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The timescale for the microscopic dynamics of proteins during con-
formational transitions is set by the intrachain diffusion coefficient,
D. Despite the central role of protein misfolding and aggregation in
many diseases, it has proven challenging to measure D for these
processes because of their heterogeneity. We used single-molecule
force spectroscopy to overcome these challenges and determine
D for misfolding of the prion protein PrP. Observing directly the
misfolding of individual dimers into minimal aggregates, we recon-
structed the energy landscape governing nonnative structure for-
mation. Remarkably, rather than displaying multiple pathways, as
typically expected for aggregation, PrP dimers were funneled into a
thermodynamically stable misfolded state along a single pathway
containing several intermediates, one of which blocked native
folding. Using Kramers’ rate theory, D was found to be 1,000-fold
slower for misfolding than for native folding, reflecting local rough-
ening of the misfolding landscape, likely due to increased internal
friction. The slow diffusion also led to much longer transit times for
barrier crossing, allowing transition paths to be observed directly for
the first time to our knowledge. These results open a new window
onto the microscopic mechanisms governing protein misfolding.

intrachain diffusion | protein aggregation | prion protein |
optical tweezers | single-molecule force spectroscopy

he formation of intricate 3D structures by proteins is a com-

plex physical process. Such “folding” is typically described in
terms of energy landscape theory (1) as a thermally driven diffu-
sive search over an energy landscape in conformational space for
the minimum-energy structure. In this picture, whereas the rates
at which structural transitions take place are dominated by the
presence of energy barriers in the landscape (2), it is the co-
efficient of diffusion over the landscape, D, that encapsulates the
microscopic dynamics of the protein chain, setting the character-
istic timescale for molecular motions. Knowledge of D provides
insight into the internal friction in the protein chain as it un-
dergoes conformational fluctuations (3) and sets the ultimate
speed limit at which changes in structure can take place (4).

Given the fundamental importance of the diffusion coefficient
in protein folding, there has been much interest in measuring D
under different conditions. Conformational diffusion has been
studied extensively in peptides and unfolded proteins (5-10), using
fluorescence probes such as fluorophore quenching or Forster
resonant energy transfer to measure reconfiguration times. Typi-
cally, D ~10’-108 nm?/s was found, although values as low as 10°
nm*/s have been reported (10). Because the diffusion coefficient is
inversely proportional to friction, measurements of D have been
important for investigating the role and origin of internal friction
along the folding pathway (6, 9). Possible links between the value
of D and aggregation propensity have also been explored in in-
trinsically disordered proteins (5). However, it has proven chal-
lenging to measure the diffusion coefficient during barrier crossing
via fluorescence, owing to the very brief transition time for barrier
crossing (11).

Recently, an alternate approach using single-molecule force
spectroscopy (SMES), whereby force is applied to induce struc-
tural changes in an isolated molecule, has been applied to measure
D for barrier crossings (12-15). This approach takes advantage of
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the powerful ability of force spectroscopy to measure energy
landscapes by analyzing the statistics of conformational fluctua-
tions (16), using the landscape profile and rates to recover D from
Kramers’ theory (17). The ability to probe barrier crossings opens
up the exciting possibility of investigating the microscopic differ-
ences between native structure formation and what happens when
folding goes awry, producing nonnative structures. Such misfold-
ing is a feature of many diseases, with misfolded proteins char-
acteristically aggregating into insoluble amyloid fibers rich in
B-sheets (18). The value of D should be particularly important
in misfolding, because the outcome of misfolding and aggregation
processes is thought in many cases to be dominated by kinetics
(19). Although in silico studies have begun to probe the energy
landscapes for protein misfolding and aggregation (20), these
landscapes have not yet been reconstructed experimentally. A
direct comparison between diffusion in native folding and mis-
folding of the same protein has therefore not yet been made.

An important challenge in studying misfolding and aggregation
is that they are typically very heterogeneous processes, involving
various transient species along multiple pathways leading to dif-
ferent types of aggregates (21). Despite recent advances including
solving the structures of some native-like aggregation precursor
states (22, 23) and small oligomers (24), a full picture of the se-
quence of molecular events in aggregation remains elusive.
Single-molecule assays are well suited to overcome this challenge,
through their ability to distinguish and characterize even transient
subpopulations with high sensitivity (25). Previous studies have
investigated phenomena ranging from transient, metastable mis-
folding events (26-28) to various stages in the growth of aggregates
(29, 30), but complete misfolding pathways leading to stable mis-
folded states have not yet been elucidated (25).

Significance

Structural transitions in proteins are characterized by the co-
efficient for intrachain diffusion, D, which determines the transi-
tion kinetics and reveals microscopic properties of the interactions
governing folding. D has been measured for unfolded proteins
and for native folding, but never for misfolding and aggregation,
despite the importance of kinetics for driving these processes. We
used single-molecule force spectroscopy to observe the misfold-
ing of individual prion protein (PrP) molecules into stable, non-
native dimers. By reconstructing the energy landscape for dimer
misfolding, we compared D for misfolding of PrP to that for na-
tive folding. Diffusion was 1,000-fold slower for misfolding,
reflecting significant additional roughness in the energy land-
scape and confirming quantitatively the long-held hypothesis
that misfolding landscapes are rougher than native landscapes.
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Fig. 1. FECs of PrP dimers reveal stable misfolded states. (4) Individual PrP
molecules (Left, monomers; Right, dimers) attached to DNA handles were
bound to beads held in optical traps. (B) Unfolding (black) and refolding
(red) FECs of PrP monomers showing apparently two-state folding are well
fit by WLC models (dashed lines). (C) Unfolding (black) and refolding (red)
FECs of PrP dimers show the formation of stable nonnative structures, in
contrast to the sequential unfolding of identical domains expected for in-
dependently folded native domains (cartoon, Inset).

Here we use SMFS to reconstruct the energy landscape for
misfolding of the prion protein PrP and thereby recover D for
misfolding. PrP is particularly interesting as a model for investi-
gating protein misfolding, because even though PrP folds rapidly
into its native structure (PrP“) under normal conditions (31), it has
a stable misfolded form, PrP%, which can convert PrP® to form
more PrP%, thereby acting as an infectious agent to transmit prion
diseases (32). The structure of PrPS° remains unknown, as does the
mechanism for conversion of PrP<, although a variety of structural
models (33) and mechanisms (32, 34) have been proposed. Pre-
vious single-molecule studies of PrP misfolding (35) have charac-
terized properties such as the kinetics of oligomerization (30) and
the dependence of aggregation pathways on metal ions (36), sug-
gesting that the conversion of PrP features several phases starting
with dimerization, but detailed pathways were not resolved. SMFS
measurements of isolated PrP monomers found that they fre-
quently sampled various misfolded conformations, but they were
not thermodynamically stable, consistent with the view that mis-
folded PrP is stable only within aggregates (27).

Because the conversion of PrP may start with dimerization (30,
37), here we have focused on dimers as the smallest form of ag-
gregate. Using optical tweezers to apply tension and thereby un-
fold and refold single PrP dimers, we found that dimers readily
misfold into stable aggregates. A single misfolding pathway was
observed and characterized in detail, revealing several exceptional
features that set PrP apart from other proteins studied to date.
Reconstruction of the energy landscape for dimer misfolding,
along with the previously measured landscape for native folding
(15), was then used to make the first comparison of D for native
folding versus misfolding in the same protein, showing that dif-
fusion is much slower during misfolding than during native folding.

Results

To study PrP misfolding, two hamster PrP molecules were co-
valently connected end to end, forming a tandem dimer (Fig. S1).
Such tandem oligomers have been used previously to study mis-
folding and aggregation in a variety of proteins (38-40), including
PrP (41). Tandem dimers were attached to DNA handles con-
nected to beads held in dual-beam optical tweezers (27), as il-
lustrated (Fig. 14), and the force was ramped up/down to unfold/
refold the molecules repeatedly while measuring their extension,
thereby generating force-extension curves (FECs). The folding of
two PrP molecules in close contact as tandem dimers was then
compared with the folding of isolated monomers.

For isolated monomers, as described previously (27), the force
increased monotonically as the DNA handles were stretched until
the protein unfolded in a single step around 10 pN (Fig. 1B,
black), creating a characteristic “rip” owing to the abrupt exten-
sion increase and concomitant force drop as the unfolded protein
stretched out under tension. Refolding FECs retraced the same
trajectory (Fig. 1C, red). The change in contour length during the
transitions, AL., found by fitting 4,362 FECs to an extensible
worm-like chain (WLC) model using Eq. S1 agreed exactly with
the result expected for natively structured PrP (42): 34.3 + 0.4 nm.

For the dimer, two consecutive rips matching those for mono-
meric PrP would be expected (Fig. 1C, Inset) if each monomeric
domain independently formed PrP, similar to the behavior typi-
cally observed in FECs of native folding in other tandem-repeat
proteins (43-48). The actual behavior, however, was strikingly
different, indicating that neither domain was natively folded.
Unfolding FECs (Fig. 1C, black) often displayed one large rip at a
force lower than native unfolding (~8 pN), followed by a shoulder-
like region and then a distinctly smaller rip at a force higher than
native unfolding (~13 pN). Refolding FECs retraced the small rip
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Intermediates on the misfolding pathway of PrP dimers. (A) WLC fits (dashed lines) to representative type 1 (black) and 2 (blue) FECs reveal

contour length changes (ALJ) in the dimer. The total AL, (gray lines) is 56 nm for type 2 and 81 nm for type 1, compared with 34 nm for a single PrP¢
domain. For both FEC types, an intermediate, Ip1 (red), unfolds at ~13 pN; a “shoulder” with non-WLC behavior at 5-10 pN indicates additional in-
termediates. (B) The shoulder feature in type 1 FECs was best fit assuming one additional transition (red) corresponding to Ip2-Ip1 transitions in type 2
FECs, rather than none (yellow), as shown by the residuals (Inset). (C) An average (black) of type 2 FECs (gray) was best fit in the shoulder region by a
model assuming two additional transitions in sequence (red) rather than only one (yellow), as shown by the fit residuals (/nset). Unfolding occurred

sequentially via three intermediates: 153, 152, and Ip1.
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at high force, but not the large rip at lower force, displaying instead
a broader shoulder region at 5-10 pN (Fig. 1C, red). Upon re-
peated unfolding-refolding cycles (Fig. S2), two classes of un-
folding behavior were observed, denoted type 1 (Fig. 24, black)
and type 2 (Fig. 24, blue). Type 2 unfolding FECs did not contain
the large rip at low force, matching instead the shape of the
refolding FECs. None of the curves showed behavior characteristic
of natively folded PrP. The total AL for type 2 unfolding was 56 +
3 nm (Fig. 24, blue), corresponding to ~170 aa in the misfolded
structure, as opposed to 104 for PrPC. In contrast, the total AL,
for type 1 unfolding was 81 + 1 nm (Fig. 24, black), corresponding
to ~240 aa, indicating that many of the residues unstructured in
PrPC were incorporated into the aggregated structure.

Such FECs contain all of the information required to re-
construct the misfolding energy landscape for the dimer. We first
determined the sequence of states along the misfolding pathway.
Multiple rips in the dimer FECs revealed several metastable in-
termediates, in contrast to two-state folding for native PrP (27).
All unfolding and refolding FECs showed a discrete rip near
13 pN with AL. = 15 + 1 nm (Fig. 24 and Fig. S3); this state was
denoted Ipl (first dimer intermediate). FECs also contained a
shoulder-like deviation from WLC behavior at 5-10 pN, arising
from transitions that were fast compared with the rate at which
force and extension were measured (14). Modeling the average
curve expected in the shoulder region with Eq. S2, we found that
type 1 unfolding curves were well fit assuming one additional in-
termediate between Ipl and the fully misfolded state, Mp, which
we denoted Ip2 (Fig. 2B). Type 2 unfolding curves required two
sequential intermediates to obtain good fits (Fig. 2C); one had the
same properties as Ip2, and the other was denoted Ip3 (Table 1).
Type 1 unfolding thus followed the sequence of states Mp—
Ip2—-Ip1—-U (unfolded state), whereas the sequence for type 2
unfolding was Ip3—Ip2—Ip1-U.

Refolding FECs retraced the type 2 unfolding curves and almost
always ended in Ip3, without any observable transition into Mp
(Fig. S44). Very rarely, however, complete sequential refolding
from U to Mp, passing through each of the three intermediates was
observed (Fig. S4B), indicating that all five states are actually on a
single folding pathway. The fact that M, was almost never observed
directly during refolding suggests that it must form slowly at low
force. Supporting this view, the fraction of curves exhibiting type 1
behavior could be increased by increasing the waiting time at low
force between successive pulls (Fig. 34). All FECs thus represent
the same underlying pathway consisting of five sequential states:
MpelIp3elp2<Ipl<U (Fig. 44). Type 1 FECs do not show ev-
idence for Ip3 because it has a lower unfolding force than Mp and
hence the two states unfold concurrently. Notably, the final step in
misfolding (formation of Mp) is much slower than native folding,
with a rate of 0.5 s™' compared with ~10* s for native PrP (15).

After elucidating the steps in the misfolding pathway, the en-
ergy landscape underlying the observed behavior was recon-
structed from the unfolding forces and kinetics. For U, Ipl, Ip2,

Table 1. Structural, kinetic, and energetic parameters of the
misfolded dimer and intermediate states

Parameter Mp I3 Ip2 Ip1

AL, to U from 81 +1 56 + 3 — 15 +1
WLC fits, nm

AL, to next state from — 23 + 1 17 +2 14.4 + 0.4
equilibrium fits, nm

F1/2 from equilibrium — 65+04 85+04 13.1+05
fits, pN

AG to next state, 0.5+ 0.1 6+1 7+1 11 +1
kcal/mol

log(ko), s~ -5+ 1 -34+06 — -5.1+0.6

AxF, nm 8+2 78 +0.7 — 57 +0.7

AG¥, kcal/mol 10 + 1 80+0.8 — 105+ 0.8

log (D), nm?/s 3.1+ 0.6 3.1+0.3 — 29+ 0.3
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Fig. 3. Unfolding and refolding kinetics. (A) The fraction of type 1 FECs rose
with the waiting time between successive pulls. Red line: single-exponential
fit for the Ip3-Mp transition (0.5 + 0.2 s7"). (B) Force-dependent unfolding
rates for Mp (black), 153 (blue), and Ip1 (red) fit to Eq. S2 yield parameters
describing the misfolding energy landscape.

and Ip3, the free-energy differences between the states were found
from the product of the unfolding forces and extension changes in
the quasi-equilibrium transitions, whereas AG between Mp and
Ip3 was found from the ratio of the state occupancies at long delay
times. As a consistency check, we also found the total free energy
change for complete unfolding by integrating the FECs to obtain
the distribution of nonequilibrium work done on the molecule and
then applying the Jarzysnki equality (49) to determine the free
energy, as described previously (50). The result, AGra = 23 +
3 kcal/mol, agreed within error with the sum of the free energy
changes for the individual transitions, 24 + 2 kcal/mol. The loca-
tions and heights of the barriers between each state were found
from the force-dependent unfolding rates (Fig. 3B), using the ki-
netic theory of Dudko et al. (51) (Eq. S3). Because discrete
unfolding events could not be observed for the rapid transition
between Ip2 and Ip1, the properties of the barrier between these
states were not quantified. In the case of Ip1, the activation barrier
to unfolding was the same within error (1 kcal/mol) as the equi-
librium free energy of unfolding (Table 1), implying that there is a
minimal barrier to refolding. Such a small barrier for refolding of
Ip1 was confirmed by analyzing the refolding lifetimes (52) for the
transition from U to Ipl (Fig. S4C), which revealed a barrier of
only about 1 kcal/mol.

All results from the analysis of the free energy differences and
barrier properties (Table 1) were then combined piecewise for the
five sequential states observed to reconstruct the energy landscape
profile for the dimer misfolding (Fig. 4B). We note that, from this
picture, once Mp has formed, the barrier to return to the native
structure would be very high, ~25 kcal/mol, because PrP© could be
formed only by passing through the unfolded state.

Finally, the diffusion coefficient implied by the barrier-crossing
kinetics and landscape profile was determined for each of the
three barriers reconstructed in the landscape, namely the transi-
tions Mp«<Ip3, Ip3<Ip2, and Ip1« U, by refitting the force-
dependent rates to the theory of Dudko et al. (51) reexpressed with
D as an explicit fitting parameter (Eq. S4). Similar values were
found for all three barriers: D = 1 x 10° * ®® nm%s for unfolding
Mp, 1 x 10° * ®3 nm?s for unfolding I3, and 0.8 x 10° * ®* nm%s
for unfolding I1. Because the value of D should be the same for
both folding and unfolding, we also calculated D for refolding
of Ipl; the result was D = 3 x 10° * ®* nm?s, consistent within
error with the unfolding result, for an average value for Ipl of
1 x 10° * %3 nm?s. In all cases, errors were found by bootstrapping
analysis (SI Methods). We note that D is exponentially sensitive to
the barrier height in Kramers’ theory analyses (17). Agreement
between the values obtained for the unfolding and refolding of Ip1
is thus a strong test of self-consistency for the analysis, because the
barrier heights differ by an order of magnitude between refolding
and unfolding.
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Fig. 4. Pathway and energy landscape for PrP dimer misfolding. (A) The
folding pathway for the dimer (red) leads from U to Mp sequentially through
each intermediate as the force is lowered. The unfolding pathway leads from
Mp (type 1) or 153 (type 2) sequentially through each intermediate to U, skip-
ping Ip3 in type 1 unfolding because of its low unfolding force. (B) PrP dimer
misfolding energy landscape at zero force, reconstructed from FECs. Energy
and contour length changes are plotted with respect to Mp, (error bars: SEM).

Discussion

A central result of this analysis is that the diffusion coefficients
found for misfolding transitions are significantly lower than the
values found previously for unfolded proteins and peptides, by
four to five orders of magnitude (5-10). More importantly, dif-
fusion during misfolding of PrP is also significantly slower than
diffusion during native folding. We previously reconstructed the
landscape for native folding of PrP from SMFS measurements
and used it to derive D by an analysis similar to that described
above (15). For native folding, we found D = 1 x 10° * ** nm?s,
indicating that diffusion during misfolding is about 1,000-fold
slower than in native folding of the same protein.

Changes in D are often interpreted as arising from changes in the
friction experienced by the protein chain, because D = kgT/y, where
y is the friction coefficient; y may consist of friction from the viscous
solvent or “internal” friction within the protein chain (53). Because
both native folding and misfolding of PrP were measured under
identical solvent conditions, the change in D most likely arises from
differences in internal friction. Such friction is often modeled as
additional roughness in the energy landscape: assuming a random
roughness distribution along the 1D landscape profile, D is reduced
by a factor of exp[—(g/kgT)*], where ¢ is the rms roughness (54,
55). The observed 1,000-fold reduction in D for misfolding
compared with native folding would in this picture reflect an
additional 3 kgT of roughness along the misfolding pathway.

Additional roughness like this indicates the presence of localized
traps and barriers, presumably arising from a tendency to form
many nonproductive or locally frustrated interactions while the
protein is misfolding, interactions which, in contrast, are normally
avoided during native folding. This picture agrees well with the
notion that landscapes for native folding are expected to be smooth
and minimally frustrated, owing to evolutionary selection for rapid,
reliable folding into native structures, whereas the landscapes for
proteins that are not subject to such evolutionary pressure are
expected to exhibit more frustration, whether locally (resulting in
higher roughness) or globally (resulting in a “flat” landscape that
does not funnel the protein to a native, minimum-energy state) (56).
Random-sequence polypeptides and artificially designed proteins
have indeed been found both by experiment (57) and simulation
(58) to exhibit a greater prevalence of mutually exclusive competing
interactions frustrating the folding, compared with naturally evolved
natively folded proteins. It has generally been presumed that non-
native structure formation also involves unusually rough landscapes
(21), owing similarly to the lack of selective pressure to reduce
frustration, but until now this picture has not been verified exper-
imentally by quantifying the difference in roughness between mis-
folding and native folding for the same protein.

We note that our analysis is based implicitly on Kramers’ widely
used theory of diffusive barrier crossing, wherein the diffusion

Yu et al.

coefficient is approximated as constant (2, 59). In fact, owing to
the effects of projecting the full multidimensional energy land-
scape onto a one-dimensional reaction coordinate, in theory D is
expected to vary with position (59-61). Although the position
dependence of D is challenging to measure experimentally, cur-
rent evidence suggests that the variation in D is less than an order
of magnitude (6, 62, 63), far too small to account for the large
difference between native and misfolded PrP. To verify that the
constant-D approximation was indeed reasonable, we examined
the average transit time, Ty,, required to cross the barrier during
the misfolding: 7y, is a sensitive probe of D that is, in contrast,
insensitive to the barrier height, and moreover can be measured
directly without assumptions about the form of D (11, 17).

The Ipl<U transition was measured in equilibrium using a
passive force clamp (64) to keep the force near Fi,, and seg-
ments of the trajectory containing the transitions between Ipl
and U were extracted similarly to previous work (27) on transi-
tions during native folding of PrP (Fig. 54). The transition time
was measured directly from the trajectory segments, as the time
required to traverse the middle half of the distance between Ipl
and U (Fig. 5B). Whereas 1, was found from energy landscape
analysis of native folding to be 2 ps, faster than the 50-ps time
resolution of the instrument (13, 15), the Ip1«<U transition time
was much slower, with many transitions occurring on the milli-
second timescale—slow enough that individual transition paths
themselves could be clearly resolved (Fig. 5 B and C). Averaging
over 1,500 transitions, we found t, = 0.5 + 0.1 ms for unfolding
and 0.5 + 0.1 ms for refolding, roughly 300 times longer than for
native folding and thus reflecting an orders-of-magnitude in-
crease in D. For comparison, the value for 7y, can be predicted
from the result for D using Eq. S5, assuming a harmonic barrier
with constant D. The result, 7, = 1 X 10° 93 mg, is fully con-
sistent with the directly measured value, confirming the robust-
ness of the landscape analysis above.

Looking beyond the diffusion coefficient, analysis of the mis-
folding pathway revealed several exceptional features that con-
trast PrP with other proteins studied to date. Surprisingly, PrP
dimers misfolded remarkably easily, invariably following a single
pathway leading to the same state. Such homogeneous misfolding
contrasts sharply with the heterogeneity seen in SMFS studies of

>
w
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Extension
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Extension

Time

Fig. 5. Transition path time measurements. (A) Native folding transitions
measured from constant-force trajectories occur faster than the resolution
limit of the tweezers, 50 ps. (B) The transition path time for misfolding
measured from constant-force trajectories for Ip1 folding is much slower.
The transit time in each transition, t;,, was measured as the time taken to
cross the barrier region defined by the boundaries x; and x, (dotted lines).
(C) Transitions between U and Ip1 were as slow as the millisecond timescale.
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dimers of other aggregation-prone proteins, such as a-synuclein
(39) and AP (65). The high rate of misfolding also differs starkly
from most previous single-molecule studies of tandem-repeat
proteins, where misfolding—if it was observed at all—occurred at
much lower levels, for example, 2-5% of the time for titin 127
domain repeats (66, 67), 4% for tenascin FN III repeats (67), 3-8%
for spectrin repeats (68), and 15-30% for a-synuclein repeats (39).
Another key difference from these other proteins, as well as from
monomeric PrP (27), concerns the stability of the misfolded states:
Whereas in previous studies the misfolded states were only meta-
stable, eventually converting back to the native structure [whether
rapidly (27) or slowly (66, 67)], our results show the misfolded PrP
dimer to be thermodynamically stable (24 + 2 kcal/mol for Mp
versus 11 + 1 kcal/mol per native monomer). These features suggest
that PrP may be particularly predisposed to conversion into specific
misfolded structures through intermolecular interactions. Indeed,
PrP dimer misfolding looks remarkably like the native folding
of a protein that has evolved to have a well-funneled, minimally
frustrated landscape (56), without the heterogeneous pathways
expected for aggregation (21). The primary sign that nonnative
interactions are involved is the strikingly slow diffusion coefficient.

We note that the stability of Mp cannot alone explain the ex-
clusively misfolded behavior, because the small energy difference
between Mp, and PrP¢ (~2 kcal/mol) should lead to an equilib-
rium PrP® population of ~4% in the dimer. Hence, there must
also be some kinetic selection for misfolding. This observation
suggests a mechanism for the misfolding: The intermediate Ip1,
which forms at a higher force than does PrPS, prevents the for-
mation of PrP€ in either domain, thereby promoting misfolding.
Indeed, because Ip1 does not form in monomeric PrP (27), it must
involve interactions between C-terminal residues in one domain of
the dimer and N-terminal residues of the other (Fig. S5), which
then form an interdomain nucleus for the misfolding. From the
15-nm contour length change upon unfolding, we estimate that
Ipl consists of ~50 aa. It thus almost certainly encompasses the
region spanning the link between the two domains (i.e., the C-
terminal residues of the first domain and the N-terminal residues
of the second domain).

Finally, it is interesting to speculate as to the structure of the
misfolded dimer. CD spectra revealed a substantial conversion
from primarily helices in the monomer (Fig. S6, black) to primarily
B-strands in the dimer (Fig. S6, red). Conversion to a soluble,
p-rich form, induced by low pH and/or mildly denaturing condi-
tions, has been studied previously as a potential intermediate step
in PrPS° formation (69, 70). Here, however, low pH is not re-
quired: p-rich structures are seen both at pH 4 and neutral pH. At
the ensemble level, the PrP dimer forms an oligomer that rapidly
precipitates under conditions of pH and ionic strength like those
used during the SMFS measurements, similar to previous reports
(41). It is possible that the individual misfolded dimers undergo
additional restructuring upon oligomerization; nevertheless, the
single-molecule misfolded form is likely rich in p-strands, serving
as the precursor to the bulk oligomers. The low dimer helical
content is consistent with models of PrP aggregates (33) in which
the helical C terminus of PrP€ is converted to p-strands—in
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contrast to those positing the retention of significant C-terminal
helical content—as well as with single-molecule fluorescence re-
sults finding p-rich dimers as the first step in PrP aggregation (30).
Suggestively, PrP dimers were proposed to play a role in the
conversion of PrP¢ to PrP (37) and synthetic dimers have been
shown to be neurotoxic both in culture and in mouse models (41).
Synthetic dimers have also been used effectively as immunogens to
elicit antiprion antibodies to reduce PrP5° formation (71). How-
ever, the relevance of the species observed at the single-molecule
level to disease remains to be established in future work.

Despite the complexity of protein misfolding and aggregation,
these results show that the energy landscape can be resolved in the
single-molecule limit and used to probe crucial properties such as
the diffusion coefficient setting the timescale for microscopic
motions. This work opens the possibility of investigating the fun-
damental biophysical factors driving structural outcomes in mis-
folding and aggregation.

Methods

Sample Preparation. Dimers of Syrian hamster PrP(91-231) were made either by
linking PrP monomers via disulfide bonds between cysteine residues engineered
at the termini or by recombinant expression of a single tandem-repeat gene. See
SI Methods for complete details.

FEC Measurements and Analysis. FECs were measured with dual-trap optical
tweezers as described (15, 27). AL, values were found by fitting the different
branches of the FECs to extensible WLC models (Eq. S1) for the DNA handles and
unfolded protein (27). The shoulder feature at low force was fit using a model of
the average extension and force expected in the case of rapid, equilibrated
transitions assuming two-state behavior (Eq. S2). Unfolding-force histograms
were converted into force-dependent rates and fit using Eq. S3, yielding the
unfolding rate at zero force, ko, the distance to the transition state from the
folded state, Ax*, and the energy barrier height, AG* (51). See S/ Methods for
complete details.

Energy Landscape Parameters. AG between U, Ip1, 152, and Ip3 was found from
the unfolding forces and extension changes during the quasi-equilibrium tran-
sitions: AG = AX(F1/)-F1/2 — AGatretch, Where AGgyerch is the energy for stretching
the unfolded protein to Fy;,, found by integrating the WLC model for the pro-
tein alone. AG between Mp and Ip3 was found from the ratio of the state oc-
cupancies at long delay times: AG = kgTIn(Mp/Ip3). AGiey for complete
unfolding was also found from the Jarzynski equality: AGiota = —kTIn {exp
(~WIksT)) — AGsyetch, Where W is the irreversible work done to unfold the
entire protein found by integrating the FECs, AGgyetch is the reversible stretching
energy of the handles and unfolded protein, and the finite sampling bias was
corrected (72). Barrier heights and positions were found from the kinetic fits
described above. The combination of methods used to reconstruct the energy
landscape is illustrated in Fig. S7.

Diffusion Coefficient. D was found for each barrier by fitting the force-
dependent rates to Eq. S4. See S/ Methods for complete details.
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S| Methods

Sample Preparation. Dimers of Syrian hamster PrP(91-231)—the
protease-resistant fragment of PrPS*—were made either by linking
PrP monomers via disulfide bonds between cysteine residues en-
gineered at the termini (73) or by recombinant expression of a
single tandem-repeat gene. Monomeric PrP(90-231) was ex-
pressed, purified, and refolded as described previously (27). The
DNA for the genetic dimer construct with a N-terminal His tag
was synthesized (DNA 2.0) and inserted into the pJexpress406
plasmid. The 35-kDa protein was expressed in Escherichia coli C41
(DE3) (Lucigen) and purified similar to the monomer. Briefly,
cell pellets were resuspended in lysis buffer (6 M GdnHCI,
50 mM phosphate, 500 mM NaCl, 0.5 mM PMSF, and 20 mM
imidazole, pH 7.4) and sonicated for three 10-s intervals.
p-Mercaptoethanol and Tween 20 were added to a final con-
centration of 10 mM and 0.5%, respectively, before the lysate
was centrifuged, filtered, and purified by FPLC (GE Health-
care) using an Ni-NTA column (Qiagen) equilibrated with the
lysis buffer. The sample was then washed with lysis buffer and
eluted with elution buffer (6 M GdnHCI, 50 mM phosphate
buffer, and 250 mM imidazole, pH 7.4). Before attaching DNA
handles, PrP was reduced with TCEP in a 1:100 molar ratio for
30 min, desalted by spin column (Zeba, Thermo Scientific) to
remove excess TCEP, and activated with 2,2'-dithiodipyridine
(Sigma-Aldrich). Incompletely activated PrP monomers formed
dimers upon reoxidation. Handles were attached to both types of
dimers as described previously (27).

The dimers formed from cysteine-labeled monomers could, in
principle, contain monomers connected in three different orien-
tations: NC-NC, NC-CN, and CN-NC (where N and C represent
the N and C termini). These three topologies should give very
distinct folding/unfolding behavior, as the chain topology strongly
affects folding (74). In practice, all of the dimer molecules dis-
played identical folding behavior, indicating that these molecules
shared the same topology. The topology of the disulfide-linked
dimers was identified by comparison with the folding of a PrP
dimer expressed as a single polypeptide chain (thus ensuring the
NC-NC topology). The FECs from the recombinant dimer were
qualitatively and quantitatively the same as those from the disul-
fide-linked dimers (Fig. S1B), indicating that they all shared the
NC-NC topology.

FEC Measurements and Analysis. FEC measurements were per-
formed using a dual-trap optical tweezers system custom-built to
obtain high resolution and stability (75), under conditions
similar to those previously described (15, 27). Briefly, the traps
were moved in steps of 1-2 nm at a rate of 50-630 nm/s using
electro-optic deflectors. Data were sampled at 20 kHz, filtered
online at the Nyquist frequency, and averaged within each step.
Trap stiffness, calibrated as described previously, was 0.3 and
0.9 pN/nm.

Contour length changes between states were determined by
fitting different parts of each individual FEC with an extensible
WLC model as previously described (27):

11x+F‘21+xF
4\ LK 4 L. K

_faT , [S1]

where L, is the persistence length of the polymer, L. is the contour
length, K is the elastic modulus, and kg is the Boltzmann constant.
Two WLCs in series, one for the DNA and one for the protein,
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were used to fit both the pre- and posttransition portions of the
FEC. After fitting the pretransition portion (and setting the protein
L. to 0), the posttransition portion was fit holding all parameters
constant except for the protein L., to determine the change in L.
upon unfolding the protein. For the DNA handles, L, ~50 nm,
K ~1,500 pN, and L. ~1,000 nm; for the unfolded protein, L, =
0.65 nm and K = 2,000 pN.

We estimated the number of amino acids, 7,,, in the misfolded
dimer using the relation n,, = (AL; +dt)/L3(27). Here L2 is
the contour length per amino acid, 0.36 nm, and dr is the dis-
tance between the termini of the structured part of the protein.
In the case of monomeric PrPS, dt = 3.1 nm is known from the
NMR structure (42), but no such structural information is
available for the misfolded dimer. Assuming slightly larger values
of dr ~4 and 5 nm for type 2 and type 1 unfolding, respectively,
the dimer structures involved ~170 aa for type 2 unfolding and
~240 aa for type 1.

The shoulder feature at low force in the FECs arises from
transitions that are fast compared with the timescale of the data
sampling and filtering (14, 76). To fit this feature, we used a model
of the average extension and force expected in the case of rapid,
equilibrated transitions, assuming two-state behavior (14). The
extension of the full construct was described as the sum of the
extensions from the handle, the amount of unfolded polypeptide
before the transition, and the average extension expected from
the transition itself:

X(F) =y (F) +x0(F)+ S OPL(F)AG(F), 821
i=1

where x;(F) is the extension of the handles (obtained by inverting
Eq. S1 for the DNA), x/(F) is the extension of the unstructured
portion of the protein, n is the number of structures being un-
folded (each assumed to act as a two-state system), Ax;,(F) is the
extension change upon unfolding the structure at force F (related
to AL, via Eq. S1), and the probability that the ith structure is un-
folded at force F is P, (F) ={1+exp[(F} , = F)- Ax;(F) /kgT]} .
Each transition was thus parameterized by the contour length
change (AL.) and equilibrium unfolding force (Fy,). We averaged
each set of curves (type 1 and 2 unfolding FECs, as well as refold-
ing FECs, which simply retraced the type 2 curves) measured on
the same molecule and fit the average to Eq. S2. In all cases, good
fits were obtained with n = 1, indicating the presence of one
additional intermediate.

Two statistical tests were used to ensure that the model in Eq.
S2 with n = 1 was the minimal model required to fit the shoulder
feature, following a procedure outlined previously (14). First, a
lack-of-fit sum of squares test was used to determine whether the
deviation from the simple WLC model was significant. We found
that there was indeed a lack of fit for the simple WLC model. In
contrast, there was no lack of fit detected by this test for the
model with n = 1, indicating no additional intermediates were
needed to fit the data adequately. Second, we applied the Wald—
Wolfowitz runs test to check whether the residuals from the fits
were random. Once again, the simple WLC fit failed the test,
indicating systematically nonrandom residuals, whereas the re-
siduals from the model above with n = 1 did not fail the test. The
model with n = 1 was thus the minimal model required to fit the
low-force shoulder.
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Fitting of Force-Dependent Kinetics. Unfolding-force histograms
were converted into force-dependent rates and fit using the theory
of Dudko et al. (51) to extract the energy landscape parameters:

1 1
AFF \ W7 AGH AGF \ /v
k(F)_kO(l_A—Giy) exp kB_T 1_(1_A—Giy)

5

[S3]

where k is the unfolding rate at zero force, Ax* is the distance to
the transition state from the folded state, AG* is the energy
barrier height from the folded state, and v parameterizes the
shape of the barrier (v = 2/3 for a linear-cubic potential was
assumed). Note that the theory above was derived for a two-state
system, obtaining the rate by integrating over the postulated
linear-cubic form of the landscape under the assumption of a
constant diffusion coefficient (54, 77). In general, this model
cannot be applied to multistate systems, because the unfolding
forces for transitions that occur late in the FEC may covary with
those that occur earlier (78). In the specific case of the PrP
dimer, however, this issue does not arise: The Mp and Ip3 un-
folding transitions (Fig. 3B, black and blue) can be isolated be-
cause they never occur in the same FEC (they represent different
starting points for the FEC measurements), whereas the unfold-
ing force for Ipl (Fig. 3B, red) does not covary with the other
transitions, having a Pearson correlation coefficient of 0.1 + 0.1.
As a result, the different barriers in the sequential unfolding can
be treated individually with the two-state model.

The refolding rates for the U-Ip1 transition at each force were
calculated from the refolding force histograms similarly to the
unfolding data and fit to the equation analogous to Eq. S3 that
describes the force dependence of refolding rates (52).

To obtain the best estimate of D for crossing each barrier in
the misfolding landscape, we reexpressed k(F) in Eq. S3 ex-
plicitly in terms of D, Ax*, and AG¥, assuming a linear-cubic form
of the potential as previously:

1
3 D AGH AGF \ 7!
k(F)_;(Ax:t)z kBT( AGH ,,)
, [S4]
N AG* ) AXEF \ v
Py TIeT U T aGEY

We then fit the force-dependent rates to Eq. $4. The values for Ax*
and AG* were the same as those found using Eq. $3; the results in
Table 1 represent the average of the two fits.

Roughness in the Landscape. In the presence of microscopic rough-
ness in the landscape, the mean first passage time looks similar to
the result for diffusive motion on a smooth landscape but with a
slower diffusion constant, where D is renormalized by the rough-
ness and reduced by a factor of exp[—(e/kgT)*], for rms roughness &
(54, 55). This approach has been applied to analyze kinetics in the
presence of roughness as high as 2-6 kgT" (79-81), suggesting that
the roughness in the landscape of PrP dimers should not prevent
the application of Kramers-type approaches like Eqs. S3 and S4.

Errors in the Kinetic Fit Results. The random errors on the fitting
parameters were estimated by bootstrapping analysis of the fits.
The unfolding force distributions for each transition were ran-
domly resampled from the set of measured values, and the resulting
distributions were transformed to force-dependent rates and fit as
above. Resampling was iterated 100,000 times for each transition to
obtain the distribution of resulting fitting values, and the SD of the
values was taken as the measure of the uncertainty in each pa-
rameter arising from the experimental variability in the measured

Yu et al. www.pnas.org/cgi/content/short/1419197112

rates. The robustness of the fitting values was also investigated by
holding one of the fit parameters constant and refitting the data
while systematically varying that fixed parameter. The lowest fitting
error, as reported by y?, was found in each case when the fixed
parameters had the same values that had been returned from free
fits, suggesting that the global minimum for > had been found in
the original fits.

The primary systematic error in the force-dependent rate
measurements that could affect the fitting results arises from
systematic error in the force calibration of the optical trap. Based
on the values for Fy, found by different groups measuring the
same molecules (82, 83), we estimate that the systematic error in
our force calibration is less than 2-3%, so that the random errors
dominate. We note, moreover, that the comparison between na-
tive folding and misfolding is relatively insensitive against such
systematic errors, given that both sets of measurements were made
using the same instrument and thus systematic effects generate
common-mode errors that affect the results for native folding and
misfolding in similar ways.

Transition Time Measurements. Extension trajectories were mea-
sured in equilibrium at constant force near Fy, for the IploU
transition, using a passive force clamp (64) to prevent feedback
loop artifacts as described previously (15). Data were sampled at
50 kHz and filtered online at the Nyquist frequency. The trap
stiffness was 0.3 pN/nm.

Transitions were identified as the segments of the trajectory in
which the extension changed between values characteristic of states
U and Ipl. The transit time for each individual transition, #,,, was
defined as the time required to transit the middle half of the
distance between the folded and unfolded states (Ax), as a rea-
sonable estimate of the barrier region between the states. The
boundaries for this barrier region were thus defined as x; = x¢ +
1/4Ax, and x, = x, — 1/4Ax (Fig. 5B, dotted lines). To determine
tip, first the trajectory was median-filtered in a 40-us window, com-
parable to the time resolution of the instrument (13, 15). Initial
estimates of #;, were found by fitting each transition to a logistic
function (27)—x(f) = xg, + Ax/{1 + exp[—k(t — ty)]}, where k is the
steepness of the curve—to reduce the effects of Brownian fluctua-
tions in the trajectory, and measuring the time elapsed between the
points where the fit crosses x; and x,. This initial estimate was then
used to determine a time window appropriate for filtering the tra-
jectory in each transition. To ensure that filtering was optimized
within each transition to achieve maximal noise reduction without
altering the time for the transition, the window was chosen to be 1/2
of the initial , estimate, up to a maximum size of 0.5 ms. After
filtering, the final ¢, value was determined as the time required for
the smoothed trajectory to pass between the boundaries x; and x,.

The average transition time, t,, expected for crossing a har-
monic barrier is given by (84, 85)

In(2e"AG* /kgT)

DK‘b/kBT [SS]

Ttp ~

Here k;, is the stiffness of the barrier, y is Euler’s constant, AG* >
2 kgT (85), and the expression becomes exact in the limit of large
barrier height (84). For the Ipl<U transition, the landscape
reconstruction yields AG* = 4 kgT and x, = 2 + 0.5 kgT/nm?
at F'y 5. Using the average value of D for unfolding and refolding
Ipl, D =1 x 10° * ** nm/s’, we estimate 1, = 1 x 107> * %3 5,
consistent within error with the measured value.

We note that determining t,, does not depend on the use of any
model (unlike the kinetic fitting) or complex analysis—it comes
from direct measurements of the time elapsed traveling between
two points, an approach that is conceptually very straightforward.
The orders-of-magnitude increase in Ty, compared with native
folding, and the agreement between the diffusion coefficient
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implied by 7, and the value for D determined from the kinetic
fitting (within error), thus provide model-independent confir-
mation that the results of the kinetic fitting are quantitatively
correct and D is greatly reduced in misfolding compared with
native folding.

Errors in the Transition Time Results. Individual transition times for
both unfolding and refolding had a broad range of values, from
about 20 ps to 2 ms. The random error on the mean transition
time, T, was found by bootstrap analysis to be 0.02 ms. How-
ever, this value underestimates the error in 7y: A larger source
of error is the choice of boundaries x; and x,, because changing
the distance between these boundaries will change the time re-
quired to cross between them. Given that it is unlikely that the
barrier region is very much smaller or larger than 1/2 of the
distance between the two states, we estimated that the un-

certainty in the boundary positions introduced an error of +20%),
or +0.1 ms.

CD Spectra. CD spectra were collected using a Jasco J-810 spec-
tropolarimeter. Samples were measured at concentrations from 0.1
to 55 pM over path lengths of 0.1, 1, and 2 mm. Monomeric PrP
was measured in 10 mM sodium phosphate pH 7.0 and 10 mM
sodium acetate pH 4.0. Dimeric PrP aggregated rapidly in 10 mM
sodium phosphate pH 7.0, and hence this buffer could not be used
for CD spectra. Dimeric PrP was measured in 10 mM sodium
acetate pH 4.0, and then at neutral pH by titrating the sample
from pH 4.0 to pH 7 using sodium hydroxide and immediately
recording spectra. Background spectra of the buffers only were
subtracted and the sample spectra converted to units of mean
residue ellipticity.
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Fig. S1.

PrP dimer design. (A) PrP dimers were made in two ways: either expressed as a single protein with the two domains connected by a GSG linker (Top),

or by covalent linkage of terminal Cys residues by a disulfide bond (Bottom). In each case, DNA handles (blue) were attached to terminal Cys residues. (B) Both

types of dimers displayed the same behavior.
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Fig. S2. Repeated unfolding FECs. Two types of unfolding FECs were observed: (A) type 1 and (B) type 2. Multiple curves are shown in each case, measured on

the same molecule.
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Fig. $3. Fitting the unfolding transition of I51. Unfolding FECs (gray), here type 2, were averaged (black) and fit over the range 10-20 pN to a model assuming
a single unfolding transition, corresponding to Ip1 unfolding into U (red).
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Fig. S4. Analysis of refolding FECs. (A) Typical refolding FECs (red) had behavior identical to that of type 2 unfolding FECs (black). (B) A refolding curve (red)
shows complete refolding from U to Mp_All intermediate states (cyan: Ip1, green: Ip2, blue: 153) are on the pathway to My, (gray). A type 1 unfolding curve is
shown for comparison (black). (C) The U to Ip1 refolding rates at each force were calculated and fit similarly as for the unfolding data (52), yielding the
following parameters: log(ko) = 2.9 + 0.6 s, Ax* = 0.8 + 0.6 nm, and AG* = 0.6 + 0.6 kcal/mol.
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Fig. 5. Model of intermediate state Ip1. The secondary structure of PrP€ is mapped onto the dimer as it would occur if each domain folded natively. The
intermediate Ip1 guides the dimer down the misfolding pathway by helping prevent native structure formation. Because I51 does not form in monomeric PrP,
it likely spans the region between the two natively structured domains (dashed box).
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Fig. S6. CD spectrum of PrP dimers. CD spectrum of recombinant dimers (red) shows an increased p-sheet content (11% helices and 35% sheets) compared
with the spectrum of monomeric PrP€ (black, 43% helices and 13% sheets).

Force-dependent refolding kinetics: |1
« Plot refolding force histograms
« convert into rates (Ref 51)

 fit k. ,(F) (Fig. S4C)

ol

— D, k,, Axt, AG*for 1,1

Force-dependent unfolding kinetics:
M, 1,3, 1,1

« Plot unfolding force histograms

« convert into rates (Ref. 51)

* fit K, ,o(F) using Eqn. S3 (Fig. 3B, S4C)
— Ky, Ax', AG*Hfor M, 1,1 & 1,3

« alternatively, fit k. (F) using Eqn. S4
— D, Axt, AG*for M, 1,1 & 1,3

Total free energy change:

M, -U

« integrate FECs to find
irreversible work, W

« calculate free energy to
stretch protein, AGS‘relch

AG, =~k TIn {exp(-WIk, T))-AG

total siretch

Equilibrium free-energy changes:

1,3, 1,2, 1,1, U

* convert AL_into Ax using Eqn. S1

« calculate protein stretching energy, AG,

AG = Ax(F,,)°F - AG

Free energy

stretch

stretch

Contour length change

Equilibrium free-energy change: M - 1,3
« use ratio of M/1,;3 (Fig 3A):
AG = k;Tin(M,

Equilibrium model fitting of Type Il FECs
using Eqn. S2 (Fig. 2BC, Fig. S3)
1,1,28&1,3
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WLC fitting of Type | & Type Il FECs
using Eqn. S1 (Fig. 2A)

— AL, K, oq(F) for Mg, 1,1 & 1.3

Fig. S7. Method for reconstructing the misfolding energy landscape. The analysis methods used to determine different features of the landscape are illus-
trated. Some information (e.g., length changes between states and total free energy change) was obtained independently from different methods.
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