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Abstract

The prion protein (PrP) misfolds and oligomerizes at pH 4 in the presence of

physiological salt concentrations. Low pH and salt cause structural perturba-

tions in the monomeric prion protein that lead to misfolding and oligomeriza-

tion. However, the changes in stability within different regions of the PrP prior

to oligomerization are poorly understood. In this study, we have characterized

the local stability in PrP at high resolution using amide temperature coeffi-

cients (TC) measured by nuclear magnetic resonance (NMR) spectroscopy. The

local stability of PrP was investigated under native as well as oligomerizing

conditions. We have also studied the rapidly oligomerizing PrP variant

(Q216R) and the protective PrP variant (A6). We report that at low pH, salt

destabilizes PrP at several polar residues, and the hydrogen bonds in helices α2
and α3 are weakened. In addition, salt changes the curvature of the α3 helix,

which likely disrupts α2–α3 contacts and leads to oligomerization. These

results are corroborated by the TC values of rapidly oligomerizing Q216R-PrP.

The poly-alanine substitution in A6-PrP stabilizes α2, which prevents oligo-

merization. Altogether, these results highlight the importance of native polar

interactions in determining the stability of PrP and reveal the structural dis-

ruptions in PrP that lead to misfolding and oligomerization.
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1 | INTRODUCTION

Misfolded prion protein (PrP) is linked to various fatal
neurodegenerative diseases, including Gerstmann
Sträussler Schinkler (GSS) syndrome, Fatal Familial
Insomnia (FFI), and Kuru.1–3 These diseases are called
transmissible spongiform encephalopathies. They can be
caused either by pathogenic mutations to the PrP gene,
or by the infectious transmission of misfolded PrP,4 or be
sporadic. The non-pathogenic form of PrP, also known as
the cellular form (PrPC), has an unstructured N-terminal
domain (NTD) with four octapeptide repeats (residues

23–121—mouse numbering has been used throughout
this article). The C-terminal domain (CTD, residues 122–
232) consists of three α-helices (α1, α2, and α3) and two
short β-strands (β1 and β2).5,6 The conversion of PrPC to
a β-sheet rich, misfolded, and aggregated form called the
scrapie form (PrPSc) is a characteristic feature of the prion
disease.7 PrPC undergoes conversion to PrPSc in the neu-
rons of the mammalian brain.8,9 PrPSc is the causative
agent in transmissible spongiform encephalopathies.

Prion oligomers formed in-vitro are toxic and patho-
genic in mouse models.7,10,11 The solution pH and salt
concentration are critical determinants of PrP stability
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and conformation.12–18 Oligomerization and conforma-
tional conversion of PrP are favored at low pH in the
presence of salt.19,20 Such conditions are prevalent in the
endocytic pathway, where prion oligomers have been
detected.21–23 The low pH condition suggests that proton-
ation of key residues drives PrP misfolding and oligomer-
ization.24,25 However, low pH alone is insufficient to
trigger misfolding and oligomerization, and salt
(e.g., NaCl) is essential for the process.17,18,26 Recently,
we reported that salt binds weakly to PrP and causes sub-
tle structural perturbations throughout the protein.26 It
screens the electrostatic repulsion of the positively
charged PrP molecules and explicitly breaks the
K193-E195 salt-bridge, which lies at the end of the α2, to
cause significant perturbations in the α2–α3 loop.26 Alto-
gether, these results suggest that salt-induced perturba-
tions may alter the local stability in multiple regions of
PrP, which triggers its misfolding.

Several pathogenic variants associated with familial
prion disease alter the PrP oligomerization rate.27 The
pathogenic mutation Q216R present on α3 disrupts local
electrostatic interactions28 and destabilizes α1, drastically
enhancing the oligomerization rate.29 Alternatively, PrP
misfolding can be reduced or prevented using protective
mutations30–32 and rational design.33 The C-terminal end
of α2 includes the residues 187TVTTTT192. While Thr and
Val have a low propensity to form a helix, polyalanine
has a high propensity for helix formation. Substituting
these Thr and Val residues for polyalanine (A6-PrP) sta-
bilizes α2, and PrP as a whole to prevent misfolding.33 A
comparison among wt-PrP, oligomerization-prone
Q216R-PrP, and the oligomerization-resistant A6-PrP
may uncover the early local changes in stability or struc-
ture that trigger misfolding and oligomerization.

We have measured amide hydrogen temperature coef-
ficients (TC) of PrP under different conditions. TC values
are calculated as the rate of the change in the backbone
amide hydrogen chemical shifts with temperature. TC

measurements report local structural properties, such as
the hydrogen bond pattern, disorder propensity, and
helix curvature.34–39 TC measurements can also detect
local alternative conformations in a protein40,41 and the
perturbations in local stability/interactions caused by
mutations or ligand binding.41–43 Since TC values
measure the local stability of the protein at single residue
resolution, they are an excellent tool to understand
the changes in PrP that make it susceptible to oligomeri-
zation. We measured the TC values of PrP in the
absence and presence of salt to measure local stability
changes due to salt binding. The oligomerization-prone
Q216R-PrP and the oligomerization-resistant A6-PrP
were intriguing variants for these measurements. The

mutation effects on the local stability were inferred by
comparing the TC values obtained for wt-PrP, Q216R-
PrP, and A6-PrP.

We report that salt primarily disrupts native electro-
static interactions in PrP to destabilize regions where
polar residues are located. Salt also changes the curvature
of the helix α3, which could disrupt α2–α3 interactions.
The Q216R substitution destabilizes backbone hydrogen
bonds at polar amino acids throughout the CTD of PrP.
The salt-induced disruption of polar interactions is absent
in A6-PrP, which prevents oligomerization. Altogether,
our study suggests that disruption of polar interactions
and weakening of α2 and α3 hydrogen bonds are the key
early destabilizing events during the salt-induced conver-
sion of PrPC to PrPSc.

2 | RESULTS

2.1 | Both the ends of α2 are unstable
and prone to unfolding

We define native buffer as 10 mM sodium acetate, pH 4
buffer, where PrP remains monomeric and helical. We
measured the amide 1H temperature coefficients (TC) in
PrP in native buffer conditions. The spectra as a function
of temperature are plotted in Figure 1a. The TC value of
an amide largely corresponds to the strength of the
hydrogen bond formed by it. Amides involved in intra-
molecular hydrogen bonds will have TC values less nega-
tive than �4.5 ppb/K (Figure 1b). TC values more
negative than �4.5 ppb/K indicate disorder and hydrogen
bonding with the solvent35,36,38 (Figure 1c,d). The tem-
perature dependence of amide hydrogen chemical shifts
can be non-linear (Figure 1e), suggesting the presence of
a higher energy alternative state.40,44

The calculated TC values for the C-terminal domain of
PrP are plotted in Figure 2a. We have ignored the NTD
during analysis as NTD residues do not significantly
change TC either under oligomerizing conditions or due to
mutation (Figure S1b). The NTD is unstructured in both
monomers and oligomers.26,45,46 SUMO1 is a structurally
stable beta-grasp fold protein with extensive intramolecular
hydrogen bonds, whose mean TC is �2.35 ± 2.20 ppb/K.43

In comparison, the mean TC of wt-PrP CTD is �4.34
± 2.66 ppb/K (Table S1), indicating weak intramolecular
hydrogen bonds. The low ΔCp values of the thermal
unfolding of PrP also suggest a high degree of fluctuations
in the native PrP.47 Altogether, the average TC value corre-
lates with the high propensity of PrP to misfold.

Negative and positive TC values reflect the lengthen-
ing and shortening of hydrogen bonds with increasing
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temperature, respectively.36,48 While negative TC values
are common in amides, positive TC values (Figure 1e) are
rare and typically observed for amides present in a curved
helix.36 Only 7% of the residues in the CTD had positive
TC values (Figure 2a). I181 in α2 has a positive TC value.
D201, E206, E210, V214, and K219 present in α3 have
positive TC values suggesting the curvature in α3
(Figure 2b). The native NMR structure of wt-PrP also
shows a significant curvature in α3 (PDB id: 1AG2).
Apart from these residues, N142 and I138 present in the

loop connecting β1 to α1 (β1-α1 loop) also show positive
TC values.

Typically, solvent-exposed loops have large negative
TC values. Hence, not surprisingly, the solvent-exposed
loops connecting β1 to α1, β2 to α2, and α2 to α3 in PrP
have high negative (<�4.5 ppb/K) TC values in PrP
(Figure 2a,b). In addition, the C-terminal end of α2
includes multiple residues (H186, T190, T192, and K193)
with highly negative TC values (<�4.5 ppb/K), indicating
instability and a higher propensity to unfold.

FIGURE 1 Effect of temperature on the [15N, 1H] HSQC spectrum of PrP. (a) An overlay of the [15N, 1H] HSQC spectra of wt-PrP was

taken at various temperatures. The index for the colors used in the overlaid spectra is shown in the inset. (b–e) Amide peak shifts

characteristic of minor linear shifts, significant linear shifts, non-linear shifts, and positive shifts, respectively
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Interestingly, this region plays a crucial role in oligomeri-
zation.33,49 The K193-E195 salt-bridge is present at the C-
terminal end of α2, which disrupts before oligomeriza-
tion.26 Residues at the beginning of α2 also have tempera-
ture coefficients more negative than �4.5 ppb/K,
indicating that both ends of α2 are susceptible to unwind-
ing and disorder (Figure 2b).

2.2 | The β1 and β1–α1 loop has
alternative conformations in wt-PrP

We have reported earlier that PrP is in dynamic equilib-
rium with two partially unfolded forms (PUFs) or inter-
mediates.50 The β1, loop connecting β1 to α1 (β1–α1
loop), and the C-terminal end of α3 are disordered in the

FIGURE 2 Amide proton temperature coefficients of wt-PrP. (a) Bar graph showing the temperature coefficients for the C-terminal

domain. (b) TC (ΔδNH/ΔT) mapped on to the 3D ribbon structure (PDB id: 1AG2). (c) The colour-coding of temperature coefficients is

mapped in (b) (unassigned residues are shown in light gray). (d) Examples of residues showing curved temperature dependencies. Residuals

of the linear fit to the 1H chemical shift versus temperature graph have been fitted to a parabolic Equation. (e) Residues showing curved

temperature dependences in the β1–β2 region. (f) The region around Q211 has been enlarged, and the residues with curved temperature

dependences mapped on the structure. The disulfide bond is shown in black in (e,f). The proline and unassigned residues were not coloured
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first (PUF1). In addition, α1 along with β2 is disordered
in the second (PUF2). During the initial steps of oligo-
merization, α1 separates from the α2–α3 subdomain.51

Non-linear temperature dependence of amide chemical
shifts suggests dynamic equilibrium with a higher energy
alternative state.34,42 Figure 2D shows two representative
residues with non-linear amide hydrogen chemical shift
temperature dependence. The F-test52 confirmed the
curved temperature dependence for several residues in
PrP (Figure 2e,f and Figure S2). M128, G130, S131, M133,
I138, and F140 are situated in the region between β1 and
the β1–α1 loop (Figure 2f). The dynamic equilibrium with
excited-state conformations of β1 and β1–α1 loop corre-
lates with the PUF2 observed previously and could be the
precursor to separating α1 from α2–α3 during
oligomerization.

Besides the β1—loop1 region, residues T192 and
T198, located at the C-terminal end of α2 in the crucial
187TVTTTT192 region, also showed non-linear amide tem-
perature dependences. The T192 amide hydrogen has a
high negative TC value of �5.9 ppb/K, suggesting it is
prone to the disorder. T192 is proximal to the K193-E195
salt-bridge, which disrupts upon addition of salt. The
alternative conformation of T192 and T198 may initiate
α2 unwinding upon binding to salt, concomitant to the
salt-bridge disruption. Overall, the higher energy inter-
mediate conformations in wt-PrP are partially unfolded,
which may seed aggregation.

2.3 | Salt destabilizes the β1 and β1–α1
loop and changes the curvature of α3

Studying the PrP structure under oligomerizing condi-
tions (10 mM sodium acetate, 150 mM NaCl, pH 4) is
challenging as the monomeric protein continuously con-
verts to oligomers with time, reducing its NMR signal.
Hence, intensity-based NMR experiments that measure
the interatomic distances, protein dynamics, and hydro-
gen bonds are difficult to carry out in such conditions.53–
56 As the oligomer signal is broadened beyond detection,
the oligomeric form cannot be probed by solution NMR,
even after deuteration.26,57 An alternative approach to
study the structural changes in monomeric PrP in such
conditions is to infer them from the changes in the chem-
ical shift of amide resonances, which can be measured
quickly relative to the oligomerization timescale. The PrP
sample used for the NMR experiment completes oligo-
merization after 24 hr at 310 K. In contrast, a typical TC

measurement based on the temperature dependence of
chemical shifts can be completed within 8 hr. The calcu-
lated TC values of salt-bound PrP are plotted in Figure 3a
and mapped on the PrP structure in Figure 3b,c. The

difference in TC values (ΔTC) between the free and salt-
bound PrP is plotted in Figure 3d,e. Interestingly, the
consistent negative ΔTC values of residues β1 and β1–α1
loop in the salt-bound monomeric PrP suggest decreased
local stability in this region (Figure 3d,e).

There are five residues in α3—D201, E206, E210,
V214, and K219 with positive TC values in the absence of
salt PrP, suggesting the curvature of α3 (Figure 2a,b).
Only two of them, D201 and V214, have positive TC

values in the salt-bound PrP. The TC values of the other
residues E206, E210, and K219 are negative in the salt-
bound PrP (Figure 3a,b). The change in the TC value is
highest for E210 (ΔTC = �4.59 ppb/K). All three residues
have solvent-exposed side chains, suggesting that salt
binds to these charged amino acid residues and induces
structural changes to weaken their backbone hydrogen
bonds. These significant changes in TC values likely
reflect a change in the curvature of α3, which would dis-
rupt the α2–α3 interactions. The change in α3 curvature
is an initial structural change in monomeric PrP, which
occurs prior to oligomerization. Residual dipolar coupling
(RDC) measurement may also detect the changes in the
α3 curvatures. However, the components of the align-
ment media used for the RDC measurement can poten-
tially influence the oligomerization pathway. Optimizing
an alignment media to study the structural changes in
PrP during oligomerization is an area of future research.

2.4 | Salt changes the stability of the
polar residues in PrP

The binding of salt changes the chemical environment in
several regions in PrP. In some cases, these changes affect
the local stability of PrP (Figure 3e). Of the 28 residues
that show above-average jΔTCj (>0.39 ppb/K) change,
only six residues—G130, I138, G141 I181, V188, and
V214—are not polar. G130 is in β1 and has been discussed
above. G141 is at the beginning of α1. I181 lies in the mid-
dle on α2, whose TC value turns from positive to negative
upon salt binding, suggesting severe destabilization of the
region. Its neighboring residues Q185 and D177 are also
destabilized in salt-bound PrP. Finally, V188 is within the
unstable 187TVTTTT192 region in α2 and shows a higher
propensity to become unstructured in salt-bound PrP.
Together, these changes demonstrate the salt-induced
gradual weakening of backbone hydrogen bonds at both
ends of α2, which would allow it to unfold.

Most of the local stability changes are concentrated at
polar residues. Twenty eight residues show above-average
jΔTCj (>0.39 ppb/K) under oligomerizing conditions
(Figure 3e). Among these, 22 residues show destabilization
in their backbone hydrogen bonds. Out of these,
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21 residues are polar, with I181 being the exception.
Fourteen of these residues are either in α2 or α3
(Figure 3e), suggesting that in salt-bound PrP, backbone
hydrogen bonds in α2 and α3 are weakened, compromis-
ing the stability of their helical conformations. The ΔTC

values for the polar residues Q185, T187, T198, and E210
are lower by more than �0.92 ppb/K (mean + SD) under
oligomerizing conditions, indicating severe destabiliza-
tion (Figure 3d,e). There are some polar residues with
higher gain in their TC. These include D166, K193, and
T189. The stronger hydrogen bonds of K193 and T189 are

due to the disruption of the K193-E195 salt bridge. The
disruption of polar interactions is an important event pre-
ceding conformational conversion.

2.5 | The region around Q211 is
stabilized by salt

The area around residues Q211 and V175 and the region
around the disulfide bond are the putative site for the
dimerization interface of PrP molecules before

T

T

<−0.92

FIGURE 3 Amide proton

temperature coefficients of salt-

bound wt-PrP. (a) Bar graph

showing the temperature

coefficients for the C-terminal

domain. (b) ΔδNH/ΔT as shown in

(a) mapped onto the 3D ribbon

structure (PDB id: 1AG2).

(c) Index for the colour-coding of

temperature coefficients mapped

in (b) (unassigned residues are

shown in light gray). (d) Bar graph

showing the change in

temperature coefficients upon

binding to salt. (e) Changes in

temperature coefficients as given

in (b) mapped onto the 3D ribbon

structure. Residues that show

more than the mean of jΔTCj
(0.39 ppb/K) are marked onto the

structure. (f) Index for the colour

code of ΔTC in (e). The proline

and unassigned residues were not

coloured
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oligomerization.58 The disulfide bond remains intact in
the misfolded oligomers.45 This region is involved in the
formation of the oligomeric core.45 It is also highly
protected in the monomer as well as the oligomer.45,50 A
group of residues is stabilized (positive ΔTC value) in the
region around Q211 in salt-bound PrP (Figure 3d,e).
These residues (I138, R207, Q211, and V214) have mutual
interactions. The increased local stability of the region
around Q211 due to salt correlates well with its role in
forming the oligomeric core.58,59

2.6 | The Q216R mutation disrupts the
polar interaction network in PrP

Q216R-PrP is a pathogenic variant of PrP, which
oligomerizes rapidly. The oligomerization rate of Q216R-
PrP is three orders of magnitude faster than that of wt-
PrP.29 However, the [15N, 1H] HSQC spectra of wt-PrP
and Q216R-PrP are similar, indicating no significant sec-
ondary or tertiary structural changes due to the substitu-
tion (Figure S3a). Interestingly, the residue Q216 is not in
direct contact with other residues in PrP.28 Instead, it
interacts with S131 (β1) and V160 (β2) through a water
molecule.28 Modeling studies indicate that the Q216R sub-
stitution abrogates this interaction.28 The region around
Q216 forms/populates an oligomeric precursor, in which
the β1–α1–β2 region is disordered,60 and Q216R mutation
is hypothesized to expedite precursor formation. The TC

values for the residues in the region β1 to α1 are more
negative in Q216R-PrP than in wt-PrP, corroborating pre-
vious studies (Figure 4a–c). Multiple polar residues like
R147, E151, Q185, and D201 have above average
decreased stabilities upon the Q216R substitution
(Figure 4d,e). Furthermore, similarly to what is seen in
salt-bound PrP, Q211 is stabilized significantly in Q216R-
PrP (ΔTC > 0.84 ppb/K). Residues Y149, C178, T192, and
E195 also show a gain in stability (ΔTC > 2 ppb/K). A
possible reason could be backbone hydrogen bonds
strengthening due to conformational changes in the sur-
rounding area. Taken together, a total of 24 residues show
a higher-than-average change in TC. Out of 24, except
three are polar residues, which suggested disrupted polar
interactions in the proteins. The addition of salt would
further disturb the polar interactions and cause rapid mis-
folding and oligomerization of Q216R-PrP.

2.7 | The stabilizing effect of the A6
substitution is restricted to α2 in PrP

The A6 substitution prevents the misfolding and oligomer-
ization of PrP by stabilizing the C-terminal end of α2.33

The backbone amide CSPs caused by the A6 mutation are
localized to the C-terminal end of α2 (Figure S3b). The sta-
bility changes due to the A6 mutation are also restricted
primarily to α2 (Figure 5). The TC values of A6-PrP show
an overall strengthening of α2 hydrogen bonds as they
have turned more positive (Figure 5b,c). There is a minor
weakening of the backbone hydrogen bonds at the begin-
ning of α3 due to the reduced packing density when bulky
Thr and Val side chains are replaced by smaller Ala side
chains (Figure 5b,c). Moreover, under oligomerizing con-
ditions, we did not observe any significant backbone
amide CSPs for A6-PrP, including at the K193-E195 salt
bridge or Q211 (Figure S4a) at 310 K. Although salt affects
the local stability at a few polar residues in A6-PrP, it can-
not overcome the stabilizing effect of A6 substitution.

3 | DISCUSSION

The native states of misfolding-prone proteins are often
in dynamic equilibrium with excited states that serve as
precursors to misfolding and oligomerization. Mild per-
turbations to the native protein structure can destabilize
certain regions of the protein, tilt the equilibrium, and
trigger misfolding. At low pH, physiological amounts of
salt trigger PrP misfolding and oligomerization. Compu-
tational studies have shown that movement of β1-α1-β2
away from the rest of the CTD and breakage of long-
range salt bridges is an important step that precedes mis-
folding of PrP.15,61,62 These observations are corroborated
by biophysical studies.29 Unraveling of α2 is essential for
PrP to misfold.33,62 Pathogenic mutations also disrupt the
native polar interaction in PrP, enhancing its misfolding
propensity.27,63 Yet, the subtle changes in the native
structure and interactions before the dissociation and
rearrangement of secondary structural elements during
the misfolding and oligomerization of PrP remained
uncertain. Here, we report salt-induced changes in local
stability and structure, which occur before oligomeriza-
tion. Our results suggest that salt weakens the hydrogen
bonding in α2 and α3 of PrP. It also reduces the stability
at the regions where polar residues are located,
suggesting that the polar interaction network is perturbed
in wt-PrP. Pathogenic mutations also disrupt the native
polar interactions in PrP, enhancing its misfolding pro-
pensity.27,63 Various pathogenic mutations present
throughout the CTD, including the Q216R mutation des-
tabilized α1 and increased the misfolding rate of PrP.29

Here, we study the structural changes caused by the
Q216R mutation that triggers the increased misfolding
in PrP.

The salt bridge between K193-E195 breaks in the
monomer PrP upon the addition of salt.26 Subsequently,
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the segments spanning α2 and α3 first contract and then
elongate.64 The β1–α1–β2 subdomain separates from α2
and α3, which is essential during PrP oligomeriza-
tion.51,60,65,66 Our results suggest that salt strengthens
the hydrogen bonds along one face of α3 and weakens
them on the opposite side, changing the α3 curvature
(Figure 3e). These subtle changes may also disrupt the
α2–α3 contacts as the two adjacent helices are antiparal-
lel and connected. In addition, α3 distortions will pro-
mote oligomeric core formation around the residue
Q211 along with the β1–α1 loop. The β1 and β1–α1 loop

have non-linear temperature dependence of chemical
shifts (Figure 2e,f and Figure S2), suggesting an alterna-
tive conformation in a higher energy intermediate state.
The region was further destabilized by salt, which may
shift populations to the intermediate state and induce
separation from α2 and α3. In addition, the region also
includes multiple pathogenic mutations27,67 and is
involved in forming on-pathway PUFs.50,68 Further
structural studies on the higher energy conformations of
this region residues will help to understand PrP
oligomerization.

(a)

(b)

(d)

(e)

(c)

(f)

T
T

180°

<−1.97

FIGURE 4 Amide proton

temperature coefficients of

Q216R-PrP: (a) Bar graph

showing the temperature

coefficients for the CTD. (b) The

TC values have been colour-

coded onto the PrP structure.

(c) Index for the colour-coding

of temperature coefficients

mapped in (b) (unassigned

residues are shown in light

gray). (d) Changes in

temperature coefficients caused

by the Q216R mutation. (e) The

changes in TC values generated

by the Q216R mutation were

mapped onto the 3D ribbon

structure. Residues that show

changes in TC greater than the

mean of jΔTCj (0.84 ppb/K) are

marked on to the structure. (f)

Index for the colour code of ΔTC

in (e). The proline and

unassigned residues were not

coloured
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The pH and salt dependences of the PrP oligomeriza-
tion suggest a crucial role for electrostatic interactions.
For example, the protonation of residues H186 and D201
is necessary for PrP oligomerization.20 It disrupts the salt-
bridge interaction network between α2 and α3.25 Salt
binds to specific residues and screens the sizeable positive
charge on the PrP monomer enabling oligomerization.26

Despite the screening effect, A6-PrP does not oligomerize
within an experimentally tractable timescale.33 Hence,
the salt-induced destabilization of the polar interaction
network is sufficient in wt-PrP but not in A6-PrP for mis-
folding and oligomerization.

Side-chain polar interactions contribute significantly
to helix stability. The ionic strength of the solution modu-
lates the stability of the polar interactions within a
β-sheet69 and a helix.70 Our results suggest that predomi-
nantly polar interactions are affected by salt in wt-PrP,
reducing their local stability. Such effects are spread
throughout the globular CTD. The rapidly oligomerizing

Q216R-PrP mutant variant corroborates the importance
of polar interactions in PrP during oligomerization. The
mutation Q216R perturbs the water-mediated interaction
of Q216 and S131 with residues E220 and Y162.28 Our
results indicate that the structural change at Q216 is
transmitted throughout the protein, modulating the sta-
bility at several regions in the protein (Figure 4d). The
global effect is similar to ubiquitin, SUMO, Sso7d, C12,
and other proteins. The mutational effect of specific resi-
dues goes beyond the first shell of interactions and affects
distant regions in the protein.71,72 The backbone hydro-
gen bonds of polar residues are primarily destabilized
(Figure 4e), as they are upon salt's addition. The addition
of salt to Q216R-PrP may amplify the destabilization of
polar interactions, leading to accelerated oligomerization.
In contrast, A6-PrP shows a localized stabilization at the
site of substitution. Intriguingly, such a localized stabili-
zation is sufficient to minimize the salt effect and prevent
misfolding (Figure 6).

(a)

(b)

(c) (d)

<−2.65

T
T

180°

FIGURE 5 Amide proton

temperature coefficients of

A6-PrP: (a) Bar graph showing the

temperature coefficients for the

CTD. (b) Changes in temperature

coefficients caused by the A6

mutation for the CTD. (c) The

changes in TC values generated by

the A6 mutation mapped onto the

3D ribbon structure. (d) The

colour index for ΔTC is used in (c).

The proline and unassigned

residues were not coloured
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Although the salt-induced pathway of the misfolding
of PrP and the structure of misfolded PrP aggregates
have been well studied,45,73 little is known about the
early events that occur in the monomer which drive
misfolding. Here, we have identified the early changes
in local stability within PrP using the temperature
dependence of amide chemical shifts. Concurrent to
these changes in stability, altered local dynamics are
also expected, which is a subject for future research.
This study describes the global changes in PrP before
misfolding along with local structural perturbations. In
particular, the alternative high energy states in β1, β1–α
1 loop, and the mild structural changes in α3 are of ther-
apeutic interest. Reduction in the formation of alterna-
tive states of the residues in these regions would be
crucial in preventing the misfolding and oligomerization

of PrP. Thus, the detection of early events in PrP mis-
folding may yield new targets for therapeutic
intervention.

4 | MATERIALS AND METHODS

4.1 | Reagents

All the reagents used were obtained from Sigma-Aldrich,
HiMedia, or Fisher scientific, of the highest purity grade
available.

4.2 | Protein purification and expression

We transformed the plasmid pET17b(+), encoding the
wild-type mouse prion protein gene into BL21(DE3)
E. coli cells, and selected ampicillin-resistant colonies.
We inoculated five to six colonies into 10 ml of LB
media with 0.1 mg/ml ampicillin and grew the culture
overnight for 12 hr at 37�C. From the overnight culture,
we used 1 ml to inoculate 100 ml of M9 minimal media
for the primary culture with 0.1 mg/ml of ampicillin,
1 g/L of 15NH4Cl, and 3 g/L of 12C or 13C glucose
(Euroisotop). We grew the culture for 12 hr at 37�C.
Then, we used 100 ml of the primary culture to inocu-
late a 1 L secondary minimal media culture with identi-
cal composition. We grew the secondary culture for
approximately 4 hr at 37�C until the OD600 nm reached
1.6–1.8, added IPTG at 0.1 mg/ml final concentration to
induce protein expression. The cells were further grown
for another 12 hr, after which we harvested the cells
and purified the protein as described previously.50 Simi-
larly, we used a previously described protocol to purify
the mutant variants A6-PrP and Q216R-PrP.29,33 After
verifying the protein's purity using SDS-PAGE and mass
spectrometry, we stored the protein at �80�C in
aliquots.

4.3 | Backbone assignment of wt-PrP,
Q216R-PrP, and A6-PrP

The NMR experiments were performed on a Bruker
800 MHz NMR spectrometer equipped with a cryo-probe.
The chemical shift assignments of the PrP amides were
obtained from a previous study (BMRB ID: 26958).26 We
assigned Q216R-PrP and A6-PrP [15N, 1H] HSQC spectra
using 600 and 500 μM protein concentrations, respec-
tively, in 10 mM sodium acetate buffer at pH 4 and 310 K
(10% D2O). We used 2D [15N, 1H] HSQC, 3D HNCACB,
and 3D CBCA(CO)NH experiments to assign the

Salt

wt-PrP
Native

Misfolded PrP oligomer

A6-PrP
Stabilized a2

SaltSalt

Disruption of 
polar interactions

Further disruption
of polar interactions

Insignificant disruption of 
polar interactions

Misfolding and
oligomerizationMisfolding and

oligomerization
inhibited

Q216R-PrP
Disrupted

polar interactions

Rapid misfolding 
and oligomerization

FIGURE 6 A schematic depicting PrP oligomerization at low

pH and physiological salt. The changes in wild-type PrP,

oligomerization-prone variant Q216R-PrP, and the oligomerization-

resistant variant A6-PrP during oligomerization are summarized

here. The substituted residues in A6-PrP are coloured blue. The

Q216R substitution is coloured red. The orange dots indicate the

disrupted polar interactions. Their positions on the structure are

representative and not exact. The shaded gray hexagons on the

protein structures represent the screening of the charge on PrP

under oligomerizing conditions
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resonances of the mutant proteins, using the assignments
for wt-PrP for guidance with the help of the SPARKY
software.74 The native sample buffer was 10 mM sodium
acetate buffer pH 4, 10% D2O. The oligomerizing sample
buffer was 10 mM sodium acetate buffer, 150 mM NaCl,
pH 4, 10% D2O. All the assignment experiments were
performed at 310 K.

4.4 | Backbone amide 1H temperature
coefficient (TC) measurements

We observed the local stabilities of the residues in PrP
using amide hydrogen temperature coefficients (TC). We
calculated the TC values by measuring [15N, 1H] HSQC
spectra at 293, 295, 298, 300, 303, 305, 307, 310, 312, and
315 K for all the samples. For all proteins in this study,
the temperature range was within the native protein
baseline of the thermal melt monitored by circular
dichroism spectroscopy.29,33 The protein concentration
for each spectrum was above 100 μM. We allowed the
PrP samples to equilibrate at each temperature for
15 min before acquiring spectra. We used solvent water
as an internal control for hydrogen chemical shifts at var-
ious temperatures. We calibrated the water frequency
using sodium trimethylsilylpropanesulfonate (DSS) in a
separate sample for each temperature. Figure S1a shows
the temperature dependence of the water chemical shift.
We plotted the 1H chemical shifts for every residue
against temperature and fitted them to the linear regres-
sion equation. The slope of the linear fit is the amide
hydrogen temperature coefficient (TC) of the residue. The
error bars for the TC value represent the standard devia-
tion from two independent experiments. The acquisition
time for each spectrum was much shorter than the
oligomerization time.

4.5 | Analysis of the change in TC

We calculated the change in the temperature coefficient
using the following formula:

Change inTC ΔTCð Þ¼
TC of  salt bound orQ216RorA6 PrP�TC of wt PrP½ �:

To analyze and segregate significant TC changes, we
calculated the mean and the standard deviation (SD) of
the distribution of the absolute value of the change in
temperature coefficients (jΔTCj). The cut-off for signifi-
cance was then fixed at mean jΔTCj � SD, mean jΔTCj,
mean jΔTCj, and mean jΔTCj + SD.

4.6 | Curvature in the temperature
dependence of amide hydrogen chemical
shifts

We conducted the initial scanning for non-linearity by
visually inspecting the residuals to the linear fit to the
amide hydrogen chemical shift versus temperature graph.
We further indexed the residues whose residuals to the
linear fit in the amide hydrogen chemical shift versus
temperature graph looked parabolic. These residuals
were then fit to a parabolic function. We used the F-test52

to detect curvature with the null hypothesis as the data
follows a linear regression. The alternative function was
a parabolic fit to the data. The p-value was set at 1%.

4.7 | Salt-induced chemical shift changes
in A6-PrP

We compared the [15N, 1H] HSQC spectra of A6-PrP
under native conditions and in the presence of 150 mM
NaCl. The changes in the peak positions were calcu-
lated as:

Chemical Shift Perturbation CSPð Þ
¼ Δ1Hchemical shift

� �2þ Δ15N chemical shift=5
� �2h i1=2

:

Accession ID: The accession ID of Mouse Prion is
P04925. The backbone 13Cα, 13C', 15N, and 1HN reso-
nance assignments of A6-PrP and Q216R-PrP were
deposited in Biological Magnetic Resonance Bank with
the accession IDs 51006 and 51007 respectively.
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