

o

40 o1 2 3
No. intermediates

Fig. 4. Characteristics of FECs with PPS bound to PrP. (A) Many FECs showed no unfolding or refolding transitions. (B) The total contour-length change in
FECs exhibiting transitions (black) was broadly distributed and almost always shorter than the length observed without PPS (gray). (C) A varying number of
intermediates were seen for unfolding with PPS; intermediates were never seen without PPS.

values for this cluster (SI Appendix, Fig. S4) had an SD ~2.5-fold
larger than what was seen previously for unfolding a single well-
defined state (16, 18), supporting the notion that this cluster
contains a few distinct states, even though they have similar
properties. Fitting the force distribution for the cluster at high
unfolding force (SI Appendix, Fig. S5) yielded similarly small Ax*,
at 1.3 + 0.3 nm, but this cluster remained quite heterogeneous,
with A = 2.2 + 0.9; the cluster at high AL, had too few entries
distributed over too wide a force range for reliable fitting. No-
tably, the unfolding events seen when first pulling on each PrP
molecule had similar heterogeneity to the results from subse-
quent FECs (SI Appendix, Fig. S6), indicating that the hetero-
geneity was not induced by the unfolding-refolding cycles but
was already present at the start of the measurement.

Discussion

PPS has been previously proposed to inhibit misfolding of PrP by
sequestering PrPC in aggregates (7, 30). Our ITC results are
consistent with this picture and explain how such aggregation
could occur: In addition to multiple PrP molecules binding to a
single PPS molecule, multiple PPS chains can be cross-linked via
the secondary binding sites available on the native fold, gener-
ating a web of PPS chains binding natively folded PrP. Using
docking simulations to explore the location of the PPS binding
sites (SI Appendix), we found that the most likely sites were the
middle of helix 2 and the cleft between helices 1 and 3 near
localized pockets of positive charge on the surface (S Appendir,
Fig. S7), suggesting that steric hindrance would not prevent
multiple PPS molecules binding to a single PrP. Given that
previous NMR studies found that PPS can also bind to PrP in the
disordered octapeptide repeat region (29), which is absent in the
truncated PrP constructs used in our measurements, full-length
PrP€ must have at least three binding sites for PPS, providing

additional opportunities to cross-link multiple PrP and PPS
molecules and form aggregates.

Crucially, however, the SMFS measurements showed that PPS
interacts with PrP in many other ways, too: It bound not only to
the native fold but also to many other conformational states with
varied levels of unfolding of the native structure, leading to ex-
ceptional heterogeneity that contrasts starkly with the homoge-
neity of the unfolding and refolding of PrP on its own (17, 18).
We note that observing such interactions with unfolded con-
formers of a normally ordered domain is challenging, as it re-
quires the use of a method like SMFS that destabilizes protein
structure without otherwise altering the solution and environ-
mental conditions upon which ligand binding depends. Normally,
partially folded intermediates cannot be detected in unfolding or
refolding FECs of hamster PrP monomers (17, 18), but with PPS
bound, numerous intermediates were populated and stabilized.
Intriguingly, in some cases, PrP was seen to unfold in multiple
stages over several pulling curves in a ratchet-like manner, with a
portion of the protein unfolding each time but not refolding
(Fig. 3D). The bound PPS was thus able to reconfigure rapidly
and sequester the portions of the protein exposed after each
partial unfolding event, displaying a strong affinity for the un-
folded protein in addition to the native fold. Although the time
required for PPS to reconfigure and bind the exposed regions of
PrP could not be detected directly from FECs, it had to be faster
than 0.5 s, the minimum time elapsed between unfolding and the
point at which refolding occurs in the absence of PPS. The
unfolding transitions during ratchet-like events were also some-
what more homogeneous than the overall population, with most
transitions falling within the main cluster from Fig. 5B (SI Ap-
pendix, Fig. S3B); the net length change per ratchet cycle was
particularly regular (SI Appendix, Fig. S34), suggesting there
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Fig. 5. Unfolding force distribution. (A) The distribution of all unfolding forces (black) does not fit well to a model that assumes a single well-defined initial
state (blue), which cannot account for the long tail at high forces, but it is described well by a model allowing for heterogenous initial states (red). (B) Most of
the unfolding events belong to a single cluster (cyan) defined by an unfolding force below ~30 pN and contour length below ~12 nm. (C) The unfolding force

distribution for the dominant cluster in B is well fit by both models used in A.
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might be patterns in the rebinding, although the small number of
events makes interpretation uncertain.

The heterogeneous binding of PPS to PrP seen by SMFS is
consistent with the proposal that PPS interacts nonspecifically
with PrP (7, 29), with the ITC results supporting the notion that
binding is primarily through electrostatic interactions. However,
the full picture of the effects of PPS on PrP is clearly more
complex than suggested simply from the interactions of PPS with
natively folded PrP, as assumed previously. Indeed, the effects of
PPS binding on PrP folding/unfolding dynamics share some im-
portant similarities with the effects of the only other antiprion
chaperone studied to date at the single-molecule level, Fe-
TMPyP. The latter, like PPS, was found to bind to unfolded
regions of PrP (stabilizing partially unfolded, nonnative confor-
mations) as well as the native fold, and its binding also made PrP
more rigid by decreasing the distance to the transition state from
9 nm to ~1 nm (21). These similarities are particularly striking
because PPS differs from Fe-TMPyP in fundamental ways: It is
an extended linear polymer instead of a compact, planar por-
phyrin; it is negatively charged, as opposed to positively charged,;
its binding to PrP depends significantly on electrostatic interac-
tions instead of only weakly, as in the case of Fe-TMPyP (22);
and it binds nonspecifically at two sites without any obvious
binding pocket instead of nestling into a single specific pocket, as
does Fe-TMPyP (22).

The fact that PPS rigidifies the native fold of PrP and binds to
unfolded regions of PrP, similar to Fe-TMPyP, is very suggestive
in terms of possible common mechanisms of action for these
pharmacological chaperones. Stabilization of native structures
has long been accepted as an important mechanism for inhibiting
conversion, but interactions with unfolded states have generally
been overlooked (7, 38). Whereas it might be a coincidence that
a single antiprion compound interacts strongly with unfolded
states, there is no reason to expect a priori that two such
chemically distinct compounds as PPS and Fe-TMPyP should do
so, suggesting that these interactions are no coincidence but
rather are essential to the antiprion activity. We propose that
protection against conversion could arise as follows: In order to
convert PrP® into PrP%, the native helical structure has to be
unfolded to allow reconfiguration into PrPS¢, which has no native
helical content (39) and is likely a p-solenoid (6). Antiprion li-
gands could then interfere with prion conversion and inhibit
propagation of misfolding by binding to the partially or fully
unfolded states that must presumably be present as transient but
obligate intermediates during conversion, over and above any
effect they have on reducing the likelihood of unfolding PrP€ by
stabilizing and rigidifying it. Notably, these interactions with
unfolded states are similar to the mechanisms of a variety of
cellular chaperones, which interact with partially or fully un-
folded conformations of client proteins to inhibit the interactions
that drive misfolding and/or aggregation (20, 40, 41).

These results suggest that partially or fully unfolded states may
be important targets for inhibiting prion conversion that have
been neglected in the search for antiprion therapeutics. The
same may possibly hold true for other proteins that undergo
prion-like conversion, in which misfolding is mediated by par-
tially unfolded states (16). Testing for binding to unfolded states
can be challenging, but it could prove fruitful to do so, and even
worth revisiting other antiprion compounds to test if they, too,
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interact with unfolded states. Finally, we speculate that the
heterogeneous interactions and multiplicity of modes of action
available to PPS, as well as to Fe-TMPyP, may account for their
ability to inhibit structurally distinct prion strains (24, 42), in
contrast to the strain-specificity of other antiprion agents like
quinacrine (43). This hypothesis could be tested in future work
comparing the effects of strain-specific and nonspecific antiprion
agents at the singe-molecule level.

Methods

Sample Preparation. Samples of Syrian hamster PrP truncated to residues 90 to
231 (forming the protease-resistant core of PrP>) were expressed recombi-
nantly in Escherichia coli, purified, and refolded as described previously (17).
Sample purity was assessed with gel electrophoresis and Western blotting,
and refolding into the native structure was confirmed using CD
spectroscopy (19).

Isothermal Titration Calorimetry. ITC measurements were made using a
MicroCal ITCyg0. For measurements at neutral pH, 5 kDa PPS at a concen-
tration of 1 mM was titrated into 200 pL 0.1-mM PrP (both reagents in
50 mM MOPS buffer pH 7), using an initial injection of 0.2 to 0.5 pL followed
by 1-pL injections with 2-s duration at intervals of 180 to 250 s while stirring
at 1,000 rpm. Five separate measurements were performed at pH 7 and the
results averaged. For measurements at acidic pH, 1-mM PPS was titrated into
200 pL 0.1-mM PrP (both reagents in 10 mM sodium acetate buffer pH 4.5),
using an initial 0.2-pL injection followed by 2-uL injections with 4-s duration
at intervals of 200 s while stirring at 1,000 rpm. Three separate measure-
ments were performed at pH 4.5 and the results averaged. For all mea-
surements, the temperature was maintained at 25 °C. The Bayesian
information criterion (44) and Akaike information criterion (45) were used
to determine that the model with two sets of independent binding sites fit
better than the one-binding-site model for both measurement conditions
(ABIC and AAIC, respectively, 27 and 25 at pH 7 and 15 and 8 at pH 4.5).

SMFS Measurements and Analysis. SMFS measurements were made using
custom-built optical tweezers described previously (46). Syrian hamster PrP
(90-231) with a Cys residue added to each terminus was conjugated to
sulfhydryl-labeled double-stranded DNA handles as described previously (17)
after activating the terminal cysteines on PrP with 2,2’-dithiodipyridine (47).
Handles were attached specifically to avidin- and anti-digoxigenin-labeled
polystyrene beads (600- and 820-nm diameter, respectively) held in traps
with stiffness of 0.37 and 0.56 pN/nm, respectively. The traps were moved
apart at a constant speed of ~170 to 250 nm/s to generate FECs, sampling
data at 20 kHz and filtering online at the Nyquist frequency. FECs were
measured in 50 MM MOPS buffer pH 7, 200 mM KCl, in the presence of 5 M
PPS. Measurements from 18 molecules yielded 1,276 curves for pulling and
the same for relaxation. Measurements without PPS were reported
previously (17-19).

Contour-length changes in the FECs were determined by fitting the
branches of the FECs before and after each structural transition to worm-like
chain polymer models (48, 49). The unfolding force distributions were ana-
lyzed using models that assume either unfolding from a single initial state
(34) or unfolding from multiple initial states (35). Unfolding events were
clustered by a variational Gaussian mixture algorithm implemented in
Mathematica; the clustering was validated by silhouette index analysis (37),
returning a global silhouette index of 0.41. Additional details are provided
in the SI Appendix.

Data Availability. Single-molecule force spectroscopy data (50) have been
deposited in Excel format in Figshare (DOI: 10.6084/m9.figshare.13404719).
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