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Abstract

The prion protein forms β-rich soluble oligomers in vitro at pH 4 in the presence of physiological
concentrations of salt. In the absence of salt, oligomerization and misfolding do not take place in an
experimentally tractable timescale. While it is well established that a lowering of pH facilitates misfolding and
oligomerization of this protein, the role of salt remains poorly understood. Here, solution-state NMR was used
to probe perturbations in the monomeric mouse prion protein structure immediately upon salt addition, prior to
the commencement of the oligomerization reaction. The weak binding of salt at multiple sites dispersed all
over the monomeric protein causes a weak and non-specific perturbation of structure throughout the protein.
The only significant perturbation occurs in the loop between helix 2 and 3 in and around the partially buried
K193–E195 salt bridge. The disruption of this key electrostatic interaction is the earliest detectable change in
the monomer before any major conformational change occurs and appears to constitute the trigger for the
commencement of misfolding and oligomerization. Subsequently, the kinetics of monomer loss, due to
oligomerization, was monitored at the individual residue level. The oligomerization reaction was found to be
rate-limited by association and not conformational change, with an average reaction order of 2.6 across
residues. Not surprisingly, salt accelerated the oligomerization kinetics, in a non-specific manner, by
electrostatic screening of the highly charged monomers at acidic pH. Together, these results allowed a
demarcation of the specific and non-specific effects of salt on prion protein misfolding and oligomerization.

© 2017 Elsevier Ltd. All rights reserved.
Introduction

The ultimate proof of the protein-only hypothesis
[1,2] of prion propagation lies in the in vitro
generation of infectious prion particles [3]. To this
end, several laboratories have developed protocols
for synthetic prion preparations [4], failing, however,
to replicate infectivity titers typically reported for
diseased individuals despite maintaining significant
toxicity [5–7]. Despite this shortcoming, two key
results have emerged from these efforts:
(i) oligomers can be as toxic as amyloid fibrils [8,9]
and (ii) the clinical symptoms of disease need not be
correlated with amyloid deposition [10,11]. Indeed,
oligomers composed of 14–28monomers have been
found to constitute the most infectious prion particles
[12].
Not surprisingly then, recent focus has shifted to

establishing the molecular mechanism of oligomer
er Ltd. All rights reserved.
formation [13–16], with much emphasis on the
identification of aggregation-prone monomeric inter-
mediates [17–23], which lead directly to the forma-
tion of these oligomers. In vitro, solution conditions
have been found to dictate the aggregated form of
the prion protein: β-rich soluble oligomers are formed
at acidic pH, whereas amyloid fibrils are formed at
neutral pH [24].
The misfolding and oligomerization of WT mouse

prion protein (moPrP) occur readily at acidic pH, with
the transition midpoint at pH 4.7 [25]. Either H186
(mouse numbering has been used throughout the
manuscript) or D201 has to be protonated for
oligomerization to occur [26]. At neutral pH, oligo-
merization cannot be observed because only a very
small fraction of moPrP molecules have either H186
or D201 protonated. The soluble oligomers that form
at pH 4 and in 150 mM NaCl have been shown to be
β-sheet-rich, with a hydrodynamic radius of ~16 nm
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[25]. The major conformational changes that take
place during oligomerization are confined to the
C-terminal domain (CTD) [27]. However, the middle
hydrophobic region in the N-terminal region (NTR)
plays an important role in the association of
monomers [28]. It should also be mentioned that
in vivo, the prion protein encounters acidic pH during
its trafficking through the endocytic pathway, where it
may undergo conversion into its pathogenic coun-
terpart [29–31].
Remarkably, susceptibility to prion disease is

dictated by the propensity to form β-sheet-rich
oligomers [32], among other factors, and in vitro,
generated oligomers have been shown to disrupt
membranes pointing toward a potential mechanism
for their toxicity [33,25]. Importantly, regardless of
the solution conditions, oligomer preparations are
always β-sheet-rich and, in some cases, cytotoxic
[34,35], establishing them as excellent mimics of the
misfolded and aggregated variant of the prion
protein. More importantly, structural studies on the
oligomers of the prion protein generated in vitro have
established that their core is mostly confined to the
CTD of the protein [36,33,15,28], similar but not
identical to what has been observed for brain-
derived prion aggregates [37].
To identify key interactions, the disruption of which

may trigger misfolding, the effect of environmental
conditions [38,24,39–42] and pathogenic mutations
[43–51,27] on monomer structure have been investi-
gated in much detail by both simulations and
experiments. In particular, pathogenic mutations
D177N, H186R, E195K, D201N, and R207H (mouse
numbering) are believed to disrupt key salt bridges
and destabilize the monomeric protein and accelerate
misfolding and oligomerization. Interestingly, these
pathogenic mutations were found to result in in-
creased structural dynamics in alpha helix 1 (α1), the
loop between α1 and beta-strand 2 (β2), and the loop
between alpha helix 2 (α2) and 3 (α3) [26] in the
monomer. These and other results together suggest
that the initiating event in prion protein oligomerization
is the separation of subdomains of the globular CTDof
the protein [40,36,52,53,15,54]. Notably, the presence
of salt is essential formisfolding andoligomerization to
proceed in an experimentally tractable timescale,
even under misfolding-promoting acidic conditions
[23]. The role of salt is, however, not well understood.
In this study, real-time solution NMR spectroscopy

was used to probe perturbations in the monomeric
protein, which occur immediately upon the addition
of NaCl at acidic pH prior to oligomerization. Subtle
structural perturbations are unlikely to be observed
when probing the oligomerization kinetics with
circular dichroism (CD) and hydrogen-exchange
(HX), as these probes rely on large changes in
conformation or protection to solvent, respectively.
Moreover, these kinetic experiments carried out in
the presence of salt directly probe residue-specific
perturbations in the monomeric protein that might
trigger misfolding and oligomerization. Many of
these perturbations are likely to escape detection
in equilibrium experiments carried out in the absence
of salt. Subsequently, oligomerization-induced sig-
nal loss from residues in the monomeric protein was
monitored by NMR in a real-time manner.
The results suggest that salt plays a dual role in

facilitating both misfolding and oligomerization.
While the disruption of a key salt‐bridge between
residues K193 and E195 appears to be the earliest
detectable perturbation in the monomeric protein
that triggers misfolding and oligomerization, a
non-specific charge-screening effect facilitates
protein–protein association leading to oligomer for-
mation. The core of the oligomers ismostly confined to
the CTD, whereas the unstructured NTR and a small
subset of CTD residues remain dynamic in the
oligomer. Oligomerization takes place in multiple
steps by the addition of monomers and is
rate-limited by association. New resonances from
dynamic regions of the growing oligomeric species
serve as additional probes of oligomerization kinetics.
Results

The prion protein forms misfolded oligomers
in vitro under acidic conditions (pH 4) upon the
addition of physiological concentrations (150 mM) of
NaCl [55,56,41,25]. The oligomerization reaction is
accompanied by drastic conformational changes
from an α-helical monomeric conformation to a
β-sheet rich multimeric form (Fig. S1).

CSPs in the monomeric prion protein induced by
the apparent binding of NaCl

The backbone 15N, 13C, 1H chemical shifts and the
13Cβ chemical shiftswere assigned formoPrPat pH 4
by standard triple resonance experiments (details in
Materials and Methods). To study the interactions
between moPrP and NaCl, 15N, 1H-edited hetero-
nuclear single quantum coherence (HSQC) spectra
were acquired at different NaCl concentrations
ranging from 0 to 200 mM.
The addition of NaCl to the monomeric full-length

moPrP at pH 4 to initiate misfolding and oligomer-
ization did not perturb the overall fold of the
monomeric protein, as determined by CD measure-
ments (Fig. S2). Chemical shift changes were,
however, observed in the NMR spectrum. With an
increase in concentration of NaCl, a small subset of
amide peaks were observed to gradually shift, as
can be seen for representative residues H60, E195,
Q211, and T191 in Fig. 1A. As demonstrated in
Fig. 1B, residues H60, T191, E195, Q211, and K219
displayed significant perturbations upon the addition
of NaCl, while residues G65, G123, and W31 were



Fig. 1. Binding of NaCl to moPrP. (A) NaCl titration of 15N-labeled moPrP in 10 mM sodium acetate (pH 4.0), as
monitored by 2D 15N–1H HSQC spectra. The concentrations of NaCl used were 0 (red), 25 (orange), 50 (yellow), 75
(yellow-green), 100 (green), 125 (dark-cyan), 150 (blue), and 200 (purple) mM. The protein concentration was kept fixed at
100 μM. A separate sample was used for each NaCl concentration. Representative residues H60, E195, Q211, and T191
showing highest CSPs upon binding to NaCl can be seen to move with increasing NaCl concentration. Arrows indicate the
direction of peak movement. (B) Combined amide CSPs for eight representative residues upon titration of NaCl. Residues
G65, G123, and W31 show negligible CSPs upon NaCl titration, whereas residues K219, T191, H60, Q211, and E195
show large CSPs. Lines have been drawn by inspection only.
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unperturbed. The dependence of the observed
chemical shift perturbations (CSPs) on NaCl con-
centration is reminiscent of a binding curve that
describes the weak binding of NaCl to monomeric
moPrP.
These salt-induced CSPs were accompanied by

a ~50% loss in signal [Fig. S3 and Eq. (1)] but
negligible changes in linewidth (see later). Importantly,
theseCSPs remained unaltered throughout the course
of the oligomerization reaction (see later). The
combined amide CSPs [Eq. (2)] ranged from
0.002 ppm to 0.12 ppm across all assigned residues
at 150 mMNaCl concentration (Fig. 2B). The residues
with the highest CSPs (i.e., greater than mean +
3 s.d.) in the CTDwere K193, E195, andQ211.When
mapped onto the structure ofmoPrP (Fig. 2C), amajor
localized perturbation was observed only in the loop
between α2 and α3, including a salt bridge between
residues K193 and E195 and residues T191 and
G194 in its vicinity. This indicated that the perturbation
of this salt bridge could be a key event in triggering the
misfolding and oligomerization of the prion protein.

Oligomerization of E195K moPrP at pH 5.5

The misfolding and oligomerization of WT moPrP
require that H186, whose pKa is 4.7, be protonated.
Hence, very little oligomerization of WT moPrP can
be detected at pH 5.5 in the presence of salt. To
further probe the effect of the disruption of the K193–
E195 salt bridge on the misfolding and oligomeriza-
tion of moPrP, the pathogenic mutant variant E195K
moPrP was oligomerized at pH 4 and 5.5 in the
presence of 150 mM NaCl. While both E195K and
WT moPrP had completely oligomerized into a
β-sheet-rich oligomer in 24 h at pH 4, only E195K
moPrP showed substantial misfolding at pH 5.5 in
the presence of 150 mM NaCl (Fig. 3). WT moPrP
remained α-helical after 24 h at pH 5.5 (Fig. 3) and
showed negligible signal change in intensity in NMR
experiments (Fig. S4). The E195K moPrP protein
precipitated at pH 6 and above.

Oligomerization of WT moPrP at pH 4 in the
presence of different salts

To test if the oligomerization of WT moPrP at pH 4
was anion-dependent, different concentrations of
Na2SO4 and NaBr were also used to induce oligo-
merization. At 24 h, the extent of oligomerization
induced by 20 mM Na2SO4 was the same as that
induced by 150 mMNaCl, while 150 mMNaBr did not
induce any oligomerization. Interestingly, MgCl2 was
also able to induce oligomerization of the protein at
chloride concentrations comparable to NaCl (Fig. 4).
The Debye–Hückel screening distances for 20 mM
Na2SO4 (ionic strength = 0.06 M) and 150 mM NaCl
(ionic strength = 0.15 M) are 12.6 and 7.9 Å, respec-
tively. The distance separating the K193 and E195
side chains is 3.4 Å; hence, in 20 mM Na2SO4 or in
150 mM NaCl, damping of the electrostatic interac-
tions in the K193–E195 salt bridge by Debye–Hückel
screening would occur only to the extent of about
30%. Thus, the perturbation of the K193–E195 salt
bridge observed in the presence of 150 mM NaCl
(Figs. 1 and 2) could not have been affected only by



Fig. 2. Chemical shift perturbations in the 2D 15N–1H HSQC spectrum of 100 μM moPrP upon the initiation of
aggregation with 150 mM NaCl at pH 4 and 37 °C. (A) Small section of the 15N–1H HSQC spectrum for 100 μMmoPrP in
native buffer, 10 mM sodium acetate, (pH 4.0; black), and in aggregation buffer, 10 mM sodium acetate, 150 mM NaCl
(pH 4.0; red) after 1 h into the oligomerization reaction at 37 °C. The acquisition time for each spectrum was ~1 h.
Cross-peaks corresponding to residues N158/H76, T106, and T191 can be seen to shift significantly upon the addition of
salt (marked by arrows). The line widths remain unchanged (data not shown). (B) Combined amide CSPs [Eq. (2)] for all
assigned residues of moPrP upon the initiation of oligomerization with 150 mM NaCl. The mean, mean + 2 s.d., and
mean + 3 s.d. are shown by solid black, dashed blue, and dashed red lines, respectively. Residues displaying highest
CSPs (N mean + 2 and 3 s.d.) have been colored blue and red. Unassigned residues have been left blank. (C) Residues
showing the highest CSPs (Nmean + 2 or 3 s.d) from Fig. 1B (indicated by blue and red sticks, respectively) mapped onto
the structure of the CTD of moPrP (PDB entry 1AG2) [57]. The disulfide bond is shown with orange sticks. The N and C
termini and the secondary structure elements have been indicated.
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mobile ions but would have also involved specific
binding of the anion to the protein in the vicinity of the
salt bridge.

Monomer-loss kinetics monitored by
real-time NMR

For the determination of residue-specific oligomer-
ization rate constants (kapp), a series of two dimen-
sional 15N–1H HSQC spectra were recorded after
oligomerization was directly initiated in the NMR tube
at 37 °C by the addition of an appropriate volume of
concentrated aggregation buffer such that the final
buffer composition was 10 mM sodium acetate,
150 mM NaCl, and 10% D2O (pH 4.0). The amide
chemical shift assignments were retrieved from the
NaCl titration experiments described in the previous
section. By the end of the oligomerization reaction,
resonances corresponding to the NTR residues,
which had previously been shown to be dynamic in
the oligomers by HX coupled to mass spectrometry
(HX-MS) [27,28] and a small subset of CTD residues,



Fig. 3. Oligomerization of WT and E195K moPrP at
pH 4 and 5.5. CD spectra of WT moPrP (solid blue line)
and E195KmoPrP (solid red line) at pH 4 in the absence of
added salt; WT moPrP (dotted blue line) and E195K
moPrP (dotted red line) after 24 h in oligomerization
conditions (at pH 4 and 150 mM NaCl); WT moPrP
(dashed blue line) and E195K moPrP (dashed red line)
after 24 h in oligomerization conditions (at pH 5.5 and
150 mM NaCl). At pH 4, in the absence of salt, both
proteins are monomeric and α-helical. At pH 4 and in
150 mMNaCl, both proteins form β-sheet-rich oligomers in
24 h. However, at pH 5.5 and in 150 mMNaCl, WTmoPrP
remains α-helical, whereas E195K moPrP has oligomer-
ized completely in 24 h.
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remained visible, while resonances from the rest of the
CTD disappeared completely into the baseline
(Fig. 5). This provided an excellent opportunity to
probe residue-specific monomer-loss kinetics without
any interference from signals from at least the core of
the oligomers, which are expected to be broadened
beyond detection at all times.
Addition of 150 mM NaCl attenuates NMR signal
intensity by ~50%

Upon the addition of NaCl to initiate aggregation in
the NMR tube, a uniform signal loss of ~50%
amplitude was observed for all residues in the first
spectrum, (Fig. S3), with negligible changes in line
width (data not shown). Since highly conducting
solutions like buffers containing high concentrations
of salt are known to reduce the sensitivity of
cryoprobes at high magnetic fields [58–60], it was
important to establish if the apparent burst phase
loss in signal was merely an effect of salt on the
sensitivity of the experiment or a result of ~50%
molecules undergoing instantaneous aggregation,
leading to signal loss.
For this purpose, the following control experiments

were carried out: (1) the apparent burst phase loss in
signal was quantified at 50, 100, and 200 μM protein
concentrations. For all isolated resonances, this
apparent burst phase had negligible monomer con-
centration dependence (Fig. S3), confirming that the
~50%attenuation in signal during this time periodwas
due to the reduced sensitivity of the cryoprobe in the
presence of 150 mMNaCl. (2) Monomer-loss kinetics
was also measured at pH 5.5 in the presence of
150 mM NaCl, where oligomerization has been
shown to be extremely slow [23]. If the signal loss at
the first kinetic time point was a result of loss in
sensitivity due to salt, it could be expected to be
observed at all pH values, as long as the salt
concentration was kept fixed. Indeed, a comparable
attenuation in signal was observed at pH 5.5,
following which the signal remained constant, indicat-
ing that virtually no monomer loss took place in 24 h
(Fig. S4). In addition, CSPs were also found to be
Fig. 4. Oligomerization of WT moPrP at pH 4 in
different salts. Far-UV CD signal at 228 nm after
24 h of oligomerization in 5, 10, 15, and 20 mM of
Na2SO4 (black); 5, 12.5, 25, and 50 mM of MgCl2
(red); 10, 37.5, 75, and 150 mM of NaCl (blue); and
150 mM NaBr (green). In the case of MgCl2, the
chloride concentrations were therefore 10, 25, 50,
and 100 mM. Solid lines through the data were
drawn to guide the eye.



Fig. 5. Monomer-loss kinetics monitored by real-time NMR. (A) Small sections of 15N–1H HSQC spectra for 100 μM
moPrP before and after 1, 6, 12, 18, and 24 h of oligomerization, initiated directly in the NMR tube at 37 °C. Most CTD
residues have disappeared completely at 24 h, indicating that all monomer has converted into oligomer. The oligomer is
invisible to solution NMR due to its large size and enhanced transverse relaxation rates resulting in broad lines. However,
NTR residues remain visible after oligomerization is complete, indicating that the NTR is dynamic even in the oligomer.
(B and C) Representative 1D 15N slices taken at the cross-sections indicated by dashed lines in Fig. 3A for residues A223
and Y156. Arrows indicate the direction of peak movement immediately upon the addition of salt, and the dashed line
indicates the shifted peak position. After 24 h of oligomerization, both peaks are almost indistinguishable from noise. The
new peak position remains unchanged for the rest of the oligomerization reaction.
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independent of monomer concentration (data not
shown), indicating negligible aggregation during the
acquisition of the first spectrum.
Determination of residue-specific oligomerization
rate constants

A series of two-dimensional 15N–1H HSQC spectra
were acquired at regular time intervals, while the
oligomerization reaction progressed in the NMR tube
(see Materials and Methods). Most CTD residues
disappeared into the baseline by the end of the
oligomerization reaction (Figs. 5 and 6A). Changes in
chemical shifts observed immediately upon the
addition of NaCl remained unchanged for the rest of
the oligomerization reaction (Fig. 5B and C). For the
peaks that remained above the baseline throughout
the oligomerization reaction, the decrease in intensity
was accompanied by an increase in line width, with
comparable rates (Fig. 6B).
Theexperimentwas carried out over a 10-fold range
of initial protein concentrations: 25, 50, 100, 200, and
300 μM. At all protein concentrations and for all
assigned residues, the normalized intensity versus
time data was described well by a single exponential
equation. Residue-specific apparent rate constants of
oligomerization were obtained as described in the
Materials andMethods section [Eq. (3), Fig. 7A, andSI
Table 1].

Monomer-loss kinetics is
concentration dependent

The residue-specific apparent rate constants,
kapp (h−1), obtained from single exponential fits of
the data were dependent on protein concentration
(Fig. 7), suggesting that monomer loss did not follow
true first order kinetics [61]. It was found that therewas
little variation in the apparent rate constants across
the protein, for both the 200 and 100 μM data sets.



Fig. 6. Change in intensity and line width of represen-
tative resonances as a function of time. (A) Monomer-loss
kinetics for representativeCTD residueV121. The residue
completely disappears by the end of the reaction.
Monomer-loss kinetics is not accompanied by a change
in line width. Most CTD residues follow this type of
behavior. (B) Monomer-loss kinetics for representative
residue G29. G29 remains visible throughout the oligo-
merization reaction. Only ~30% loss in intensity takes
place by the end of the reaction. The reaction is
accompanied by an increase in line width. (C) Represen-
tative peak from oligomeric species growing with time at a
rate comparable to that of monomer disappearance. The
increase in intensity is accompanied by an increase in line
width. In panels (A and B), the peak intensities have been
normalized to a value of 1 for the peak intensity in the first
recorded spectra of aggregating protein.
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However, for the 50 μM data set, the apparent rate
constants were slightly higher for the NTR residues
than for the CTD residues. The reason behind this
difference is not understood at the present time.

Reaction order with respect to
monomer concentration

The determination of reaction order with respect to
monomer concentration (from monomer-loss kinetics)
allowed the delineation of the rate-limiting step in
aggregation reactions. For this purpose, reaction
orders from initial rates [Eqs. (4) and (5)] were
determined for each non-overlapping assigned residue
[62–64].
Figure 8A represents the determination of normal-

ized initial rate (ν0/C0) for four representative
residues N32, T94, V121, and A223. It is evident
from the normalized data that the signal change for
the NTR residues is considerably smaller than for the
CTD residues. As a result, the initial rates (ν0), which
are derived from the slope of the initial 10–25% of
data, are systematically lower for the NTR residues
as compared to the CTD residues (Fig. 8A). This
apparent difference is eliminated if the initial rates
are derived from a fractional plot, where the signal



Fig. 7. Concentration dependence of monomer-loss rates monitored by real-time NMR. (A) Normalized peak intensity
as a function of time for 300 (pink), 200 (red), 100 (orange), 50 (green), and 25 (light blue) μMmoPrP for four representative
residues V121, A223, N32, and T94. Each decay curve was fit to a single exponential equation to obtain an apparent rate
constant, kapp (h

−1), for every assigned residue. The fit through the data is shown by the black line. (B) Residue-specific
rate constants kapp (h−1) for 50 (light blue bars), 100 (blue bars), and 200 (gray bars) μM protein concentrations for all
assigned residues (SI Table 1). Overlapping and unassigned peaks have been excluded from the analysis. The error bars
are obtained from two independent experiments. Error bars indicate ±1 s.e. Data for the other concentrations have not
been shown for the sake of clarity.
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changes for both NTR and CTD residues are
comparable, and scale between 0 and 1. This is
seen clearly in Fig. S5. In addition, the initial rates,
from Fig. S5, and rate constants reported in Fig. 7
and Table S1 are also similar. From the slope of log
Table 1. Comparison of average monomer loss and
oligomer growth rates

Probe Rate (h−1)

50 μM 100 μM 200 μM

Monomer loss (NMR) 0.03 ± 0.01 0.08 ± 0.03 0.28 ± 0.03
Oligomer growth (NMR) 0.02 ± 0.01 0.08 ± 0.02 0.20 ± 0.04
(ν0/C0) versus log (C0), the order was determined for
all assigned residues, as depicted in Fig. 8B and C.
The mean reaction order was found to be 2.6 ± 0.2.

Appearance of new peaks from growing
oligomer species

Four new resonances appeared during the course of
the oligomerization reaction (Fig. S6 and Fig. S7). The
rate at which the intensities of these resonances
increased was comparable to the rate at which the
intensities of monomer resonances decreased (Fig. 6
and Table 1). The increase in intensity of these
resonances was coincident with an increase in line



Fig. 8. Initial rate and order determination. (A) The initial rate was calculated from the slope obtained from the linear
regression of the first 10–25% of normalized data for every concentration. (B) The logarithm of initial rate obtained in this
manner was plotted against the logarithm of initial monomer concentration. From the slope of the linear regression of this
log–log plot, (n−1) was determined, where n is the order of the reaction. (C) Reaction order, n with respect to monomer
plotted for every assigned residue. The mean order was determined to be 2.6 ± 0.2.
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width (Fig. 6C), indicating that the species, to which
these resonances belonged, was growing in size as
time progressed. The rate at which the intensity of
these resonances increased was also dependent on
the monomer concentration, indicating that they were
indeed reporting on an oligomerization reaction
(Fig. S7C) concomitantwith themonomer-loss kinetics.

Salt dependence of the initial rates
of oligomerization

In order to evaluate the effect of salt on the
association of monomers during oligomerization,
initial rates of monomer loss were measured for a
fixed protein concentration of 100 μM and a range of
sodium chloride concentrations. For all assigned and
non-overlapping residues, the initial rates of oligo-
merization were found to be directly proportional to
the salt concentration (Fig. 9 and Fig. S8). The
Debye–Hückel [65] charge screening effect was
further established from the observation that the
dependence of log (rates) on

ffiffi
I

p
was linear. This

indicated that salt affects oligomerization in a
non-specific manner by screening the significant
positive charge on the monomers at pH 4, thereby
aiding in the association reaction. In the absence of
salt, oligomerization is predicted to be very slow but
not entirely abolished.

Discussion

Salt causesamajor perturbation inandaround the
K193–E195 salt bridge and minor perturbations
throughout the monomeric protein

The prion protein is prone to misfolding under acidic
conditions. Previous studies aimed at understanding



Fig. 9. Dependence of the initial rates of monomer-loss kinetics on salt concentration. Residue-specific initial rates of
monomer loss for 100 μMmoPrP for 37.5 (cyan bars), 75 (blue bars), and 150 (gray bars) mM NaCl concentrations for all
assigned residues. A significant effect of salt concentration on oligomerization is evident from the initial rates of monomer
loss. Overlapping and unassigned peaks have been excluded from analysis.
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the effect of acidic pH and charge-reversing muta-
tions, some of which are associated with disease,
have established that the protonation of critical
residues is responsible for the destabilization of the
monomeric prion protein leading to its misfolding and
oligomerization [66–69,48,49,70,71,26]. Specifically,
at pH 4, protonation of residues H186 and D201 was
identified to be critical in the misfolding process due to
the disruption of electrostatic interactions between
residues R155, H186, E195, and D201, resulting in
the separation of the α1-β1-β2 and α2-α3 subdomains
in monomeric moPrP [49,72,26]. This is corroborated
by the extremely slow oligomerization rates of moPrP
at pH 5.5 (Fig. 3 and Fig. S4) as compared to pH 4 in
the presence of 150 mM NaCl [23]. Consequently, in
the pathogenic mutant variants H186R and E195K,
significant destabilization of the monomeric protein
and accelerated misfolding and oligomerization
were observed, probably due to the disruption of the
same electrostatic network [49,72,26]. In supporting
these observations, both kinetic and equilibrium
experiments have reported intermediates with α1
unfolded and detached from the α2-α3 subdomain
[73,74,23,27].
While the protonation of critical residues by a

lowering of pH is necessary for the misfolding and
oligomerization of moPrP, the presence of salt
appears to be absolutely essential. In the absence
of salt, moPrP does not misfold and oligomerize in an
experimentally tractable timescale at pH 4. Binding
and screening electrostatic interactions in proteins by
salt are operative in the low salt concentration regime,
while hydrophobic interactions are perturbed, or water
structure around the protein molecules is altered only
by high concentrations of salt. Thus, at pH 4 and in
150 mMNaCl, specific anion binding and salt-induced
screening of electrostatic interactions in the mono-
meric protein (see below) appear to be critical in
triggering misfolding and oligomerization.
In this study, the NaCl titrations of the CSPs were

suggestive of ion binding to the protein (Fig. 1).
However, the modest magnitudes of CSPs along with
the millimolar range of NaCl concentrations required
for their manifestation suggest that the binding is very
weak, and that the salt-bound form (M*) is almost
native-like. This was confirmed by CD spectra where
no drastic conformational changes were observed
immediately after the addition of salt (Fig. S2).
At pH 4 in the absence of salt, the protein is

predominantly native and populates the unfolded
state to b0.05% [23]. Even under oligomerization
conditions, that is, in the presence of salt, the
population of the unfolded state is too low to be
detectable, as has been shown by kinetic HX-MS
experiments [27]. Moreover, for both NTR mutant
variants G113V and A116V, which are as stable as
WT moPrP, the apparent rate constants of oligomer-
ization are significantly faster than that of the WT
protein. If oligomerization proceeded through the
unfolded state, which is populated to the same extent
for G113V, A116V, and WT moPrP, then all the
proteins would have oligomerized with the same
rate constants [27]. It is therefore unlikely that the
oligomerization occurs through the denatured state.
The magnitudes of CSPs reported in this study are

comparable to those reported for the binding of salt
ions to the proteins Ltn and ephrin B2 [75], further
reinforcing that the binding of NaCl to moPrP is weak
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but specific. Since no new peaks appeared imme-
diately upon the binding of salt, and line widths
remain unchanged, the binding was in fast ex-
change. In addition, since the residues with the
highest CSPs were distributed all over the protein,
there appeared to be multiple dispersed binding
sites.
When mapped onto the structure of moPrP, four of

the eightmost perturbed residues (T191, K193,G194,
and E195) were found to lie in the loop between α2
and α3 in the monomeric protein. The rest of the
perturbed residues (H60, V111, Q211, and K219)
were dispersed all over the protein (Fig. 2B). The
α2-α3 loop has previously been shown to be highly
dynamic [76,77] andweakly protected in themonomer
by NMR and HX-MS, respectively [27,28]. It seems
that it is the disruption of the partially buried salt bridge
between residues K193 andE195 that results in these
localized perturbations (Fig. 2C). However, these
perturbations did not affect the overall fold of the
protein (Fig. S2), and the major conformational
changes leading to the formation of the β-sheet-rich
oligomers seem to occur later in the aggregation
pathway.
In order to maintain favorable electrostatic inter-

actions with residues R155 (positioned in the loop
between α1 and β2) and K193 at pH 4, residue E195
is likely to have a depressed pKa, so that it is ionized
at pH 4. Indeed, E195 has been reported to have a
pKa of 2.09 [73]. pKa values of ionizable side chains
are typically measured in NMR by monitoring the
chemical shifts of the side-chain atoms while titrating
the pH. For proteins, lengthy multidimensional
experiments have to be carried out at high protein
concentrations (~0.5 mM) to obtain pKa values of
individual side chains [78,79]. In the case of moPrP,
the protein at such high concentrations oligomerizes
rapidly upon the addition of salt, and the monomer
signal drops, reducing the signal-to-noise (S/N) in
these lengthy experiments. Hence, due to technical
difficulties, it was not possible to measure the pKa of
E195 upon the addition of salt.
Interestingly, the charge-reversing pathogenic mu-

tant variant E195K moPrP, with the disrupted K193–
E195 salt bridge, readily undergoes misfolding and
oligomerization at pH 5.5 in the presence of 150 mM
NaCl, in contrast to WTmoPrP. The placement of two
positively charged residues K193 and K195 would
result in repulsion in the α2-α3 loop in the pathogenic
mutant, predisposing the protein to misfold, even at
pH 5.5, where WT moPrP shows almost negligible
misfolding and oligomerization (Fig. 3). Unfortunately,
at pH 6 and above, the E195K mutant protein was
found to precipitate, upon the initiation of oligomeri-
zationwith 150 mMNaCl. This result substantiates an
earlier studywhere a small chemical chaperone,GN8,
was found to impede pathogenic conversion of the
cellular prion protein by intercalating in a pocket
created by residues N158, V188, T191, K193, and
E195 and by inhibiting the disruption of the R155–
K193–E195 salt-bridge network [80]. Together, these
results suggest that the salt-binding-induced disrup-
tion of the key salt bridge between residues K193 and
E195 in the loop between α2 and α3 in themonomer is
the trigger for the salt-induced low-pH oligomerization
of the prion protein.
It is interesting to note that kinetic HX-MS

experiments carried out in the presence of salt for
WT moPrP were unable to detect these salt-induced
perturbations in the loop between α2 and α3 or
residues H60 and V111 in the NTR, because these
residues are highly dynamic and solvent-exposed in
the monomer. In contrast, from HX-MS studies of
pathogenic mutants G113V and A116V, dimer
formation was shown to be driven by the palindromic
region in the NTR of monomeric moPrP containing
both these mutations [81,28]. The NTR in the WT
oligomers remains dynamic and shows no change in
solvent accessibility because either themechanism of
oligomerization or the structure of theWT oligomers is
slightly different from the mutant oligomers. From this
study, in WT moPrP, dimer formation seems to occur
after salt binding perturbs the α2-α3 loop but is not
detectable by solution NMR.
Equilibrium HX-MS experiments on both the WT

and pathogenic mutants in the CTD of the monomeric
moPrP have inferred that the steps through which
misfolding and oligomerization commence include:
(i) unraveling or unfolding of α1 followed by (ii) the
exposure of the hydrophobic TVTTTT stretch at the C
terminus of s finally culminating in the formation of
β-sheet-rich oligomers. A general destabilization of α1
was observed for all pathogenic mutant proteins in
their monomeric form regardless of the position and
nature of the mutated residue [27]. In this study, none
of the residueswith significantCSPwere found to lie in
α1. The two possible explanations for this are: (i) α1 is
destabilized in a minor alternate conformation of
monomeric moPrP, which converts into oligomers
upon the addition of salt, and (ii) perturbations in α1
occur only after the formation of higher-order struc-
tures invisible to NMR. The latter scenario is more
probable because the rate at which α1 loses
protection during the oligomerization of theWTprotein
monitored by kinetic HX-MS experiments is compa-
rable to the overall oligomerization rate monitored by
CD or size-exclusion chromatography [28].

Dual role of salt: specific binding and acceleration
of monomer association by a non-specific
screening effect

The oligomerization of the prion protein at acidic
pH was found to be dependent on the nature of the
anion but independent of the nature of the cation.
Both MgCl2 and NaCl were equally effective at
inducing oligomerization (Fig. 4), at equivalent Cl−

concentrations. The observation that 20 mM SO4
2−
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induced the same extent of oligomerization as did
150 mM Cl−, and that 150 mM Br− was unable to
induce oligomerization suggests strongly that the
charge screening effect of the anion at pH 4 occurs
by specific binding of the anion to the positively
charged protein. It is unlikely that at these low
concentrations, hydrophobic interactions are per-
turbed. Instead, it appears that specific binding of
certain anions to the protein occurs, which screens
electrostatic interactions, which then triggers mis-
folding and oligomerization. Similar results were
seen for worm-like fibril formation of WT moPrP at
pH 2 [80].
While specific interactions of salt with the protein

can initiate the misfolding process as is exemplified
here by the disruption of the K193–E195 salt bridge,
a general screening of like charges can aid in
oligomerization. Indeed, chloride ions have been
surmised to induce the aggregation of the prion
protein [55,56]. Moreover, anion binding has been
shown to influence the kinetics of β-oligomer and
worm-like fibril formation at pH 2 [82]. Furthermore,
the removal of NaCl from buffer was found to affect
the protease resistance of PrPSc (scrapie) and
change the size distribution of aggregates [83].
At pH 4, monomeric moPrP has a calculated

overall charge of +27. Not surprisingly, therefore,
in the absence of salt, oligomerization is very slow
(~10−4 h−1). Salt is thus needed to screen the
electrostatic repulsion between monomers in order
for monomer association to proceed. Indeed, the
initial rates of oligomerization were found to be
significantly affected by the concentration of NaCl in
solution (Fig. 9 and Fig. S8). The dependence of
monomer-loss kinetics on NaCl concentration was
similar for all residues, indicating that this was a
non-specific effect. For protein–protein association
reactions, the association rate is predicted to vary
exponentially with the square root of ionic strength
when only Debye–Hückel charge screening effects
are operative. The linear dependence of log (rates)
with

ffiffi
I

p
(Fig. S8) confirms that a similar mechanism is

operative during the oligomerization of moPrP.
A similar effect of salt on protein aggregation has

been observed for the full-length moPrP at pH 2 [82],
alpha synuclein fibrils [84], yeast prion [85], β2
microglobulin [86], glucagon [87], and Aβ40 fibrils
[88]. Mutations that decrease the overall charge of
the protein have also been shown to promote
aggregation [89]. Screening by salt therefore ap-
pears to be a common mechanism of salt-promoted
protein association reactions, especially when the
protein is highly charged [90].
It is intriguing to speculate whether the salt-

binding-induced disruption of the K193–E195 salt
bridge, or the overall screening of like charges, is the
driving force for moPrP oligomerization. According to
the extrapolated values from Fig. S8, moPrP is
expected to oligomerize at pH 4 in the absence of
salt with a rate of ~10−4 h−1. It therefore appears
that salt accelerates the association process but
may not be absolutely essential to it. On the other
hand, the disruption of the K193–E195 salt bridge by
salt binding and electrostatic screening seems to be
the trigger for the salt-induced low-pHmisfolding and
oligomerization of moPrP. This is in part supported
by the observation of faster misfolding and oligo-
merization rates of the salt-bridge-disrupted patho-
genic E195K moPrP as compared to WT moPrP, at
pH 4 and pH 5.5 in the presence of 150 mM NaCl
[72,26].

Detection of mobile residues in oligomers
formed at pH 4 and in 150 mM NaCl

Dynamic regions of large oligomers can be visible to
solution NMR even when the core regions are
completely broadened beyond detection. This hap-
penswhen the local flexibility of these regions leads to
“motional narrowing” of resonances, obscuring the
line broadening resulting from the global tumbling of
the large oligomer [91,92]. Briefly, two classes of
monomeric residues were identified from the real-time
NMR data. The first class of residues, composed of
most CTD residues, decays completely into the
baseline and is undetectable by the end of oligomer-
ization (Fig. 5). The single exponential decay in
intensity for these residues is not accompanied by a
change in line width (Fig. 6A). The second class of
residues decays with comparable rates but remains
visible throughout the oligomerization reaction. A
small subset of CTD residues (G123, V165, S230,
and S232) and all of the assigned NTR residues
belong to this class (Fig. S7). Residues S230 and
S232 are at the very end of the CTD of the monomeric
protein, while residue G123 lies at the very beginning
of the CTD. V165 lies in the loop between β2 and α2.
All residues apart from V165 lie in sequence
segments, which are solvent-exposed in the oligomer
as probed by HX-MS [27,28]. The change in intensity
for these residues is accompanied by an increase in
line width, indicating that at all time points, both
monomer and oligomer contribute to the signal, and
these residues remain mobile in the oligomer (Fig. 6).
For tau and IAPP fibrils, residues that displayed
residual intensity in NMR spectra were shown to be
directly correlated with their distance from the core of
the fibril [93,94].
The rate constants at which the intensities of the

NTR and CTD residues decay in the NMR experi-
ments are on the same timescale as the kinetics of
oligomerization probed by other methods like CD,
size-exclusion chromatography, andHX-MS [27]. The
end product of the oligomerization reaction is soluble
β-sheet-rich oligomers of Rh ~16 nm (Fig. S1). No
visible particulates appear during or at the end of the
oligomerization reaction that could impact magnetic
inhomogeneity and peak intensity. The line widths of
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peaks corresponding to the CTD are constant during
the oligomerization reaction (Fig. 6A), indicating that
T2* is unaffected. The oligomers appear spherical in
atomic force microscopy images [33].
Interestingly, the oligomers formed at pH 4 and in

150 mM NaCl have their NTR completely disordered
and their core mostly confined to the CTD of the
protein. This is in marked contrast to the brain-
derived fibrillar aggregates, which have their core
extended down to residues 80–90 in the NTR [37].

Oligomers continuously accumulate and
increase in size with time

The single exponential nature of monomer-loss
kinetics suggests that the monomer-to-oligomer con-
versionoccurs in a single step.However, it is physically
very improbable that the formation of n-merswith n N 2
or 3 will occur in a single step. In a multistep
oligomerization reaction, multiple intermediates can
get populated simultaneously or consecutively. How-
ever, the intermediate species in the oligomerization
reaction will be invisible to solution NMR if they are
large in size or low in population [95–97,61].
While the core residues of the oligomers, mostly

constituted by the CTD, are completely invisible to
solution NMR, due to their size and rigidity, dynamic
residues in the oligomers that are in a conformation
different from that in the monomer appear as new
resonances in the NMR spectrum as oligomerization
proceeds. Four such resonances, although unas-
signed, appeared and grew at a rate comparable to
monomer-loss rates in a concentration-dependent
manner (Figs. S6 and S7) with a concomitant
increase in line width (Fig. 6 and Table 1).
It is unlikely that these new peaks are from lysine

and arginine side chains, which appear at low pH
and/or at high salt concentrations. Lysine and
arginine side-chain peaks might appear immediately
upon the addition of salt but are unlikely to grow in
intensity as the oligomerization reaction proceeds
with time. To further confirm that these are indeed
new peaks, HSQC spectra of the monomer and
oligomer were recorded with a longer sweep width to
exclusively look for lysine/arginine side chains.
Lysine side-chain peaks were not observed in either
the monomer or the oligomer. No new arginine
side-chain peaks were observed upon oligomeriza-
tion. Some arginine side-chain peaks disappeared in
the oligomer spectra similar to the backbone amide
peaks (Fig. S7). Hence, the new peaks do not
appear to be side-chain resonances.
Intriguingly, the four new resonances emerging from

the dynamic regions of the oligomer are useful
reporters of the oligomer species (Fig. S6). The
intensities and line widths of these new peaks can
serve as important NMR parameters to monitor
oligomer population and size, respectively. While the
increase in signal intensity indicated that thepopulation
of oligomers was growing as time progressed, the
increase in line width indicated that the oligomeric
species was simultaneously growing in size (Fig. 6C).
The rate at which both intensity and line width
increased for these resonances was comparable to
the monomer-loss rates, indicating that they were
monitoring the same process (Table 1). The increase
in line width for residues belonging to the NTR
confirmed the same. Together, these results suggest
that all intermediate species that form as oligomeriza-
tion proceeds contribute to the signal of these
resonances at every kinetic time point.

The monomer-loss kinetics is limited by an
association reaction and not by
conformational change

The Lumry–Eyring mechanism [98] of protein
aggregation posits that the reaction is initiated by a
conformational change of the native protein (in most
cases, unfolding) and proceeds by a series of
bimolecular reactions [63,61]. Aggregate growth
commences with dimer formation and continues
either by the addition of monomers and/or by fusion
of smaller oligomers (as small as a dimer) to form
larger oligomers. Both dimer formation and its
subsequent growth by the addition of monomers
consume monomers and will lead to a signal loss in
real-time NMR experiments. Fusion of smaller
oligomers to form larger oligomers is not discernible
to this probe due to size limitations. While the first
step is a first-order conformational change, the
subsequent steps are all higher order with respect
to the monomer. The determination of reaction order
with respect to the monomer can aid in identifying
the rate-limiting step in the aggregation reaction.
For unfolding (conformational change)-limited pro-

tein aggregation reactions, monomer loss follows true
single exponential kinetics with rate constants inde-
pendent of protein concentration and a reaction order
of ~1 [99,100]. Pseudo-first-order kinetics is generally
observedwhenaggregate growthoccurs bymonomer
addition. Indeed, monomer addition to seeds in fibril
elongation experiments, where the elongation of
fibrils does not change its concentration, appears as
a pseudo-first-order reaction with a concentration-
dependent rate constant [101]. Reaction orders
greater than 1 with single exponential monomer-
loss kinetics are observed for association- and
rearrangement-limited aggregation reactions. In this
study, the average reaction order across all assigned
residues was determined to be 2.6 ± 0.2 (Fig. 8).
While the microscopic rate constants for each step

are still unknown, the single exponential nature of
monomer-loss kinetics, concentration-dependent ap-
parent rate constants of monomer loss, and a mean
reaction order across residues greater than 2 alto-
gether indicate that the rate of prion protein oligomer-
ization is limited by association. The rate-limiting step
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in oligomerization was determined to be dimer
formation in an earlier study with a reaction order of
2 [28]. A reaction order of 2.6 might be a result of
multiple association reactions occurring simulta-
neously, in which either two or three monomers
come together to form a dimer or a trimer. A similar
reaction order of 2.5 was found previously for the
aggregation of lactic dehydrogenase, which was
believed to be the consequence of multiple
rate-limiting steps [102]. It should, however, be kept
in mind that the association of more than three
molecules in the rate-limiting step is highly improba-
ble. Our data are in qualitative agreement with an
earlier combined Fourier Transform Infra-Red (FTIR)
and CD study of the growth of oligomers from Syrian
Hamster PrP90–232, which have also reported a
reaction order of 3 [103]. In addition, an Atomic Force
Microscopy (AFM) study on the oligomerization
mechanism of WT and 10OR mutant variant of
human prion protein reported that the first species
sufficiently stable so as to be visible was composed of
3–4 monomers, following which growth occurred by
fusion of these seeds andnotmonomer addition [104].
In marked contrast, in an earlier study of the

oligomerization kinetics of theCTDofmoPrP, reaction
orders ranging from 5 to 40 were reported for different
groups of residues [14]. However, this result was not
obtained by the determination of the concentration
dependence of oligomerization rates as was done in
the current study. Instead, reaction orders were
obtained by fitting kinetic data to an nth-order equation
at a single protein concentration. Such analysis
should be treated with caution as more than one set
of values of rate constants and order can yield very
similar quality of fits. Moreover, the size of the species
(number of monomers) formed at each step was
directly inferred from the reaction order for different
sets of residues. The reaction orders thus obtained
are not physically realistic.
Fig. 10. Mechanism of salt-mediated low-pH oligomerization
upon the addition of salt (green asterisks), immediately underg
and converts into native-like M*. A localized perturbation occur
E195 salt bridge due to salt binding. The slower steps of misfo
oligomer O, which is also facilitated by the electrostatic screeni
as it is in the native-state M.
The results of the current study clearly suggest
that the mechanism of oligomer growth is critically
dependent upon solvent conditions and the starting
conformation of the monomeric protein. However,
using simple kinetic analysis of data, it is possible to
identify the rate-limiting step in a multistep complex
pathway, thereby shedding light on the mechanism
of protein oligomerization.
Conclusion

Real-time NMR experiments to probe the oligomer-
ization kinetics of moPrP at pH 4 and 150 mM NaCl
identify subtle structural perturbations in the mono-
meric protein preceding the major conformational
changes that lead to misfolding and oligomerization.
The results suggest that while low pH is needed for the
protonation of critical residues in the monomeric prion
protein, it is not sufficient to trigger misfolding and
oligomerization in the absence of NaCl. NaCl binding
to the monomeric protein causes major perturbations
in the α2-α3 loop by disrupting the salt bridge between
residues K193 and E195. However, the overall
structure of the monomeric protein remains intact
upon loop perturbation. These perturbations lead to
conformational changes that act as a trigger for the
subsequent misfolding and oligomerization of moPrP
(Fig. 10).
The rate-limiting step in the oligomerization reaction

is a higher-order association reaction with a mean
reaction order of 2.6 across residues and not
conformational change. Salt also accelerates the
oligomerization reaction by screening the significant
positive charge on the monomers at pH 4 (Fig. 9 and
Fig. S8). The manifold effect of salt binding and
electrostatic screening on the low-pH oligomerization
of moPrP provides crucial insight into the oligomeri-
zation mechanism.
of the prion protein. The highly charged native protein (M),
oes subtle perturbations (shown by blue and red spheres)
s in the loop between α2 and α3 in the vicinity of the K193–
lding and oligomerization then lead to the formation of the
ng mechanism of salt. The NTR in oligomer O is disordered



1866 Oligomerization of the Mouse Prion Protein
Materials and Methods

Reagents

All reagents used for experiments were of the
highest purity grade available from Sigma Aldrich
unless otherwise specified. Reagents used for the
protein preparation were from HiMedia and Fisher
Scientific.

Protein expression and purification

The full length, recombinant moPrP encoded in the
pET-17b(+) plasmidwas transformed intoEscherichia
coli BL21(DE3) codon plus (Stratagene) cells. A
single colony was used to inoculate 25 ml of LB
media containing 100 μg/ml ampicillin and was grown
at 37 °C for 8 h. A 50-μL aliquot of this primary culture
was used to inoculate 50 ml of M9 minimal media
containing 1 g/L 15NH4Cl and 3 g/L 12C-glucose (or
13C-glucose) and was grown overnight. This was
further used to inoculate 1 L of 15N or 15N/13C-labeled
M9media and was grown for 5–6 h until it reached an
OD600 = 1.8–2,when protein expressionwas induced
using IPTG at a final concentration of 0.4 mM. The
cells were allowed to grow for an additional 12 h
before harvesting and further purification.15N or
15N/13C-labeled prion protein was purified and stored
in 10 mM sodium acetate, pH 4 at −80 °C as
described previously [23]. The E195K mutant variant
of moPrP was purified in the same way as described
previously [27]. The purity of the protein(s) was
confirmed using mass spectrometry.

Far-UV CD and Dynamic Light Scattering (DLS)
measurements

All CD and Dynamic Light Scattering (DLS)
measurements were carried out as described
previously [28]. The protein concentration used for
all oligomerization experiments was 100 μM. For the
CD measurements, the protein was diluted to 10 μM
in the appropriate buffer, just before measurement.

Solution-state NMR spectroscopy

NMR backbone resonance assignment for
moPrP(23–231)

A 13C, 15N-labeled moPrP sample at a concen-
tration of 0.5 mM in 90% H2O/10% D2O (v/v) at
pH 4, 10 mM sodium acetate buffer was used for
NMR backbone resonance assignments. All the
backbone resonance assignment experiments
were carried out at 310 K on an 800 MHz Bruker
Avance spectrometer equipped with a cryo-probe.
The following NMR experiments were recorded: 2D
1H–15N HSQC, 3D HNCO, 3D HN(CA)CO, 3D
HNCA, 3D HN(CO)CA, 3D HNCACB, and 3D
CBCA(CO)NH. The data were processed in
NMRPipe [105] and analyzed in Sparky (T.D.
Goddard and D.G. Kneller, SPARKY 3, University
of California, San Francisco). The resonance peaks
observed in the recorded data set were submitted to
the PINE [106] server for an initial round of
automated backbone resonance assignments. Fi-
nally, all resonance assignments were assigned and
confirmed manually. A secondary structure predic-
tion was carried out using the HN, N, Cα, Cβ, and C′
chemical shift values by TALOS+ [107]. The
predicted secondary structure agreed with the
three-dimensional structure of moPrP.

Monomer-loss kinetics monitored by
real-time NMR

All NMR measurements were carried out at 37 °C.
A reference spectrum in the absence of salt was
collected before starting the real-time NMR mea-
surements using the same parameters as for the
kinetics experiment for every protein concentration.
Oligomerization was initiated by the addition of
30 μL of 10× aggregation buffer (2× for 300 μM) to
the protein, such that the final buffer composition
was 10 mM sodium acetate, 150 mM NaCl, 10%
D2O at pH 4.0 in a total volume of 300 μL. After a
dead time of ~10 min, acquisition was started. The
same experiment was repeated for protein concen-
trations of 25, 50, 100, 200, and 300 μM, but with a
different number of scans in each case in order to get
reasonable S/N ratios for each data set. At high
protein concentrations, where S/N ratios were better,
but oligomerization kinetics was faster, higher
sampling rates were employed, with each spectrum
acquired with a fewer number of scans. However, at
low protein concentrations, oligomerization rates
were slower, but the S/N ratio was poor, so each
spectrum was acquired with a higher number of
scans, which finally resulted in slower sampling rates
but better quality data. Typically, one HSQC
experiment was recorded with 2048 points in the t2
dimension and 256 increments in the t1 dimension.
Thus, for the 25 μM protein concentration, the
acquisition time for each spectrum was ~4 h (48
scans), whereas for the 300 μM protein concentra-
tion, it was ~20 min (4 scans). All real-time NMR
data sets were processed using NMRPipe using the
same processing parameters [105] and analyzed
with Sparky (T.D. Goddard and D.G. Kneller,
SPARKY 3, University of California, San Francisco).

2D 1H–15N HSQC spectra with longer
sweep width

To verify that the new peaks that appear during
oligomerization are not from lysine or arginine side
chains, 2D 1H–15N HSQC of 100 μM WT moPrP
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monomer and oligomer with a longer sweep width
were recorded. All parameters were kept the same
as the earlier experiments, except the sweep width,
which was fixed at 100 ppm in the F1 dimension for
these measurements.

NaCl titration

In order to transfer assignments for the protein
under native conditions to the protein in 150 mM
NaCl, a NaCl titration was performed. A series of
samples were prepared, keeping the protein concen-
tration fixed at 100 μM, and the NaCl concentration
was varied from 0 to 200 mM in 25-mM increments.
Since the addition of NaCl at pH 4 causes the protein
to oligomerize, 2× aggregation buffer containing the
appropriate amount of NaCl was added to the sample
just before the HSQC spectrum was acquired. Each
spectrum was acquired for ~1 h, during which only
~5% oligomerization took place, in accordance with
the rates obtained from the kinetic experiment for
100 μM protein.
The same data were used to obtain binding curves

for protein–NaCl binding for all assigned residues.
To probe the effect of salt on intensity, the intensity
for each residue was normalized according to the
formula (for every protein concentration):

Normalized peak intensity ¼ Is−Ibs
I0−Ib0

ð1Þ

where Is and I0 are residue-specific intensities at
150 mMand 0 mMNaCl concentrations, respectively,
and Is

b and I0
b are the corresponding spectral base lines

estimated from Sparky.
CSPs were calculated according to the following

formula:

ΔδNH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδHð Þ2 þ ΔδN

5

� �2
s

ð2Þ

where ΔδNH is the combined CSP in ppm, and ΔδH
and ΔδN are the 1H and 15N chemical shift
differences, respectively, between the native protein
spectrum and the spectrum at each NaCl
concentration.

Data analysis

The misfolding and oligomerization reactions were
initiated in the NMR tube as described previously.
For each data set, the intensity at each time point for
each residue was normalized to the intensity of the
first kinetic time point, I1 according to:

Normalized peak intensity ¼ I t−Ibt
I1−Ibt

ð3Þ
where It corresponds to the raw signal intensity at
time t, It

b corresponds to the baseline (estimated
from Sparky) for each spectrum at time t, and I1
corresponds to the raw signal intensity at the first
time point. It is to be noted that the first kinetic time
point was used to normalize the data, and not the
signal at t = 0, that is, in the absence of salt.
This was done; as upon the addition of salt, a

significant but uniform decrease in intensity (~50%)
was observed for almost all residues. This was due
to the decreased sensitivity of the cryoprobe in the
presence of salt (see Results). In addition, normal-
ization taking the baseline into account ensured that
the rate determination for all residues was not
affected by their variable S/N ratios. Normalized
peak intensities were plotted as a function of time
and fit to a single exponential equation to obtain
residue-specific apparent rate constants (kapp).
Monomer-loss kinetics was alsomonitored at pH 5.5

in the presence of 150 mM NaCl, where oligomeriza-
tion kinetics is known to be extremely slow. For this
purpose, the 15N-labeled protein, initially in 10 mM
sodiumacetate (pH 4.0), was dialyzed againstMilli-Q®
water and then buffer exchanged into 20 mM Mes
(pH 5.5). A reference spectrum was acquired before
the addition of salt. The buffer composition after the
addition of 2× aggregation buffer was 20 mM Mes,
150 mM NaCl, and 10% D2O (pH 5.5).

Determination of line widths for
isolated resonances

The 1H line widths were estimated from the full
width at half-maximum obtained by fitting isolated
resonances to Gaussian functions using the
built-in integration option in the Sparky software.

Determination of residue-specific initial rate and
reaction order for the monomeric prion protein

For initial rate determination, the first 10–25% of the
normalized data for each protein concentration was fit
to a straight line, the slope of which was the initial rate
per unit concentration (ν0/C0) [63,62]. For an nth order
reaction, the rate of monomer loss is described by

−
dC
dt

¼ k C½ �n ð4Þ

where C is the monomer concentration, k is the rate
constant, and n is the order of the reaction.
Now, initial rate = ν0 =−

d ½C�
dt jt¼0= k [C0]

n, where C0
is the initial protein concentration. Since the data
are normalized with respect to the signal for
initial monomer concentration, the above equation
becomes:

ν0

C0
¼ k C0½ �n−1
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Taking the logarithm on both sides,

log
ν0

C0

� �
¼ log kð Þ þ n−1ð Þ log C0 ð5Þ

The slope of a linear fit of log (ν0/C0) versus log
(C0) is equal to n−1, where n is the true reaction
order with respect to monomer concentration.

Salt dependence of initial rates

The initial rates of monomer loss (as described
above) were calculated for the oligomerization reac-
tions of 100 μM protein at NaCl concentrations of
37.5, 75, and 150 mM. The dependence of initial rates
of monomer loss at a fixed protein concentration and
varying NaCl concentration provides ameasure of the
effect of salt on oligomerization kinetics.

Accession numbers

The chemical shifts have been deposited at the
Biological Magnetic Resonance Bank, under acces-
sion code 26958.
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