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ABSTRACT: Prions are believed to spontaneously convert from a native, monomeric highly helical form (called
PrPc) to a largely β-sheet-rich, multimeric and insoluble aggregate (called PrPsc). Because of its large size and
insolubility, biophysical characterization of PrPsc has been difficult, and there are several contradictory or
incomplete models of the PrPsc structure. A β-sheet-rich, soluble intermediate, called PrPβ, exhibits many of
the same features as PrPsc and can be generated using a combination of low pH and/or mild denaturing
conditions. Studies of the PrPc to PrPβ conversion process and of PrPβ folding intermediates may provide
insights into the structure of PrPsc. Using a truncated, recombinant version of Syrian hamster PrPβ

(shPrP(90-232)), we used NMR spectroscopy, in combination with other biophysical techniques (circular
dichroism, dynamic light scattering, electron microscopy, fluorescence spectroscopy, mass spectrometry, and
proteinase K digestion), to characterize the pH-driven PrPc to PrPβ conversion process in detail. Our results
show that below pH 2.8 the protein oligomerizes and conversion to the β-rich structure is initiated. At pH 1.7
and above, the oligomeric protein can recover its native monomeric state through dialysis to pH 5.2. However,
when conversion is completed at pH 1.0, the large oligomer “locks down” irreversibly into a stable, β-rich
form. At pH values above 3.0, the protein is amenable to NMR investigation. Chemical shift perturbations,
NOE, amide line width, and T2 measurements implicate the putative “amylome motif” region, “NNQNNF”
as the region most involved in the initial helix-to-β conversion phase. We also found that acid-induced PrPβ

oligomers could be converted to fibrils without the use of chaotropic denaturants. The latter finding
represents one of the first examples wherein physiologically accessible conditions (i.e., only low pH) were used
to achieve PrP conversion and fibril formation.

Prions (PrP)1 are endogenous, highly conserved membrane-
bound proteins that are particularly abundant in the neuronal
cells of vertebrates. Initially transcribed as an ∼240-residue
polypeptide with a 23-residue signal peptide, the mature form
of PrP is an ∼210-residue glycoprotein that is tethered to the cell
surface via a glycosylphosphatidylinositol anchor at the C-ter-
minus (1, 2). While the physiological function of properly folded
and processed PrP is not yet clear, it is now obvious that
misfolded PrP can cause a variety of fatal neurodegenerative
diseases in both animals and humans. These include scrapie in
sheep, bovine spongiform encephalopathy (BSE) in cattle, and
chronic wasting disease (CWD) in deer and elk, as well as Kuru,
Creutzfeld-Jacob disease (CJD), and fatal familial insomnia

(FFI) in humans (3, 4). Collectively, these diseases are called
transmissible spongiform encephalopathies or TSE’s. Prions
cause disease by converting from a soluble, helix-rich form
(PrPc) to an infectious β-rich form (PrPsc) that is both insoluble
and highly pathogenic (5). The process of conversion is still
poorly understood, but several theories exist, including the
“protein-only hypothesis”, which is now widely supported by
many lines of evidence (5, 6). The underlying assumption of the
protein-only hypothesis is that the presence of one or more PrPsc

molecules leads to the directed recruitment and one-way conver-
sion of soluble PrPc molecules into insoluble PrPsc. An abun-
dance of misfolded PrPsc proteins within a neuronal cell or an
organelle leads to the accumulation of amyloid protein deposits
that eventually lead to cell death and the manifestation of
neuronal disease (6, 7).

PrPc is soluble, monomeric mostly helical (43% R-helix, 5% β-
sheet) protein that is easily susceptible to proteolytic cleavage
from proteinase K. The three-dimensional structure of the native
form of PrPc was first solved in 1996 (8) and now more than 24
structures from many vertebrate species have been characterized
by NMR and X-ray crystallography (9-11). The PrPc fold
appears to be highly conserved among all vertebrates and is
characterized by three R-helices [helix H1, 143-156; helix H2,
173-195; helix H3, 200-226 (Syrian hamster numbering)] with
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two small antiparallel β-strands (residues 127-130 and 162-165).
The structure is stabilized by a disulfide bridge between Cys179
andCys214, connecting helicesH2 andH3.A large portion of the
amino terminus (up to residue ∼127) is disordered with no
associated secondary structural elements (12, 13).

While a great deal is known about the structure of the soluble
or “native” form of PrPc, somewhat less is known (or agreed
upon) about the structure of PrPsc. This is because the complex is
large, insoluble, amorphous, and largely intractable to molecular
characterization by conventional means such as X-ray crystal-
lography and NMR spectroscopy. Nonetheless, several attempts
using less conventional biophysical methods have been made to
elucidate the structure of PrPsc. These methods have increased
our insight into possible structures but have also resulted in
multiple, sometimes competing, models of the protein structure.
Electron crystallographic studies of 2D crystals obtained from
truncated PrPsc fragments isolated from hamster brain tissue led
to the development of an atomic resolution model characterized
by a trimeric β-helix where the β-strand is largely localized to the
N-terminus of the protein (14-16). Molecular dynamic studies
by Daggett and colleagues, coupled with data from epitope
mapping and other biophysical studies, produced a model of
PrPsc with similar N-terminal β-strand localization and trimeric
stoichiometry but with a substantially different topology (17).
Furthermore, recent studies by Surewicz and colleagues using
mass spectrometry-based hydrogen/deuterium exchange and
electron paramagnetic resonance of site-directed spin-labeled
human PrPsc fragments have provided solid evidence for a
solvent-inaccessible, β-strand-rich core that maps to the C-ter-
minus (residues ∼160-220) instead of the N-terminus (18-20).
This β-rich core is hypothesized to form single-molecule layers
that stack on top of one another with parallel, in-register β-
strands.

At this point it is unclear whether the discrepancies between
these three PrPsc models might be due to differences in protein
constructs, sample preparation, sample conditions, and the
analytical methods used for characterization or whether they
may represent distinct differences between in vivo and in vitro
forms of PrPsc. Additional support for one (or more) of these
models along with additional insight into the reasons for these
differences might be gained by exploring the process by which
PrPc to PrPsc conversion actually takes place and any associated
intermediates. One such intermediate is PrPβ. PrPβ is a soluble, β-
rich, oligomeric intermediate that can be easily generated using
acidicpHanddenaturingagents suchasureaor guanidine (21,22)
or high pressure (>1.5 kbar) in mildly acidic conditions (23).
Further work has shown that high concentrations of NaCl with
urea also induced the formation of PrPβ (24). Studies by
Baskakov and others (25, 26) have shown that PrP (with its
disulfide bond intact) can fold into either high-molecular-weight,
insoluble amyloid fibers (at neutral pH, moderate denaturing
conditions and agitation, PrPsc) or a soluble form that is rich in β-
sheets (at low pH, high salt and moderately denaturing condi-
tions, PrPβ). Studies by O’Sullivan et al. showed that the PrPβ

form could be generated from full-length murine PrP(23-231)
using a combination of low pH (4.0), high salt (150 mM NaCl),
and 3.5Murea or, alternately, using low pH (4.0) andmoderately
high temperatures (37 �C) (27). Using CD and NMR spectros-
copy, these researchers showed that PrPβ could be readily
converted back to PrPc by simply raising the pH to 5.2. They
also showed that the protein converted to an apparent dimeric
form that retained a largely unstructured N-terminus (up to

residue 127) with most of the C-terminus evidently forming some
kind of β-strand aggregate. Nearly identical results were also
obtained with a full-length human prion construct (28). More
recently, Surewicz and co-workers demonstrated that both the
native and the D178N mutant of the human prion protein could
be converted to fibrils without denaturing agents under mild
acidic conditions (29).

Here we describe a detailed biophysical characterization of
PrPβ and of the PrPc to PrPβ conversion process using a com-
bination of NMR, circular dichroism (CD), proteinase K diges-
tion,mass spectrometry, dynamic light scattering (DLS), electron
microscopy, and ANS fluorescence. In particular, we have found
that it is possible to convert a recombinant Syrian hamster prion
fragment shPrP(90-232) from PrPc to PrPβ using only a simple
pH titration (from pH 7.0 to pH 1.0) at low salt (20 mM)
concentrations. This allowed us to obtain comprehensive 1H/15N
assignments as well as detailed NOE, T2, CD, and DLS data at
multiple points throughout the conversion process. Our results
implicate the flanking residues of the β-strand (B2) and the
N-terminal residues of B1, H1, and H3 in the early stages of pH-
induced conversion (as the pH drops from 5.2 to 2.8). These
initial perturbations are followed by the aggregation of the pro-
tein below pH 2.8. The final and irreversible conversion occurs
with the “locking down” of PrPc to PrPβ at pH 1.0. Additional
studies have shown that this acid-converted form of PrPβ is
capable of forming PrPsc-like fibrils through either the addition
of salts or the reduction of the disulfide bond. This latter ob-
servation marks one of the first instances of using physiologically
accessible conditions (i.e., only low pH or disulfide reduction) to
achieve PrP conversion and fibril formation.

MATERIALS AND METHODS

Expression and Purification of Recombinant shPrP-
(90-232). A synthetic gene corresponding to residues 90-232
of the Syrian hamster prion including a 22-residue N-terminal
fusion tag containing 6�-His and a thrombin cleavage site
(MGSSHHHHHHSSGLVPRGSHML) was designed using co-
dons optimized forEscherichia coli expression and synthesized by
DNA 2.0 (Menlo Park, CA). The gene was cloned into a pET15b
expression vector between XhoI and EcoRI restriction sites and
heat shock transformed into the E. coli strain BL21 (DE3). The
transformed cells were grown in 100 mL of LB plus 100 μg/mL
ampicillin overnight to generate a starter culture. This starter
culture was then used to inoculate 500 mL of M9 (15N-labeled
medium containing 1.0 g/L 15NH4Cl) to an OD600 between 0.6
and 1.0 and set to shake at 225 rpm at room temperature for 1.5 h
before induction with 1 mM IPTG. Twelve to eighteen hours
later, cells were harvested by centrifugation at 3000 rpm for
25 min at 4 �C, resuspended in 6 M guanidine hydrochloride
(100 mM K2HPO4, 10 mM reduced glutathione, pH 8.0), and
subjected to five rounds of freeze/thawing. The lysate was cleared
by centrifugation at 12000 rpm for 1 h and 45 min and then
applied to 35 mL of nickel-NTA resin in a 3� 15 cm column and
allowed to bind to the resin at room temperature for 15 min.
Subsequent removal of contaminants and on-column refold-
ing (30) of the prion protein were achieved with 200 mL of wash
buffer (8M urea, 100 mMK2HPO4, pH 8.0) followed with a 200
mL gradient of 8-0 M urea (100 mM K2HPO4, pH 8.0).
Residual contaminants were removed by washing the resin with
100 mL of 50 mM imidazole buffer (100 mMK2HPO4, pH 8.0),
and the His-tagged prion protein was eluted with 500 mM
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imidazole buffer (100 mMKH2PO4, pH 5.6). Fractions of 5 mL
each were collected and screened with SDS-PAGE gels to
determine purity. Because of the improved solubility character-
istics, the lack of visible structure (by NMR), and the functional/
structural similarity of the His tag to the N-terminus of native
PrP, the N-terminal fusion tag was retained in all protein
constructs described in this paper.
Preparation of NMR Samples. NMR samples were pre-

pared at eight different pH values ranging from pH 1 to pH 5.2.
Protein concentrations were calculated using a molar extinction
coefficient of 25975 M-1 cm-1 at 280 nm. The purified prion
proteins (∼0.5 mM) at pH 5.2, 4.4, 3.5, and 3.2 were exchanged
into 20 mM sodium acetate buffer. For pH values of 3.0 and 2.5,
the protein was exchanged into 20 mM formic acetate. Buffer
exchange was accomplished with successive rounds of volumetric
dilution and concentrations in Ultrafree-15 centrifugal filter
(Millipore) with a 3000 Da cutoff pour size. Ten percent (v/v)
D2Owas added to each sample tomaintain a spectral lock, 1mM
DSS (2,2-dimethyl-2-silapentane-5-sulfonate) was added for che-
mical shift referencing (31), and protein samples were transferred
to Shigemi microcell NMR tubes (350 μL).
NMR Spectroscopy. NMR spectra were acquired at 30 �C

on either a 500 or 800 MHz Varian Unity INOVA spectrometer
fitted with either a 5 mm HCN z-gradient pulsed-field gradient
(PFG) room temperature probe or an xyz-gradient PFG Varian
cold probe, respectively. All experiments were conducted using
Varian BioPack pulse sequences (VNMRJ v2.1B). 2D 15N-
HSQC spectra were acquired with 2048 complex points in the 1H
dimension and 256 complex points in the 15N dimension with a
recycle delay of 1.5 s. A total of 160 transients were collected for
each experiment. 3D 15N-edited NOESY-HSQC spectra (32)
were collected at 800 MHz for the pH 5.2 sample. The spectral
width was set to 8000 Hz for the directly and indirectly detected
1H dimensions. A total of 2048, 224, and 72 complex points were
collected in the t2, t1, and t3 dimensions, respectively. For pH
values of 4.4, 3.5, 3.2, and 3.0, 3D 15N-edited NOESY-HSQC
data were obtained with spectral widths of 6000, 6000, and 1800
Hz for the direct and indirect proton dimensions and the
indirectly detected 15N dimension, respectively. A total of 1024,
96, and 64 complex points were obtained in the t2, t1 and t3
dimensions. Sixteen transients were collected using a mixing time
of 150 ms for all NOESY experiments. 1H-15N TOCSY-HSQC
(33) spectra were also obtained for protein samples covering the
same pH range (4.4, 3.5, 3.2 and 3.0) at 500 MHz. For these
spectra 1024, 96, and 64 complex points were collected for sweep
widths of 6000 Hz, 6000 and 1400 Hz in the t3, t1, and t2
dimensions, respectively. A total of 32 transients were averaged
using a mixing time of 50 ms.

To assist with the assignment of 1HR resonances, HNHA
spectra (34) were collected at 500 MHz for the samples at pH
values of 5.2, 4.4, 3.5, 3.2, and 3.0. The HNHA spectra were
obtained by averaging 32 transients. Sweep widths were set to
6000 Hz for each proton dimension and 1800 Hz for the 15N
dimension. A total of 1024, 110, and 64 complex points were
collected in the t3, t1, and t2 dimensions. All spectra were pro-
cessed with NMRPipe (35) and analyzed with NMRViewJ (36).
Vicinal 3JHNHA coupling constants were calculated from the
HNHA spectra using NMRViewJ v1.1 and used to determine
backbonej angles (34). BackboneNOEs were obtained from the
3D 15N-editedNOESY spectrum.NOE intensities were calibrated
using NMRViewJ v1.1 and binned into strong medium and weak
categories with upper bounds of 3.5, 4.5, and 6 Å, respectively.

Backbone amide T2 rates were calculated from a series of
HSQC spectra collected using 32 transients with 2048 complex
points in the t2 dimension, spanning 6000Hz, and 128 increments
in the t1 dimension covering 1800 Hz. The transverse relaxation
times were calculated with NMRviewJ v1.1 by fitting peak
intensities from the 15N HSQC spectra to the first-order expo-
nential decay curve defined by It = I0e

-t/T2 using eight T2 delays
between 10 and 150ms (20ms intervals). The recycle time was set
to 2.5 s.
Circular Dichroism Spectroscopy. All circular dichroism

(CD) spectra were recorded in the far-UV region (190-260 nm)
at 25 �C in a 0.02 cm path-length quartz cell on an Olis DSM 17
spectropolarimeter. The protein samples were prepared by
dialysis whereby 0.5 mg/mL protein (pH 5.2) was exchanged
into the buffers previously described for the NMR sample
preparations (pH values of 4.4, 3.6, 3.2, and 2.8). For pH values
of 1.7 and 1.0, the buffer solution was prepared with the addition
of concentrated HCl in ddH2O. Protein concentrations were
calculated prior to and after CD spectral collection. Spectra were
averaged over 10 individual scans using a bandwidth 1 nm. All
CD spectra were smoothed with a 3 nm window, and the
secondary structure content of each sample was calculated using
the program CDPro (37).
Proteinase K Resistance Assay. The method used to assess

proteinase K (PK) resistance was adapted from Bessen and
Marsh (38). Specifically, proteinase K (Sigma Aldrich, St. Louis,
MO) was dissolved in 0.1MTris-HCl, pH 8.0, to a concentration
of 2.5 mg/mL. Native PrPc was kept in 20 mM sodium acetate
buffer (pH 5.2) and PrPβ that was prepared by incubating native
PrPc at pH 1.0 overnight and then dialyzed back to pH 5.2 in 20
mM sodium acetate buffer prior to the reaction. To each of the
PrP samples was added a sufficient amount of solid urea to give a
final urea concentration of 3.0 M. Proteinase K was then added
to the PrPβ and PrPc samples (using PrP to PK ratios of 250:1 and
500:1), and the samples were incubated for 1 h at 37 �C. Protein
digestion was stopped with the addition of 1 mM phenylmetha-
nesulfonyl fluoride (PMSF).
Fluorescence Spectroscopy of ANS Binding. ANS (1-

anilinonaphthalene-8-sulfonate) was purchased from Sigma Al-
drich (St. Louis, MO). Fluorescence spectra were recorded in 1
cm path-length Eppendorf UVette plastic disposable cells
(Eppendorf AG, Hamburg, Germany) on a PTI spectrofluorom-
eter (Photo Technology International). ANS was added to the
protein samples (100 μg/mL) in the buffer systems described
above at pH values of 1.1, 1.7, 2.8, and 5.2 and allowed to react
for 30 min at 30 �C. Subsequently, the fluorescence of ANS was
monitored using an excitation wavelength of 385 nm and an
emission wavelength of 475 nm. Both the excitation and emission
slits were 4 nm. Following these measurements, all protein
samples were dialyzed back to pH 5.2 (20 mM sodium acetate)
in Pierce Slide-A-Lyzer dialysis cassettes (7000MWCO), and the
ANS binding experiments were repeated to check for β conver-
sion reversibility.
Dynamic Light Scattering. Dynamic light scattering mea-

surements were carried out using the Zetasizer-Nanoseries
(Malvern Instruments) with a 4.0 mW He-Ne laser (633 nm).
Protein samples (1.4 mg/mL, 20 mM sodium acetate at pH 5.2,
4.4, 3.6 3.2, 2.8, 1.7, and 1.0) were prepared by overnight dialysis
and then filtered extensively through a 0.22 μM ultrafilm filter
(Millipore) prior to data collection to remove particulate matter.
Each filtered sample was placed in a 1 cm path glass cuvette and
measured at a constant temperature of 25 �C using an autopilot
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function, with 25 measurements per sample. The diameters of the
monomeric (PrPc) and aggregated prion proteins were calculated
as described previously (39, 40) from an average of the calculated
volume distribution. The samples were then returned to pH 5.2
by overnight dialysis, and the experiments were repeated to check
for reversibility of the oligomeric process.
PrP Fibril Formation. Following the collection of CD

spectra, the protein samples (∼0.5 mg/mL) at pH 1.0, 1.7, 4.1,
and 7.0 (20mM sodium acetate) were diluted to 1 μM(500 μL) in
the same buffer containing either 150 or 250 mM NaCl and
dispensed into 1.5 mL Eppendorf tubes. The samples were
agitated at 500 rpm, 37 �C. The formation of fibrils was moni-
tored by TEM (described below) for up to 1 month. Follow-up
experiments to investigate the influence of disulfide reduction on
fibril formation were conducted with the addition of 1, 2.5, and 5
mM TCEP to reaction mixtures at pH 4.1 and 7.0 (20 mM
sodium acetate, 150 mMNaCl). These samples were further split
into two batches, and the fibril formation protocol was repeated
at both 25 and 37 �C with shaking at 500 rpm. The protein con-
centration remained at 1 μM for all follow-up experiments.
Electron Microscopy. Two microliters of each PrP fibril

sample was spotted onto 300 mesh grids and allowed to dry.
Samples were rinsed with 5 μL of milli-Q H2O and then
negatively stained for 1 min with 4 μL of 1% uranyl acetate after
which the excess staining solution was wicked away and the
samples were rerinsed with another 5 μL of ddH2O. After drying
for 5 min, the disks were imaged using a Philips/FEI (Morgagni)
transmission electron microscope (TEM).
MALDIMass Spectrometry. Following 12% SDS-polya-

crylamide gel analysis of the proteinase K digested PrPβ oligo-
mers, the bands were excised and transferred to 1.5 mL Eppen-
dorf tubes. The gel was fragmented and washed with 200 μL of
50% acetonitrile (2�) and 50% acetonitrile with 50 mM ammo-
nium bicarbonate (pH 8.0, 2�). The gel mixture was spun down
in a microcentrifuge, and the wash solutions were removed by
pipetting between washes. Finally, the gel fragments were dehy-
drated with 100% acetonitrile for 5 min and dried by rotary
evaporation. Samples were resuspended in 50 μL of 25 mM
ammonium bicarbonate and split into two portions. Half was left
without further workup to obtain masses of the resulting
proteinase K fragments and the other half subjected to tryptic
digestion. To the latter samples was added 2.5 mMDTT, and the
mixture was incubated at 37 �C for 1 h. Following the reduction
reaction, trypsin gold (Promega) was added to a final concentra-
tion of 1 μg/mL, and the reactionwas allowed to proceed at 37 �C
for 1 h. The resulting solutions from each sample were pipetted,
evaporated to dryness, and resuspended in 5 μL of 50%
acetonitrile containing 0.1% trifluoroacetic acid and 5 mg/mL

sinapinic acid. A 100-well stainless steel target was prespotted
with 0.5 μLof 5mg/mL sinapinic acid in acetone-methanol (3:2)
onto which 0.5 μL of sample was added. The target plates were
loaded into an ABI Voyager Elite MALDI mass spectrometer,
and spectra were obtained by averaging 150 shots acquired with
an acceleration voltage of 25000 V and a grid voltage of 93%.

RESULTS

Oligomerization Status byDLS. The dynamic light scatter-
ing (DLS) data measured at various pH values from 5.2 to 1.0
show an increase of molecular size of the PrP protein once the pH
drops below 3 (Table 1). Based onPDB coordinate data from two
recent structures for the 90-231 fragment of recombinant Syrian
hamster prion protein (1B10.pdb and 2PRP.pdb), the average
monomeric diameter of the protein at pH 5.2 was estimated at
3.78( 0.94 nm.OurDLS results confirm that the protein remains
monomeric from pH 5.2 to pH 3.2, with an average diameter of
3.08 ( 0.55 nm. However, as the pH is decreased to 1.7, the
diameter increases, indicating oligomerization of the protein. At
pH 1.7, the average diameter is 6.97 ( 0.38 nm. Using the
formula

MW ðkDaÞ ¼ ð1:68dHÞ2:3394 ð1Þ

where dH is the protein diameter in nanometers, an average
molecular mass of 62.4 ( 8.3 kDa is obtained (40-42). Given
that our construct has a molecular mass of 18.6 kDa, these data
indicate that the oligomer appears to consist of three protein
monomers.When the pH is dropped to 1.0, a dramatic increase in
molecular size is observed in which the diameter increases to
18.7 ( 1.8 nm. This value corresponds to an oligomer with
molecular mass of 628 kDa (33-mer) with a standard deviation
between 495 and 779 kDa (27-mer to 42-mer). Although these
numbers are divisible by three (corresponding to 9, 11, and 14
trimers) the identification of a discrete multimer that might form
the basic multimeric complex for fibril formation is difficult to
ascertain from thesse data alone. Further studies conducted by
TEM indicate that the oligomers formed at pH 1.0 (after 1 week
of incubation) had diameters exceeding 200 nm (Figure 9C),
while oligomers formed at pH 1.7 (after 1 week of incubation)
had diameters approaching 50 nm (data not shown). Given that
the DLS data were collected within 24 h of conversion initiation
and the TEM data were collected 1 week after conversion
initiation, these findings indicate that the size of the oligomers
changes over time. DLS data were also acquired on the samples
after returning the sample to pH 5.2 (Table 1). Full recovery to a
monomeric state was seen for all samples down to pH 2.8.
However, the sample exposed to pH 1.7 showed only partial

Table 1: Changes in DLS and CD with Decreasing pHa

diameter by DLS (nm) secondary structure (CDPro, initial) secondary structure (CDPro, recovery)

pH initial recovery helix (%) β (%) helix (%) β (%)

5.2 3.1 ( 0.6 43 5 43 5

4.4 3.1( 0.6 3.1( 0.6 39 15 43 5

3.6 3.1( 0.6 3.1( 0.6 37 17 42 5

3.2 3.2( 0.7 3.1 ( 0.6 35 18 42 5

2.8 5.5( 2.5 3.1( 0.6 32 20 42 5

1.7 7.0 ( 0.4 7.0( 2.4 17 30 38 18

1.0 18.7( 1.8 13.0( 3.0 12 46 12 46

aDLS and CDPro recovery data collected after the protein was dialyzed back to pH 5.2.
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recovery of a monomeric state while the sample exposed to pH
1.0 did not recover to a monomeric state.
CD Characterization of shPrP. CD spectra of the shPrP-

(90-232) construct (Figure 1, Table 1) indicate a relationship
between the protein’s secondary structure content and the sample
pH, so that as the pH decreases, the protein’s R-helical content
decreases and the β-strand content increases. This is consistent
with previous pH-dependent CD studies (43). PrPc samples
exhibit a helical content of 43% at both pH 7.0 and pH 5.2,
which is almost identical to the helical content calculated from
the known 3D coordinates (44%; PDB 1B10). However, at pH
3.6, the R-helical content is reduced to 37% and the β-strand
content increased to ∼17% (Table 1). This secondary structure
content may reflect structural changes in the monomer alone, or
(more likely) it represents a weighted contribution of a popula-
tion of PrP monomers having native secondary structure and a
small population of β-rich PrPβ oligomers. At pH 1.7, the helical
content drops off dramatically to 17%, and the β-strand content
increases to 30%. This likely reflects a dramatic increase in the
proportion of small, β-rich PrPβ oligomers under these condi-
tions.Despite the dramatic change in secondary structure content
at this pH, the native structure can be recovered upon dialysis
back to pH 5.2, where the CD curve returns to near its original
shape so long as the larger oligomeric complex has not been
allowed to form. These data suggest the β-oligomer (PrPβ) that is
formed at pH 1.7 is quasi-stable or possibly a molten globule.
However, with further reduction of the pH to 1.0, where only
12% of the helical structure remains and the β-strand content
climbs to 46%, none of the original native structure is recoverable
upon dialysis, even with short (less than 24 h) incubation times.
At pH 1.0, the small portion of remaining helical content
(as determined by CDPro calculations) can largely be attributed
to β-turn structure, so the helix-to-β transformation of the
protein is essentially complete at this pH. Evidently, pH 1.0
appears to be the “point of no return” in the conversion process
where PrPc has irreversibly converted to an oligomer comprised
primarily of β-strand secondary structure.
ANS Fluorescence. ANS preferentially binds to the hydro-

phobic surfaces of proteins, leading to a substantial increase in
fluorescence intensity (44). This feature has allowed a number of
groups to characterize the unfolding process of PrPc to PrPβ as
buried hydrophobic side chains become solvent exposed during

conversion (25, 45). Our results (Figure 2) show that the affinity
of ANS to the native, folded PrPc protein at pH 5.2 is very low.
However, as the protein is incubated in buffers with reduced pH
values, a significant increase in ANS fluorescence intensity is
observed. ThemoderateANS binding to the PrP protein between
pH1.7 and pH2.8 implies that there is some unfolding of the PrPc

protein or some dissociation of secondary structural elements of
the protein such that the hydrophobic core is partially accessi-
ble (46). Despite the associated increase in fluorescence intensity
with the drop in pH, all of the samples with pH values between
4.4 and 1.7 exhibit fluorescence spectra similar to the native PrPc

protein when dialyzed back to pH 5.2. However, the PrPβ protein
treated at pH 1.0 shows the highest level of ANS fluorescence,
which remains high even after dialysis back to pH 5.2. This
indicates its native helical state could not be recovered. These
data, along with our CD andDLS data, indicate that at pH 1.0 a
significant portion of the protein’s hydrophobic core is solvent
exposed and the protein has been converted to an oligomer
comprised mostly of β-strands.
Protease K Digestion Assay. Proteinase K (PK) has long

been used to distinguish PrPβ (and PrPsc) fromPrPc (39, 47, 48) as
the hydrophobic residues generally recognized and cleaved in
native PrPc become occluded in the oligomeric form, making it
more resistant to proteolytic digestion. Native gel analysis of the
PrPc protein in the absence of PK shows an expected band
around 18 kDa, while the addition of PK results in complete
digestion of the native PrPc (Figure 3). However, when PK is
incubated with PrPβ (1:500), additional bands are observed
around 12 kDa, demonstrating that a fairly large segment of
the PrPβ protein is at least partially resistant to proteolytic
degradation with PK. Subsequent gel extraction and MALDI-
MS andMS-MS analysis of these 12 kDa bands were performed
to identify the PK-resistant fragment of the PrPβ protein.
MALDI-MS analysis revealed fragment sizes of 12279 ( 332
and 11238 ( 161 Da for the upper and lower SDS gel bands,
respectively. These masses correspond to a PrP fragment span-
ning from residue G131 to S232 (for the larger 12.3 kDa
fragment) and a PrP fragment spanning from residue S132 to
Y225 (for the smaller 11.2 kDa fragment). The smaller fragment
was characterized by the loss of theC-terminal residuesYDGRRSS
and the loss of G131 on the N-terminus. Gel extraction, tryptic

FIGURE 1: Circular dichroism spectra for the shPrP(90-232) con-
struct at different pH values.

FIGURE 2: ANS fluorescence spectra upon binding to the shPrP-
(90-232) construct at various pH values. Dotted lines represent the
spectra collected following dialysis of the sample back to pH 5.2 in
20mMsodiumacetate buffer after overnight treatment at the various
pH values.



Article Biochemistry, Vol. 50, No. 7, 2011 1167

digestion of the two bands, and subsequent LC-MS analysis
confirmed the disappearance of the tryptic C-terminal fragment
“KESQAYYDGRRSS” for the 11.2 kDa band in the SDS gel,
which agrees with the MALDI-MS findings. These results
suggest all three of the helices and the β-strand B2 (spanning
residues 132-225) are solvent-shielded after pH-induced oligo-
merization. Interestingly, these PK protection data for PrPβ are
also consistent with that reported for the PK-resistant core of
PrPsc (49-52).
NMR Characterization of PrP Conversion. Using the

published 1H-15N-HSQC assignments of shPrP(90-231) in 20
mM sodium acetate (pH 5.2) at 25 �C (13), we assigned the
1H-15N-HSQC spectrum of our shPrP(90-232) construct at pH
5.2 (collected at 30 �C). From this spectrum, we were able to
assign the remaining 1H-15N-HSQC spectra (collected at var-
ious pH values down to 3.0). Ambiguities, overlapped signals,
and assignments for the 22-residue purification tag were resolved
using 3D 15N-TOCSY-HSQC, 3D 15N-NOESY-HSQC, and 3D
HNHA experiments. Complete 1HN, 1HR, and 15N resonance
assignments were obtained for PrP samples at pH values down to
3.0. These assignments have been deposited into the BioMag-
ResBank (BMRB accession no. 17034). Based on these assign-
ments, 15N-HSQC NMR spectroscopy was chosen to char-
acterize the structure and dynamic behavior of shPrP(90-232).
Since there was little chemical shift difference in the 15N-HSQC
spectra between pH 7.0 and pH 5.2 and because protein self-
association and chemical exchange become particularly strong
below pH 3.0 (as evident from DLS data, NMR signal loss, and
line broadening for residues other than the unstructured N-term-
inal amino acids 90-120), we focused on comparing NMR data
from pH values between 5.2 and 3.0. As the pH drops below 5.2,
the regions encompassing residues Q186-T188 and K194-E196
exhibit large chemical shift changes (Figure 4). This finding
mirrors previously reported results (53) that monitored changes
ofmouse prion (moPrP) down to pH3.5. Thismouse prion study
indicated a drop in pH produces a tautomeric change in H186
that destabilizes the electrostatic networkwithin this region of the
protein. Recent work with various prion constructs containing
disease-prone mutations in this region has further validated the
significance of this destabilization (54). Interestingly, as the pH is
dropped below 3.5, we began to observe additional chemical shift

changes in other areas of the hamster protein. These have been
mapped onto a ribbon diagram of the protein in Figure 5A. A
number of additional amide perturbations were also observed for
residues within the core of the protein between (around) helices
H2, H3, and β-strand B2. Asmight be expected, when the protein
begins to unfold, the core residues are the first to show signs of
change. Apart from N143, additional residues show changes
clustered in and around the putative steric zipper residues,
including V166, N170, and E221 (55).

The molecular dynamics of PrP from pH 5.2 to pH 3.2 were
characterized by measuring the 15N T2 values and corresponding
1/T2 (orR2) relaxation rates (Figure 8A).Anoticeable reduction in
R2 rates is observed for the unstructured N-terminal residues, for
the residues in helix H2 (Q186 to N197), and for the residues in
helix H3 (T215 to K220) (Figure 5). These changes indicate that
these regions are experiencing faster motions as the solution
becomes more acidic. The regions with the most significant
increase in their R2 rates also corresponded to those regions with
the initial chemical shift perturbations highlighted in Figure 4.
Interestingly, the other regions that showed chemical shift changes
(N143, D144, N156 and additional residues within β-strand B2)
exhibit changes in theirR2 rates. It has previously been shown that
slow/intermediate chemical exchange exists within B2 for other
prion constructs (27). Likewise, with our construct, comparison of
3D 15N-NOESY-HSQC spectrum strip plots for residues in this
region shows the same phenomenon in the same B2 region. An
example for V161 at pH 5.2 and 3.2 is provided in the Supporting
Information. Chemical shift analysis of these changes using the
randomcoil index (RCI) (56, 57), which is not sensitive to chemical
exchange artifacts, indicates increased pico/nanosecond time scale
fluctuations exist in the regions with the largest chemical shift
perturbations only (Figure 8B). Those residues experiencing
significant changes in their backbone amide dynamics are mapped
onto the ribbon diagram presented in Figure 5B. Those residues
exhibiting chemical shift changes upon continued reduction of pH
correlate with those regions experiencing increased pico/nanose-
cond dynamic changes while other areas of the protein simulta-
neously present slower nano/microsecond dynamics or slower,
intermediate chemical exchange (Figure 5A).

FIGURE 3: SDS-polyacrylamide gel (12%) for the native and acid-
converted shPrP with proteinase K. Native shPrPc is shown in lane 1
and after proteinase K digestion in lane 5. Proteinase K digestion of
the acid-converted shPrP at two different concentrations is shown in
lanes 2 and 4.

FIGURE 4: Chemical shift perturbations for the shPrP protein upon
pH reduction from 5.2 to 3.0. Changes were calculated from the
formula ΔHz= |νHNpH5.2 - νHNpH3.0| þ | νNpH5.2 - νNpH3.0| þ |
νHRpH5.2- νHRpH3.0|/(no. of atoms used). The red line indicates the
limit of digital resolution.
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Dynamic data perturbations, amide chemical shift changes,
and line width broadening are useful tools for identifying regions
of change; however, they do not necessarily indicate what is
occurring at a structural level. Therefore, the pH-induced struc-
tural changes in our PrP samples were evaluated by analyzing
backbone NOE and coupling constant data. Structural changes
as measured by the chemical shift index (CSI) (58) show a
disruption in the C-terminus of helix H2 and a slight increase
in the stability of helixH1as thepHdrops from5.2 to 3.2 (Figure 6).
Additionally, the NOE data indicate backbone structural
changes also occur for residueswithin the prion protein’s putative

“amylome motif” or amyloid-inducing motif (59). Specifically,
residues N170, N171, Q172, N174, and F175 show altered NOE
intensities (Figure 7). Based on these NOE intensity changes,
there is a repositioning of the N171 backbone amide away from
the backbone amide of Q172 and toward N170, while the amide
fromF175moves closer to the amide of V176. Likewise, there is a
loss of intramolecular NOEs from the backbone amide of N174
to its side-chain amide. These changes are shown in Figure S3,
provided in the Supporting Information. While this loss of NOE
intensity could result from a repositioning of theN174 side chain,
it could also reflect dynamic changes (i.e., increased mobility of
theN174 side chain). Evidence supporting these dynamic changes
is provided by studying the adjacent residues in helixH3,many of
which exhibit increased 15N-HSQC linewidths (Figure 8C).Helix
H3 is positioned such that it has direct contact with those residues
flanking the steric zipper motif. Additional evidence supporting
these dynamic changes was observed from the signal loss in
HNHA and 15N-TOCSY-HSQC spectra for these same helix H3
residues when the pH was dropped to 3.0.
Fibril Formation. To examine whether fibrils (PrPsc-like

material) could be formed fromour acid-inducedPrPβ oligomers,
we incubated the PrPβ samples at 37 �C,with shaking at 500 rpm.
It has previously been argued that PrPβ oligomers are “dead-end”
conformations and that fibrils could not be formed from PrPβ

oligomers (25). Interestingly, with these pH-induced PrPβ oligo-
mers, we found that fibrils could indeed be formed. While the
presence of fibrils was noted after a few weeks of incubation at
pH 1.0, the incubation time could be reduced by increasing by the
concentration of NaCl to 250 mM (Figure 9D), leading to fibril
formation within 1 week (∼150 h). The initial fibrils or proto-
fibrils could be described as small rod-like structures, 50-150 nm
long and 10-20 nm wide. These protofibrils were generally ob-
served in pairs and showed a right-handed twist every 40-60 nm.

FIGURE 5: Ribbon representations of the shPrP (1B10.pdb). β-
Strands are colored yellow. (A) Mapped onto the structure are the
chemical shift changes plotted in Figure 4. Significant changes (>50
Hz) are shown in orange, while those greater than 100 Hz are shown
in red.Residue positions for newperturbations upon reduction of pH
below 3.5 are annotated. (B) Changes in R2 (1/T2) rates are colored
red (faster at pH 3.2) and blue (slower at pH 3.2). The putative steric
zipper region (Y169NNQNNF175) is annotated. (C) NOE changes
within the putative steric zipper and line width broadening observed
for residues in helix H3 are colored red.

FIGURE 6: CSI plots for shPrP protein at pH 5.2 and 3.2.

FIGURE 7: Structural model satisfying the backbone changes in the
N-terminal cap of helix 2 upon decreasing the pH from 5.2 to 3.2.
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Over time, the fibrils further associated into much larger struc-
tures exceeding 1 μm in length and about 60 nm wide. The larger
fibrils also exhibited a right-handed twist, and the short proto-
fibrils were often seen to be associated with the longer fibrils in
such a way so as to give a branched appearance to the assembly.

At pH4.1 (37 �C, 500 rpm), our attempts to produce fibrils in a
timely manner (<1 week) were initially unsuccessful. However,
upon reduction of the disulfide bond with TCEP, fibrils were
readily attainable at this moderately low, but still physiologically
attainable pH value. Initially, the oligomers grew to a diameter of
about 200 mm. Self-association of these oligiomers ensued, and
restructuring at the surface produced a tangled network of small

protofibrils. The association of these protofibrils led to larger
fibril-like structures that could be observedwithin 72 h (Figure 9A).
Complete conversion intowell-structured fibrils was evident after
110 h (Figure 9B). Extended incubation allowed the protofibrils
to associate with the larger fibrils whose lengths could exceed
4 μm (data not shown).

DISCUSSION

The profound misfolding of the prion protein from a helix-
rich form (PrPc) to a β-sheet-rich form (PrPsc) is the central
event in the pathogenesis of spongiform encephalopathies
(5, 6, 48, 60-62). During this conversion, an intermediate form
of the protein is believed to exist as a β-oligomer with molten
globule-like properties (63, 64). In this study, we have monitored
and recorded the pH-driven conversion process of the native, R-
helical rich PrPc to the β-sheet-rich PrPβ form by collecting a
series of 15N-HSQC and CD spectra of the protein while
dropping the pH from 5.2 to 1.0. Because no reducing agents,
chaotropes (urea or guanidine), or high salt concentrations were
used, as in previous studies (65-68), the conformational and
dynamical changes of the protein depended solely on pH values.
Although previous studies were able to obtain a β-sheet-rich
structure under mildly acidic conditions (pH 3.9 to 3.6) in
combination with high salt conditions or chaotropic agents,
reversal of the conversion process was not evident upon subse-
quent dialysis against higher pH buffers. In this study, we were
able to demonstrate reversibility, through dialysis, from pH
values as low as 1.7. Furthermore, we were able to show that
this conversion process continues to progress below pH 1.7,
causing an irreversible “locking down” of the protein into a
permanent β-oligomer at pH 1.0. The conditions necessary to
generate this conversion indicate that the conformational transi-
tion from an R-helical protein to a β-sheet-rich isomer requires
overcoming a large unfolding energy barrier.

Collectively, our CD and DLS data suggest that below pH 2.8
the protein begins to experience a helical unwinding or helix to β-
sheet conversion. This secondary structure conversion coincides
with an expansion of the protein’s hydrodynamic diameter due to
aggregation. At higher pH values (>2.8), DLS data indicate that
the protein remains monomeric, whereas T2 data indicate that
backbone fluctuations onmultiple time scales are occurring for a
number of residues within the protein core. Residues displaying
significant chemical shift perturbations with increasing acidity
experience faster motions, while the β-strands (B1 and B2) and
the N- and C-terminal residues of helix H1 exhibit slower
motions. These slower motions likely arise from intermediate
conformational exchange processes (Figure 8A). A variety of
conformational fluctuations have been noted for different re-
gions of PrP protein constructs fromother species (27), indicating
these fluctuations are not exclusive to hamster PrP. Specifically,
in a truncated form ofmouse PrP, slow-to-intermediate exchange
was noted for residues localized to the amylomemotif loop region
between B2 andH2. In our study, themost significantT2 changes
occurred within β-strandB2 and its flanking residues. This region
is in direct contact with residues in helix H3, which also display
significantly broadened amide signals. The mild discrepancies
between mouse and hamster PrP might be due to small differ-
ences in construct design and/or experimental conditions. On a
global scale, however, these fluctuations localize to a region of the
protein that is adjacent to those residues displaying the most
significant chemical shift perturbations.

FIGURE 8: Graphs for R2 (1/T2), RCI, and line width changes upon
reduction of pH from 5.2 to 3.2. (A) R2 data for the shPrP at pH 5.2
(blue) and at pH 3.2 (black) recorded at 500 MHz. (B) RCI plots at
pH 5.2 (blue) and pH 3.2 (black). (C) Changes in amide line widths
upon reduction of the pH from 5.2 to 3.2.

FIGURE 9: TEM pictures of shPrP fibrils formed under various
conditions and times. Sixty-two hours (A) and 110 h (B) into fibril
production in a reduced environment at pH 4.1 (20 mM sodium
acetate, 125 mMNaCl, 1 mMTCEP). (C) β-Oligomers of the shPrP
are shown after 1week incubation. Oligomerswere formed at pH1.0.
(D) Fibril formation after 1 week at pH 1.0 with 250 mMNaCl with
500 rpm agitation at 37 �C. The scale bars are 100 nm in panels A and
B and 200 nm in panels C and D.
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Collective analysis of all of the NMR-derived data (chemical
shift perturbations, line width changes, T2 relaxation measure-
ments, andNOEs) at pH 5.2 and 3.0 indicates that, with a drop in
pH, changes are most evident in the region between β-strand B2
and helix H2 and adjacent residues in helix H3. This region runs
through the core of the protein and includes the putative
“amylome motif” region (NNQNNF), an area rich in hydro-
philic residues, which is thought to be capable of forming a steric
zipper (53, 58). While changes in backbone chemical shifts and
dynamics within the protein core are expected during protein
unfolding, the changes near and within the putative amylome
motif, prior to β-sheet conversion and oligomerization, are
noteworthy. Consistent with the self-propagation theory, an
exposed region or regions of the prion protein would have to
exist in both the converted and unconverted prion proteins to
facilitate self-association and structural conversion. Coinci-
dently, the amylome motif lies within an exposed loop between
H2 and H3 and is adjacent to H3, which contains a majority of
the disease-associated mutations (69).

While coordinated changes in amide chemical shifts or back-
bone T2 values can indicate regions of potential conformational
change, they do not necessarily signal similar events. This is
because amide proton shifts are sensitive to changes in hydrogen
bond geometry or local electric fields while amide T2 values are
influenced by changes in backbone motion or flexibility. Each of
these effects has been identified in this study, but neither effect
can provide precise geometric information about the pH-induced
structural changes. Therefore, direct observation of a structural
change (via NOEs) provides a somewhat more meaningful
interpretation of these changes. Here we provide such evidence.
In particular, the unwinding of helix H2 is clearly suggested by
backbone amide NOE changes that occurred going from pH 5.2
to pH 3.2. To further assess these changes, model 1 fromPDB file
1B10.pdb (13) was refined using Xplor-NIH v2.25 (70, 71) with
the NOE data shown in the Supporting Information. A repre-
sentative structure satisfying these NOE changes is presented in
Figure 7. Specifically, the increased NOE intensity between
N170HN and N171HN, N171HN and N170HR, and F175HN and
V176HN is accompanied by the loss ofNOE intensity between the
backbone amide of N174 and the R proton of N173 and the side-
chain amide protons of N173 and N174. These changes are
consistentwith the unwinding of theN-terminal cap of helix 2. As
seen in Figure 7, a number of stabilizing hydrogen bonds with the
N-terminal cap are lost when the side chains ofN173 (HD21, 7.60
ppm) and N174 (HD11 and HD21, 7.17 and 8.00 ppm) reposition
themselves out into the solvent and the helix begins to unravel.
These changes in backbone geometry were further confirmed by
measuring changes in the 3JHNHR coupling constants for residues
Y169 (9.1-11 Hz), N173 (5.3-6.8 Hz), and N174 (6.1-8.1 Hz).
While previous studies identified the region between helix 2 and
helix 3 as the region undergoing initial pH-induced perturba-
tions (53), these new data clearly identify this amylome region as
the next region to undergo a change as the pH is further titrated
below 3.5. It is noteworthy that instability in this region of the
protein, specifically residues 173-179, was recently identified
through high-pressure NMR studies (72).

Over the past decade there have been numerous accounts of
perturbations and dynamic changes in various prion protein
constructs; however, to our knowledge this is the first direct
evidence of conformational change in an area of the prion protein
proceeding to β-oligomerization. More significantly, our results
were obtained under physiologically attainable conditions (pH 3)

as opposed to physiologically unattainable conditions such as
high pressure (>1.5 kbar), high temperature (>60 �C), or
chemically denaturing conditions (3 M urea). It is also note-
worthy that the repositioning of the side chains of N173 and
N174 away from the N174 backbone amide appears to indicate
that the formation of a steric zipper precedes dimerization of the
protein. If this is indeed the case, one could hypothesize that
ligands capable of stabilizing this region of the protein or
interfering with the steric zipper formation could be highly
effective at preventing oligomerization and/or subsequent fibri-
liziation.

While the NMR data allow us to identify which regions in the
monomeric protein are experiencing conformational changes
above pH 2.8, the CD data indicate that below pH 2.8 the
protein begins to experience a clearly detectable helical unwind-
ing or helix to β-sheet conversion. CD data collected at pH 2.8
reveal amodest (∼10%) conversion of secondary structure, while
the DLS data indicate the protein is still largely monomeric. The
extent of helical to β structure conversion was assessed in relation
to the oligomerization process with the simultaneous analysis of
CD and DLS data throughout the pH titration (Table 1). It is
known that the unstructured N-terminal residues (90-120) are
required for fibril formation, yet after fibril formation these
residues are accessible to proteinase K digestion. This informa-
tion suggests that these residues may play in important role only
in the preliminary stages of self-recognition and aggregation.
Although there are a sufficient number of residues in this flexible
region that could account for the 25% shift in secondary
structure content (if they were to associate in a β-strand confor-
mation upon self-association), all of the evidence presented in this
study suggests this does not happen. Rather, our NMR findings
suggest that the structured helical core converts to a β-sheet upon
self-association. This is also consistent with data collected by
Surewicz and colleagues (19).

At pH 2.5, the C-terminal domain of the protein is likely
experiencing slow or intermediate conformational exchange and
is in equilibrium between a monomeric and oligomeric state (a
“molten” oligomer). This is inferred by 15N-HSQC spectra
collected at pH 2.5, 1.7, and 1.0 that are largely devoid of any
C-terminal domain signals (data not shown). Our DLS data
indicate that the hydrodynamic radius of the protein at pH 1.7
corresponds to a trimer, and the onlyNMR-visible residues of the
protein are found in the random coil N-terminus. This clearly
indicates that the N-terminus is moving freely or independently
of the larger oligomer. This quasi-oligomeric transitional com-
plex at pH 1.7 exhibits an additional 15% increase in β-strand
content over the β-strand content at pH 2.8. Reversible unfolding
of this pH 1.7 complex is still possible so long as the protein
solution remains dilute and it is not left in these low pH
conditions for more than 24 h.

While pH 1.7 marks a point of significant structural rearran-
gement, it is at pH 1.0 that complete and final conversion is
achieved. As measured by CD, the acid-induced PrPβ exhibits an
almost exclusively β-strand conformation (>40% β-sheet) with
only 12% of the protein consisting of a mix of helices or β-turns.
At this point, none of the helical structure is recoverable
following dialysis into buffer at pH 5.2. Other pH studies have
reported irreversible conversion of the human prion protein at
pH 4.1 (28). However, these studies used higher protein concen-
trations in chaotropic (i.e., 2 M urea) buffers with NaCl
concentrations exceeding 150 mM. Our findings were recorded
with lower protein concentrations (∼0.5 mg/mL) in “natural”
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buffers devoid of urea.With our constructs any addition of salt at
lower pH values, especially below pH 3.0, was found to induce
protein aggregation that would prevent detailed NMR analysis.
After overnight treatment at pH 1.0, the β-rich protein is
proteinase K resistant and has a hydrodynamic diameter of
18.7 nm (corresponding to an estimated molecular mass of∼628
kDa or an aggregate of about 33 monomers).

Unlike the majority of previous protocols for fibril formation
that require the use of nonphysiological denaturing/converting
agents (SDS, urea, high salt, high temperatures), these findings
suggest that fibrils could be induced to form in a low pH
environment, like the stomach (pH 1.5-2) or the endosome/
lysosome (pH 4), which was previously proposed as a site for
conversion (73). Furthermore, the rate of this conversion was
augmented with the addition of salt, possibly due to its ability to
enhance the aggregation propensity of the prion protein at low
pH values. Fibril formation with the human prion protein at
moderate pH values (pH 4.1) without denaturing reagents has
also been shown to be possible (29). While we were unable to
form fibrils with our Syrian hamster construct at this pH,wewere
able to expedite fibril production after reducing the intramole-
cular disulfide bond with TCEP. In addition to construct
differences, our conversion protocol was performed at 500
rpm, in keeping with previous reported protocols that utilized
denaturants. Surewicz and co-workers made special note that the
conversion was carried out at a very slow rotation rate (8 rpm),
indicating that aggressive agitation may play a critical role in
preventing the fibril formation under these mild, near-physiolo-
gical conditions (29). In this study, we found that the fibrils
formed under reduced conditions retained their structural integ-
rity despite continued shaking at 500 rpm, whereas the fibrils
produced under strongly acidic-only conditions (pH<2.0) read-
ily broke apart into their smaller protofibrilar structures. How
and why reduction of the intramolecular disulfide bond might
overcome these obstacles to facilitate fibril conversion with our
construct and possibly affect fibril integrity are still undeter-
mined. Another noteworthy finding is that the smaller proto-
fibrils produced in a reduced environment appear to associate
with the larger fibrils in a left-handed fashion (Figure 9B). This
morphology varies from the acid-only generated fibrils reported
here and other in vitro methods, which describe fibrils with a
right-handed twist.

Despite the construct, procedural, and morphological differ-
ences in fibril formation, we have demonstrated that it is possible
to overcome the energy barriers necessary for the conversion of
the native protein to a β-oligomer and finally to fibrils under
physiologic conditions like those found in the stomach or late
endosome and that this possibility for conversion is not construct
dependent.

CONCLUSION

In order to understand the process of structural rearrangement
for the Syrian hamster prion protein, we developed a novel, pH-
driven conversion process that converted the mostly helical
protein (PrPc) to a β-strand-rich form (both PrPβ oligomers
and fibrils). This in vitro conversion process allowed us to
perform a systematic, stepwise titration and to conveniently
monitor these stepwise changes using a number of biophysical
techniques. This study led to six major conclusions:

(1) CD, ANS fluorescence, and DLS showed that under low
pH (<3.0) and low salt (<50 mM) conditions Syrian hamster

PrP(90-232) can be converted to soluble, β-sheet-rich (>40%)
β-oligomers (PrPβ) that appear to consist of trimers (at pH 1.7) or
multiples of trimers (pH <1.7).

(2) CD and DLS showed that these pH-induced PrPβ oligo-
mers can be reversibly refolded to native PrPc if the pH remains
above pH 1.0. If the pH drops below 1.0, the PrPβ oligomers
become “locked”, and PrPc cannot be recovered.

(3) TEM studies showed that the PrPβ oligomers can be
induced to form fibrils upon incubation with isotonic and
supertonic buffers (150 and 250 mM NaCl, pH <2.0) at
physiologic temperature (37 �C) with agitation. These represent
physiological conditions similar to what is found in the mamma-
lian stomach (74).

(4) TEM showed that PrPc could also be induced to form
fibrils upon disulfide reduction with TCEP and incubation with
isotonic and supertonic buffers (150 and 250 mMNaCl, pH 4.1)
at physiologic temperature (37 �C) with agitation. These repre-
sent physiological conditions similar to what is found in the
endosome.

(5) CD spectroscopy, NMR, protease K digestion, and
MALDI-MS analysis indicate that the β-sheet structure and
solvent-shielded components that appear upon pH-induced con-
version of PrPc to PrPβ are localized to the C-terminus (residues
131-225).

(6) NMR studies (chemical shift, NOE, T2 relaxation, and line
width analysis) of the early stages of pH-induced conversion
revealed that the process begins with perturbations between helix
H2 and helix H3 (pH 3.5) followed by changes to the protein core
(helices H1 and H2, β-strand B2, and residues within H3) which
flank the putative amylome motif region, Y169NNQNNF175, as
the pH drops to 3.0. Furthermore, clear conformational changes
are observed in the N-terminal cap of helix 2 that are consistent
with helical unwinding and a loss of helical structure that was
indicated from CD data. These findings indicate that the N- and
C-termini of helix H2 are the first regions to experience con-
formational conversion and that these two areas could be of
interest as possible therapeutic targets.

These six points essentially summarize the findings that
differentiate this work from previously published studies. A
few of our results also appear to reaffirm some previously
disputed findings made with prions from different species. For
instance, our β-sheet structure localization data (C-terminus as
opposed to N-terminus) and fibril formation data are consistent
with the results on human prions generated by the Surewicz
group (19, 29). It is also gratifying to see that the early events of
the Syrian hamster prion pH conversion process (helix H2 and
H3 destabilization followed by changes near the core of the
protein) are similar to what was seen for the mouse prion (53).
Overall, it must be emphasized that results from this study apply
to a recombinant, truncated formof the Syrian hamster prion (no
GPI anchor and no glycosylation) as studied in vitro. Whether
these conclusions could apply to natural, full-length prions in vivo
is unclear. Certainly, the biophysical features of our acid-
converted PrPβ oligomers and fibrils (conversion of a helical
protein to a β-sheet protein, protease K resistance, ANS binding,
oligomeric structure, similar fibril dimensions and twist, etc.)
resemble those seen in brain-derived PrPsc. However, these pH-
derived β-oligomers and amyloid fibrils (as with most in vitro
converted PrP constructs) do not exhibit the catalytic self-
propagation capabilities or the infectious properties of brain-
derived PrPsc. With the recent development of new sonication-
based conversion methods to generate infectious PrPsc from
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truncated recombinant material (75), it would be interesting to
see if these results translate to recombinant PrPsc.
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SUPPORTING INFORMATION AVAILABLE

Overlapped 15N-HSQC spectra of the shPrP protein at pH 5.2
(black), pH 4.4 (blue), and pH 3.2 (red) (Figure S1); 15N-HSQC-
NOESY strip plots for V161 at pH 5.2 and pH 3.0 (Figure S2);
strip plots for N170, N171, N174, and F175 at values of 5.2 and
3.2 (Figure S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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