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Abstract

Little is understood about how the intrinsically disordered N-terminal region (NTR) of the prion protein
modulates its misfolding and aggregation, which lead to prion disease. In this study, two pathogenic
mutations, G113V and A116V, in the palindromic region of the NTR are shown to have no effect on the
structure, stability, or dynamics of native mouse prion protein (moPrP) but nevertheless accelerate misfolding
and oligomerization. For wild-type moPrP, misfolding and oligomerization appear to occur concurrently, while
for both mutant variants, oligomerization is shown to precede misfolding. Kinetic hydrogen–deuterium
exchange–mass spectrometry experiments show that sequence segment 89–132 from the NTR becomes
structured, albeit weakly, during the oligomerization of both mutant variants. Importantly, this structure
formation occurs prior to structural conversion in the C-terminal domain and appears to be the reason that the
formation of misfolded oligomers is accelerated by the pathogenic mutations.

© 2016 Elsevier Ltd. All rights reserved.
Introduction

The prion protein is a Glycosylphosphatidylinositol-
anchored protein, present primarily in the mammalian
brain, which is responsible for the transmission and
pathogenesis of a group of neurodegenerative disor-
ders known as transmissible spongiform encephalop-
athies [1,2]. Conformational conversion of the native,
monomeric cellular prion protein (PrPC) into an
aggregated form (PrPSc) is associated with disease
pathology and neurodegeneration [3]. PrPC has an
unstructured N-terminal region (NTR; residues 23–
120) and a structured C-terminal domain (CTD;
residues 121–231) [4]. The structure of PrPSc remains
poorly defined, but it has been shown that residues 90–
230 form the protease-resistant core of PrPSc [2,5].
Despite the well-known role of the conformational

conversion of PrPC in prion pathogenesis, the
mechanism of this conversion and the final structure
of themisfoldedPrP are poorly understood. Generally,
prion diseases occur spontaneously or are transmitted
from individuals infected with prion disease. Never-
theless, familial forms of prion diseases can occur, due
to specific mutations in the PRNP gene that codes for
the prion protein. These disease-causing mutations
er Ltd. All rights reserved.
are localized mainly in helix 2 (α2) and helix 3 (α3) of
the structured CTD and in sequence segment 105–
126, known as the middle hydrophobic core region of
the unstructured NTR [6]. Several pathogenic muta-
tions found in the CTD reduce the thermodynamic
stability and increase the native state dynamics of the
prion protein [7–9]. However, other pathogenic muta-
tions like E199K, V209I, and T189V (mouse number-
ing; mouse numbering is used throughout this article),
which occur in the α3 region, do not affect the stability
of PrP [8]. Hence, it appears that the destabilization of
PrPC, leading to the formation of aggregation‐compe-
tent intermediates, may not be a general mechanism
for the formation of PrPSc [8].
In the unstructured NTR of the prion protein, the

middle hydrophobic region is the main hotspot for
mutations associated with familial forms of prion
diseases. This region has been shown to play an
important role in the conformational conversion of the
prion protein [10,11]. In particular, a palindromic
sequence in this segment spanning residues 111–
120 (VAGAAAAGAV) has been implicated to play a
role in the assembly of fibrils and in the structural
changes accompanying prion conversion [12–14].
Additionally, it appears that this segment is essential
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Fig. 1. Structure of the full-length (23–231) moPrP. The
CTD of the prion protein was drawn using PyMOL and the
PDB file 1XYX. The NTR (23–120) is known to be
unstructured in the full-length protein and is drawn as a
randomcoil. Themutation sites aremarked in the sequence.
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for the productive association of PrPC with PrPSc,
which leads to prion propagation in animals [15]. In the
middle hydrophobic region, the P104L, G113V,
A116V, and G130V mutations have been linked to
the Gerstmann–Sträussler–Scheinker (GSS) syn-
drome [3,6]. However, the mechanism by which
these mutations lead to prion pathogenesis remains
unclear [16].
It has been difficult to study howmutations that occur

in the unstructured NTR affect the global structure of
PrP, as well as the conformational conversion of PrP,
due to the intrinsically disordered nature of theNTR [4].
Several effects of thesemutations havebeen reported.
The A116Vmutation has been reported to facilitate the
formation of a transmembrane form of PrP, which
leads to neurodegeneration without any detectable
accumulation of PrPSc [17,18]. In fact, a recent study
has shown that this mutation enhances ion-selective
channel formation by the mouse prion protein (moPrP)
[19]. TheP101L andP104Lmutant variants have been
reported to form fibrils with an N-terminally extended
amyloid core [20]. An in vivo study has reported that the
G113V and A116Vmutations lead to the formation of a
protease-sensitive PrP conformation with a high
degree of neurotoxicity [21]. The mechanisms by
whichmutations in this region affect the conformational
conversion of PrP remain, however, unclear. Clearly, it
has become important to study the effects of mutations
in the unstructured NTR, particularly in the palindromic
sequence, to obtain a better understanding of its role in
the conformational conversion of PrP.
Results and Discussion

The pathogenic mutations G113V and A116V do
not affect the structure and stability of native
monomeric moPrP

In the current study, the effects of two GSS
syndrome-associated pathogenic mutations, which
are found in the palindromic region of PrP, G113V,
and A116V (Fig. 1), on the structure, stability, and
misfolding of moPrP were characterized. Figures 2
and 3 show that the G113V and A116V mutations did
not affect the structures and stabilities of moPrP. The
circular dichroism (CD) spectra (Fig. 2a), the Fourier
transform infrared (FTIR) spectra (Fig. 3), and the
dynamic light scattering (DLS) profiles (Fig. S1) of
wild-type (wt), G113V, and A116V moPrP were found
to be very similar to each other. Denaturant-induced
equilibrium unfolding studies indicated that the three
moPrP variants had identical thermodynamic stabili-
ties at pH 4 (Fig. 2b) and at pH 7 (Fig. 2d) and had
identical midpoints for their thermally induced unfold-
ing transitions at pH 4 (Fig. 2c). Hence, the G113V
andA116Vmutations in the unstructuredNTRdid not,
unsurprisingly, affect the global stability ofmoPrP [22].
In an earlier study [23], another nearby pathogenic
mutation, P101L, in the NTR had also been shown to
not affect the structure and dynamics of moPrP. It
became important to determine whether the G113V
and A116V mutations had an effect on misfolding and
aggregation, even though they did not affect global
structure and stability.

The pathogenic mutations G113V and A116V
accelerate the formation of misfolded oligomers

The prion protein is known to misfold and oligomer-
ize not only on the cell surface but also in the endocytic
pathway, where it encounters low pH [24]. In earlier
studies [25,26], it hadbeen shown thatmoPrP remains
native at pH 4 but becomes prone to misfolding
because the critical residue His186 has become
protonated [27]. Misfolding and oligomerization can
then be triggered by the addition of salt [25]. In this
study, the kinetics of misfolding of wt, G113V, and
A116VmoPrPweremonitored by themeasurement of
CD change, and the kinetics of oligomerization were
monitored by size-exclusion chromatography (SEC) at
pH 4, upon the addition of 150 mM NaCl (Fig. S2). It
should be noted that the formation of misfolded
oligomers at low pH correlates well with the propensity
to get prion disease [28]. Such oligomers have been
shown to be capable of disruptingmembrane structure
[25] and also to be capable of forming worm-like
amyloid fibrils [25,29].
As shown previously, the kinetics of CD-monitored

conformational change and SEC-monitored oligomer-
ization of 100 μM wt MoPrP were identical at pH 4 in
the presence of 150 mMNaCl (Fig. 4a). The observed
rate matched to that reported earlier [25]. In contrast,
in the case of both 100 μM G113V and A116V
moPrP, the rate of SEC-monitored oligomerization
was twofold higher than the rate of CD-monitored



Fig. 2. Spectroscopic characterization of structures and stabilities of the moPrP variants. (a) Far-UV CD spectra of
native monomeric (solid line) and misfolded oligomeric (dashed line) forms of moPrP variants monitored at pH 4.
Oligomerization of moPrP variants was carried out in the presence of 150 mM NaCl at 37 °C (pH 4). (b) Thermodynamic
stabilities of native monomeric wt, G113V, and A116V moPrP at pH 4. Urea-induced equilibrium unfolding transitions at
pH 4 and 25 °C as monitored by Far-UV CD at 222 nm are shown. (c) Thermally induced unfolding of the moPrP variants
at pH 4 as monitored by far-UV CD at 222 nm. (d) GdnHCl-induced equilibrium unfolding transitions at pH 7 and 25 °C as
monitored by far-UV CD at 222 nm. The continuous lines through the data points in (c) were drawn by inspection to guide
the eye. In (b and d), the signals were normalized to obtain the fraction unfolded.
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misfolding and was about eightfold higher than the
rate of SEC- and CD-monitored oligomerization of wt
moPrP (Figs. 4a–c and S2). For each of the three
moPrP variants, the rates of CD-monitored conforma-
tional change were the same, whether monitored at
208, 216, or 222 nm (Fig. S3). The faster aggregation
reactions of G113V and A116V moPrP were seen
over the entire range (10–100 μM) of protein concen-
trations studied (Fig. 4d–f). These results suggested
that oligomerization preceded misfolding in the case
ofG113VandA116V.For these twomutant variants, it
is clear that misfolding occurs predominantly in
oligomerized protein. In the case of wt moPrP,
misfolding and oligomerization either occurred con-
currently or oligomerization was rate limiting and
followed by fast misfolding (see below). Such a
two-step mechanism of association followed by
conformational change is similar to that proposed
earlier for the huntingtin protein [30]. It should,
however, be noted that for all three moPrP variants,
it is likely that dimerization was itself accompanied, or
indeed driven, by conformational change. If this
change were relatively minor and restricted to a
short sequence stretch in the unstructured NTR or in a
loop of the CTD, it is unlikely that it would be picked up
by the measurement of a probe of gross structural
change such as CD.

The rate-limiting step in the formation of
misfolded oligomers is the dimer formation

The reaction orders for the misfolding and oligo-
merization reactions of all three mutant variants were
determined from the slopes of the plots of the
logarithm of initial rates versus the logarithm of protein
concentration (Figs. 4d–f and S4; see Materials and
Methods), which were ~1 in all cases. Hence, the
reaction order was determined, using Eq. (1), to be
two, indicating that the rate-limiting step in misfolding
and oligomerization is the formation of a dimer. In fact,



Fig. 3. Structural characterization of the moPrP variants. The amide I regions (1600–1700 cm−1) of the FTIR spectra of
the native moPrP variants (upper panel) and oligomeric moPrP variants (lower panel) are shown. FTIR spectra of the
native proteins at pH 4 were acquired at 1 mM protein concentration, and the oligomeric proteins at pH 4 were acquired in
the presence of 150 mMNaCl. Experimental spectra are displayed as black lines. The deconvoluted spectra are displayed
as colored lines. Their sum is represented as a red line that overlaps the experimental data closely. The peaks at
~1620 cm−1, ~1645 cm−1, ~1660 cm−1, and ~1675 cm−1arise from amyloid cross-β, helical, disordered, and β-sheet
structure, respectively [53].
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the association of PrPC via the palindromic region is
known as a critical event that initiates PrPSc formation
[15]. Mutations occurring in this region are therefore
likely to affect the initial interaction between two
monomeric PrP molecules.

The pathogenic mutations G113V and A116V
induce weak structure in the middle hydrophobic
region of oligomeric protein

To understand the structural basis of why both
mutant variantsmisfold and oligomerize faster thanwt
moPrP, the native monomer as well as the misfolded
oligomer formed by wt, G113V, and A116V moPrP
were characterized by hydrogen–deuterium ex-
change (HDX) in conjunction with mass spectrometry
(MS). HDX differentiates between the structured
regions that are protected against exchange and the
unstructured regions that are unprotected. Less
deuterium gets incorporated into more stable seg-
ments, and more deuterium in less stable segments.
Since a sequence segment that is labeled by
deuterium has a higher mass than when it is
unlabeled, labeled segments are easily identifiable
by MS by carrying out peptic fragmentation after
exchange [31]. Fortunately, pH 4, at which moPrP
readily misfolds and oligomerizes upon the addition of
salt, is close to the pHatwhichHDX is the slowest; this
allows the structural changes in all secondary
structural units of the protein to be followed [32].
The HDX–MSmethod enables the measurement of

the local stabilities of all secondary structural units by
determining the kinetics of deuterium incorporation
into the sequence segments that fold to form the
secondary structures. In Fig. 5, it is seen that these
kinetics were identical for the native form of wt, G113V
and A116V moPrP, for HDX into each sequence
segment at pH 4, in the absence of added salt. Hence,
the G113V and A116V mutations, like the P101L
mutation studied earlier [33], had little effect on the
local structural dynamics of the native protein,
particularly in the structured CTD.
To understand how the G113V and A116V muta-

tions accelerate misfolding, it was necessary to study
the structures of the oligomers formed at the end of the
aggregation process and to characterize structurally
and kinetically the aggregation process itself. Under
the conditions (pH 4 and 37 °C) in which the proteins



Fig. 4. Misfolding and oligomerization of the moPrP variants. The kinetics of misfolding and oligomerization were
monitored using far-UV CD at 222 nm (●) and SEC (◊) for (a) wt moPrP, (b) G113V moPrP, and (c) A116V moPrP.
Misfolding and oligomerization were carried out in the presence of 150 mM NaCl at 37 °C (pH 4) and at 100 μM protein
concentration. Data were normalized to values between 0 (corresponding to 100% monomer) and 1 (corresponding to
100% oligomer). (d–f) Plots of the logarithm of the misfolding/oligomerization rate versus the logarithm of the protein
concentration for wt, G113V, and A116V moPrP, respectively. The straight lines through the data in each panel are linear
fits with slopes of (d) 0.9, (e) 1.2 and 1.12, and (f) 0.9 and 1.0. In each panel, the error bars represent the standard
deviations determined from three independent experiments.
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misfold and oligomerize upon the addition of 150 mM
NaCl, the average intrinsic rate constant for HDX into
moPrP is calculated to be 0.03 s−1. Hence, to
distinguish between protected (stable) and unprotect-
ed (unstable) structure in both monomer and oligo-
mer, a HDX labeling pulse of 180-s duration at pH 4
was utilized, which would completely label all unpro-
tected structure. In addition, both shorter (30 s) and
longer (2 h) labeling pulse durations were used to
differentiate between structures varying in stability in
monomer versus oligomer.
Fig. 6 shows that for all three moPrP variants, the

sequence segment 182–204 stretching from α2 to the
beginning of α3 in native moPrP was more protected
in oligomer than in monomer. Sequence stretch 205–
212, which forms the middle of α3 in native moPrP,
was strongly protected in both monomer and oligo-
mer, marginally more in the latter. On the other hand,
the C-terminal end of α3 (217–223) was moderately
protected in the oligomers while being strongly
protected in the monomers. The sequence stretch
133–167, which forms the loop preceding α1, α1 itself,
the loop separating α1 and β2, and β2 itself in native
moPrP, appeared weakly protected in the oligomers
but moderately protected in themonomers for all three
moPrP variants.
While the HDX data indicated that the pattern and

extent of HDX into all three native moPrP variants
were the same, significant differences were observed
between the extent of HDX into wt oligomers and into
the mutant oligomers: (1) sequence stretch 89–132,
which was unprotected in the wt oligomer, wasweakly
protected in the both mutant oligomers. (2) As was
reported earlier [7,34], sequence segment 109–132
showed more conformational heterogeneity in both
mutant oligomers than in wt oligomer: 20% of the
protein molecules in both mutant oligomers showed
protection in this segment, while only 3% did so in the
wt oligomers (Fig. S5 and Table S1).
The induction of weak structure in sequence

segment 89–132 in both mutant oligomers, as
reflected in their increased protection against HDX
(Fig. 6a) compared towt oligomer, could be because a
part or this entire region is a site for intermolecular
interaction within the oligomer. Indeed, this middle
hydrophobic region has been shown to be involved in
intermolecular association during the aggregation of
PrP [11,15]. The replacement of either Gly or Ala
residue by the branched Val residue in sequence
segment 89–132 is likely to have increased its
propensity to form β-sheet. Indeed, the FTIR spectra
of both mutant oligomers (Fig. 3) showed that they
possessed a higher fraction of β-sheet structure and a
lower fraction of disordered structure than did the wt
oligomer. This was not surprising as the palindromic
region of humanPrP has been shown to be capable of



Fig. 5. Native state dynamics of moPrP variants. The
kinetics of HDX into different sequence segments of native
and monomeric wt, G113V, and A116V moPrP at 25 °C
and pH 4 are shown. Percentage of deuterium incorpora-
tion is plotted versus the time for different sequence
segments (see Materials and Methods). Error bars
represent the standard deviations determined from three
independent experiments.
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adopting β-sheet structure [35]. In fact, it has been
suggested that amyloid fibril formation commences
from this region [36], and a peptide derived from this
region readily converts into amyloid fibrils [37].
Alternatively, the induction of weakly protected

structure in sequence segment 89–132 could be due
to it binding to a region of the CTD, either intramolec-
ularly or intermolecularly, within the mutant oligomers.
It would then be expected that the region on the CTD
towhich it binds would also bemore protected against
HDX in mutant than in wt oligomer. The only region
that is more protected, albeit weakly, against HDX in
the CTD of both mutant oligomers than in the CTD of
wt oligomer is sequence segment 144–153, which
forms α1 in native moPrP (Figs. 7 and S6). It is,
however, unlikely that sequence segment 89–132
binds to and thereby stabilizes sequence segment
144–153 in either mutant oligomer, because the
stabilization of this region would have resulted in the
slowing down of the misfolding and oligomerization of
themutant variants [7,38] and not in their acceleration,
as was observed (Fig. 4). A third possible reason for
why sequence segment 89–132 is stabilized more in
both mutant oligomers could also be that the β-sheet
core of the oligomer extends from residue 223 down to
residue 89 in the case of a subset of both mutant
oligomers. This region is known to become structured
in PrPSc10. If the core is indeed extended, then the
core of the mutant oligomers would be more similar to
the core of PrPSc [39]. However, it is unlikely that the
core extends continuously from residue 223 to residue
89 in the case of the mutant oligomers, because
sequence stretch 133–167 was weakly protected in
the oligomers for all three moPrP variants.
The HDX data suggest an explanation for why the

mutant proteins misfold and oligomerize faster than
the wt protein (Fig. 4), even though the global
stabilities (Fig. 2) as well as the local stabilities (Fig.
5) of the three moPrP variants are the same. Both
mutant oligomers are likely to be more stable than
the wt oligomer because they have more structure
protected against HDX, most likely because of
intermolecular association at the middle hydrophobic
region (see above). The free energy barrier to the
aggregation of the mutant variants would be less if
the additional stabilizing structure is also present in
the highest energy state during oligomerization.
The observation that sequence segment 89–132

is stabilized in both mutant oligomers, compared to
that in the wt oligomer (Fig. 6a), can be used to
rationalize why the rate of oligomerization is faster
than the rate of misfolding for both mutant moPrP
variants but not for wt moPrP (Fig. 4). It appears that
the induction of structure in this region in the case of
the mutant moPrP variants accelerates association,
resulting in it preceding conformational conversion
(Fig. 8).
The data in Fig. 4 reveal the structural changes that

occur in different sequence segments whenmonomer
converts into oligomer. The FTIR data (Fig. 3) indicate
a very significant loss of helical structure in the
oligomers and an increase in the cross-β-sheet,
characteristic of the amyloid structures [40,41].
Marginal, apparent helical structure has been claimed
to be present in PrPSc too [42,43], although this claim
has been contested [39]. The HDX data indicate that
α1 of native monomer has unfolded in the oligomers,
in agreement with earlier results [34,44], and that α2
and part of α3 have likely converted to β-sheet, as
suggested by the observation that the sequence
stretching from α2 to the beginning of α3 in native
moPrP has becomemore stable. It became important
to examine the kinetics of structural change in different
segments of the protein structure and to determine
where conformational conversion begins. In order to
do so, HDX labeling pulses of 180-s (Fig. 7) as well as
of 30-s (Fig. S6) duration were applied at different
times of oligomerization.



Fig. 6. HDX–MS characterization of the monomeric and oligomeric forms of the moPrP variants at pH 4. Oligomers
were formed from 100 μM protein in the presence of 150 mM NaCl at 37 °C (pH 4). (a) Deuterium incorporation into
different sequence segments of monomer (empty bars) and oligomer (stipled bars) of the moPrP variants is shown. The
colors of the bar encode the extent of HDX labeling after different times of pulse labeling, which is showed in the first panel.
(b) Mapping of the protection against HDX for the oligomers formed by the three moPrP variants to the sequence of moPrP.
Sequence segments, highly protected (≤ 20% of deuterium incorporation after 180 s of HDX), weakly to moderately
protected (20–80% of deuterium incorporation after 180 s of HDX), and unprotected (≥80% of deuterium incorporation
after 180 s of HDX), are shown for wt, G113V, and A116V moPrP. The sequence segment exhibiting conformational
heterogeneity in the three oligomers formed by the moPrP variants is also shown.
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Fig. 7. Kinetics of pulsed HDX into different sequence segments of the moPrP variants during misfolding and
oligomerization. Kinetics of pulsed HDX into different sequence segments of the moPrP variants during misfolding and
oligomerization.Misfolding andoligomerization of themoPrP variantswere initiated by the addition of 150 mMNaCl to 100 μM
protein at 37 °C (pH 4). Percentage of deuterium incorporation versus time profiles, obtained using 180-s HDX labeling
pulses, are shown for different sequence segments. The gray dashed line and the black dashed line represent the lower and
upper boundary of the percentage of deuterium incorporation into each sequence segment, respectively (see Supporting
Materials and Methods). Error bars represent the standard deviations determined from three independent experiments.
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Fig. 8. Model for the formation of oligomers by the moPrP. Monomers interact in a rate-limiting step to form a dimer. The
palindromic sequence becomes structured during the course of dimer and larger oligomer formation (see Results and
Discussion). It is not known whether the dimer and oligomers grow by the addition of monomers, dimers, or both. Minor
structural change in the CTD is shown to happen during dimer and oligomer formation, but major conformational
conversion in the CTD occurs primarily in the oligomeric state. The nature of the structure that forms in the middle
hydrophobic region during dimer formation is not known.
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Conformational conversion in the CTD occurs
slower than dimer and oligomer formation

In the case of all three moPrP variants, the rates of
the change in protection of the individual sequence
segments spanned the rates measured by CD (Table
S2 and S3). For the mutant variants, the rates for gain
in protection of sequence segments 89–108 and/or
109–132, which constitute the middle hydrophobic
region, appeared to be faster than the rates for the
change in protection of the other sequence segments.
It is likely that it is the intermolecular association of the
middle hydrophobic region that leads to the initial
formation of a dimer, which constitutes the rate-
limiting step in misfolding and oligomerization (see
above). At present, it is not known whether structural
change triggered in the middle hydrophobic region
upon the addition of 150 mM NaCl occurs in the
monomer prior to dimer formation or whether it
accompanies dimer formation and oligomer growth.
It should be noted that although sequence segment
205–212 became more strongly protected in the
oligomers than in the monomer, the decrease in the
extent of HDX was too small for the rate of its
conformational change to be determined.

α1 appears to act as a gatekeeper subdomain
controlling the conformational conversion in
the CTD

An important result is that sequence segments
133–167 and 217–223 lost protection (see above) at
the same rate at which sequence segment 182–204
gained protection. Sequence segment 133–167
spans α1 and the loop immediately following it in
native moPrP, and earlier studies [7,45] had shown
that several destabilizing pathogenic mutations
accelerate misfolding by destabilizing and causing
α1 to either unravel or move away from the α2–α3
subdomain before structural changes could occur
elsewhere in the protein. This two-stage mechanism
[7] is also supported by studies on wt moPrP and
other mutant variants [26,46]. In the current kinetic
study, all parts of the CTD appeared to undergo
conformational change at the same rate, but this
observation can be reconciled with the two-stage
mechanism by positing that the unraveling of α1
(Stage 1) is the rate-limiting step and that conforma-
tional changes in other secondary structural seg-
ments (Stage II) follow rapidly thereafter. It seems
that α1 acts as a gatekeeper subdomain, preventing
the hydrophobic surface on α2–α3 subdomain from
becoming hydrated [47,48,49] and preventing its
destabilization [38,50] and subsequent misfolding.
When α1 is caused to either unravel or be pushed
away from the α2–α3 subdomain by pathogenic
mutations, misfolding is accelerated.
In summary, the present study shows that the

pathogenic mutations, G113V and A116V, in the
palindromic region of moPrP may induce prion
pathogenesis by accelerating misfolding and aggre-
gation. Both mutations are able to do this by inducing
structure in the palindromic region, which appears to
be a site for intermolecular association in the
oligomers. This study suggests that conformational
conversion occurs in oligomeric protein (Fig. 8).
Reconciling the kinetic data of this study with previous
mutational data suggests that α1 acts as a gatekeeper
controlling the conformational conversion.
Materials and Methods

Buffers and reagents

All the reagents and buffers were of the highest purity
grade and were obtained from Sigma Aldrich, unless
otherwise specified. The guanidine hydrochloride (Molec-
ular Biology grade) used for the purification of the
full-length moPrP variants was obtained from HiMedia.



3944 Mutations in Palindromic Region Accelerate Prion Aggregation
Site-directed mutagenesis

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

Wt moPrP and the two 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. The
moPrP variants were purified as described previously [29].
The purity of each moPrP variant preparation was
confirmed by MS. Each moPrP variant had the expected
mass indicating that no chemical modification had taken
place in any of the variants.
Far-UV CD measurements

A Jasco J-815 CD spectropolarimeter was used for the
far-UV CD measurements, using a quartz cuvette of 1-mm
path length. The protein concentration was 10 μM in
10 mM NaOAc buffer (pH 4). The instrument settings
were: digital integration time, 1 s; bandwidth, 1 nm;
wavelength scan, 200–250 nm; and scanning rate,
50 nm/min.

FTIR spectroscopy

FTIR measurements were carried out using a Thermo
Nicolet-6700 FTIR spectrometer (Thermo Scientific)
equipped with a liquid-nitrogen-cooled Mercury Cadmium
Telluride (MCT) detector. The spectrometer was purged
with ultrapure nitrogen gas. Solutions of wt, G113V, and
A116V moPrP, both native monomeric and oligomeric
forms, were used for the measurements. Concentrated
protein samples (≈1 mM) were applied directly onto a
diamond crystal and were dried using ultrapure nitrogen
gas. Spectra were recorded in the attenuated total
reflectance mode at a resolution of 4 cm−1. Before each
sample acquisition, a buffer spectrum was recorded under
identical conditions and was used as the blank. For each
sample, 2048 scans were averaged.

Denaturant-induced equilibrium unfolding studies

Urea- and GdnHCl-induced equilibrium unfolding tran-
sitions were carried out at pH 4 (in 10 mM sodium acetate
buffer) and at pH 7 (in 50 mM Tris–HCl buffer). For these
studies, 10 μM protein was incubated in different concen-
trations of denaturant for 2 h at 25 °C before the change in
the far-UV CD signal was monitored at 222 nm and at
other wavelengths using the Jasco J-815 spectropolarim-
eter. The data were fit to a two-state (N ↔ U) equilibrium
unfolding model [51], and the thermodynamic parameters
were obtained. It should be noted that for all three moPrP
variants, the measured unfolding transition corresponds to
that of the structured CTD of the protein.
Thermal equilibrium unfolding studies

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

Oligomerization and misfolding studies at pH 4

The oligomerization and misfolding studies were carried
out as described earlier [25]. 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 the experi-
ments was 10–100 μM. Oligomerization at different time
points was monitored by SEC. For studying the extent of
oligomerization, a 100-μL aliquot of the incubated sample
was injected into a Waters Protein Pak 300-SW column
using an Akta (GE) chromatography system kept at 25 °C.
The column was equilibrated with four column volumes of
1 × aggregation buffer at pH 4 (10 mM sodium acetate
buffer and 150 mMNaCl), after several samples of oligomer
had first been run through the column. In all subsequent SEC
experiments, the amounts of oligomer and monomer that
elutedwere 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
(monitored 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 and then
divided by the total area under all the peaks. The fraction
oligomer formed was then calculated by subtracting the
fraction monomer from 1. Concurrently, the samples were
diluted to 10 μM in 1 × aggregation buffer, and the far-UV
CD spectra were acquired using the parameters mentioned
above. The misfolding and oligomerization rates were
obtainedby fitting the fractionmisfolded,whichwas obtained
from the change in CD signal at 222 nm, or the fraction of
oligomer, which was obtained from the SEC profiles, to a
single exponential equation to obtain the rates of misfolding
and oligomerization, respectively.

Determination of the initial rates and reaction order
for misfolding and oligomerization

For initial rate determination, the first 10% of the
normalized data for each protein concentration (ranging
from 10 to 100 μM) was fit to a straight line equation. The
slope obtained was the initial rate per unit concentration.
The slope of a linear fit of log initial rate versus log initial
monomer concentration is equal to n−1 [See Eq. (1)] [52].

log
v0

C0

� �
¼ log k þ n−1ð Þ logC0 ð1Þ

v0 is the initial rate obtained from the linear fits,C0 is the initial
protein concentration, k is the rate constant, and n is the true
reaction order with respect to monomer concentration.
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DLS measurements

DLS measurements were carried out on a DynaPro-99
unit (Wyatt Technology Corp.) All the buffers were filtered
through 0.02-μm filters from Whatman. The scattering
intensity at right angles and its autocorrelationwereacquired
simultaneously using a laser at 829.4 nm to illuminate the
sample. For the experiments, 60 acquisitions were collected
at each time point. The acquisition time was set at 5 s, the
signal-to-noise threshold at 2.5, the temperature at 25 °C,
and the sensitivity at 100%. Data with uneven autocorrela-
tion functions were excluded. The data were then resolved
into aGaussian distribution usingDynaLS (ProteinSolutions
Ltd.).

Native state HDX–MS measurements

The peptide map of moPrP variants was generated as
described earlier [34]. To initiate deuterium labeling, a
100-μM protein sample was diluted 20-fold into a labeling
buffer [10 mM sodium acetate buffer in D2O (pH 4)
corrected for isotope effect) so that the protein was in
95% D2O and was incubated at 25 °C. At different times of
labeling, a 50-μL aliquot was withdrawn from the labeling
reaction and was mixed with 50 μL of ice-cold 20 mM
glycine–HCl buffer (pH 2.5) to quench the labeling. These
samples were then immediately injected into the HDX
module (Waters) coupled with a 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
[34]. The extent of deuterium incorporation into different
segments at each time point was calculated as described
below.

Oligomerization kinetics monitored using
HDX–MS measurements

To initiate deuterium labeling, a 20-μL aliquot was
withdrawn from the aggregation reaction, diluted into
180 μL of aggregation buffer prepared in D2O [150 mM
NaCl in 10 mM NaOAc buffer (pH 4) corrected for the
isotope effect], and incubated at 37 °C. After labeling for
30 s, 180 s, or 2 h, 200-μL samples were mixed with
400 μL of ice-cold 8.0 M GdnHCl in 100 mM glycine buffer
(pH 2.5) to dissolve the aggregate. After 2 min of incuba-
tion on ice, the samples were desalted using a Sephadex
G-25 HiTrap desalting column equilibrated with water
(pH 2.5), with an Akta Basic HPLC. The desalted samples
were injected into the HDXmodule (Waters) coupled with a
nanoAcquity UPLC for online pepsin digestion using an
immobilized pepsin cartridge (Applied Biosystems). Fur-
ther processing of the sample for mass determination using
aWaters Synapt G2mass spectrometer was carried out as
described earlier [44].
Peptide masses were calculated from the centroid of the

isotopic envelope using the MassLynx software, and the
shift in the mass of labeled peptide relative to the
unlabeled peptide was used to determine the extent of
deuterium incorporation at each time of application of the
HDX labeling pulse. As the sample was in 90% D2O during
labeling and was exposed to H2O after dissolution in
GdnHCl, control experiments were carried out to correct
for back exchange and forward exchange. To this end,
moPrP was incubated in 10 mM sodium acetate at pH 4
(90% D2O) and was fully deuterated by unfolding at 65 °C
for 10 min, followed by refolding on ice. Refolded moPrP
was shown to be identical to native moPrP. The fully
deuterated moPrP sample was then processed in exactly
the same way as the aggregates. The extent of deuterium
incorporation in each peptide, % D, was determined using
the equation % D = (m(t) − m(0%))/(m(90%) − m(0%)) ×
100, where m(t) is the measured centroid mass of the
peptide at time point t, m(0%) is the measured mass of an
undeuterated reference sample, and m(90%) is the
measured mass of a fully deuterated reference sample
(in 90% D2O). The plot of the percentage of deuterium
incorporation versus time of oligomerization for each
protein sequence segments was used for deducing the
rate of deuterium incorporation by fitting with a single
exponential function. The lower and upper boundary of
deuterium incorporation was marked by using the per-
centage of deuterium incorporation into the monomer (in
the absence of 150 mM NaCl) and preformed oligomer,
respectively.
The percentage of deuterium incorporation for peptides

showing a bimodal distribution was calculated as de-
scribed earlier [34]. Briefly, for calculation of the percent-
age protected and the accessible forms of a peptide, the
bimodal isotopic peaks were fitted to the individual isotopic
peak as a sum of two Gaussian distributions using
OriginPro 8. The percentage of each form was calculated
from the relative area under each peak.
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