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ABSTRACT: Prion diseases are associated with a conformational switch in the prion protein (PrP) from its
normal cellular form (denoted PrPC) to a disease-associated “scrapie” form (PrPSc). A number of PrPSc-like
conformations can be generated by incubating recombinant PrPC at low pH, indicating that protonation of
key residues is likely to destabilize PrPC, facilitating its conversion to PrPSc. Here, we examine the stability of
human PrPC with pH and find that PrPC fold stability is significantly reduced by the protonation of two
histidine residues, His187 and His155. Mutation of His187 to an arginine, which imposes a permanently
positively charged residue in this region of the protein, has a dramatic effect on the folding of PrPC, resulting in
amolecule that displays amarkedly increased propensity to oligomerize. The oligomeric form is characterized
by an increased β-sheet content, loss of fixed side chain interactions, and partial proteinase resistance. Hence,
the protonation state of H187 appears to be crucial in determining the conformation of PrP; the unprotonated
form favors native PrPC, while the protonated form favors PrPSc-like conformations. These results are
relevant to the pathogenic H187R mutation found in humans, which is associated with an inherited prion
disease [also termed Gerstmann-Str€aussler-Scheinker (GSS) syndrome] with unusual features such as
childhood neuropsychiatric illness. Our data imply that the intrinsic instability of the PrPC conformation
in this variant is caused by a positive charge at this site in the protein. This mutation is distinct from all those
associated with GSS, which have much more subtle physical consequences. The degree of instability might be
the cause of the unusually early onset of mental disturbance in affected individuals.

Prion diseases, such as bovine spongiform encephalopathy
(BSE) in cattle and Creutzfeldt-Jakob disease (CJD), kuru, and
Gerstmann-Str€aussler-Scheinker (GSS) syndrome in humans,
are similar to other neurodegenerative diseases, such asAlzheimer’s
and Parkinson’s, in that they are characterized by the accumula-
tion of amisfolded formof a normal host-encoded protein, in this
case prion protein (PrP)1 (1, 2). They are, however, distinct as
they produce infectious material. PrP is typically deposited in
amyloid plaques within the brain, and the disease process is char-
acterized by neuronal cell loss, vacuolation of brain tissue, cogni-
tive loss, motor deficits, and ultimately death (2). The infectious
agent appears to be composed solely or primarily of a misfolded
form of PrP (3, 4). This disease-associated or “scrapie” form of
the protein (PrPSc) is characterized by its detergent insolubility,
its aggregation state, and a dramatic increase in protease resis-
tance and β-sheet content when compared to those of its normal
cellular form (PrPC) (5). No consistent post-translational or

covalent differences between these two forms have been deter-
mined, and it is believed that they are distinguished solely by the
altered conformation and aggregation state. The most coherent
and general model for the formation of PrPSc is that the prion
protein fluctuates between its dominant native PrPC state and a
series of minor conformations (6, 7), one or a set of which can
self-associate in an ordered manner to form a stable supra-
molecular PrPSc structure that is composed of PrP monomers.
PrPSc can then be stabilized by complementary association with
like molecules or can actively convert PrP molecules into a like
conformation (2).

The fact that PrPSc has never beenpurified tohomogeneity and
characterized rigorously has led to considerable uncertainty about
the precise nature of the infectious unit and also to speculation
regarding the requirement for cofactors. Nonetheless, the central
role of PrP in the disease process is demonstrated by the observa-
tion that inheritedmutationswithin the PrP genePRNPmay lead
to prion disease with production of transmissible prions. More
than 30 of these PRNP mutations have been identified, the
majority of which lead to the production of transmissible agents
(2, 8). Interestingly, these mutant forms when expressed as re-
combinant proteins and analyzed in their purified state do not
obviously destabilize the normal cellular form of the protein;
hence, PrPC instability does not appear to be the major factor in
predisposing it to convert to PrPSc (9).

Given that a defining event in prion disease pathology is the
conformational change of PrPC to PrPSc, much effort has been
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devoted to characterizing the structural and dynamic behavior
of both the cellular and pathogenic forms of prion protein, and
factors thatmay affect the conversion process. A number of studies
have shown that destabilizing PrP by lowering the pH and/or
chemical denaturants favors the formation of alternatively folded
intermediates (10-14). These conditions are relevant as there
is considerable evidence that endosome-like organelles or lyso-
somes, with their locally acidic environments, are plausible
locations for PrPSc propagation (15). A number of these inter-
mediates display some if not all of the characteristics of PrPSc,
such as increased β-sheet content, protease resistance, and a
propensity for oligomerization, and some have been associated
with infectivity (16-19).

Acidic conditions can result in the protonation of histidine,
glutamate, aspartate, lysine, and arginine residues, and a number
of molecular dynamics (MD) simulations have indicated that
protonation of side chain groups results in increased conforma-
tional mobility and β-sheet content within PrPC (20, 21). Com-
parison of the solution structure of recombinant human PrPC

(huPrPC) at pH 7.0 with that at pH 4.5 supports this, with local
conformational differences and fraying of helices being obser-
ved (22). Further studies also show that at lower pH (3.5) the
C-terminal region of helix II of mouse PrP is significantly more
mobile and disordered (23). Thus, both experimental and com-
putational studies suggest that acidic pH, and hence the proton-
ation of pivotal residues,may be important in the conformational
switch between PrPC and PrPSc.

Here, we show that the structural stability of the recombi-
nantly expressed cellular form of human prion protein, here
termed R-PrP, is strongly dependent on the protonation state of
two residues, with apparent pKa values of approximately 6.3, the
deprotonated protein being more stable. The pKa values are
consistent with protonation of histidine residues.We find that the
regions of the protein that experience the largest changes inNMR
chemical shift are associated with histidine 187, and to a lesser
extent histidine 155. Mutation of histidine 187 to an arginine,
thus imposing a permanently protonated positively charged
residue at this position, results in a protein that is markedly
destabilized, which readily aggregates to form β-sheet multimers.
This study suggests that this region of the protein is instrumental
in the conversion of PrPC to PrPSc, a conclusion that is supported
by a number of disease-causing mutations that introduce positive
charge into this region of the protein (8, 24-27).

EXPERIMENTAL PROCEDURES

Preparation of Wild-Type and H187R Mutant Recom-
binant PrP Proteins. The protein construct used in this study
comprised residues 91-231 of the human prion protein (PrP91-231).
Theopen reading frameof the humanPrPgene (PRNP), containing
methionine at residue 129, was amplified by polymerase chain
reaction (PCR) using oligonucleotide primers designed to create a
unique N-terminal BamHI site and C-terminal HindIII site for
directional cloning of the fragment into expression vector pTrcHisB
(Invitrogen Corp.). The primer corresponding to the N-terminal
region ofPRNP to be expressedwas designed tomutate a glycine at
codon90 tomethionine and to incorporate a thrombin cleavage site,
with the C-terminal primer replacing a methionine residue at
position 232 with a stop codon. Standard protocols for site-directed
mutagenesis were used to create the H187R mutation; its presence
was confirmed by DNA sequencing.

Wild-type and H187R mutant PrPs were expressed in Escher-
ichia coli host strain BL21(DE3) (Novagen) and grown in LB

medium containing 100 μg/mL carbenicillin at 37 �C to an OD600

of 0.6. Expression was then induced by the addition of isopropyl
β-D-galactopyranoside (IPTG) to a final concentration of 1 mM.
Following induced growth for 4 h, the cells were harvested by
centrifugation at 8500 rpm for 10 min. The protein were expres-
sed in inclusion bodies. Cell pellets were resolubilized in 6 M
GuHCl and 50 mM Tris-HCl (pH 8.0), purified initially on a
Ni-NTA-Sepharose (Quiagen) column pre-equilibrated with the
same buffer, and then oxidized in the unfolded state (7).

Wild-type protein was refolded by dialysis into 10 mM Tris-
HCl and 10 mM sodium acetate (pH 8) and further purified on
the Ni-NTA-Sepharose column in the native state. The H187R
mutant protein was insoluble at neutral or near-neutral pHs and
was refolded from 6 M GuHCl (pH 8.0) by dialysis against
10 mM sodium acetate and 0.02% (w/v) sodium azide (pH 3.5).
Following refolding, precipitated material was removed by centri-
fugation at 150000g for 4 h. Wild-type protein in the β con-
formation (β-PrP) was produced as previously described (14).
Briefly, purified R-PrP was denatured in 6 M GuHCl in the
presence of 100mMDTT, refolded under reducing conditions by
dialysis against 10 mM sodium acetate and 2 mMDTT (pH 4.0),
and subjected to ultracentrifugation at 150000g for 4 h. The
proteins were estimated to be >95% pure by SDS-PAGE.

Expression andpurification of 15N-labeledwild-type PrP91-231

for NMR were conducted as described previously (28). Samples
were stored in 6MGuHCl and 100mMEDTA (pH8.0) at-20 �C,
prior to use. Protein samples were dialyzed into 20 mM sodium
acetate-d3 and 0.02% (w/v) sodium azide (pH 5.5) and then
concentrated in Amicon50 pressure cells; 10% D2O (v/v) and
1 mM TSP were added to the NMR samples to provide NMR
reference signals.
CircularDichroismSpectroscopy.Circular dichroism spectra

were recorded with a Jasco J-715 spectropolarimeter at 20 �C.
The sample temperature was controlled with a circulating water
bath. Far-UV (amide) CD spectra were recorded between 190
and 250 nm using a 0.01 cm path length quartz cuvette. The
scanning speed was 100 nm/min with a data pitch of 1 nm, a
bandwidth of 2 nm, and a response time of 4 s. The protein
concentrations and sample buffer conditions were as follows:
1.15mg/mL solution 10mMsodium acetate (pH 3.5) forH187R;
0.5 mg/mL solution of 10 mM Tris and 10 mM sodium acetate
(pH 8.0) for R-PrP, and 1.3 mg/mL solution of 10 mM sodium
acetate and 2mMDTT (pH4.0) forβ-PrP.All samples contained
0.02% (w/v) sodium azide. Ten spectra were averaged. Near-UV
(aromatic) CD spectra were recorded between 250 and 310 nm in
an identical manner using the same protein samples, except a
1 cmpath length quartz cuvette was used. The sample used for the
near-UV spectra of denaturedR-PrPwas a 0.4mg/mL solution in
6 M GuHCl, 10 mM Tris, and 10 mM sodium acetate (pH 8.0).
Equilibrium Unfolding Experiments. For the equilibrium

unfolding experiments, the amide CD absorption of wild-type
PrP91-231 at 10 μM was recorded at varying concentrations of
GuHCl at various pHs (7, 29) in 10 mMTris and 10 mM sodium
acetate (pH 8.0). The ellipticity signal (R) was converted to the
proportion of molecules in the native state (RN) according to the
relationship RN=(θ - θU)/(θN - θU), where θU and θN are the
ellipticity signals for the unfolded and native states, respectively.
Data were fitted to the following function:

RN ¼ ½KN=U � expðmDÞ�=ð1þKN=UÞ ð1Þ
where m represents the sensitivity of the unfolding transition to
denaturant, KN/U is the equilibrium constant between the native
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and unfolded states at a particular denaturant activity, and D is
the denaturant activity (see below).

Equation 1 assumes a linear dependence of the free energy
change of protein folding (ΔG) on the concentration of denatu-
rant. However, this relationship is known to be nonlinear, parti-
cularly at high concentrations of denaturant (30). To allow more
accurate extrapolation of data to calculate folding parameters in
the absence of denaturant, it is useful to linearize the scale by
converting denaturant concentration ([GuHCl]) to molar denatu-
rant activity (D), according to the relationship

D ¼ C0:5½GuHCl�=ðC0:5 þ ½GuHCl�Þ ð2Þ
whereC0.5 is an empirically derived denaturation constant, which
is specific to each denaturant and varies with temperature. For
example, for GuHCl at 20 �C (the temperature used for the
equilibrium denaturation experiments), C0.5=7.5 M (31).

The equilibrium constant for folding in water was plotted as a
function of pH, and the data were fitted to a modification of the
van’t Hoff isochore (32). The data were fitted to empirical
functions describing one, two, and three independent pKa values.
An equation containing two independent pKa values was the only
one that could describe the data accurately, and in Figure 1, data
are fitted to the following function:

a ¼ a logðpK1 - pHÞ

b ¼ a logðpK2 - pHÞ

ðK0 þ aK1 þ bK2 þ abK1K2=K0Þ=ð1þ aþ bþ abÞ ð3Þ
A10mMTris/10mM sodium acetate buffer mix was used for the
equilibrium unfolding at varying pHs.
NMR Spectroscopy. NMR spectra were recorded at 298 K

(25 �C) on a BrukerDRX-600 spectrometer equipped with a 5mm
13C, 15N, 1H triple-resonance probe. Proton chemical shifts were
referenced to 1 mM TSP added to the samples. 15N chemical
shifts were calculated relative to TSP, using the gyromagnetic
ratios of 15N and 1H (15N/1H=0.101329118). NMR data were
processed and analyzed on LinuxWorkstations using Felix 2004
(Accelrys, San Diego, CA). For the pH titration, a 1.1 mM
sample of 15N-labeled PrP91-231 was titrated with aliquots of
0.1 M HCl, to a final pH of 3.85. Following each addition, the
sample was allowed to equilibrate for 60 min at 298 K, before
being placed in the magnet. One-dimensional (1D) 1H and 2D
1H-15N HSQC spectra were acquired at the same temperature.
1H-15NHSQC spectra were acquired using sensitivity-enhanced
pulsed field gradient coherence selection (33, 34) with acquisition
times of 138 and 87.5 ms in the 1H and 15N dimensions, respec-
tively. The intensities of resolved HSQC resonances were mea-
sured and normalized to the intensity of the backbone resonance
of residue A117, whose intensity remained approximately con-
stant throughout the titration.
Determination of Sample Solubility. For determination of

pH solubility, 10 μL of protein in 10 mM sodium acetate and
0.02% (w/v) sodium azide (pH 3.0) was rapidly mixed into 990 μL
of 10 mM sodium citrate and 10 mM citric acid (varying pHs)
and then centrifuged for 5 min at 13200 rpm (16200g) in an
Eppendorf microfuge. The protein absorbance at 280 nm was
measured and the protein concentration determined using an
extinction coefficient of 19893 M-1 cm-1. The initial protein
concentrations were as follows: 142 μM (2.34 mg/mL) H187R,
114 μM (1.89 mg/mL) R-PrP, and 97 μM (1.6 mg/mL) β-PrP.

FIGURE 1: Effect of pH on the structure and stability of wild-type
R-PrP. (A)Effect of pHon the free energyof folding ofwild-type PrP.
The equilibrium unfolding of PrP at various pHs in the presence of
GuHCl was monitored by far-UV circular dichroism, and the data
were fitted to a nonlinear least-squares two-state model with pre- and
post-transition baseline slopes (see Experimental Procedures). Two
pKa values control the pH dependence of PrP unfolding, with
apparent values of 6.2 and 6.4, suggestive of the involvement of
histidine residues. (B) Chemical shift changes in the prion protein
native state caused by acidification. 1H and 15N chemical shift
changes (Δδ) observed in R-PrP upon reduction of the pH from 5.5
to 3.85. Secondary structure elements of the R-PrP native state are
represented by bars at the top of the figure. (C) Chemical shift
changes in the wild-type prion protein native state caused by acid-
ification. 1H and 15N chemical shift changes (Δδ) observed in R-PrP
upon reduction of pH from 5.5 to 3.85, displayed on the three-
dimensional structure of PrPC (28), by a color scale, ranging from
blue to red to yellow, and also radii of the backbone, with the
magnitude of shift changes increasing from a thin blue ribbon to a
wide yellow ribbon. The location of histidine residues, K194, and
E196 are shown with their side chains in ball-and-stick representa-
tion. The regions of greatest chemical shift change are centered
around histidines 155 and 187, in particular within the loop linking
helices II and III, which forms the interface in a domain-swapped
form of prion protein (50). This figure was prepared using UCSF
Chimera (67).

http://pubs.acs.org/action/showImage?doi=10.1021/bi100572j&iName=master.img-000.jpg&w=206&h=454
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Analysis of the Sulfhydryl State. The status of the disulfide
bond in H187R PrP was determined by measuring the amount
of reduced cysteines with the Ellman test (35). Briefly, 33.75 μM
H187Rwas denatured in 6MGuHCl and 10mM sodium acetate
(pH 8) and mixed with 5 mM DTNB to a final DTNB con-
centration of 500 μM, and the absorbance at 412 nm measured
after incubation for 5 and 15min at room temperature. Reference
samples, consisting of buffer without protein, and buffer contain-
ing 33.75 μM DTT were measured in a similar manner. Three
independentmeasurements were taken. The concentration of free
sulfhydryl groups was calculated from the following equation:

concentration of Sulfhydryl groups

¼ ½A412ðsampleÞ-A412ðreferenceÞ�=13650 ð4Þ
Determination of Protease Resistance. H187R and R-PrP

prepared in 10 mM sodium acetate (pH 3.5) at concentrations of
1 mg/mL were digested in the presence of varying concentrations
of proteinase K (British DrugHouses) at 37 �C for 1 h. Digestion
was terminated by addition of 5 mM AEBSF (Melford Labo-
ratories). Samples were heated to 100 �C for 5min in SDS loading
buffer before electrophoresis on 16% SDS-polyacrylamide gels.
Gels were stained with Coomassie blue.
Sedimentation Velocity Analytical Ultracentrifugation

(AUC). Sedimentation velocity AUC experiments were conduc-
ted using a Beckman Optima XL-1 analytical ultracentrifuge
at 20 �C. H187R was prepared at 0.09, 0.4, and 0.9 mg/mL in
10mM sodium acetate (pH 3.5),R-PrP at∼0.8mg/mL in 10mM
sodiumacetate 10mMTris (pH8), andβ-PrP at 0.3 and 0.8mg/mL
in 10 mM sodium acetate and 2 mMDTT (pH 4). Samples were
loaded into Beckman AUC sample cells with 12 mm optical path
two-channel Epon centerpieces, with the matched buffer in the
reference sector. Cells were loaded into a AnTi-50 rotor and spun
at 50000 rpm; interference scans were acquired immediately on
reaching speed and thereafter at 5 min intervals over a period of
16 h. Sedimentation velocity data were analyzed using SEDFIT
(version 11.3) (36). SEDNTERP (37) was used to calculate
partial specific volumes of the wild-type and mutant PrPs, and
also buffer densities and viscosities, for use in data fitting. The
c(s) distribution fit in SEDFIT (36) was used to characterize the
sedimentation coefficient distribution of all species present in solu-
tion. Frictional ratios were optimized for each data set. Reported
sedimentation coefficients are corrected from the experimental
values to 20 �C and water [Sw(20,w)] for comparison of samples
in different buffer systems. Peak integration was used to deter-
mine the proportion of the total sample sedimenting as a discrete
species.
Fourier Transform Infrared Spectroscopy. Hydrated film

samples were analyzed on an ATR Nicolet Avatar 360 spectro-
meter with a ZnSe “multibounce” ATR accessory. Protein spec-
tra were compiled from 1024 scans at 4 cm-1 resolution and were
processed as a ratio of the reference spectra from the bare plate.
Samples ofR-PrP, β-PrP, and fibrils were deposited on the spectro-
meter plate at concentrations of 0.1 and 0.01 mg/mL in 5 μL
drops. The solutions were air-dried before data were collected.
Thioflavin T Amyloid Binding Assay. For thioflavin T

amyloid binding assays, H187R PrP and R-PrP were diluted to
10 and 20 μM in 200 μL of 20 mM sodium acetate (pH 6.0)
containing 10 μM thioflavin T on a black 96-well microtiter plate
(Greiner Bio-One). Fluorescence was measured (λex = 450 nm;
λem=482 nm) on aTecan InfiniteM1000microplate reader (N=
4, and significance was calculated with an unpaired t test).

RESULTS

Dependence of Stability on pH; Estimation of pKa Values
in theUnfolded State.Wedetermined the pH sensitivity of wild
type R-PrP by performing a series of guanidinium chloride
(GuHCl) denaturation experiments at 17 pH values between
4.0 and 8.0 monitored by circular dichroism. The derived equili-
brium constants for folding were plotted versus pH (Figure 1A)
and show a decrease in the stability of PrP with a decrease in pH.
This relationship is controlled by two pKa values with almost the
same value (apparent values of 6.2 and 6.4; the unfolding data did
not fit well to the protonation of a single residue). In this regard, it
is important to note that the stability of the protein, and hence the
derived pKa values, are sensitive to ionizationwithin the unfolded
state. The apparent pKa values determined here are near the
intrinsic pKa value (≈ 6.6) of histidine, pointing to the proton-
ation of two histidine residues being the likely cause of the
decrease in the stability of PrPwith a decrease in pH.At the acidic
limit of the measurements, where both groups are protonated in
the unfolded state, the equilibrium constant (KF/U) is approxi-
mately 150, and at the basic limit, where they are unprotonated, it
is approximately 70000. ThepKa values in the folded state and the
stability of the singly protonated species are not uniquely defined
by these data.
pH-Induced Perturbation of the PrP Native State. The

solution structures of the prion protein from a number of diffe-
rent species (38) show that R-PrP consists of a flexibly disordered
N-terminal region (residues 23-120) and a structured, predomi-
nantly R-helical C-terminal domain (residues 121-231). The
latter comprises three R-helices, residues 144-154, 172-194,
and 200-227, and a short antiparallel β-sheet spanning residues
129-131 and 161-164. The four histidines in the structured
region of R-PrP, H140, H155, H177, and H187, are solvent-
exposed to varying degrees and thus likely to have different pKa

values. To determine the extent to which each of these is involved
in the destabilization of the protein, the chemical shift changes for
backbone amide groups of R-PrP were determined over the pH
range from 5.5 to 3.9 using 2D 1H-15NHSQCNMR spectra. In
this way, pH-induced changes in conformation could be mapped
onto the tertiary structure. The pH range was chosen as human
R-PrP exhibits a conformational change between pH 5.5 and
4.4 (39), and a number of PrP folding intermediates are formed
within this pH range (pH 5.5-4.0) (10-12, 14).

Over the course of the pH titration, there were marked 1H and
15N chemical shift changes for residues in the vicinity of H187,
residues 184-198, in particular, N186, H187, T188, T192, K194,
and E196 (which are at the C-terminus of helix II and in the
following loop), and also in the C-terminus of helix I, whereH155
resides (residues 154-159, in particular, H155, R156, and N159)
(Figure 1B,C). These histidines are spatially close and partially
buried in the folded structure of human PrPC (Figure 1C) and are
predicted by MD simulations to have pKa values between 4 and
5 (21), significantly lower than the typical pKa (≈6.6) for solvent-
exposed histidine. The NMR chemical shift data suggest that
these residues are indeed becoming protonated as the pH is
reduced between pH 5.5 and 3.9, inducing some degree of con-
formational change in these regions of the protein. Direct obser-
vation of the protonation state of the analogous histidine (H186)
in mouse PrP supports this as it is also partially deprotonated at
pH 5.5 but becomes fully protonated at pH 3.5 (23).

In contrast, much smaller chemical shift changes are observed
for residues surrounding the other histidine residues in the R-PrP
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structured domain, namely, H140 and H177, showing that
their ionization does not affect the local protein environment
(Figure 1B,C). Both H140 and H177 are solvent-exposed in the
NMR structures of human PrP at both pH 4.5 and 7.0 (22), with
H177 fully protonated at pH 5.5 in mouse PrP (23). The lack of
chemical shift change for these is consistent with computational
data suggesting that these histidines are the least acidic in the
structured region of human PrP, with pKa values close to 7.0 (21).
There are slightly larger chemical shift changes surrounding
H140 (up to 0.1 ppm for 1H and up to 1.0 ppm for 15N), consis-
tentwith it being partially protonated at pH5.5 (23), for example,
in residues 141-144 (Figure 1B), but overall these are smaller and
consistent withminor changes in hydrogen bonding patterns that
do not affect the predominantly unstructured conformation of
this region (21). Also of note are the small chemical shift changes
at the C-terminus of helix III (residues 224-229), which are
remote from any obvious titratable groups (40).
Structural Characterization of the PrP H187R Mutant.

(i) Solubility as a Function of pH. To test the importance of
the protonation state of histidine 187 in the native structure
of PrP, we mutated this residue to arginine, thus imposing a
permanent positive charge at this position in the protein. This
mutant behaved in a manner radically different from that of
wild-type R-PrP and would not refold in a soluble form at
neutral or near-neutral pH values. It was possible, however, to
refold the H187R mutant protein by dialysis under acidic
conditions (pH<4), and at these pHs, the protein was soluble
over a wide range of concentrations. The refolded protein
remained very sensitive to pH, aggregating rapidly at pH>4
(Figure 2A).

(ii) Circular Dichroism. We investigated the secondary and
tertiary structure of wild-type andH187Rmutant PrPs using CD
spectroscopy (Figure 2B,C). The spectrum of wild-type PrP in its
nativelike R-PrP conformation displays two minima at 208 and
222 nm, indicative of high R-helical content (Figure 2B). In
contrast, the spectrum of H187R displays a single minimum
at 215 nm (Figure 2B), characteristic of a high proportion of
β-sheet, and is similar to that observed for wild-type PrP in its
disulfide-reduced β-PrP conformation (14). This form of PrP is
rich in β-sheet structure and displays many of the characteristics
of a PrPSc-like precursor molecule, such as partial resistance to
PK digestion, and the ability to form amyloid fibrils in the
presence of physiological concentrations of salts (14). The aro-
matic CD spectra of H187R, R-PrP, and β-PrP (Figure 2C) also
indicate a structural organization for H187R between that of
R-PrP and that of β-PrP. H187R does not show the strong signal
with a minimum at 272 nm given by R-PrP but retains a signal
stronger than that of β-PrP or denatured R-PrP, with the
minimum shifted to 280 nm. This is suggestive of an increase in
residue asymmetry in the region of tryptophan at position 99 and
an overall greater level of tertiary organization maintained in the
H187R mutant compared with the β-PrP conformation.

(iii) FTIR. We further probed the secondary structure of
H187R, R-PrP, and β-PrP by attenuated total reflection (ATR)
Fourier transform infrared spectroscopy (see Figure 2D). The
spectra cover the amide I absorption region, which is dominated
by carbonyl stretching vibrations of the backbone amides. For
β-PrP, there is a strong maximum at 1622 cm-1, shown to be
characteristic of amyloid structure (and distinct from nativelike
β-sheet structure) by Zandomeneghi and colleagues (41), while
R-PrP displays a maximum at 1652 cm-1, characteristic of heli-
cal structure (42). The FTIR spectrum of H187R appears to be

intermediate between those of β-PrP and R-PrP, suggesting both
more β-sheet structure than R-PrP (signal at 1622 cm-1) and
more helical content than β-PrP (signal at 1652 cm-1).

(iv) Thioflavin T Binding Assay. The nature of the H187R
β-sheet structure was further probed through the binding of the
benzothiazole dye, thioflavin T (ThT). ThT binding to a variety
of amyloid fibrils causes a characteristic fluorescent spectrum
alteration that does not occur on binding to precursor monomers
or to amorphous aggregates of the polypeptide (43). ThT binding
has been used frequently to follow the formation of prion
amyloid fibrils in vitro (44, 45) and as a diagnostic tool for the
detection of infectious prions in brain tissue (46). Binding of ThT
to H187R shows a significant increase in fluorescence in compa-
rison to that of R-PrP (Figure 2E), indicating the presence of
amyloid fibril structure in the H187R sample and confirming the
characteristic “amyloid” signal at 1622 cm-1 observed in the
H187R FTIR spectrum.

(v) Sedimentation Velocity Analytical Ultracentrifuga-
tion. Significant β-sheet content and a reduced level of tertiary
structure for the H187Rmutant are also features of β-PrP, which
is predominantly oligomerized under native conditions (14).
Thus, we studied the oligomerization state of wild-type R- and
β-PrP and H187R using sedimentation velocity analytical ultra-
centrifugation (Figure 3A). We found that R-PrP sediments as a
single species with a sedimentation coefficient of 1.73 S
(Figure 3A). The data fitted with a frictional ratio of 1.4, which
represents a slightly elongated species consistent with a protein
with a core structured region (residues 121-230) and an un-
structured, flexible N-terminal tail of 30 residues. The derived
molecularmass of the species is 15.7 kDa, in good agreementwith
the expected mass of monomeric R-PrP. In contrast, the sedi-
mentation distribution of β-PrP shows not a single species but a
broad distribution of species between 1 and ∼30 S (Figure 3A).
The average frictional ratio fitted for the distribution was 3.2,
indicating a predominance of elongated species, which are never-
theless soluble as they are retained in preparation of the β-PrP
conformer after centrifugation at 150000g (see Experimental
Procedures).

The H187R mutant gives a sedimentation coefficient distribu-
tion distinct from those of both R-PrP and β-PrP but has features
of each (Figure 3A). The H187R distribution shows a range of
species present from∼1 to>30 S and fits to an average frictional
ratio of 1.9, indicating that the majority of species are both large
and elongated oligomers. Unlike β-PrP, however, H187R also
shows a discrete peak at 1.44 S, comprising 16% of the total
sample, and representing a monomeric species. The molecular
mass derived for this species is ∼18 kDa, greater than that
obtained for the R-PrP monomer, because of the higher average
frictional ratio (which was fitted to the broad distribution of
species).

(vi) NMR Characterization of H187R. The solubility of
H187R at high concentrations allowed us to examine its proper-
ties using solution NMR. As shown previously, the NMR
spectrum of R-PrP (Figure 3A,B) is characteristic of a fully
folded globular protein, with wide chemical shift dispersion,
including a number of resonances at frequencies of <0.7 ppm
(Figure 3A), which are indicative of strong tertiary interactions
between aliphatic groups and aromatic rings. In contrast, the
NMR spectrum of H187R displays a markedly reduced level of
chemical shift dispersion (Figure 3A,B), indicating that the
specificity of tertiary interactions characteristic of a fully folded
protein is lost, consistent with the marked loss of an aromatic
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(near-UV) CD signal (Figure 2C). The spectrum is broadly simi-
lar to that of β-PrP; however, H187R retains a degree of extra
chemical shift dispersion [e.g.,≈8.7 ppm (Figure 3C)], consistent
with the greater level of tertiary structure maintained in the
H187R mutant than in the β-PrP conformation (Figure 2C).

The markedly reduced level of NMR chemical shift dispersion
(Figure 3A,B) and near-UV CD signal (Figure 3D) indicate lost
tertiary structure; however, the nativelike secondary structure
shown by far-UV CD is characteristic of partly folded molten

globule folding states (47). The fluctuating nature of the side
chains in these states results in the “smearing” or broadening of
NMR chemical shifts, which, depending on the time scale of the
molecular motions, can cause loss of NMR signals altogether
(47). Indeed, the number of observable peaks in the 1D 1HNMR
spectrum of H187R was significantly fewer than expected if all
the proton resonances were observable, indicating that there is a
loss of signal through line broadening, given the population of
the monomeric species within the sample (≈16%) (Figure 3A).

FIGURE 2: Physical properties of H187R, β-PrP, and native wild-type R-PrP. (A) Solubility of H187R, β-PrP, and R-PrP at various pHs. H187R
shows a clear sensitivity to the solution pH, with an abrupt aggregation at pH>4.0. β-PrP is similarly sensitive, but to a lesser extent, whileR-PrP
is tolerant of a wide range of solution pHs. (B) Far-UV CD spectra of H187R, β-PrP, and R-PrP. Both H187R and β-PrP exhibit a clear single
minimumat 215 nm, characteristic ofβ-sheet structure, with little evidence ofR-helicity.R-PrP, in contrast, exhibits a typicallyR-helical spectrum,
with doubleminima at 208 and 222 nm. TheCD spectra are averages of 10 spectra andwere collected at 20 �Cbetween 190 and 250 nm. (C)Near-
UV CD spectra of H187R, β-PrP, R-PrP, and denatured R-PrP. Native R-PrP shows a strong near-UV CD response, characteristic of a natively
folded protein containing awell-defined tertiary structure and aromatic side chains in asymmetric environments, while denaturedR-PrP lacks any
distinct tertiary interactions. Both β-PrP and H187R show an intermediate level of organization, consistent with a partly folded state. The CD
spectra are averages of 10 spectra and were collected at 20 �C between 250 and 350 nm. (D) Amide I region solution FTIR spectra of H187R,
β-PrP, and R-PrP. The FTIR spectrum of β-PrP shows a clear peak at 1622 cm-1, characteristic of amyloid β-structure (41). The spectrum of
H187R is intermediate between those of β-PrP andR-PrP. Regions of the spectrum characteristic of specific secondary structures are indicated by
horizontal bars at the bottom of the figure. (E) Thioflavin (ThT) binding to H187R and R-PrP. Binding of the benzothiazole dye, thioflavin T
(ThT), to H187R results in an increase in fluorescence in comparison to that of R-PrP, indicating the presence of amyloid fibril structure in the
H187R sample, consistent with the peak at 1622 cm-1 seen by FTIR.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100572j&iName=master.img-001.jpg&w=451&h=455
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Thus, given the oligomerization state of H187R (Figure 3A) and
the loss of tertiary interactions (Figure 2B), it is likely that that
the line broadening seen in the NMR spectra of H187R
(Figure 3B) is due to a combination of conformational fluctu-
ations on an intermediate (approximately millisecond) time
scale (48), and increased rotational correlation time caused by
the increased molecular mass of the oligomers. The majority
of the observable NMR signals in H187R are likely to be from
the unstructured N-terminus (residues 91-126), as these resi-
dues have chemical shifts very similar to those observed in the
unstructured N-terminus of R-PrP, and also can be observed in
β-PrP and a number of other partially folded intermediate
states (13, 49). There remains a possibility that resonances from
other regions of the protein are visible, as the NMR spectra of
H187R and β-PrP are radically different (Figure 3B), and there
are also large differences in their solution characteristics. It is,
however, not possible to differentiate signals arising from the
monomeric and oligomer species.

(vii)ProteaseSensitivityofH187R.Given the similarities bet-
ween H187R and β-PrP in secondary structure and oligomerization

state, we wished to compare the relative proteinase K resistance
ofH187R andR-PrP (Figure 4A). As with native PrPC,R-PrPwas
extremely sensitive to PK digestion and was completely digested
by the addition of 1 μg/mL proteinase K after 1 h. In contrast,
H187R, like β-PrP (14), exhibited significant protease resistance,
with visible cleavage products at PK concentrations of 100 μg/mL;
its relatively high protease resistance likely to be caused in part by
its predominantly oligomerized state.

(viii) Determination of Disulfide Bond Status. The pre-
sence of the disulfide bond linking helices II and III in PrP
(residues 179 and 214) is crucial to its folding (14, 29, 50, 51).
Reduction of the disulfide bond, followed by refolding at acidic
pH, results in the formation of β-PrP (14), which is highly
amyloidogenic. PrPmay also form amyloid fibrils under partially
denaturing conditions with the disulfide bond intact (12, 18, 52).
Given the proximity of the H187R mutation to the PrP disulfide
bond, it is important to determine the status of the cysteine
residues within the H187R mutant.

Following denaturation of the protein in GuHCl, an Ellman
test for reduced cysteine residues (35) showed that the H187R

FIGURE 3: Oligomeric state andNMRspectraofH187R,β-PrP, andnativewild-typeR-PrP. (A) Sedimentation coefficient distributions derived from
sedimentation velocity profiles for H187R, β-PrP, and R-PrP. A broad distribution of large species is present in both H187R and β-PrP samples,
whereasR-PrP sediments as a discrete monomer at 1.7 S. (B andC) 1HNMRspectra ofH187R, β-PrP, andR-PrP. Full 1HNMR spectra ofH187R,
R-PrP, andβ-PrP (B) andexpansionof the amide/aromatic regionof the spectrum(5.8-10.5ppm) (C).The spectraofbothH187Randβ-PrP exhibit a
reduced level of chemical shift dispersion when compared to that of R-PrP, which exhibits resonances at a field higher than 0.7 ppm, characteristic of
strong tertiary interactions between aliphatic groups and aromatic rings in this form of the protein. The loss of chemical shift dispersion is due to a
markedly reduced level of tertiary structure, which is found in a number of partly folded “molten globule” folding intermediates. Despite the reduced
level of shift dispersion, H187R and β-PrP exhibit markedly different spectra, indicating that they have different conformations.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100572j&iName=master.img-002.jpg&w=451&h=382
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mutant contained no more reduced cysteines than the reference
buffer sample (Figure 4B). We can thus conclude that the
cysteines are fully oxidized; however, this does not show whether
the disulfide remains intramolecular or is intermolecular, as
found in the domain-swapped dimer of PrP (50). To resolve this,
the H187R mutant was denatured by GuHCl under oxidizing
and reducing conditions and analyzed using SDS-PAGE. Little
increase in the intensity and/or number of high-molecular mass
species was observed in the nonreduced sample, indicating the
absence of intermolecular disulfide bonds in freshly prepared
samples (data not shown).

DISCUSSION

Within the context of the protein-only hypothesis, it is pro-
posed that mutations act by decreasing the thermodynamic
stability of PrPC, thus favoring the conversion to PrPSc through
the increased concentration of the unfolded state and partially
folded states (1, 53). However, the effect of individual pathogenic
mutations on the stability of PrPC is variable, with no strong cor-
relation between stability or structural perturbation of PrPC and
disease association (9). The precise relationship between muta-
tion-induced perturbations of the PrPC native state and themole-
cular basis of inherited prion disease thus remains unclear.

In this study, we have examined the pH-dependent fold
stability of recombinant prion protein in its native cellular con-
formation and shown that the pH-dependent folding of R-PrP is
critically dependent on the protonation of two key histidine
residues. NMR chemical shift changes identify these as His187
and His155. Imposition of a positive charge at residue 187
through replacement of a histidine with an arginine markedly
destabilizes R-PrP, resulting in a molecule that displays radically
different conformational characteristics and that readily aggre-
gates to form protease-resistant β-sheet-rich oligomers.

NMR chemical shift and structural data indicate that the
primary effects of acidification between pH 6.4 and 4.0 are
mainly in the C-termini of helices I and II, with the remainder
of the protein largely unaffected. The structural nature of these
chemical shift changes can be inferred from the solution struc-
tures of native human R-PrP at pH 4.5 and 7.0 (22). Although
they retain broadly a very similar structure, there are significant
changes in those regions that experience the largest changes in
chemical shift upon acidification. In particular, in the solution
structure at pH 4.5, the end of helix I (residues 144-154) is
shortened, and the C-terminus of helix II (residues 186-194),
where H187 resides, is less well-defined (22), indicating some
destabilization and fraying of helix II. A study of wild-type
mouse PrP, and a number of human pathogenic mutations
mapped onto it, also shows that the C-terminus of helix II is
significantly disordered under acidic conditions (pH 3.5), while
other parts of the protein remain essentially unaffected (23). MD
simulations of the effect of acidic pH on PrPC indicate that the
driving force for this destabilization is a rearrangement of the salt
bridge between a protonated H187 and E196 (21, 22, 54), which
in turn perturbs the salt bridges between H155 and R156
stabilizing the C-terminus of helix I (40). Taken together, the
structural and chemical shift data indicate that although there
is no clearly distinct intermediate state formed at acidic pH
(pH 4.0), there are some significant conformational changes
associated with the protonation of His187 and His155, i.e., an
acid-induced destabilization and fraying of the C-terminus of
helix II (and to a lesser extent helix I), suggesting that the proto-
nation state of these residues may have a critical role in the pH-
induced conformational transition of human PrPC.

Indeed, several lines of evidence point to the importance of
helix II (in particular its C-terminus) in theR toβ conversion. The
C-terminus of helix II provides the hinge in a three-dimensional
domain-swapped dimer of human PrP (50) (in which the
C-terminus of helix II is partly converted to a short β-strand)
and appears to undergo a marked conformational change in
ovine PrPSc (55). In β-PrP, which shows many of the attributes
of a PrPSc precursor-like molecule, helix II also shows little
R-helicity, unlike helices I and III (14). Helix II has also been
identified as a potent initiator of the fibrillization of full-length
mouse PrP, unlike the other major structural elements of PrPC,
and has been proposed to be the critical region for amyloid fibril
formation in mouse PrPC (56).

These observations are consistent with data that show that
residues at the C-terminus of helix II, clustered aroundH187 and
T188, have high conformational flexibility and are capable of
undergoing a transition from an R-helical conformation to a
β and/or random coil state (40). This region contains many
so-called “R/β discordant” residues, which have been proposed to
be associated with amyloid formation (57). These are residues
that are normally found within β-strands but are present within
R-helices inR-PrP (57); for example, the sequence TTTT (residues

FIGURE 4: Cysteine oxidation status and protease resistance of
H187R. (A) Protease K resistance and cleavage patterns of H187R
and R-PrP. Protein samples were incubated with varying concentra-
tions of proteinase K (0-100 μg/mL) in buffer at pH 3.5 and then
analyzed by SDS-PAGE. H187R exhibited partial resistance to
digestion with PK, whereas R-PrP is completely digested by PK at
1 μg/mL. (B) Determination of H187R cysteine oxidation [by the
Ellman test (35)]. H187R contains no more reduced cysteines than the
reference buffer sample, indicating that the cysteines are fully oxidized.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100572j&iName=master.img-003.jpg&w=239&h=338
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190-193), at the end of helix II, is overwhelmingly found in
β-strand or loop conformations within the ProteinData Bank (40).
Indeed, the higher level of helix propensity in nonmammalian PrPs
has been proposed to explain the reduced likelihood of them
undergoing an R f β conformational transition (40, 58).

Although it is generally accepted that the conformational
transition of PrPC to PrPSc involves a shift from a predomi-
nantly R-helical conformation to one dominated by β-sheet
structure, the regions of PrP involved in this conversion
remain unclear. In particular, the extent and contribution of
the R-helical C-terminal part of PrPC in PrPSc β-sheet forma-
tion remain ambiguous. Models proposed for the structure of
PrPSc include those in which helices II and III retain their
native R-helicity (59, 60). These contrast with data that show a
redacted recombinant PrP lacking helix I (residues 23-88 and
141-176) retains the ability to support PrPSc formation in
transgenic mice and form β-sheet-rich aggregates in vitro,
suggesting that the β-sheet core region of PrPSc includes the
region spanning helices II and III. Also, EPR and hydrogen
exchange measurements of human recombinant PrP fibrils
indicate that the β-sheet core of PrP amyloid consists of a
parallel and in-register β-sheet structure formed through a
major refolding of the C-terminal region of PrPC (residues
∼160-220), implying that helix II and a large part of helix III
should take part in the conformational transition (52, 61).

The data presented here suggest that the protonation state of
H187 may play a critical role in the maintenance of the native
R-helical conformation of a “frustrated β region” of PrPC and
may be crucial in initiating possible conformational changes to a
disease-competent state. Indeed, the H187Rmutation in humans
has been shown to cause the autosomal dominant inherited prion
disease GSS (24, 25, 27). It is notable that many of the patho-
genic mutations that are associated with inherited prion disease
(T183A, H187R, T188R/K/A, E196K, F198S, E200K, and
D202N) are found within this region of the protein, and that
many of these mutations also introduce positive charge (8, 26).

Interestingly, the equivalent substitution inmouse PrP (H186R)
results in amarkedly destabilized yet soluble protein (23). It should
be noted that the effects of pathogenic mutations can differ,
depending on the protein background (62). For example, NMR
data, susceptibility studies, and transgenicmodels have shown that
sequence variations that alter the rigidity of the normally mobile
loop of residues 170-174 in PrPC affect the specificity of infec-
tion, and mutations that increase the rigidity of this loop induce
a spontaneous neurodegenerative disease in transgenic mouse
models (63-66).

In general, the pH-induced 15N chemical shift changes showno
great correlation with those observed upon global unfolding (7);
thus, they are not caused by a native-state to unfolded-state
transition. Instead, these pH-induced shift changes closely re-
semble those observed with GuHCl denaturation in advance of
the major unfolding transition, with similarly large chemical shift
changes around the C-termini of helices I and II (7). The free
energy andm value changes associatedwith these conformational
changes appear to be relatively small, as the observed chemical
shift changes do not display any apparent sigmoidal behavior
(data not shown). It thus appears that both acidification and
chemical denaturation have actions prior to the major unfolding
transition and that the conformational changes induced are not
simply due to a two-state transition from the folded to unfolded
state but rather may be affecting the population of an aggregation-
competent state.
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