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Abstract

The misfolding of the prion protein (PrP) to aggregated forms is linked to several neurodegenerative diseases.
Misfolded oligomeric forms of PrP are associated with neurotoxicity and/or infectivity, but the molecular
mechanism by which they form is still poorly understood. A reduction in pH is known to be a key factor that
triggers misfolded oligomer formation by PrP, but the residues whose protonation is linked with misfolding
remain unidentified. The structural consequences of the protonation of these residues also remain to be
determined. In the current study, amino acid residues whose protonation is critical for PrP misfolding and
oligomerization have been identified using site-directed mutagenesis and misfolding/oligomerization assays.
It is shown that the protonation of either H186 or D201, which mimics the effects of pathogenic mutations
(H186R and D201N) at both residue sites, is critically linked to the stability, misfolding and oligomerization of
PrP. Hydrogen–deuterium exchange studies coupled with mass spectrometry show that the protonation of
either H186 or D201 leads to the same common structural change: increased structural dynamics in helix 1
and that in the loop between helix 1 and β-strand 2. It is shown that the protonation of either of these residues
is sufficient for accelerating misfolded oligomer formation, most likely because the protonation of either
residue causes the same structural perturbation. Hence, the increased structural dynamics in helix 1 and that
in the loop between helix 1 and β-strand 2 appear to play an early critical role in acid-induced misfolding of
PrP.

© 2016 Elsevier Ltd. All rights reserved.
Introduction

The misfolding of the mainly α-helical, monomeric
cellular prion protein, PrPC, into the mainly β-
structured, multimeric PrPSc form is linked with
several fatal neurodegenerative diseases in humans
and other mammals [1]. Despite PrPSc being clearly
involved in prion pathogenesis, its size and structure
are not yet well known [2]. Although the accumula-
tion of insoluble, protease-resistant PrPSc in the
central nervous system is thought to be a charac-
teristic feature of prion diseases, soluble oligomeric
forms that may [3] or may not [4] be protease
resistant have been shown to be neurotoxic and
infectious [5–9].
Recombinant PrP forms misfolded oligomers in

vitro in the presence of 150 mM NaCl [10,11].
Misfolded oligomer formation is facilitated by a
lowering of pH. Importantly, oligomers formed in
er Ltd. All rights reserved.
vitro at low pH have been shown to be cytotoxic
[5,12], and prion disease susceptibility appears to
correlate well with the propensity of recombinant PrP
to form these oligomers [13]. The oligomers formed
at low pH can disrupt lipid membranes [11,14,15],
pointing toward a putative mechanism of their
toxicity. Although it is evident now that the misfolded
oligomeric forms play key roles in neurotoxicity and/
or infectivity in vivo, as well as in cytotoxicity ex vivo,
the molecular details of the conversion of monomeric
PrP into misfolded oligomers are not well understood
[16].
In vitro, the aggregation of PrP is highly dependent

on the environmental conditions [10,16,17]. At
neutral or slightly acidic pH, PrP forms amyloid
fibrils. In vivo as well, GPI-anchorless PrP transgenic
mice have been shown to have large quantities of
fibrillar PrPSc extracellularly where the pH is neutral
[18]. At low pH, PrP forms misfolded β-rich
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Fig. 1. Structure of the CTD (residues 121–231) of the
mouse prion protein. Mutation sites have been labeled.
The residue stretch 23–120 is known to be unstructured in
the full-length protein. The color gradient is from blue
(N-terminus) to red (C-terminus). (a) Different His residues,
which were mutated in the current study, are labeled. The
side chains of H139, H176 and H186 are buried to the
extents of 16%, 19% and 78%, respectively. (b) A close-up
of the region near residue H186. (c) Different acidic and
basic residues, which were mutated in the current study,
are labeled. The side chains of E145, R155, E195, E199,
D201 and E210 are buried to the extents of 99%, 63%,
47%, 0%, 100% and 63%, respectively. (d) A close-up of
the region near residue R155. The distances between the
side chains of R155-E195 and R155-D201 are shown in
angstroms (Å). The figure was drawn using the program
PyMOL and the PDB file 1XYX.
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oligomers. The formation of misfolded oligomers has
been shown to be linked with the protonation of at
least one critical residue. The amount of misfolded
oligomer increases with decreasing pH, with the
pH-induced transition characterized by an apparent
pKa of 4.7 [11]. Interestingly, aggregation of PrP has
been shown to occur in the endocytic pathway
[19,20] in which lysosomes have a low internal pH. It
is likely that PrP misfolds to oligomeric forms when it
encounters acidic pH in the endocytic pathway.
Identification of the residues whose protonation is
linked to misfolding and oligomerization and deter-
mination of the structural effects of this protonation
are critical steps in achieving an understanding of
the mechanism of conformational conversion of PrP.
The apparent pKa of 4.7 for misfolded oligomer

formation [11] suggests that the protonation of one or
more His residues with reduced pKa values and/or the
protonation of one or more buried Asp or Glu residues
with elevated pKa values is important in conformational
conversion. In either case, the pKa values of the critical
residue side chain could be different in the monomer
and in the oligomer. Molecular dynamics (MD)
simulations have suggested that H154 and H186
(mouse numbering; mouse numbering has been used
throughout this article) could be the critical residues in
the case of human PrP [21]: the apparent pKa values
for their protonation were determined by MD simula-
tions and NMRmeasurements to be ~4.5–5.0 [21,22].
The H186R mutation, which mimics protonated H186,
is linked with familial Creutzfeldt–Jakob disease [23]
and shows increased misfolding [24], indicating that
the protonation of H186 might be important for the
misfolding of PrP. However, H139 also shows a pKa
value, as measured by NMR [22], similar to that of
H186, indicating that its protonation might also be
important. Hence, the importance of the protonation of
different His residues in PrP misfolding is not clear.
The structural consequences of the protonation of His
residues are also not yet well understood.
Several familial prion diseases are caused by

pathogenic mutationsinvolving replacement of acidic
amino acid residues by either neutral or basic amino
acid residues [25]. Removal of a negative charge by
these pathogenic mutations mimics a reduction in
pH that would neutralize the charge. The removal of
a negative charge is likely to disrupt electrostatic
interactions, but a clear picture about the roles of
different acidic amino acid residues in the misfolding
of PrP is yet to emerge.
In the current study, amino acid residues whose

protonation is critical for misfolding and oligomerization
have been identified in the mouse prion protein
(moPrP). By employing point mutations, it is shown
that only the protonation of H186 leads to a drastic
destabilization and increased misfolding rate of the
protein although three His residues are present in the
structured C-terminal domain (CTD) of moPrP. In
addition, it is shown that the R155-D201 salt bridge is
critical for the stability and misfolding of moPrP.
Replacement of either R155 or D201 by a neutral
residue destabilizes the protein and increases its
misfolding rate drastically. Hydrogen–deuterium ex-
change (HDX) studies coupled with mass spectrom-
etry (MS) show that helix 1 (α1) and the loop between
α1 and β-strand 2 (β2) are destabilized upon
protonation of either H186 or D201, along with regions
in the proximity of the mutations. The results of the
structural dynamics studies suggest a model for the
pH-induced misfolding and oligomerization of moPrP.
Results and Discussion

To understand how the protonation of the His
residues present in the CTD of moPrP affects its



Fig. 2. Effect of the protonation of residue 186 on the
stability of moPrP. Urea-induced equilibrium unfolding
transitions of different moPrP variants at pH 4 (a) and pH 7
(b), 25 °C as monitored by far-UV CD at 222 nm. The side
chain of residue 186 becomes positively charged in wt
moPrP at pH 4 and in H186R moPrP at both pH 4 and
pH 7.
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misfolding and oligomerization, they were replaced
with neutral amino acid residues, one at a time.
There are three His residues in the CTD of moPrP at
positions 139, 176 and 186 (Fig. 1a and b). Unlike
human PrP, moPrP does not have a His residue at
position 154. Three mutant proteins, H139Q, H176F
and H186F, were generated. Phe has a size and
helix-forming propensity comparable to those of His,
and hence, His was replaced with Phe at positions
176 and 186. Since a Phe residue is present at
position 140, H139 was replaced with Gln, which has
a comparable size to His, in order not to have two
adjacent aromatic amino acid residues. All three
mutant proteins show far-UV circular dichroism (CD)
spectra similar to that of wild-type (wt) moPrP under
native conditions (Fig. S1a), indicating that these
mutations do not alter the overall secondary struc-
ture of moPrP.
The CTD of moPrP has several other ionizable

residues (Table S1) including acidic residues, whose
protonation could facilitate misfolding and oligomer-
ization. Some of these ionizable residues are
present in salt bridges; MD simulations have
suggested that salt bridges are important for the
stability of PrP [26,27]. To probe the roles of different
acidic residues, moPrP variants, either with muta-
tions of residues involved in the formation of salt
bridges important for tertiary structure (E145Q
moPrP) or with mutations linked to familial prion
diseases (E195K, E199K, D201N and E210Q
moPrP) were made (Fig. 1c and Table S1).

H186F moPrP shows a drastic increase in
thermodynamic stability at pH 4 but not at pH 7

Urea-induced equilibrium unfolding studies
showed that both H139Q and H176F moPrP are
about as stable as wt moPrP at pH 4 (Fig. S1b and
Table S2). On the other hand, H186F moPrP was
substantially more stable than wt moPrP at pH 4
(ΔΔG = +1.75 kcal/mol) (Fig. S1b and Table S2).
H186F moPrP also showed a drastic increase in its
melting temperature (Tm), while H139Q and H176F
moPrP showed Tm values similar to that of wt moPrP
(Fig. S1c and Table S2). In contrast to the results at
pH 4, H186F moPrP was only slightly more stable
than wt moPrP at pH 7 (Fig. 2 and Table S3). This
indicated that H186 does not become protonated in
wt moPrP at pH 7; consequently, wt moPrP is about
as stable as H186F moPrP at pH 7. These results
suggested that, in wt moPrP, the protonation of
H186, which occurs at pH 4 but not at pH 7, causes
a drastic reduction in the stability of the protein.
Interestingly, a recent study shows that the replace-
ment of H186 by Tyr also stabilizes moPrP at low pH
[28], suggesting that the stabilization effect is
independent of the residue introduced.

H186R moPrP shows a drastic reduction in the
stability at pH 7 but not at pH 4

If protonation of H186 leads to destabilization of
moPrP, then the protein should get destabilized
even at pH 7 if residue 186 could be given a positive
charge at that pH. H186R is a pathogenic mutation
that introduces a positive charge at residue 186 at
pH 7. Urea-induced equilibrium unfolding studies
showed that H186R moPrP was as stable as wt
moPrP at pH 4 (Fig. 2a) but was much less stable
than wt moPrP at pH 7 (Fig. 2b and Table S3).
Hence, the introduction of a positive charge on the
side chain of residue 186 in moPrP, either on a
protonated H186 (at pH 4) or on a protonated R186
(at pH 4 or 7), leads to a drastic destabilization of the
protein.

H186F moPrP shows reduced misfolding rates
while H139Q and H176F moPrP show increased
misfolding rates

The effects of mutations of His to neutral residues
on the misfolding and oligomerization of moPrP in
the presence of 150 mM NaCl, at 37 °C (pH 4) and
at 100 μM protein concentration, were studied using
far-UV CD (Fig. S2) and size-exclusion chromatog-
raphy (SEC) (Fig. S3a). Far-UV CD spectra showed
that the oligomer formed at different times was
β-rich, while the monomer was α-helical (Fig. S2).
The morphology and size of moPrP oligomers
formed under the abovementioned conditions have
been characterized in detail in an earlier study [29].
moPrP forms spherical oligomers, which have a
hydrodynamic radius of 10–12 nm [29]. Other
studies have also shown that, under similar condi-
tions of oligomer formation, PrP forms oligomers of
similar sizes (10–12 nm hydrodynamic radius)
[30,31]. H139Q and H176F moPrP misfolded
and oligomerized very much faster than wt moPrP



Fig. 4. pH dependence of the misfolding of moPrP
variants. Fraction misfolded form at 24 h is plotted versus
pH. The fraction misfolded form was calculated by using
the fractional change in the CD signal at 222 nm. The lines
through the data points for wt and H186F moPrP represent
fits to Eq. (1) (Materials andMethods). Error bars represent
the spread in data from two independent experiments. It
was not possible to obtain data for several of the mutant
variants above pH 5.2 because of solubility problems.
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(Fig. 3a and Fig. S3b), suggesting that the proton-
ation of H139 or H176 in wt moPrP would not
increase the misfolding and oligomerization rates. It
is possible that the protonation of H139 or H176
might instead decrease the rates of misfolding and
oligomerization of wt moPrP. However, if this were
the case, the protonation would most likely be
through affecting intermolecular association steps
after the initial conformational change, as both
H139Q and H176F moPrP are as stable as wt
moPrP (Table S2). In this context, it should be noted
that several MD studies [32,33] have suggested that
the protonated forms of these residues form salt
bridges with different residues. In contrast to H139Q
and H176F moPrP, H186F moPrP showed a drastic
reduction in the misfolding and oligomerization rates
(Fig. 3b and Fig. S3c).

H186R moPrP misfolds in a pH-independent
manner

moPrP forms misfolded oligomers in a pH-
dependent manner [11]. In the presence of 150 mM
NaCl at 37 °C and at 100 μM concentration, wt
moPrP showed an apparent pKa for the misfolding
transition of ~4.7 (Fig. 4). If this transition is caused by
the protonation of H186, then H186R moPrP should
misfold completely in a pH-independent manner in
the acidic pH range, as this mutant variant would
mimic wt moPrP with a protonated H186. To probe if
that is true, a pH titration of the misfolding of H186R
moPrP was carried out under the same conditions as
for wt moPrP. H186R moPrP was found to be
Fig. 3. Effect of His mutations on the misfolding of
moPrP. (a) Fraction misfolded form at different times of
aggregation of wt, H139Q and H176F moPrP at 100 μM
concentration in 150 mM NaCl at 37 °C, pH 4. (b) Fraction
misfolded form at different times of aggregation of wt and
H186F moPrP at 100 μM concentration in 150 mMNaCl at
37 °C, pH 4. The fraction misfolded form was calculated
by using the fractional change in the CD signal at 222 nm.
The continuous lines through the data points in both the
panels were drawn by inspection to guide the eye. Error
bars represent the spread in data from two independent
experiments.
completely misfolded in the pH range 2–5.2 (Fig. 4),
above which it precipitated out of solution. This result
showed that the protonation of H186, or the introduc-
tion of a positive charge on the side chain of residue
186, is critical for moPrP misfolding.

H186F moPrP has reduced structural dynamics
in α1, the loop between α1 and β2, the C-terminus
of α2 and the loop between α2 and helix 3 (α3) at
pH 4

To understand why H186F moPrP misfolds slower
than wt moPrP at pH 4, it was important to determine
the structural differences between H186F and wt
moPrP. To this end, HDX-MS studies were carried
out to obtain sequence-specific information about
the structural changes. In HDX studies, structured
regions of the protein are generally protected against
HDX; unstructured, solvent-exposed regions be-
come labeled with deuterium. The labeled segments
show an increase in mass and can be identified by
carrying out peptic digestion at low pH, where the
exchange reaction is quenched. In this way, local-
ized information about the structural dynamics of
different parts of the protein can be obtained. A
peptide map generated earlier [15] was used for the
current study. For HDX-MS studies, the native
monomeric protein in H2O buffer was diluted 20
times in D2O buffer at pH 4. Since pH 4 is not far
from the pH at which intrinsic HDX rates are at their
minimum, HDX can be observed at a large number
of amide hydrogen sites, spread over all the
secondary structural elements of the protein.
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The kinetics of deuterium incorporation in the
sequence segments covering α1, the loop between
α1 and β2, the C-terminus of α2 and the loop
between α2 and α3 were found to be slower for
H186F moPrP than for wt moPrP at pH 4 (Fig. 5).
This suggested that the protonation of H186 in wt
moPrP leads to increased structural dynamics in
these regions. MD simulations suggest that the
protonation of H186 disrupts the electrostatic net-
work and other interactions between the C-terminus
of α2 and the loop between α1 and β2 involving
residues R155, N158, Q159, E195 and D201
[21,32,34,35]. It is likely that the increased structural
dynamics in these regions in wt moPrP mentioned
above is due either to the destabilization/unraveling
of α1 or to the movement of α1 and the loop between
α1 and β2 away from α2. Such a movement would
lead to the exposure of the C-terminus of α2, which is
highly prone to misfolding, and eventually would lead
to the misfolding of moPrP [11,36].

H186R moPrP has increased structural dynamics
in α1, the loop between α1 and β2 and the loop
between α2 and α3 at pH 7

Since the stability of H186R moPrP was found to
be substantially lower than that of wt moPrP at pH 7,
it was important to characterize the structural
Fig. 5. Time course of HDX into different secondary struct
Percent deuterium incorporation profiles at pH 4, 25 °C of sele
the spread in data from two independent experiments.
monoexponential or a biexponential equation.
changes that lead to this destabilization. HDX-MS
studies were carried out on H186R moPrP at pH 7
using wt moPrP as a reference. The kinetics of
deuterium incorporation in the sequence segments
covering α1, the loop between α1 and β2 and the
loop between α2 and α3 were found to be faster for
H186R moPrP than for wt moPrP (Fig. S4).
Importantly, these same regions showed increased
stability in H186F moPrP at pH 4 (Fig. 5). This result
confirmed that the protonation of H186 in wt moPrP
leads to increased structural dynamics in these
regions.

H186F moPrP oligomerizes rapidly in the
presence of denaturants

The HDX-MS studies showed that the structural
dynamics in α1, the loop between α1 and β2, the
C-terminus of α2 and the loop between α2 and α3 are
reduced in H186F moPrP, while they are increased in
H186R moPrP. The misfolding/oligomerization rate is
also reduced in the former. If it is the increased
structural dynamics in α1 and parts of α2-α3, upon
protonation of H186, which is responsible for acceler-
ating the misfolding/oligomerization of wt moPrP, then
H186F moPrP should also oligomerize rapidly under
denaturing conditions where these regions (and other
regions) would have increased structural dynamics.
ural regions of monomeric H186F and wt moPrP at pH 4.
cted sequence segments, are shown. Error bars represent
The lines through the data represent fits to either a
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SEC studies showed that, under denaturing conditions
[3 M urea, 1 M guanidine hydrochloride (GdnHCl) and
150 mM NaCl, pH 4, at 37 °C] at 100 μM protein
concentration, H139Q and H176F moPrP oligomer-
ized very rapidly (data not shown), while H186F
moPrP also oligomerized faster, but at a rate similar
to that of wt moPrP (Fig. S5). The observation that
H186F moPrP oligomerized as rapidly as wt moPrP in
the presence of denaturants also suggested that the
reduction in oligomerization rate of H186F moPrP in
the absence of denaturants is not because of
introduction of Phe but because of the removal of
His at residue position 186.

Acidic residues in the pH-induced misfolding of
moPrP

The characterization of the His mutant variants
showed that the protonation of H186 facilitates the
misfolding of moPrP. However, it was also important
to determine whether the protonation of any other
residues also plays a role in misfolding and
oligomerization. In particular, since several of the
pathogenic mutations of PrP involve mutations of
acidic amino acid residues to either neutral or basic
residues [25], it was important to determine whether
there are acidic residues whose protonation is
critical for the misfolding and oligomerization of
PrP. The observation that the low pH-induced
misfolding transition of H186F moPrP has an
apparent pKa of ~3.8 (Fig. 4) clearly indicates that
there are some acidic residues whose protonation is
critical for misfolding of moPrP. Indeed, D177N PrP,
a pathogenic mutation, is already known to have
increased misfolding and oligomerization rates
[36,37]. It was found in the current study that
D177N moPrP is misfolded completely in the pH
range 2–5.2 (Fig. 4). This indicated that protonation
of D177 is critical for the misfolding of moPrP.

The R155-D201 salt bridge stabilizes moPrP and
prevents its misfolding and oligomerization

The stabilities of several moPrP mutant variants, in
which acidic residues were mutated, were checked by
urea-induced and thermally induced equilibrium
unfolding studies (Fig. S6). All the mutant variants,
except for D201N, showed stabilities either similar to or
slightly lower than that of wt moPrP (Table S4). D201N
moPrP showed a substantial decrease in both the
thermodynamic stability and Tm compared to wt
moPrP (Table S4). In a recent study, the D201N
mutation was shown to destabilize moPrP [36]. MD
simulations suggest that D201 makes a strong salt
bridge with R155 [27], which is further supported by
the close proximity of the two residues in the NMR
structure of the protein (Fig. 1d). It is likely that the
disruption of this salt bridge is responsible for the
substantial decrease in the stability of D201N moPrP.
Thermodynamic stabilities of PrP variants may not
correlate with their amyloidogenic propensities [38].
Hence, to know how these mutations affect the
misfolding and oligomerization of moPrP, the mis-
folding and oligomerization of these mutant variants
were studied in the presence of 150 mM NaCl, at
37 °C, pH 4 and at 100 μM protein concentration,
using CD (Fig. 6) and SEC (Fig. S7a), respectively.
For all the mutant variants except D201N, the rates
of misfolding and oligomerization were found to be
either similar to or only slightly faster than that of wt
moPrP (Fig. 6a and Fig. S7b). D201N moPrP
showed a drastic increase in the misfolding and
oligomerization rates (Fig. 6b and Fig. S7b). More-
over, D201N moPrP was found to be completely
misfolded in the pH range from 2 to 5.2 (Fig. 4),
indicating that the protonation of D201 is critical for
the misfolding of PrP. It seemed that the R155-D201
salt bridge is very crucial for the stability and
misfolding of moPrP, and it was therefore predicted
that mutation of R155 to a neutral amino acid residue
would show an effect similar to that of the D201N
mutation. To this end, Arg at residue position 155
was replaced with Gln. R155Q moPrP, which is not
known to be linked to any familial prion diseases so
far, showed a substantial decrease in its thermody-
namic stability and Tm, similar to that shown by
D201N moPrP (Fig. S6 and Table S4). Importantly,
R155Q moPrP showed a drastic increase in the rate
of oligomerization compared to that of wt moPrP
(Fig. S7b). The rate of misfolding for R155Q moPrP
was even faster than that of D201N moPrP (Fig. 6b),
which may be because R155 could also be forming a
salt bridge with E195 (Fig. 1d) [26,27]. It should be
noted that, in the absence of 150 mM NaCl, both
R155Q and D201N moPrP are helical and show
far-UV CD spectra similar to that of wt moPrP
(Fig S8).
R155Q and D201N moPrP show increased
structural dynamics in α1, the loop between α1
and β2 and the loop between α2 and α3

Since the R155-D201 salt bridge is very critical for
the stability and misfolding of moPrP, it was
important to determine the structural changes that
occur upon disruption of this salt bridge. HDX-MS
studies were therefore carried out on R155Q and
D201N moPrP at pH 4. The sequence segments
covering α1, the loop between α1 and β2 and the
loop between α2 and α3 in both R155Q and D201N
moPrP were found to show increased rates of
deuterium incorporation (Fig. 7). In an earlier study
as well, D201N moPrP had been shown to undergo
similar structural changes [36]. Importantly, these
structural changes were found to be similar to the
structural changes seen in the protein upon proton-
ation of H186.



Fig. 6. Effects of mutations of acidic and basic amino
acid residues on the misfolding of moPrP. (a) Fraction
misfolded form at different times of aggregation as probed
by CD at 228 nm of 100 μM protein in 150 mM NaCl at
37 °C, pH 4. (b) Fraction misfolded for R155Q and D201N
moPrP. The continuous lines through the data points
represent fits to exponential equations. Error bars repre-
sent the spread in data from two independent experiments.
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Protonation of either H186 or D201 is sufficient
for the misfolding of moPrP

wt moPrP showed substantial misfolding at pH 4.4
while H186F moPrP showed negligible misfolding at
the same pH (Fig. 4). This indicated that the
misfolding of wt moPrP at pH 4.4 was primarily
because of protonation of H186. Hence, protonation
Fig. 7. Time course of HDX into different secondary structu
pH 4. Percent deuterium incorporation profiles at pH 4, 25 °C
represent the spread in data from two independent experime
monoexponential or a biexponential equation.
of H186 alone, among the critical residues for
misfolding, was sufficient for enabling the misfolding
of moPrP. To probe whether protonation of just D201
alone was also sufficient for the misfolding of moPrP,
the variant H186F-D201N moPrP was generated.
H186F-D201N moPrP mimics a protein with H186 in
a deprotonated state and with D201 in a protonated
state. H186F-D201N moPrP shows a far-UV CD
spectrum similar to that of wt moPrP under native
conditions (Fig. S8). Although H186F-D201N moPrP
was more stable than D201N moPrP (Fig. S9a), it
was found to oligomerize as fast as D201N moPrP
(Fig. S9b). Importantly, H186F-D201N moPrP was
found to be completely misfolded in the pH range 2–
5.2 (Fig. 4). This indicated that the protonation of just
D201 alone was also sufficient for enabling the
misfolding of moPrP. Not surprisingly, H186F-
D201N moPrP showed structural changes, as
measured by HDX-MS, similar to those shown by
D201N moPrP (Fig. S10).
In the current study, it is shown that the protonation

of either H186 or D201 has a critical effect on the
stability, misfolding and oligomerization of moPrP.
While the protonation of D201 leads to the disruption
of the salt bridge R155-D201, protonation of H186 is
likely to disrupt the electrostatic network between α1
and the α2-α3 regions [21,32,34,35]. Disruption of the
salt bridge R155-D201 is likely to result in α1 moving
away from the N-terminus of α3 and the loop between
ral regions of monomeric R155Q, D201N and wt moPrP at
of selected sequence segments, are shown. Error bars
nts. The lines through the data represent fits to either a



Fig. 8. Molecular model for the pH-induced misfolded oligomer formation by PrP. Protonation of H186 or D201 increase
the structural dynamics of both α1 and the loop between α1 and β2. α1 is destabilized and appears to either unravel or
move away from the structural core of the protein. These changes facilitate the pH-induced misfolding of PrP.
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α2 and α3. Importantly, irrespective of the type of
disruption caused by protonation of either H186 or
D201, the structural consequences in the protein are
very similar (Fig. 8). A previous study showed that
D177N moPrP also undergoes similar structural
changes [36]. Hence, these studies show that the
protonation of D177, H186 or D201 leads to the same
structural perturbations: destabilization of α1 and that
of the loop between α1 and β2 because of either the
movement of α1 away from the α2-α3 region or the
unraveling of α1. Consequent to this structural
perturbation, the intrinsic instability of α2 [39] would
drive the misfolding of moPrP (Fig. 8) [11,36].
Several earlier studies support this mechanism of

PrP misfolding. Computational studies carried out on
either wt PrP or pathogenic mutant variants have
suggested that α1 has high mobility and that its
movement away from the α2-α3 region [26,40–42]
eventually triggers the misfolding of the protein. A
reduction in pH from 7.2 to 5.5 has been shown to
lead to a reduction in the tertiary contacts between
α1 and α3 in the pathogenic mutant variant V210I
[43]. Structural studies on different misfolded forms
of PrP show very similar results: α1 has unfolded,
and α2 and α3 have converted into β-sheet
[15,44,45]. Since these major conformational chang-
es occur during the misfolding of PrP, the movement
of α1 away from the α2-α3 region or the unraveling of
α1 might be a necessary first step for its misfolding.
Indeed, subdomain separation of β1-α1-β2 from
α2-α3 has been shown to be a prerequisite for
oligomerization: locking these two subdomains by
disulfide linkage prevents oligomerization [46]. Re-
cently, it has been shown that, in an acid-induced
molten globule form of PrP at pH 2, the β1-α1-β2
region is preferentially unfolded, whereas the α2-α3
region remains marginally stable [47]. It is clear that
destabilization/unraveling of α1 facilitates misfolding
and oligomerization of mutant variants of moPrP and
that α1 has lost its structure in the misfolded
oligomers formed at pH 4 [36]. Nevertheless, it is
possible that, during the misfolding and oligomeri-
zation of wt moPrP at pH 4, α1 loses its structure
only after the α2-α3 region undergoes conformation-
al conversion. Kinetic studies are required to
delineate the sequence of structural events that
occur during the misfolding and oligomerization of
PrP. These are currently under way.
Materials and Methods

Reagents

All reagents used for experiments were of the highest
purity grade available from Sigma, unless otherwise
specified. Urea and GdnHCl were purchased from USB
and were of the highest purity grade.

Site-directed mutagenesis

The mutant variants of full-length moPrP were generated
using the QuikChange® site-directed mutagenesis kit
(Stratagene). Primers containing 1- to 2-nucleotide changes
were obtained from Sigma. The mutations in the plasmids
were confirmed by DNA sequencing.
Protein expression and purification

wt moPrP and all the mutant variants were expressed in
Escherichia coli BL21 (DE3) codon plus (Stratagene) cells
transformed with a pET17b plasmid containing the full-
length sequence (23–231) of the moPrP gene. All the
moPrP variants were purified as described previously
[10,11]. No reducing agent was used during the whole
protein purification procedure, and only one peak for the
prion protein was observed during the reverse-phase
chromatography step of protein purification. The protein
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that eluted out in this peak was in the oxidized disulfide
containing form as checked by MS (Waters Synapt G2 HD
mass spectrometer). The purity of each moPrP variant
preparation was confirmed by MS. Each moPrP variant
showed an expected mass indicating that no chemical
modification has taken place in any of the moPrP variants.
Far-UV CD measurements

Far-UV CD spectra were collected using a Jasco J-815
spectropolarimeter. Far-UV CD spectra were acquired
using a protein concentration of 10 μM in a 1 mm cuvette,
using a scan speed of 50 nm/min, a digital integration time
of 2 s and a bandwidth of 1 nm. Far-UV CD spectra under
native conditions were acquired in 10 mM sodium acetate
buffer, pH 4, 25 °C. All the mutant proteins used in the
current study showed far-UV CD spectra similar to that of
wt moPrP under native conditions.
Urea-induced equilibrium unfolding studies

Urea-induced equilibrium unfolding transitions were
carried out at pH 4 (in 10 mM sodium acetate buffer) and
at pH 7 (in 50 mM Tris–HCl buffer) using 10 μM of protein.
These studies were carried out in the same way as
described earlier [11].
Thermal equilibrium unfolding studies

Thermal equilibrium unfolding transitions were moni-
tored at pH 4 in 10 mM sodium acetate buffer using the
change in the CD signal at 222 nm on the Jasco J-815
spectropolarimeter. 10 μM protein was used in a 1-mm
cuvette, and the temperature scanning rate was 1 °C/min.

Misfolding at different pH values

The protein in 10 mM sodium acetate buffer (pH 4) was
diluted twofold with 2× aggregation buffers (containing
300 mM NaCl) so that the protein was finally in 1× aggre-
gation buffer containing 150 mM NaCl at the desired pH.
50 mM glycine-HCl buffer was used for pH values 2.1, 2.6,
3.1 and 3.6; 10 mM sodium acetate buffer was used for pH
values 4.0, 4.4 and 4.6 while 50 mM Mes buffer was used
for pH values 5.2 and 5.7. The samples were then
incubated at 37 °C for 24 h. The final protein concentration
used for all the experiments was 100 μM. D177N, H186F,
H186R and D201N moPrP showed precipitation above
pH 5.2 while H186F-D201N moPrP showed precipitation
above pH 4.6. For studying the extent of misfolding, each
sample was diluted to 10 μM in the same buffer in which it
had been incubated for 24 h, and the far-UV CD spectrum
was acquired within 10 min after dilution.
For analysis of the pH dependence of the CD signal, it

was assumed that the formation of the misfolded oligomer
(O) was coupled to the protonation, with dissociation
constant Ka of a single critical residue in the monomeric
protein (M).

Mþ Hþ ↔MHþ ↔O
It is assumed that only MH+ is competent to form O. In
that case, the pH dependence is that of the protonation of
M and is given by a transformation of the Henderson–
Hasselbalch equation:

Fraction MHþ ¼ 1

1þ 10 pH−pK að Þ ð1Þ

Fraction MH+ is the fraction of protein protonated at the
critical titrating residue. It is assumed that the MH+ ↔ O
equilibrium completely favors O at the high protein
concentration (100 μM) used. Then, Fraction MH+ is
equal to fraction misfolded oligomer.

Oligomerization and misfolding studies at pH 4 in the
absence of chemical denaturants

The oligomerization and misfolding studies were carried
out as described earlier [11]. Briefly, the protein in 10 mM
sodium acetate buffer (pH 4) was diluted twofold with
2× aggregation buffer (10 mM sodium acetate buffer and
300 mM NaCl, pH 4) so that the protein was finally in
1× aggregation buffer (10 mM sodium acetate buffer and
150 mM NaCl, pH 4). The samples were then incubated at
37 °C. The final protein concentration used for all the
experiments was 100 μM. Oligomerization at different
timepoints was then monitored by SEC. For studying the
extent of oligomerization, a 100-μL aliquot of the incubated
sample was taken out and injected into a Waters Protein
Pak 300-SW column using an Akta (GE) chromatography
system kept at 25 °C. The column was equilibrated with
4 column volumes of 1× aggregation buffer at pH 4
(10 mM sodium acetate buffer and 150 mM NaCl), after
several samples of oligomer had first been run through the
column. In all subsequent SEC experiments, the amounts
of oligomer and monomer that eluted out were found to
account for all the protein that had been injected into the
column. The areas under the monomer and oligomer
peaks were calculated by fitting the SEC profiles (moni-
tored by absorbance at 280 nm) to multiple Gaussian
peaks, using Origin Pro 8. The fraction monomer left was
calculated from the area under the monomer peak divided
by the total area under all the peaks. The fraction oligomer
formed was then calculated by subtracting fraction
monomer from 1. Concurrently, the samples were diluted
to 10 μM in 1× aggregation buffer and far-UV CD spectra
were acquired.
For studying the misfolding rates of R155Q and D201N

moPrP, misfolding experiments under the same conditions
as described above were carried out using a water-
jacketed 0.5-mm-quartz cuvette at 37 °C, and the kinetics
were monitored by CD. Both the protein sample and
2× aggregation buffer were incubated at 37 °C before
starting the reaction. The reaction was started by mixing
200 μM moPrP in equal amounts with 2× aggregation
buffer and then immediately incubating it in the cuvette that
was maintained at 37 °C, using a water bath. The time
from the mixing of the protein with 2× aggregation buffer to
the first reading was ~40 s. Since the change in CD signal
at 228 nm, as native monomer converts into misfolded
oligomers, is substantial, the time course of the change in
the CD signal was studied at 228 nm, where the signal to
noise ratio is better than at lower wavelengths.
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Oligomerization and misfolding at pH 4 in the
presence of chemical denaturants

These studies were carried out as described earlier [11].
The final oligomerization condition was 10 mM sodium
acetate buffer, 150 mM NaCl, 1 M GdnHCl, 3 M urea
(pH 4, at 37 °C) and 100 μM protein concentration.
HDX-MS measurements

The peptide map of themoPrP variants was generated as
described earlier [15]. 10 mM sodium acetate buffer
prepared in D2O was used as a labeling buffer for pH 4
(corrected for isotope effect) studies while 10 mM Tris–DCl
buffer prepared in D2O was used as a labeling buffer for
pH 7 (corrected for isotope effect) studies. HDX-MS
measurements were carried out as described earlier [11].
Briefly, to initiate deuterium labeling, a 100 μM protein
sample was diluted 20-fold into the labeling buffer so that
the protein was in 95% D2O and incubated it at 25 °C. At
different times of labeling, 50 μL of aliquot was withdrawn
from the labeling reaction and was mixed with 50 μL of
ice-cold 20 mM glycine-HCl buffer at pH 2.5 to quench the
labeling. The sample was then immediately injected into the
HDX module (Waters) coupled with the nano Acquity UPLC
for online pepsin digestion using an immobilized pepsin
cartridge (Applied Biosystems). Further processing of the
sample for mass determination using a Waters Synapt G2
mass spectrometer was carried out as described earlier
[11,15].
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