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Background: Folding intermediates of proteins are known to initiate misfolding.
Results: Two partially unfolded forms (PUFs) of the prion protein have been characterized structurally and energetically.
Conclusion: One of the PUFs is structurally similar to an initial intermediate in prion misfolding.
Significance: Identification of aggregation-prone intermediates on the prion protein’s folding pathway is the key to understand-
ing its amyloidogenic propensity.

The susceptibility of the cellular prion protein (PrPC) to con-
vert to an alternative misfolded conformation (PrPSc), which is
the key event in the pathogenesis of prion diseases, is indicative
of a conformationally flexible native (N) state. In the present
study, hydrogen-deuterium exchange (HDX) in conjunction
with mass spectrometry and nuclear magnetic resonance spec-
troscopy were used for the structural and energetic character-
ization of the N state of the full-length mouse prion protein,
moPrP(23–231), under conditions that favor misfolding. The
kinetics of HDX of 34 backbone amide hydrogens in the N state
were determined at pH 4. In contrast to the results of previous
HDX studies on the human and Syrian hamster prion proteins at
a higher pH, various segments of moPrP were found to undergo
different extents of subglobal unfolding events at pH 4, a pH at
which the protein is known to be primed to misfold to a �-rich
conformation. No residual structure around the disulfide bond
was observed for the unfolded state at pH 4. The N state of the
prion protein was observed to be at equilibrium with at least two
partially unfolded forms (PUFs). These PUFs, which are
accessed by stochastic fluctuations of the N state, have altered
surface area exposure relative to the N state. One of these PUFs
resembles a conformation previously implicated to be an initial
intermediate in the conversion of monomeric protein into mis-
folded oligomer at pH 4.

The conformational conversion of native mammalian cellu-
lar prion protein (PrPC)3 into misfolded oligomeric or fibrillar

forms (PrPSc) is a key event in the pathogenesis of transmissible
spongiform encephalopathies (1–3). The ability of PrP to con-
vert into misfolded conformations appears to be a consequence
of its conformational flexibility (4). Indeed, at pH 4 where the
prion protein is prone to misfolding, the native (N) state of PrP
has an unusually high specific heat capacity, which is indicative
of a very malleable structure (5). It appears therefore that under
such conditions, the N state is in dynamic equilibrium with
conformations of high energy (N* states) characterized by
altered topology and exposure of hydrophobic regions. N*
states have been suggested to be the monomeric precursors to
amyloid forms during the aggregation of globular proteins
under native conditions (6, 7). Hence, a structural and energetic
characterization of these high energy states is extremely impor-
tant for understanding the susceptibility of PrPC to convert into
alternative misfolded forms that may differ in their morphol-
ogy, toxicity, and other amyloidogenic properties (8 –10).

The native state hydrogen-deuterium exchange (HDX)
method enables the characterization of high energy intermedi-
ates, often termed partially unfolded forms (PUFs), present in
equilibrium with the N state without the need of having to
perturb the amino acid sequence of the protein. PUFs have been
shown to be populated on (11–15) or off (16 –18) the folding
pathways of many proteins. However, no PUFs could be
detected in earlier native state HDX-NMR studies carried out at
pH 5.5 on the human PrP and Syrian hamster PrP (19, 20).
Nevertheless, folding intermediates could be detected in kinetic
studies of the folding of human PrP (21, 22) as well as of path-
ogenic variants of ovine PrP (23) whose population correlated
well with the amyloidogenicity of the protein. However, similar
kinetic studies on moPrP at pH 7 could not detect any interme-
diate forms (24). If the N state of PrP does indeed exist in
dynamic equilibrium with PUFs, these PUFs are more likely to
be populated to detectable extents under conditions where the
N state is destabilized, such as at a lower pH (5, 25).

The propensity of the prion protein to oligomerize or fibril-
lize is well correlated with acidic pH (26 –31); indeed, misfold-
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ing and oligomerization of PrP in the cell may originate in the
endocytic pathway in late endosomes or in lysosomes, which
have a low internal pH (26, 27). PrP misfolds and oligomerizes
at low pH in the presence of 150 mM NaCl (29, 32). The mis-
folding transition has an apparent pKa of 4.7, and at pH 4, nearly
all (� 95%) of the protein molecules are misfolded and oli-
gomerized (32). Hence, if misfolding does originate from a PUF,
then such a form can be expected to be nearly maximally pop-
ulated at pH 4 where the protein is also destabilized, and the
PUF should be detectable by native state HDX carried out at
this pH.

In the present study, native state HDX-mass spectrometry
(HDX-MS) as well as HDX-NMR studies were carried out on
the full-length mouse prion protein, moPrP(23–231), at pH 4.
At this pH, the protein is known to be primed to misfold, which
it does to near completion upon the addition of salt (28, 29, 32,
33). Fortuitously, from the viewpoint of the applicability of the
HDX methodology, pH 4 is close to the pH at which the intrin-
sic rate of HDX is minimal, which allows more amide hydro-
gens to be probed. Consequently, exchange rates for 34 back-
bone amide hydrogens were obtained in this study in
comparison with the �23 (19) and �28 (20) seen in previous
HDX-NMR studies that were carried out at a higher pH.

Here, it is shown that the backbone amides of all the residues
in the N-terminal unstructured domain as well as 57 of 105
backbone amides of residues in the structured C-terminal
domain of moPrP exchange out very fast with those from the
C-terminal domain exchanging likely through local structural
fluctuations of the backbone. Residues in the two �-strands (�1
and �2), three � helices (�1, �2, and �3), and the loops connect-
ing �1 and �2 are shown to exchange through denaturant-de-
pendent, subglobal unfolding events. The data suggest that the
N state is in equilibrium with at least two PUFs. The two PUFs
differ in their solvent-exposed surface areas, which are greater
than that of the N state, and in their stabilities. In contrast to
previous HDX-NMR studies carried out at a higher pH, there is
no evidence for residual structure in the unfolded state at pH 4.
Importantly, one of the two PUFs appears to be structurally
similar to a conformation that has been implicated both in com-
putational (34) and experimental studies (35) to be a crucial
initial intermediate in misfolding.

Experimental Procedures

Protein Expression and Purification

The full-length recombinant mouse prion protein, moPrP
(23–231), encoded in the pET-17b(�) plasmid was expressed
in Escherichia coli BL21(DE3) CodonPlus (Stratagene) cells
and purified as described previously (29). The protein was
lyophilized and stored at �20 °C. The concentration of the
protein was determined by absorbance measurements at 280
nm using an extinction coefficient of 62,160 M�1 cm�1 (36).
The recombinant moPrP(23–231) lacks the first 22-residue
signal sequence that is cleaved off in the formation of mature
protein in vivo.

Chemicals and Buffers

All the experiments utilized buffers containing 20 mM

sodium acetate and variable concentrations of urea (obtained

from USB Corp.) in the range 0 –2 M. Urea was deuterated by
dissolving it in D2O, flash freezing the solution, and lyophilizing
it. This cycle was repeated three times to ensure complete deu-
teration of the urea. The deuteration or exchange buffer con-
sisted of 20 mM sodium acetate dissolved in D2O adjusted to pD
4 (pD � pDread � 0.4) using DCl. All solutions were filtered
using 0.22-�m Millipore syringe filters before use. The concen-
trations of urea stock solutions were determined prior to use by
refractive index measurements using an Abbe refractometer.
All chemicals used were obtained from Sigma (unless men-
tioned otherwise).

Peptide Map of moPrP

Lyophilized protein was dissolved in Milli-Q water at pH 2.5
to a final concentration of 3.5 �M. This sample was injected into
the HDX module (Waters) where the sample was digested by
pepsin (at a 50 �l/min flow rate), and the peptic fragments were
separated on a C18 reverse phase chromatography column
using a gradient of 3– 40% acetonitrile before being fed into a
Waters Synapt G2 HD mass spectrometer. All columns were
kept at 4 °C, and the mobile phases were chilled on ice. The
fragments were identified using Protein Global Lynx software.
The fragments obtained corresponded to all structured parts of
the protein including the loops connecting the secondary struc-
tures. However, no peptide could be obtained for a stretch of 14
residues (168 –181) corresponding to the N-terminal segment
of �2.

Hydrogen Exchange

Deuteration of moPrP—Lyophilized protein was dissolved in
deuteration buffer (20 mM sodium acetate dissolved in D2O at
pD 4) to a final concentration of �20 �M. This stock solution
was heated to 65 °C for 10 min to unfold and deuterate the
protein, immediately kept on ice for 15 min for refolding, and
then kept at room temperature (37). The stock solution was
concentrated using a 10-kDa Centricon filter unit from Milli-
pore to 180 �M. The mass of the deuterated protein was
checked using a Synapt G2 HD mass spectrometer, and the
protein was found to be completely deuterated.

HDX-MS of moPrP—Lyophilized protein was dissolved in 20
mM sodium acetate, pH 4 to a final concentration of 20 �M. To
initiate exchange, 25 �l of protonated protein were mixed with
475 �l of deuteration buffer in the presence of 0 –2 M urea for
varying lengths of time, at 25 °C. The reaction was quenched by
mixing with ice-cold 500 mM glycine, pH 2.4, and the solution
was desalted into ice-cold water, pH 2.5 using a Sephadex G-25
HiTrap desalting column in conjunction with an ÄKTA Basic
HPLC. The desalted samples were injected into the HDX mod-
ule (Waters) coupled to a nanoACQUITY UPLC. A gradient of
3– 40% acetonitrile (0.1% HCOOH) at a flow rate of 40 �l/min
was used for elution of the protein from an analytical C18
reverse phase chromatography column in 10 min. The extent of
exchange was determined by measuring the increase in the
mass of the protein in the Synapt G2 HD mass spectrometer.

For experiments in which HDX was followed by pepsin
digestion, the protein was dissolved to a final concentration of
180 �M in 20 mM sodium acetate, pH 4. For online pepsin diges-
tion, a flow rate of 50 �l/min of water (0.05% HCOOH) was
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used. The peptides eluted were collected using a peptide trap
column, washed to remove salt, and eluted as above. All col-
umns were kept at 4 °C in the cold chamber of the HDX module.
The peptides separated on the column were detected using the
Synapt G2 HD mass spectrometer. The mass spectrometer
parameters were set as follows: source temperature, 35 °C; des-
olvation temperature, 100 °C; capillary voltage, 2.8 kV. To
determine the number of exchanged deuteriums that are lost
due to back-exchange during sample processing after quench-
ing of the exchange reaction, 25 �l of completely deuterated
protein were diluted in 475 �l of deuteration buffer, the reac-
tion was quenched as above, and the sample was then processed
in an identical way.

Data Analysis

Pepsin digestion and separation of the peptic fragments of
the protonated protein labeled in deuteration buffer for differ-
ent times yielded peptic fragments (corresponding to sequence
segments in the intact protein) with differential retention of
protons with time. The percentage of proton retention in each
peptic fragment was determined using Equation 1.

% H Retention �
�MD � M�t		 � 100

�MD � Mp	
(Eq. 1)

Here, M(t) is the centroid mass of the isotopic envelope of the
peptide at time t of exchange, MP is the centroid mass of the
isotopic envelope of the protonated peptide obtained from pro-
tonated protein, and MD is the centroid mass of the isotopic
envelope of the peptide obtained from completely deuterated
protein that had been processed as indicated above. The plot of
percent hydrogen retention versus t was fit to an exponential
decay equation to yield the observed exchange rates (kobs) and
amplitudes of the different kinetic phases of the exchange pro-
cess. The HDX reaction under the given experimental condi-
tions occurs in the EX2 limit, and hence, the observed exchange
rates can be used to calculate the free energy of opening of
structure in the sequence segment, to exchange, using Equation
2 (13).

�Gop � RT � In
kint

kobs
(Eq. 2)

Here, kint is the intrinsic exchange rate, which is the rate of
exchange in an unstructured peptide of identical sequence (38).
In using Equation 2, kint for each sequence segment was deter-
mined as the average kint of those residues in the segment that
were identified separately by HDX-NMR of the intact protein
to have the slow exchanging amide hydrogens. R and T are the
universal gas constant and the temperature at which the
exchange reaction is carried out, respectively. The difference in
the centroid mass of the isotopic envelope of the peptide at time
t of exchange and that of the completely protonated peptide
was used to obtain the number of deuteriums incorporated
with time (Table 1).

Sequential Backbone Assignment of the NMR Spectrum of
moPrP

Two-dimensional 15N heteronuclear single quantum coher-
ence, HNCO, HNCA, HNCACO, HNCOCACB, and HNCACB

resonance experiments were carried out on 300 �M moPrP in
20 mM sodium acetate at pH 4 (in the presence of 5% D2O) for
the backbone assignment. Data were processed using
NMRPipe, and the assignment was done using the NMR data
visualization and assignment software Sparky. A list of the
assigned residues is given in supplemental Table S1. The NMR
spectrum of the protein collected at pH 4 in this study is indis-
tinguishable from that collected at pH 4.5 (39).

HDX-NMR

A 1H-15N two-dimensional selective optimized flip angle
short transient heteronuclear multiple quantum coherence
spectrum (40) was collected as the reference unexchanged sam-
ple spectrum by dissolving lyophilized protein in 20 mM sodium
acetate, pH 4, 95% H2O, 5% D2O buffer to a final concentration
of 300 �M. To monitor exchange, lyophilized protein was dis-
solved in 20 mM sodium acetate (95% D2O), pD 4 to a final
concentration of 300 �M (exchange sample). A series of 1H-15N
two-dimensional selective optimized flip angle short transient
heteronuclear multiple quantum coherence spectra of the
exchange sample were collected up to 40 days following an ini-
tial dead time of 10 min. The two-dimensional spectra were
collected on a Bruker 800-MHz spectrometer with 1024 
 256
(t1 
 t2) time points totaling up to an acquisition time of 5 min
and processed using NMRPipe and Sparky. The NMR spectrum
of the unexchanged sample was corrected for intensity differ-
ences arising due to differences in matching, tuning, and shim-
ming by multiplying with the ratio of the intensity of the Cys213

amide (an isolated peak that exchanges on a 1-month time
scale) in the unexchanged spectrum to that of the Cys213 amide
at 10 min of exchange. This was the intensity-corrected unex-
changed spectrum. The signal intensity for each residue in all
exchange spectra was normalized with the signal intensity of
that residue in the intensity-corrected unexchanged spectrum.
The resulting decrease in the normalized signal intensity with
increasing time of exchange was converted into a percent
hydrogen occupancy versus t plot and fit to an exponential
decay equation to yield an observed exchange rate. This rate
was used to calculate the free energy of opening of structure to
exchange using Equation 2. The intrinsic rates of exchange for
individual residues were obtained as described elsewhere (38).

Far-UV Circular Dichroism Spectra of moPrP at 25 °C

Far-UV CD spectra of moPrP at pH 4 in 20 mM sodium ace-
tate, and at pH 7 in 20 mM sodium phosphate were acquired on
a Jasco J-815 spectropolarimeter using a protein concentration
of 10 �M in a 0.1-cm-path length cuvette with a bandwidth of 1
nm, a scan speed of 50 nm/min, and a digital integration time of
1 s.

1-Anilino-8-naphthalene Sulfonate (ANS) Binding of moPrP

2 �M moPrP was incubated at 25 °C with 20 �M ANS dye in
20 mM sodium acetate buffer at pH 4 and in 20 mM sodium
phosphate buffer at pH 7. The fluorescence spectra were
obtained by exciting the samples at 385 nm and collecting the
emission spectra from 400 to 600 nm.
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Misfolding and Oligomerization of moPrP

For studying the misfolding of moPrP at pH 4 and pH 5.5, 100
�M moPrP was incubated at 25 °C for different times up to 3
weeks and at 37 °C for different times up to 24 h in 150 mM NaCl
at the desired pH. 20 mM sodium acetate and 20 mM 2-(N-
morpholino)ethanesulfonic acid were used as buffers at pH 4
and pH 5.5, respectively. To study the extent of misfolding, each
sample was diluted 10-fold in the same buffer, and the CD spec-
tra were acquired immediately on a Jasco J-815 spectropolarim-
eter using a 0.1-cm-path length cuvette with a bandwidth of 1
nm, a scan speed of 50 nm/min, and a digital integration time of
1 s. The percentage of misfolding of moPrP was calculated from
the CD spectra by monitoring the decrease in CD signal at 216
nm with increasing time of incubation (32).

Results

Upon lowering the pH to 4, moPrP is known to become
primed for misfolding and oligomerization. Fig. 1 shows that
when the misfolding of moPrP was initiated by the addition of
150 mM NaCl at two different temperatures moPrP misfolded
considerably faster at pH 4 than at pH 5.5. Fig. 1a shows that
after 3 weeks of incubation in the presence of 150 mM NaCl at
25 °C, moPrP had misfolded completely into a �-sheet rich
structure at pH 4, whereas it had not undergone any significant
change in secondary structure at pH 5.5. The misfolding reac-
tion at pH 5.5 at 25 °C was too slow for its rate to be measured.
However, at 37 °C, the misfolding reactions became substan-
tially faster. Fig. 1b shows that at 37 °C in the presence of 150
mM NaCl, moPrP misfolded completely within 24 h at pH 4 and
that the reaction was much faster than at pH 5.5. Hence, in this
study, the cooperativity of the unfolding reaction of moPrP was
studied by carrying out native state HDX at pD 4 at 25 °C, in the
presence of different concentrations (0 –2 M) of urea. The HDX
reaction was monitored by mass spectrometry for different
times of exchange ranging from 5 s to 40 days (Fig. 2a). The slow
exchanging amide hydrogens within each sequence segment
studied by HDX-MS were identified by HDX-NMR of the
intact protein at pD 4 at 25 °C, in the absence of urea.

Native State HDX of the moPrP at pH 4 Occurs in the EX2
Limit—When the unfolding and refolding kinetics of the struc-
tured C-terminal domain of moPrP (W144F/F174W variant of
moPrP(121–231)) was studied using a continuous flow mixer at
25 °C and pH 4, the protein was found to refold with a rate of
11,000 s�1.4 This refolding rate is much faster than the intrinsic
rate of exchange, which is 0.01 s�1, under the given exchange
conditions. Hence, HDX in moPrP must occur in the EX2 limit
(41). This is also evident from the observation that the single
peak of the 27th charge state in the mass spectrum of moPrP
shifted gradually to a higher mass to charge ratio (m/z) with
increasing times of exchange (Fig. 2a) as expected when HDX
occurs in the EX2 limit.

To obtain structural information, moPrP that had undergone
HDX for a variable time as indicated above, was proteolyzed by
passing through an online pepsin column. Pepsin cleaved the
protein into fragments, each fragment corresponding to a seg-
ment of the protein. The increase in the m/z value, which is a
measure of the number of backbone amide hydrogens that have
exchanged with deuterium, was converted into percent hydro-
gen retention using Equation 1. Fig. 2b shows the mass spectra
of three different sequence segments of the protein that corre-
spond to three structured parts of the protein, with increasing
time of HDX in the absence of denaturant. A gradual shift in the
centroid of the peak (shown as a dashed line) to higher values as
a result of the increase in the number of deuteriums incorpo-
rated is observed with increasing time of exchange. The three
sequence segments of the protein are seen to differ greatly in
their rates of exchange of their backbone amide hydrogens.

Fig. 3 shows the decrease in percent hydrogen retention with
increasing time of HDX for five different sequence segments of
the protein and the dependences of their rates of HDX on urea
concentration. The data for sequence segment 149 –153, which
corresponds to the C-terminal end of �1, and segment 205–
212, which corresponds to the central region of �3, fit to a single
exponential equation, and the corresponding HDX rates

4 R. Moulick, R. Goluguri, and J. B. Udgaonkar, unpublished data.

FIGURE 1. Misfolding of moPrP at pH 4 and at pH 5.5. a shows the far-UV CD spectra of moPrP at pH 4 and pH 5.5 at 0 h (solid line and dashed line) and at 3
weeks (short-dashed line and dotted line) of misfolding at 25 °C, respectively. Misfolding was initiated by the addition of 150 mM NaCl. b shows the kinetics of
misfolding at pH 4 (circles) and at pH 5.5 (squares) at 37 °C. Misfolding was monitored by the measurement of the CD signal at 216 nm. The error bars represent
standard deviations from three independent experiments. The solid lines are exponential fits through the data. An earlier study has shown that the time course
of misfolding as monitored by CD is the same as the time course of oligomerization as measured by size exclusion chromatography (32, 35). MRE, mean residue
ellipticity; deg, degrees.
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increased with the increase in urea concentrations. The data for
sequence segment 155–162, corresponding to the loop between
�1 and �2 including �2, fit to a two-exponential equation,
which corresponds to two kinetic phases of exchange. The fast
rate is independent of urea concentration and corresponds to
and is similar in value to the kint of HDX (38), whereas the slow
exchange rate is dependent on urea concentration. The fast rate
of HDX for segment 155–162 therefore corresponds to the
average rate of HDX for the unprotected amides in the seg-
ments, and the slow rate corresponds to the average rate of
HDX for the protected amides in the segments. The data for
segment 190 –197, which corresponds to the C-terminal end of
�2 and the loop between �2 and �3, fit to a single exponential
equation and has an exchange rate that is independent of urea
concentration. For the segment 204 –224, which spans �3, the
amide hydrogens exchange out in three kinetic phases, a fast
phase independent of urea concentration and two slow phases
of exchange that are dependent on urea concentration with
distinct rates.

Table 1 lists the various structured parts of moPrP with the
sequence segments obtained from proteolytic fragmentation of
the protein. The number of exchangeable backbone amide
hydrogens in any segment is given by the number of backbone
amide hydrogens corrected for the number of proline residues
in the peptic fragment corresponding to the sequence segment.
The first and second residues from the N terminus of any peptic
fragment are known to exchange their amide hydrogens rapidly
and hence have not been counted (42– 44). The number of
backbone amide hydrogens that exchange is obtained from the
amplitudes of multiexponential fits to the time dependence of
the number of deuteriums incorporated (not shown) in the
given segment. Due to a loss in backbone amides because of
back-exchange, the number of backbone amide hydrogens
observed to exchange is lower than expected. Since, the percent
hydrogen retention versus time curves were found to fit to a
multiexponential equation, the relative amplitudes and the
observed exchange rate of each kinetic phase for each sequence
segment are shown. Here, for a given segment, the kint value is

FIGURE 2. Native state HDX of moPrP at pD 4 and 25 °C monitored by mass spectrometry. a shows the progressive increase in m/z values of the 27th charge
state of the protein at 0 s, 5 min, and 160 min of exchange in deuteration buffer along with the m/z value for 100% deuterated moPrP. The short-dashed lines
indicate the centroid of the peak. b shows the mass spectra of three peptide fragments obtained from the protein at different times of exchange along with the
controls of protonated (0%) and deuterated (100%) peptide fragments. Peptide fragments 127–132, 154 –167, and 205–212 correspond to �1, the loop linking
�1 and �2 (inclusive of �2), and the central segment of �3, respectively. The black short-dashed lines indicate the centroid m/z of the given peptide.
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the average of the intrinsic rates of exchange of all the slow
exchanging residues in the segment, which were identified by
HDX-NMR.

Although proteolytic fragmentation coupled to HDX-MS
was able to characterize the exchange properties of the different
sequence segments in the protein, the identities of the pro-
tected residues within each sequence segment could not be
obtained. To identify these protected residues, HDX-NMR was
carried out under identical experimental conditions in the
absence of urea (“Experimental Procedures”). Fig. 4, a– d, show
the progressive decrease in 1H-15N cross-peak intensities of
different residues in the NMR spectra collected at 0 s, 10 min,
1 h, and 4 h of exchange. Asp201 was seen to exchange almost
completely within the experimental dead time, whereas Tyr154

takes 1 h to undergo complete exchange. Asn152 and Tyr156

exchange almost completely at 4 h, whereas Asn180, Arg207, and
Gln211 exchange on longer time scales. Residues Arg155 and
Asp177 overlap completely; hence, their exchange properties
could not be determined individually. However, the single peak
corresponding to both these residues was observed to exchange
completely within 4 h. Fig. 5, a– h, show the change in the per-
cent hydrogen occupancy with increasing times of exchange for
Tyr127, Ile138, Met153, Val160, Asn180, Lys203, Gln211, and Gln216,
respectively, which belong to different structural parts of the
protein. Tyr127 is in �1, Ile138 is in the loop between �1 and �1,
and Met153 is at the C-terminal end of �1. Val160 is in �2. Asn180

is in the central region of �2, whereas Lys203, Gln211, and Gln216

are residues in the N-terminal, central, and C-terminal regions
of �3, respectively. The identification of the individual amide
hydrogens that exchange slowly by HDX-NMR enabled the
identification of the subset of residues within each proteolytic
fragment whose exchange was studied by HDX-MS. The slow
exchanging residues identified by HDX-NMR experiments are
listed in supplemental Table S1 and Fig. 6.

Evaluation of Stability at the Residue Level Obtained from
HDX-NMR Study on moPrP in the Absence of Urea—The HDX-
NMR study on moPrP at pD 4 and 25 °C enabled the determi-
nation of the rates of exchange for the backbone amides of 34
individual residues. The slow exchanging amides observed in
the HDX-MS experiments for each sequence segment could be
identified by the HDX-NMR experiment (Fig. 6 and Table 2),
making use of the fact that the slow exchanging residues are
unlikely to be the first two residues in the proteolytic fragment
corresponding to the sequence segment (42– 44). A detailed
description of the identification of the slow exchanging resi-
dues observed in HDX-MS by HDX-NMR is given in the sup-
plemental results. Table 2 also includes the slow exchanging
residues observed by HDX-NMR that were not observed by
HDX-MS. The rates of exchange of different residues
obtained from HDX-NMR and their individual kint rates
were used to calculate �Gop for each residue as shown in Fig.
6. Fig. 6a shows the �Gop values for the exchange of these 34
amides mapped onto the sequence, and Fig. 6b shows these
residues mapped onto the structured, globular domain of
moPrP (moPrP(121–231)).

The identities of the slow exchanging residues obtained from
HDX-NMR were used to evaluate �Gop of the different proteo-
lytic fragments for a range of denaturant concentrations. Fig. 7

FIGURE 3. HDX-MS of backbone amide hydrogens of moPrP in deuterated
solvent at 25 °C and pD 4. The percent hydrogen retention versus time data for
five peptide fragments, 149–153, 155–162, 190–197, 204–224, and 205–212, in
the presence of 0 (black circles), 1 (red circles), and 2 M (green circles) urea are shown
(a, c, e, g, and i). The solid lines in black, red, and green are the exponential decay fits
to the 0, 1, and 2 M urea data, respectively. The dependences of the rates of HDX
on urea concentration for the five segments are shown (b, d, f, h, and j). For seg-
ment 155–162, both urea concentration-independent rates (squares), which cor-
respond to intrinsic exchange rates, and urea concentration-dependent rates
(circles) of HDX are shown. Segment 204–224 yields two urea concentration-de-
pendent HDX rates as shown in h (squares and circles). The error bars represent
standard deviations from three independent experiments.
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shows the denaturant dependences of the stabilities of different
segments of the protein. The stability of a proteolytic fragment
was determined using the slower rates of HDX obtained from
the exponential fits to the plots of percent hydrogen retention
versus time of exchange. Here, the kint for any segment is the
average of the intrinsic rates of exchange of all slow exchanging
residues in the segment identified by HDX-NMR. For all seg-
ments, the values obtained for �Gop are lower than the free

energy of global unfolding (5). The exception is sequence seg-
ment 205–212 for which �Gop values correspond to the global
unfolding free energy. The dependence of �Gop on urea con-
centration obtained from HDX-MS studies for different seg-
ments appears to merge with the global free energy of unfolding
(�GU) at denaturant concentrations greater than 2 M. In all
cases, the change in accessible surface area upon unfolding,
which is represented by the slope (mop) of the linear fit to the
urea concentration dependence of �Gop, is lower than the slope
(mU) of the linear least square fit to the urea concentration
dependence (�GU) obtained from global unfolding studies.

Fig. 8 is a plot of the �Gop of each segment in the absence of
denaturant versus mop. The �Gop values were observed to range
from 2.0 to 4.8 kcal mol�1, and the mop values ranged from 0.3
to 1.1 kcal mol�1 M�1. The values of �Gop and mop for segments
190 –197 and 197–201 were negligible, indicating that this
region of the protein undergoes very fast exchange, exposing
negligible surface area while doing so.

Discussion

The molecular mechanism of conversion of PrPC to PrPSc,
which is the fundamental event in almost all prion diseases, is
still unknown. Studies indicating the unusual conformational
plasticity of PrPC (4, 5, 45) have led to the hypothesis that par-
tially unfolded intermediate conformations referred to as PrP*
states are populated due to stochastic fluctuations of the native
state, which then act as monomeric precursors to oligomeric or
fibrillar forms (46). A battery of structural probes with an
extensive set of perturbants of the native structure has been
used to investigate the folding energy landscape of different
prion proteins in an exhaustive search for partially structured
intermediates. Studies of chemical denaturant-induced folding
monitored by global probes such as fluorescence and circular

TABLE 1
Parameters obtained from native state HDX of moPrP at pD 4 at 25 °C monitored by mass spectrometry
The relative amplitudes and rates of the multiple kinetic phases of exchange for the peptic fragments corresponding to sequence segments of moPrP were obtained from
native state HDX-MS. In HDX-MS experiments, the amide hydrogens belonging to the first two residues of the peptide fragment corresponding to any sequence segment
exchange too fast for their exchange to be observed (42– 44). In sequence segment 127–132, it appears from the HDX-NMR data that Met128 may not be exchanging fast.

Secondary structure
Sequence
segment

No. of exchangeable
backbone hydrogens

No. of deuteriums
incorporated Amplitude kint Exchange rates

% s�1 s�1

�1 127–132 4 Fast, 1 43.0 � 1.3 4
10�3 (4.2 � 0.4) 
 10�3

Slow, 1 49.0 � 1.2 (1.5 � 0.1) 
 10�4

Loop between �1 and �1 133–143 7 Fast, 1 52.5 � 1.8 9
10�4 (1.7 � 0.1) 
 10�2

Slow, 1 37.9 � 1.5 (1.9 � 0.2) 
 10�4

�1 133–148 5 Fast, 2 32.9 � 1.6 5.8
10�3 (1.2 � 0.2) 
 10�2

Slow, 3 54.4 � 1.4 (1.1 � 0.1) 
 10�4

149–153 2 Slow, 2 88.8 � 0.7 0.01 (7.2 � 0.3) 
 10�5

Loop between �1 and �2 including �2 strand 154–167 9 Fast, 2 25.2 � 2.2 3.9
10�3 (2.1 � 0.1) 
 10�3

Slow, 5 66.8 � 2.5 (2.1 � 0.2) 
 10�5

155–162 5 Fast, 1 17.1 � 2.0 3.8
10�3 (2.1 � 0.6) 
 10�3

Slow, 3 76.8 � 2.0 (2.1 � 0.2) 
 10�5

�2 and loop between �2 and �3 182–196 13 Fast, 3 71.1 � 2.6 5.5
10�3 (1.8 � 0.2) 
 10�3

Slow, 1 23.3 � 2.4 (2.3 � 0.6) 
 10�5

Loop between �2 and �3 190–197 6 Fast, 2 90.9 � 1.6 8.4
10�3 (8.8 � 1.2) 
 10�3

197–201 3 Fast, 2 62.4 � 5.5 9.4
10�3 (2.0 � 0.2) 
 10�2

�3 197–204 6 Fast, 1 24.6 � 1.4 3.1
10�3 (1.8 � 0.3) 
 10�2

Slow, 3 69.4 � 1.2 (1.1 � 0.1) 
 10�4

197–206 8 Fast, 1 18.4 � 1.8 3.1
10�3 (1.5 � 0.4)
10�2

Slow, 3 70.2 � 1.7 (7.2 � 0.5) 
 10�5

204–224 18 Fast, 3 27.4 � 1.9 8.1
10�3 (1.5 � 0.2) 
 10�2

Slow, 2 20.9 � 2.3 (3.3 � 0.8) 
 10�4

Slow, 5 48.1 � 1.9 (1.4 � 0.2) 
10�5

205–212 6 Slow, 3 75.1 � 1.2 6.8
10�3 (2.1 � 0.1) 
 10�6

217–223 5 Fast, 1 51.1 � 2.8 5.3
10�3 (2.4 � 0.3) 
 10�3

Slow, 1 37.0 � 2.7 (1.1 � 0.2) 
 10�4

FIGURE 4. Native state HDX of moPrP at pD 4 and 25 °C monitored by
NMR. a– d show the progressive decrease in 1H-15N cross-peak intensities of a
few representative residues, Asn152, Tyr154, Arg155, Tyr156, Asp177, Asn180,
Asp201, Arg207, and Gln211, at 0 s, 10 min, 1 h, and 4 h of HDX, respectively.
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dichroism have identified unfolding or refolding intermediates
(21–23), but little structural information is available on them.
NMR studies of the relaxation dynamics as well as of the effects of
pressure-induced and thermally induced perturbations have
revealed the presence of disordered conformations in equilibrium
with the native state (47–51). Misfolded conformations can be
selectively populated by refolding unfolded prion protein in sol-
vents having high ionic strength in the presence of denaturant, and
suchintermediateconformationsmaybemonomericoroligomer-
ic (28, 30, 33, 52, 53). However, previous native state HDX-NMR
studies were unsuccessful in identifying such intermediate confor-
mations in equilibrium with the native state under non-perturbing
solvent conditions (19, 20). The current study identified partially
unfolded intermediate conformations under solvent conditions

where the protein is monomeric and native, but destabilized and
aggregation-prone.

moPrP Has Native Structure at pH 4 —Although the stability
of moPrP decreases by 1.3 kcal mol�1 with a decrease in pH
from 7 to 4 (5, 54), the native structure remains intact. The
circular dichroism spectra of moPrP at pH 4 and pH 7 are very
similar but not identical as shown in Fig. 9a. The differences
most likely arise due to the pH-induced disruption of hydro-
phobic contacts in the C-terminal region of �2, as reported in
earlier studies (31, 55). To investigate whether moPrP at pH 4 has
molten globule-like properties, ANS binding studies were carried
out at a protein:ANS concentration ratio of 1:10 at pH 4 and pH 7.
Fig. 9, b and c, indicate that moPrP did not bind to ANS at either
pH. All these studies indicate that moPrP at pH 4 is monomeric
and native and lacks molten globule-like properties.

Denaturant-independent Exchange—moPrP has a total of
105 residues in the structured domain of the protein involved in
the formation of the two antiparallel �-strands and three �-heli-
ces with interconnecting loops as shown in Fig. 6b. Of these,
only 34 residues exhibit slow exchange in a denaturant-depen-
dent manner as identified by HDX-NMR experiments (supple-
mental Table S1). However, all 34 slow exchanging backbone
amide hydrogens studied by HDX-NMR could not be studied
by HDX-MS because some of the amide hydrogens belonged to
residues that happened to be the first two residues in the pro-
teolytic fragments corresponding to the sequence segments
and hence, exchanged very fast in the fragments (42– 44). In
addition to these 34 residues, overlapping residues Arg155 and
Asp177, Thr182 and Thr215, and Val202 and Val208 were also
observed to be slow exchangers. However, because of the over-
lap of their peaks in the NMR spectrum, the individual
exchange rates were not determined. Of the 99 residues that
were assigned, 57 residues showed denaturant-independent
exchange. Although, the exact mechanism of denaturant-inde-
pendent exchange is unclear, previous studies have proposed a
“local structural fluctuation” (56) model, which posits a tran-
sient opening of the exchanging residues one at a time without
significant surface area exposure. Alternatively, a statistical-
mechanical approach proposes denaturant-induced modula-
tion of populations of exchange-competent (open) and
exchange-incompetent (closed) states to result in no net change
in �Gop with a change in denaturant concentration (57). Resi-
dues in the loops are expected to exchange fast as loops are
flexible and lack any ordered structure. This was observed in
moPrP where, with the exception of Ile138, all residues in the
loops linking �1, �1, �2, �2, and �3 exchange out at very fast
rates that could not be determined by HDX-MS or HDX-NMR.
However, residues in the N-terminal region of �1, two of which
are H-bonded (Glu145 to Asn142 and Asp146 to both Asn142 and
Asp143) and residues in the N- and C-terminal regions of �2 and
�3 were also seen to exchange out in a denaturant-independent
manner. It also seems that the N-terminal region of �1 is more
dynamic than the rest of the helix. The C-terminal region of �2
has been shown by studies of NMR relaxation dynamics to be
destabilized due to the protonation of His186 at low pH, result-
ing in the disruption of hydrophobic forces and increased fluc-
tuations (55). At pH 3.6, this region becomes disordered.
Molecular dynamics simulations indicate that the residues in

FIGURE 5. HDX-NMR of backbone amide hydrogens of moPrP in deuter-
ated solvent at 25 °C and pD 4. a– h show the change in percent hydrogen
occupancy with increasing times of exchange for residues Tyr127, Ile138,
Met153,Val160, Asn180, Lys204, Gln211, and Gln216. The solid line through each
curve represents an exponential decay fit through the data.
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this region are “frustrated” in the helix and would be better
accommodated in either a strand or in coiled structures (58,
59). Stabilization of this region by mutagenesis prevents the
misfolding and oligomerization of the protein (32). A confor-
mationally dynamic region is expected to exchange out fast in
an HDX study. Incidentally, this region was observed to
exchange very fast in previous HDX studies done at higher pH
as well (19, 20).

Evidence for Subglobal Unfolding Events—Previous HDX-
NMR studies were done at higher pH where the intrinsic rates
of exchange are fast, and hence, only 23–28 residues could be
studied (19, 20). In contrast, at the lower pH of 4, the exchange
rates of 34 amide hydrogens could be determined.

The �1 strand, whose exchange could not be studied previ-
ously (19, 20), was observed to exchange out in a denaturant-
dependent manner with an mop value of 0.4 kcal mol�1 M�1.

The �1 strand is docked against the loop 120 –126 and �2
strand and seems to undergo partial unfolding and conse-
quently significant change in surface exposure during
exchange. Figs. 6a and 7a show the �Gop values for residues
Tyr127 and Met128 in �1 as obtained from HDX-NMR and
HDX-MS studies, respectively.

Most residues in the loop connecting the �1 strand and
the N-terminal region of �1 exchange out at a very fast rate.
Only residue Ile138 was observed to exchange slowly by both
HDX-MS and HDX-NMR. The amide hydrogen of Ile138 is
proximal to the methyl group of Met137 and the aromatic
ring of Tyr149 and may be sterically hindered from exchange.
Hence, local unfolding of the region would be essential for
exposing the residue to solvent for exchange as evident from
the exchange process having a denaturant dependence of 0.4
kcal mol�1 M�1.

FIGURE 6. Residue-wise values of �Gop at pD 4 and 25 °C. �Gop values were obtained from HDX-NMR measurements in the absence of denaturant as shown
in a. The dashed line represents the free energy of global unfolding of moPrP at pH 4, at 25 °C (5). The secondary structure of the protein is depicted at the top
where arrows indicate �-strands, rectangles indicate helices, and solid lines connecting two secondary structural units indicate loops. b maps the residues for
which �Gop values were obtained from HDX-NMR, and average mop values were obtained from HDX-MS studies, onto the structure of the C-terminal domain
of moPrP (Protein Data Bank code 1AG2). White corresponds to residues undergoing denaturant-independent exchange, whereas blue, orange, and red colors
correspond to residues with average mop values of exchange of 0.4 � 0.03, 0.8 � 0.1, and 1.1 � 0.08 kcal mol�1

M
�1.

TABLE 2
Identification of the slow exchanging residues of moPrP by HDX-NMR
The slow exchanging residues observed in the various sequence segments of moPrP were identified by HDX-NMR at pD 4 at 25 °C. A detailed description of the
identification of the slow exchanging residues in moPrP is given in supplemental Table S1. The dashes (—) corresponding to �2 indicate that exchange information on
residues in the N-terminal region of �2 could not be obtained by the HDX-MS experiments as no proteolytic fragment spanning this region was identified. For sequence
segments 190 –197 and 197–201, the dashes (—) indicate that none of the residues were observed to exchange slowly in the HDX-MS experiments, and the exchange rates
for the amide hydrogens of these residues were too fast to be monitored by HDX-NMR.

Secondary structure
Sequence
segment

No. of deuteriums
incorporated in slow phase Identified residues

�1 127–132 1 Met128

Loop between �1 and �1 133–143 1 Ile138

�1 133–148 3 Ile138, Arg147, Tyr148

149–153 2 Tyr149,a Arg150,a Glu151, Asn152, Met153

Loop between �1 and �2 including �2 strand 154–167 5 Tyr154,a Tyr156, Gln159, Val160, Tyr161, Arg163

155–162 3 Gln159, Val160, Tyr161

�2 — — Val175,a Val179,a Asn180,a Ile181,a Ile183a

�2 and loop between �2 and �3 182–196 1 Gln185

Loop between �2 and �3 190–197 — —
197–201 — —

�3 197–204 3 Val202, Lys203, Met204

197–206 3 Val202, Lys203, Met204

204–224 7 Arg207, Val209, Gln211, Cys213, Gln216, Gln218, Lys219

205–212 3 Arg207, Val209, Gln211

217–223 1 Lys219, Gln222,a Ala223,a Tyr224a

a Slow exchanging residues that were identified by HDX-NMR but not by HDX-MS.
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The N-terminal residues in �1 exchange out with very differ-
ent exchange rates when compared with the C-terminal resi-
dues in �1. The N-terminal residues Asp143–Asp146 exchange
fast in a denaturant concentration-independent manner.
Arg147 and Tyr148 exchange with an mop value of 0.4 kcal mol�1

M�1. The dependence of exchange on denaturant concentra-
tion for these residues is significantly different from that of the
C-terminal region of �1 (residues Tyr149–Asn152), which shows
a higher stability at 0 M urea (Fig. 7, b and c) and an mop value of
0.7 kcal mol�1 M�1. Residues Met153–Tyr156 in the loop con-
necting �1 and �2 have exchange rates and consequently �Gop
values similar to residues in the C-terminal region of �1. This
region shows a dependence of exchange rates on denaturant
concentration identical to that of the C-terminal end of �1,
which is unusual for residues in loop regions. It has been

reported in the case of human PrP that the C-terminal residues
153–156 of �1 undergo a pH-induced elongation to form a 310
helix at neutral pH (60) that becomes disordered at lower pH. In
moPrP, residues Met153–Tyr156 were observed to be protected
at pH 4, resulting in slow HDX of these residues. It is likely that
the elongated 310 helix in the C-terminal end of �1 persists at
pH 4.

Residues Gln159, Val160, Tyr161, and Arg163 in segment 154 –
167 exchange in a denaturant-dependent manner with an mop
value of 0.8 kcal mol�1 M�1. Despite being in �2 and sur-
rounded by slow exchanging residues, Tyr162 was observed to
exchange fast, whereas previous studies indicate that it has a
high �Gop value at pH 5.5 (19, 20).

In �2, residues Val175, Val179, Asn180, and Ile181 surrounding
the disulfide bond between Cys178 and Cys213 were observed to

FIGURE 7. Denaturant dependences of �Gop for different segments of moPrP at pD 4 and 25 °C. a–l show the denaturant dependences of �Gop of the
different sequence segments (circles). The dashed lines through the data are linear least square fits to the data, and the slopes yield the mop values for the
different segments. The solid line represents the dependence of the global stability (�GU) on denaturant concentration; its slope is given by mU (5). In the case
of segment 204 –224 that spans �3, two protection factors corresponding to different regions of the segment are obtained, resulting in two distinct �Gop
values as shown in j (squares and circles).The dashed and dotted lines are linear least square fits to the data. The error bars represent standard deviations from
three independent experiments.
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exchange slowly. Surprisingly, the HDX-NMR data show that
Cys178, which forms the disulfide with Cys213, exchanges fast,
whereas previous HDX studies indicate that it exchanges slowly
at pH 5.5 (19, 20). Although the side chain of Cys178 is buried in
the core region between �2 and �3, its backbone amide faces
away from the core and could be more solvent-exposed at pH 4.
As there were no peptides encompassing residues 168 –181, the
mop value for the above residues could not be determined.
However, as these residues have �Gop values similar to those of
the residues around Cys213 (Fig. 6a), the average mop value is
expected to be �1.1 kcal mol�1 M�1, which is similar to that of
sequence segment 205–212. The C-terminal region of �2 has
residues extensively H-bonded as a consequence of them being
in a helix. But this region has only residue Gln185 protected
from exchange because its NH group is H-bonded to Thr182.
The highly disordered nature of the C-terminal region of �2
and the loop between �2 and �3, as discussed above, is due to
the disruption of hydrophobic interactions upon protonation
of His186.

�3 has three distinct regions that have different stabilities
and mop values of exchange. Residues in the N- and C-terminal
regions exchange with mop values of 0.4 and 0.3 kcal mol�1 M�1,
respectively, whereas the central residues around the disulfide
bond have an mop value of 1.1 kcal mol�1 M�1. There is also a
clear difference in the �Gop values in the three regions of the
helix as shown in Fig. 6.

The �Gop and average mop values for exchange obtained for
different residues from the HDX-MS and HDX-NMR studies
are lower than the �GU and mU values. Four distinct classes of
residues were observed: residues exchanging in a denaturant-
independent manner, residues undergoing exchange through

unfolding events with an mop value of 0.4 � 0.03 kcal mol�1

M�1, residues that exchange with an mop value of 0.8 � 0.1 kcal
mol�1 M�1, and a few residues that have an mop value of �1.1 �
0.08 kcal mol�1 M�1. It can be clearly seen from Figs. 6a and 7
that, with the exception of Cys213, all residues exchange upon
partial unfolding of the protein, and as a result, low �Gop and
mop values of exchange were observed.

Evidence for Partially Unfolded Forms—PUFs are energeti-
cally placed between the native and unfolded states (13, 15, 56,
61). A PUF is typically characterized by an enhanced solvent-
accessible surface area that is buried in the native state and a
stability (�Gop) lower than that of the unfolded state relative to
the N state. PUFs may be either crucial on-pathway intermedi-
ates or off-pathway intermediates populated as a result of fluc-
tuations of the native structure (62– 64). Partially unfolded
forms have been indicated to be key molecular species in fibril
formation (7, 65, 66). It has been seen that mutations or solvent
conditions that destabilize the native protein and increase the
population of these intermediate forms result in increased amy-
loidogenicity (67).

The results from native state HDX measurements on moPrP
clearly indicate that at least two PUFs are present in equilibrium
with the native state. In PUF1 characterized by an mop value of
0.4 � 0.03 kcal mol�1 M�1 and a stability (�Gop) of 2.2 � 0.2
kcal mol�1, �1, the loop region between �1 and �1, and the
C-terminal region of �3 appear to be disordered. PUF2 has an
mop value of 0.8 � 0.1 kcal mol�1 M�1 and a stability (�Gop) of
3.1 � 0.5 kcal mol�1 and is characterized by a disruption or
detachment of �1 and �2 from the �2-�3 core subdomain of
the protein. It has been suggested that PUFs are produced by
stepwise unfolding and refolding of the cooperative structural
units of a protein (64). If PUF1 and PUF2 are indeed interme-
diates populated sequentially on the unfolding pathway of
moPrP, PUF1 would then be characterized by a disordered �1,
disordered �1-�1 loop, and disordered C-terminal region of �3.
PUF2 additionally would have the �1 and �2 regions either
structurally disordered or displaced from the intact core sub-
domain comprising �2 and �3. However, in this study, native
state HDX occurred in the EX2 limit in which only thermody-
namic information on intermediates and not kinetic informa-
tion on the pathway of unfolding can be obtained.

A recent study of the effects of destabilizing pathogenic
mutations on the structural dynamics of moPrP has suggested
that the unraveling or displacement of �1 from the stable core
of the protein is a key initial event in conformational conversion
(35). Such a structural perturbation also appears to have
occurred in a molten globule-like kinetic intermediate that is
also populated at equilibrium under highly acidic conditions,
which has been implicated as a key precursor to oligomeriza-
tion (68, 69). Molecular dynamics studies on the prion protein
(34, 70) support these results. Such structural perturbations are
identical to those that led to the formation of PUF2. Hence,
these studies suggest a potential role of PUF2 in initiating the
conversion of PrPC to PrPSc.

No Evidence for Residual Structure in the Unfolded State
under Native Conditions—The residues in �2 and �3 around
the disulfide bond linking residue Cys213 in �3 with residue
Cys178 in �2 have a much higher stability than the rest of the

FIGURE 8. Defining partially unfolded forms of moPrP. �Gop and mop val-
ues are shown for different segments of the protein. The �Gop values shown
are values determined in the absence of denaturant. �Gop and mop values are
shown for segments 127–132 (red circle), 133–148 (green circle), 149 –153 (blue
circle), 154 –167 (yellow circle), 182–196 (dark blue circle), 190 –197 (dark blue
square), 197–201 (dark blue diamond), 197–206 (dark cyan circle), 204 –224
(purple circle), 205–212 (purple square), and 217–223 (purple diamond). The
black filled circle corresponds to �GU and mU. On the basis of mop values,
sequence segments were classified into two distinct groups, PUF1 and PUF2.
PUF1 corresponds to sequence segments having an mop value of 0.4 � 0.03
kcal mol�1

M
�1, and PUF2 corresponds to those having an mop value of 0.8 �

0.1 kcal mol�1
M

�1. PUF1 segments have a �Gop of 2.2 � 0.2 kcal mol�1, and
PUF2 segments have a �Gop of 3.1 � 0.5 kcal mol�1.

Partially Unfolded Forms of Prion in Misfolding Conditions

OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 25237

 at N
A

T
IO

N
A

L
 C

E
N

T
R

E
 FO

R
 B

IO
L

O
G

IC
A

L
 SC

IE
N

C
E

S on O
ctober 22, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


residues in the protein. Their stability is similar to albeit a bit
lower than the global stability as shown in Fig. 6a. In earlier
studies carried out at pH 5.5, the same region was reported to be
more stable than the globally unfolded state by 1.1 kcal mol�1,
and as a result it was referred to as a superprotected region (19,
20). Hence, it was suggested that the unfolded state of human
PrP and Syrian hamster PrP at pH 5.5 might have residual struc-
ture around the disulfide bond. In this study carried out at pH 4,
the stability of this region was found to be less than that of the
globally unfolded state: with the exception of Cys213, the other
residues in this region exchange with an average value of �Gop
that is 1 kcal mol�1 lower than that of the globally unfolded
state. This may be the result of pH-induced destabilization of
this region in the native state ensemble or the stabilization of
the unfolded state ensemble. However, studies of pH-induced
changes in the conformational dynamics of the native protein
have not indicated that structural changes occur in this region
of the N state of the protein (55, 59, 60).

In summary, native state HDX of moPrP(23–231) at pH 4
where the protein is destabilized and has a higher propensity to
misfold into amyloidogenic forms revealed the presence of par-
tially unfolded forms that were not detected earlier at pH 5.5 for
the human or Syrian hamster prion proteins (19, 20). At pH 4,
the N state of moPrP is in equilibrium with at least two PUFs
that differ in stability by �0.9 kcal mol�1. One of these PUFs
appears to resemble a conformation that has been shown to be
a key initial intermediate in misfolding and oligomerization
(35) and is therefore the likely a monomeric precursor to aggre-
gated forms.
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