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ABSTRACT: Prion diseases are a group of fatal neurodegenerative disorders that manifest as infectious,
sporadic, or familial and are all associated with the misfolding of the prion protein (PrP). Disease-modulating
polymorphisms in the PrP amino acid sequence can make an individual more or less susceptible to infection.
One example is the presence of arginine in place of glutamine at position 171 in sheep, which confers resistance
to scrapie. To investigate whether the physical folding properties of PrP are influenced by the presence of
arginine at codon 171, we have introduced the mutation at the equivalent position (codon 167) in recombinant
mouse PrP. We have then compared the unfolding properties of wild-type PrP and the Q167R mutant by
monitoring the fluorescence and circular dichroism of folding-sensitive tryptophan mutants. For both wild-
type PrP and the Q167R mutant the formation of secondary structure and tertiary structure is concurrent,
which indicates that unfolding proceeds without the accumulation of an equilibrium intermediate. The major
effect of the mutation is the destabilization of the protein as shown by the shift of the unfolding transition,
which can be rationalized from high-resolution structures of PrP. Comparison of the unfolding pathways of
mouse and hamster PrP highlights dramatic differences in the mechanisms of folding, which may contribute to

the species barrier effect that is observed in the transmission of prion disease.

Prion diseases are a group of fatal, protein misfolding,
neurodegenerative disorders that manifest as infectious, spora-
dic, or familial (/). All of the familial diseases can be attributed to
alterations of the prion gene, PRNP, that result in either amino
acid substitutions, premature stop codons, or insertion of addi-
tional octarepeats in the prion protein (PrP)! (2). Disease-
modulating polymorphisms in PRNP that do not result in
sporadic disease can make an individual more or less susceptible
to infection. In classical sheep scrapie, three codons are parti-
cularly important in influencing susceptibility; these codons are
136, 154, and 171, and the polymorphisms at these positions are
A136V/T, R154H/L, and QI71R/H/K (3). Different combi-
nations of these polymorphisms lead to different levels of scrapie
susceptibility.

The presence of arginine at codon 171 has a dominant resistant
effect on classic scrapie susceptibility; therefore, sheep that are
QQ, HQ, or HH at codon 171 are susceptible to scrapie (4, 5)
whereas QR, HR, or RR are much more resistant (6). Scrapie has
never been reported as a spontaneous genetic disease and there-
fore requires the presence of the infectious agent (7). The strain of
the infectious agent is also important in assessing susceptibility,
as different genetic backgrounds are susceptible to different
strains of prion disease (8). However, the resistance induced by
the 171R polymorphism is to our knowledge strain independent,
which suggests it manifests through a more generic mechanism
than the effects of the other codons.
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The expression of mutant PrP in scrapie-infected neuroblastoma
cells (9) and transgenic mice (/0), containing the corresponding
mutation (Q167R), confers resistance to prion propagation. The
location of this mutation on the structure of PrP is shown in
Figure 1. This mutation has been described as having a dominant
inhibitory effect on prion conversion, as the product of the mutant
allele interferes with conversion of the wild-type protein.

The mechanism by which R171 confers resistance to prion
disease is currently unknown. In PrPARRARR heterozygous sheep
both alleles are equally expressed, and therefore the dominance of
the resistant phenotype is not due to the absence of PrPAR< (11).
This suggests that the properties of PrPARR interfere with the
conversion of the normally susceptible PrP*R2. The in vitro
fibrillization of a different PrP dominant negative mutant,
Q218K, showed that the mutation increased the lag time of
fibrillization and reduced the overall yield of fibers (12). This
indicates that the dominant negative phenotype results from the
fact that the Q218K mutant is less prone to misfolding and
aggregation. Another possibility is that dominant negative
mutations interfere with the binding of an essential cellular
cofactor for prion propagation (9).

Another phenomenon associated with the transmission of
prion diseases is the species barrier, which results in a longer
incubation time and lower incidence of disease on transfer of
infection between species (/3). It has been established that the
species barrier is under control of the primary sequence of
PrP (14), even though the mechanism of control is not under-
stood. As the structure of PrP is highly conserved, it is unlikely
that structural differences between PrP from different species are
responsible. However, the fact that the primary sequence and
structures are highly conserved does not necessarily mean that the
folding mechanism is also conserved. Therefore, comparing the
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F1GURE 1: The structure of the globular domain of the mouse prion
protein. Ribbon representation of the MoPrP structure (residues
120—230), highlighting the positions of Q167 (yellow) and F197
(green). Helices are shown in red, and a small antiparallel 3-sheet is
in blue. The NMR structure (36) was drawn from the PDB file I XY X
using the UCSF Chimera package from the Resource for Biocomput-
ing, Visualization and Informatics at the University of Califormia,
San Francisco (supported by NIH P41 RR-01081) (48).

folding properties of PrP from different species may give insight
into the mechanism of the species barrier.

The misfolding of globular proteins is considered to be
initiated by partial or global protein unfolding (/5). Therefore,
studying the folding properties of PrP may help us to understand
the misfolding mechanisms associated with disease. To investi-
gate whether the physical folding properties of PrP are influenced
by the Q167R mutation, we will compare the unfolding of wild-
type PrP to the Q167R mutant. The aim is to see if the mutation
alters the unfolding mechanism of PrP, which includes the overall
stability of the protein fold and the effects on intermediate species
on the folding pathway.

Thermal unfolding of wild-type PrP and the Q167R mutant
will be followed through circular dichroism (CD). Then a folding-
sensitive tryptophan mutant (F197W) will be used to follow the
urea-induced unfolding of PrP, and this will be compared to
F197W/QI167R, the same folding-sensitive mutant with the
Q167R mutation. These data will also be compared to equili-
brium unfolding data previously collected with the hamster prion
protein (6) to see if there is species variation in the folding
properties of the prion protein, which may provide information
on the mechanisms by which the primary sequence of PrP
controls the species barrier.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Refolding of PrP. The
plasmid encoding mouse PrP(Met91—230) was provided by Prof.
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David Brown, University of Bath. From this plasmid folding-
sensitive site-directed mutants were produced using a QuikChange
kit (Stratagene, Amsterdam Zuidoost, The Netherlands) accord-
ing to the manufacturer’s instructions. This involved mutating the
two native tryptophans (W98 and W144) to phenylalanine
residues and introducing a folding-sensitive tryptophan residue
at position 197 to produce PrPF"*"". The Q167R mutation was
then introduced on the background of PrP™" and PrP™™V to
produce PrP?'¢’R and prpF1?7WIRITR

Recombinant mouse prion protein, MoPrP(Met91—230), and
all associated mutants were expressed in Escherichia coli BL21
Star Rosetta (Invitrogen, Paisley, U.K.) as insoluble inclusion
bodies, which were isolated and solubilized as described pre-
viously for hamster PrP (/6). The solubilized inclusion bodies
were loaded onto a 26/60 Sephacryl S-300 high-resolution gel
filtration column (Amersham Biosciences, Buckinghamshire,
U.K.) equilibrated with 6 M guanidine hydrochloride and
100 mM Tris-HCI, pH 8. Fractions containing PrP were pooled
and oxidized with copper. PrP with an oxidized disulfide bond
was then separated through reverse-phase HPLC. Purified PrP
was dialyzed against S mM MES, pH 5, to refold to a a-helical
conformation as confirmed through CD before storage in
aliquots at —20 °C. Protein samples were thawed prior to use,
and PrP concentration was determined spectrophotometrically
using a molar extinction coefficient &g, of 25700 M !em™! for
PrP™ and PrPR and 20100 M~! em™! for PrP™""V and
PrPFITWIQIETR (17) The molecular weight of all constructs was
confirmed through mass spectrometry.

Thermal Unfolding Transition Curves by Circular Di-
chroism. Thermal unfolding transition curves were measured on
a Jasco J-815 spectropolarimeter with a Jasco PFD-425S Peltier
type FDCD attachment for temperature control. For each
experiment a sample of 12 uM PrP was prepared in 20 mM
MOPS, pH 7, and transferred to a 1 mm path length quartz
cuvette. The CD signal was recorded at 222 nm between 5 and
95 °C at a rate of 1 °C per minute and with a bandwidth of 1 nm.
Data points were collected every 0.2 °C. On reaching 95 °C the
process was reversed back to 5 °C to obtain the refolding
transition curves.

Assuming that the unfolding process is two state and reversible,
at equilibrium the free energy of folding (AGg) can be represented
in terms of the folding constant (Kg): AGg=—RT In K, where R
is the gas constant (8.314 J K~' mol™') and T is the absolute
temperature measured in kelvin (K). The Gibbs—Helmholtz
equation describes the unfolding of a monomer as a function of
temperature: AGg=AHg(1 — T/Ty) = AC,((Tm — T) + T'In(T]
Tw)), where AGris the free energy of folding, A Hy is the enthalpy
of folding, T is the temperature, Ty is the temperature at which
half the proteinis unfolded, and AC,, is the change in heat capacity
when going from the folded to the unfolded state (/8). Taking the
value of AC,, as zero, this relationship was used to fit the change in
mean residue ellipticity at 222 nm as a function of temperature
through nonlinear least-squares analysis using SigmaPlot (Systat
Software, Richmond, CA). Corrections were applied to take into
account the sloping pretransition baseline that is clearly observed
for the unfolding of PrP.

Thermal Unfolding Far-UV CD Spectra. Complete far-
UV CD spectra (185—260 nm) were measured at temperatures
selected along the thermal unfolding transition curves measured
at 222 nm. For each series of spectra, a sample of 12 uM PrP was
prepared, in 5 mM MOPS, pH 7, and transferred to a 1 mm path
length quartz cuvette. A spectrum was initially measured at 5 °C,



Article

and then the temperature was increased stepwise up to 90 °C.
Typically, a scanning rate of 100 nm/min, a time constant of 1 s,
and a bandwidth of 1.0 nm were used, with a resolution of 0.5 nm
and 16 scans averaged per spectrum. The corresponding buffer
backgrounds were subtracted from the final spectra.

Fluorescence Denaturant Unfolding. For each fluorescence
experiment a folded and unfolded stock of 5 uM PrP was
prepared. The folded stock was prepared in 20 mM MOPS, pH
7, and the unfolded stock was prepared in 8.5 M urea and 20 mM
MOPS, pH 7. A stock solution of 10 M urea was made up fresh
and treated with Amberlite deionizing resin (Merck, Darmstadt,
Germany) for 12—16 h. In a typical unfolding experiment an
aliquot of the folded stock was removed from a 1 cm path length
quartz cuvette and replaced with an aliquot of the same volume of
the unfolded stock, so that the protein concentration remained
the same but the concentration of urea increased for each
measurement. Fluorescence spectra were recorded at 20 °C on
a Photon Technology International spectrofluorometer. The
samples were excited at 295 nm (4 nm bandwidth), and emission
spectra were collected between 305 and 450 nm (2 nm
bandwidth). Two scans were averaged per spectrum, and corres-
ponding buffer blanks were collected and subtracted.

Unfolding curves were obtained by following the change in the
Amax Of the fluorescence spectrum with increasing urea concen-
trations. In order to calculate the free energy of folding in the
absence of denaturant (AGj), the linear extrapolation method
was used (/9). This assumes that the experimentally observed
values for the free energy of folding (AG;) over the transition
region of the folding curve are linearly dependent on denaturant
concentration: AG; = AG, — m[denaturant], where m is a
constant, which reflects the gradient of a plot of AG, against
denaturant concentration. This relationship can then be extra-
polated to zero denaturant concentration in order to define AG,,.
By this method the folding constant K at specific concentrations
of denaturant can be written as Ky = e (A0oidenaturant/RT) o
data were fit to two-state transition curves by nonlinear least-
squares regression using Sigmaplot (Systat Software, Richmond,
CA), taking into account the slopes observed in the preunfolding
baseline.

Normalizing Unfolding Transition Curves. Estimates of
the molar ellipticity (CD experiments) or the shift in A
(fluorescence experiments) for the fully folded (yg) and fully
unfolded (yy) protein were calculated from the fits of the raw
data and used to normalize each data set to the fraction of protein
unfolded (fy): fn=( — yr)/(yu — yg), where y is the experimental
parameter measured. The fraction of unfolded protein was then
plotted against temperature or urea to give the unfolding transi-
tion curves that are presented.

Urea-Induced Denaturant Unfolding Monitored by Cir-
cular Dichroism. For each measurement separate samples were
prepared by diluting a concentrated stock of folded PrP to 6.5 uM
in 20 mM MOPS, pH 7, with varying concentrations of urea. Far-
UV CD spectra were measured as stated previously but with a
resolution of 1 nm, and 16 scans were averaged per spectrum. The
corresponding backgrounds were subtracted from the final
spectra. The ellipticity at 222 nm was determined from each
far-UV CD spectrum and normalized to the fraction unfolded,
taking the value at 8.5 M urea as fully unfolded and the value at
0 M urea as fully folded.

Phase Diagram Analysis of Fluorescence Unfolding.
Phase diagram analysis of spectroscopic folding data can high-
light the accumulation of intermediate states (20). The basis of the

Biochemistry, Vol. 48, No. 36, 2009 8553

analysis is that two independent wavelengths will have a linear
dependence on each other if the changes of the protein are all or
none between two conformational states. If the plots are non-
linear, it indicates the presence of intermediate states. Phase
diagrams were drawn by plotting the fluorescence at 320 nm
against the fluorescence at 365 nm for a range of urea concentra-
tions across the transition curve. Straight lines were fit to the plots
by linear regression.

RESULTS

Protein unfolding can be monitored by any measurable
property that significantly changes between the native and
unfolded states (/9). In this study PrP unfolding is followed by
changes in far-UV circular dichroism and tryptophan fluore-
scence. The unfolding properties of wild-type PrP are compared
to the Q167R mutant.

Structure of PrP Constructs. In order to create a folding-
sensitive tryptophan mutant, the two native tryptophan residues
at positions 98 and 144 were mutated to phenylalanine residues,
and the phenylalanine residue at position 197 was mutated to
tryptophan. To ensure that these mutations do not significantly
alter the structure of PrP, the far-UV CD spectra of the mutants
were compared to the wild-type protein. Figure 2 shows that the
CD spectra of all the PrP constructs have negative bands at 208
and 222 nm and a positive band at 195 nm; these bands are
characteristic of proteins that are rich in o-helix structure. The
CD spectra are highly similar, which indicates that the mutations
do not significantly alter the secondary structure of PrP.

Thermal Unfolding of PrP"™" and PrP2'%’R. Thermal
unfolding of wild-type PrP and the Q167R mutant was followed
by far-UV CD. The 222 nm band was monitored to produce
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FIGURE 2: The structure of PrP mutants. Far-UV CD spectra of
(A) PrPY! (solid line) and PrPY'*7V (dotted line) and (B) PrPQ¢"R
(solid line) and PrPR"R/FI7W (dotted line) at concentrations
between 13.5 and 14 uM, pH 5.5.
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FIGURE 3: Thermal unfolding of PrP™' and PrP?'*’R. (A) Thermal
unfolding transition curves of PrP™' (red) and PrP?''R (blue)
measured by the changes in circular dichroism at 222 nm and
normalized to fraction unfolded. Error bars show the standard
deviation of three independent experiments. The inset shows the
equivalent refolding transition curves. (B) Far-UV CD spectra of
PrPV' at 5 (black), 40 (red), 55 (green), 60 (yellow), 62.5 (blue), 65
(magenta), 67.5 (cyan), 70 (gray), and 90 °C (brown). The inset shows
the CD spectrum of PrP on recooling (red) overlaid with the initial
spectrum at 5 °C (black).

Table 1: Thermodynamic Parameters for the Thermal Unfolding of PrP™*
and PrPQ167R a

PrP construct AH/kJ mol ™! Twm/°C
Wt —291.4+3.0 66.7+0.3
QI67R —200.0 £2.7 62.70 £0.03

“The enthalpy of unfolding (AH) and the temperature at which half the
protein is unfolded (77,) were calculated from the two-state analysis of the
thermal unfolding transition curves. Thermodynamic parameters were
calculated from the average of three separate experiments derived from
CD measurements at 222 nm, and the errors represent the standard error.

thermal unfolding transition curves (Figure 3A) as this band is
representative of a-helical structure. For both PrP™' and
PrPR the major unfolding transition takes place over a
narrow range of temperatures, which indicates that folding is a
cooperative process. The transition curve for the Q167R mutant
shifts to lower temperatures in comparison with the wild-type, as
reflected by the lower value of the Ty; and a decrease in AH
(Table 1). These changes reflect a significant destabilization of the
secondary structure of PrP?'"® relative to PrP™", with respect to
thermal unfolding.

The spectral changes across the entire far-UV CD region were
recorded at selected temperatures along the transition curves. A
typical series of spectra for an unfolding experiment are shown in
Figure 3B for PrP™'. The dominant features of the spectrum at
5 °C are negative bands at 208 and 222 nm and a positive band at
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195 nm, which are characteristic of a-helix structure. On increa-
sing temperature these three bands decrease in intensity, and a
single negative band appears with a minimum around 200 nm,
which is characteristic of random coil structure. The shape of the
CD spectrum at 90 °C indicates that there is still some residual
structure present, which was also observed for the chemical
denaturation of the human prion protein (2/). An isodichroic
point is observed at ~205 nm, which provides strong evidence
that the unfolding takes place as a two-state process without the
accumulation of a stable intermediate. Similar spectral changes
were observed for the QI167R mutant with the same gradual
changes in the spectra on increasing temperature and the presence
of the isodichroic point at 205 nm (data not shown).

To test the refolding of wild-type PrP and the Q167R mutant,
the unfolding transition curves were reversed back to 5 °C (inset,
Figure 3A). In addition, the far-UV CD spectrum was also
recorded at 5 °C after unfolding at 90 °C. The spectrum re-forms
its original shape on recooling, which indicates that protein
folding is reversible (inset, Figure 3B). There is a slight drop in
signal, which is probably due to the aggregation of protein at high
temperatures, which is common for the thermal unfolding of
proteins (22). Once normalized to take into account the aggrega-
tion of protein, the refolding transition curves are very similar to
the unfolding curves, with a single cooperative refolding transi-
tion around the same temperatures as the unfolding transitions
(inset, Figure 3A). Again, the destabilization conferred by the
mutation is evident in the refolding experiments by the shift of the
transition curve to lower temperatures.

Denaturant Unfolding of PrP*"*”" and prpt'?7"IC167R
Tryptophan fluorescence is highly sensitive to the local environ-
ment of the tryptophan residues; therefore, they are useful probes
for monitoring changes in tertiary structure. The folding-sensitive
tryptophan residue, W197, becomes solvent exposed when the
protein unfolds, and this results in a red shift in the A,,,, and a
decrease in the fluorescence intensity (inset, Figure 4A). Both of
these parameters can be followed to monitor folding. The
denaturant unfolding transition curves of PrP™""V and
PrPFIY7TWIRISTR derived from the red shift in A,y are shown in
Figure 4A. It can be seen for F197W that the major unfolding
transition occurs between 5 and 8 M urea, and these data fit a
cooperative two-state transition.

The unfolding curve of PrP*?7W/QI67R 4156 follows a cooper-
ative two-state transition; however, the mutation results in a
significant shift in the position of the transition region relative to
the wild-type protein, as reflected by the difference in the
midpoints of the transition (Table 2). As the Q167R mutant
unfolds at lower urea concentrations, the mutation results in a
significant destabilization of the protein as highlighted by the
decrease in the free energy of unfolding. Transition curves plotted
from the fluorescence intensities result in similar folding curves to
those obtained by measuring the red shift (data not shown).

Denaturant unfolding of PrP was also monitored by changes
in secondary structure measured by far-UV CD (Figure 4B).
Unfolding transition curves were calculated from the change in
the CD signal at 222 nm. Representative CD spectra for
increasing concentrations of urea are shown in the inset of
Figure 4B. The destabilization of the protein due to the presence
of the Q167R mutation is also evident by the slight shift in the
transition curve to lower urea concentrations (Figure 4B).

Unfolding of Mouse PrP Proceeds without the Accumu-
lation of an Intermediate. The tryptophan fluorescence un-
folding transitions overlay with the change in CD at 222 nm
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FIGURE 4: Denaturant unfolding transition curves of PrP™*’% and
PrPF197WIQISTR ‘(yhfolding transition curves of PrPF"W (red) and
PrpF197WIRISTR (plye) at pH 7 monitored by (A) the red shift in
tryptophan fluorescence and (B) the molar ellipticity at 222 nm, both
of which were normalized to the fraction of unfolded protein. Error
bars represent the standard deviation. The inset in panel A shows a
representative series of tryptophan fluorescence spectra of PrPF1¥7W
with urea concentrations of 0 (red), 4.25 (green), 4.75 (yellow), 5.24
(black), 5.5 (blue), 5.74 (gray), 5.97 (purple), 6.37 (gold), 6.55 (cyan),
6.86 (brown), and 7.3 M (gray). The inset in panel B shows a
representative series of CD spectra of PrP™'®”V with urea concentra-
tions of 0 (black), 3.5 (red), 4.5 (green), 5.5 (yellow), 5.75 (blue), 6
(magenta), 6.25 (light blue), 6.5 (gray), 7 (brown), 7.5 (dark green),
and 8.5 M (dark yellow).

Table 2: Thermodynamic Parameters for the Denaturant Unfolding of
PrPV and PrpQIé7R @

PrP construct AG/kJ mol ™! m/kJ mol ' M™! [D]s500,/M
F197W —38.54+2.6 6.0+0.4 6.404+0.02
F197W/Q167R —32.243.0 54+0.5 59+0.1

“The free energy of unfolding in the absence of urea (AGy) and m values
were calculated from the two-state analysis of fluorescence denaturant
unfolding curves. [D]sg«, is the concentration at which half of the protein is
unfolded.

(Figure 5A,B), which indicates that the secondary structure folds
concurrently with the tertiary structure. This provides evidence
that the unfolding of mouse PrP occurs without the accumulation
of a stable intermediate. The refolding of PrP was also tested in
terms of the blue shift in the tryptophan fluorescence spectrum.
The refolding curves overlap with the unfolding curves
(Figure 5A,B), which show that refolding is reversible. Therefore,
thermodynamic parameters were calculated from the unfolding
curves derived from the red shift in tryptophan fluorescence
(Table 2).

Phase diagram analysis for the unfolding of PrP"""% and
PrPF1P7WRIETR roduced linear plots (Figure 5C). This shows
that the unfolding is an all or none transition between the
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FIGURE 5: Unfolding of MoPrPY*7V and MoPrPF197W/QITR 1yr.
ceeds without the formation of a stable intermediate. PrP denaturant
unfolding transition curves for (A) PrP¥*’W and (B) Prpf197W/QI67R
measured by fluorescence (triangles) and circular dichroism (circles).
Crosses represent refolding experiments measured through fluore-
scence. Panel C shows phase dialgram analgsis of the unfolding of
PrPY7W (black squares) and PrPF197W/RQIETR (white squares) plotted
from the fluorescence intensities at 320 and 365 nm. The straight lines
were fitted through linear regression.

folded and unfolded states without the formation of a stable
intermediate.

DISCUSSION

For PrPC to convert to its misfolded isoform, it must first
partially unfold; therefore, gaining information on the unfolding
properties of PrP may give insight into the mechanism of
misfolding. The unfolding of mouse PrP fits a cooperative two-
state transition, which is consistent with previous folding studies
of mouse PrP using circular dichroism (23) and tryptophan
fluorescence (24, 25). Such studies used a different folding-
sensitive mutant with the tryptophan residue located at position
175. The transition curves that are produced from both folding-
sensitive mutants are almost identical, which indicates that
folding is independent of the position of the single tryptophan
residue used to monitor the process.

Disease-Resistant Q167R  Mutant Destabilizes the
Structure of PrP. The most noticeable effect of the Q167R
mutation is the destabilization of the protein as shown by the shift
of the unfolding transition in the thermal (Figure 3) and
denaturant (Figure 4) experiments. Studies on the ovine prion
protein with the equivalent mutation, Q171R (26—28), have also
shown that the mutation destabilizes the secondary structure of
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R171

FIGURE 6: Crystal structures of ovine PrP codon 171 variants.
Ribbon representations of (A) ovine PrP Q171 with the amino acids
at positions 167 and 171 highlighted (sheep numbering) and the loop
region (residues 167—173) of (B) the Q171 variant and (C) the R171
variant. The structures were drawn from the PDB files 1TPX
(Q variant) and 1TQC (R variant) using Chimera as described in
the legend for Figure 1.

PrP. Here we have shown that the disease-resistant Q167R
mutation destabilizes mouse PrP in terms of both the secondary
and tertiary structure (Figure 4), and this is the only detectable
change we observe. This destabilization is surprising, considering
that the mutation prevents disease, and structural destabilization
makes unfolding and therefore misfolding more energetically
favorable. This suggests that the stability of PrP does not always
reflect its propensity to misfold in vivo, which is supported by the
fact that not all disease-inducing mutations destabilize PrP (29).
There must therefore be an alternative reason for the resistance
induced by the Q167R mutation, which may be related to the
destabilization that it confers. One possible explanation is that
the mutant has a higher turnover in the cell, which lowers the pool
of available PrP¢ for conversion to PrP>, and therefore makes
the host less susceptible to disease.

A structural rationalization for the destabilization conferred
by the disease-preventing mutation is evident from co-crystalliza-
tion studies on both the resistant (ARR) and susceptible (ARQ)
variants of ovine PrP (30) (Figure 6). In the ARQ variant a
hydrogen bond exists between R167 and Q171 (sheep
numbering), which stabilizes the loop region between strand S2
and helix HB. In the ARR variant R167 and R171 repel each
other, which results in destabilization of the loop region. This
interpretation is further supported by molecular dynamics simu-
lations of the ovine variants (3/), which indicate that the back-
bone in the loop region of residue 171 is destabilized in the ARR
variant, which shortens strands S1 and S2 and therefore accounts
for the experimental destabilization of the protein. The same
explanation is relevant to the destabilization of mouse PrP as the
same repulsion is likely to occur between residues R163 and R167
(mouse numbering), thus leading to destabilization of the loop
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region and shortening of the f-sheet. Furthermore, molecular
dynamics simulations and hydrogen/deuterium exchange experi-
ments on PrP have revealed large-scale fluctuations that involve
the opening of the core of the protein between the SI-HA-S2
subdomain and the HB-HC subdomain, which are hinged by the
S2-HB loop (32—34). The presence of the Q167R mutation is
therefore likely to cause destabilization of the loop and promote
the opening of the domains, resulting in destabilization of the
global tertiary structure of the protein. This interpretation is
supported by molecular dynamics simulations showing that
disruption of a specific salt bridge in the loop of human PrP
promotes the physical separation of these domains (35).

The flexibility of the loop region that links the S2 strand with
helix B is emerging as an important factor in pathogenesis of
prion disease. The NMR structure of the elk prion protein shows
a highly defined loop region (36) which is disordered in other
mammalian PrP structures, such as mouse and human (37, 38).
Changing two amino acids in the loop region of mouse PrP to
those that are present in elk results in a rigid loop that resembles
that of elk (36). Transgenic mice that mildly overexpress mouse
PrP with this rigid loop contract a spontaneous prion disease (39,
40), which on subsequent inoculation is infectious to mice that
overexpress wild-type PrP. This indicates that amino acid sub-
stitutions that stabilize the loop region result in spontaneous
prion disease in mice and yet amino acid substitutions that
prevent disease in mice clearly destabilize this region. It therefore
appears that the amino acids in this region and their influence on
the stability of the loop region are an important factor in prion
disease susceptibility.

Differences in Folding Properties of Mouse and Hamster
PrP May Explain the Species Barrier. As we have previously
studied the unfolding of the hamster prion protein, using the
equivalent single tryptophan mutant (F197W) (16), direct com-
parisons between unfolding of mouse and hamster PrP can be
made. The first noticeable feature is that the unfolding transition
curves, monitored by the red shift in tryptophan fluorescence,
show that the tertiary structure of hamster PrP unfolds at much
lower urea concentrations compared to mouse PrP. This is
reflected in the midpoint of the transitions being 3.4 M urea
for the hamster and 6.4 M urea for the mouse. Other features
include the noncoincidence of unfolding transition curves mea-
sured through fluorescence and circular dichroism and the
presence of an intermediate that is detectable by two distinct
linear transitions with a single intersection in the phase diagram
analysis (/6). This is in contrast to mouse PrP, where the
transition curves overlay and the phase diagram analysis reveals
a single linear all-or-none transition without an intermediate
(Figure 5).

These data therefore reveal that the two proteins, which have
very similar sequence and 3D structure, fold via very different
mechanisms. The folding of hamster PrP follows a framework
mechanism, where secondary structure elements form first,
followed by tertiary structure acquisition through diffu-
sion—collision (4/). In contrast, the mouse prion protein folds
through a nucleation condensation mechanism, where the sec-
ondary structure forms concurrently with the tertiary structure
without the presence of a detectable intermediate (42). There are
only eight amino acid differences between the mouse and hamster
prion, and their structures are similar, so it is surprising that their
folding mechanisms are so different. The most likely explanation
for this is that the amino acid differences between mouse and
hamster PrP influence the association of the S1-HA-S2 and the
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HB-HC subdomains and therefore result in different mechanisms
of tertiary structure acquisition. Variations in folding behavior
between human PrP and its paralogue doppel have also been
implied through molecular dynamics simulations (43), which
therefore give another example of the variability in the folding
process of prions and prion-like proteins. The difference in
folding mechanisms highlighted in the present study is consistent
with the fact that the fibrillization of hamster PrP is difficult
under conditions that produce mouse PrP fibrils (44). Such
fibrillization is under partially denaturing conditions; therefore,
the difference in fibrillization properties can possibly be attri-
buted to the different folding pathways involving different
folding intermediate species. This fits with theories on the multi-
ple routes to fibril formation (45), where the free energy barrier
that separates the native and monomeric assembly-competent
species is the determining factor in fibrillization kinetics.

There is a strong species barrier effect, in both directions, on
transfer of infection between mice and hamsters (46), which
manifests as a very long incubation time between infection and
disease, if disease occurs at all. Experiments have shown that
transgenic mice expressing hamster PrP are susceptible to infec-
tion by hamster prions, which shows that the species barrier is
controlled by the primary sequence of the host PrP (/4). Our
results here display a clear difference in the folding properties of
mouse and hamster PrP. It is well established that both the
folding pathway and species barrier are controlled by the primary
sequence of PrP, and so it is possible that the difference in the
folding mechanism can explain the molecular basis of the species
barrier.

Based on the differences between the folding pathways of
mouse and hamster PrP, it is likely that a partially unfolded
precursor to amyloid formation would have a different structure
and stability between the two species. This hypothesis is sup-
ported by high-pressure NMR studies on the human and hamster
prion proteins that revealed intermediate states with structural
differences between the two species (47). According to the protein
only hypothesis PrP%¢ autocatalytically converts PrP€ into PrP*
and must therefore lower the energy barrier that separates the
correctly folded and the misfolded isoforms. It is possible that the
difference in structure and stability of the partially folded
precursor dictates the specificity of prion conversion. This would
mean that hamster PrP*° can only bind and convert the hamster
intermediate and that mouse PrP* can only bind and convert a
mouse intermediate. Therefore, the interaction between PrPS°
and the partially unfolded precursor rather than the more
structurally conserved fully folded PrP may explain the species
barrier that exists for the transfer of infection between mouse and
hamster.

The folding studies presented here have shown that the disease-
resistant mutant Q167R is destabilized relative to the wild-type
protein. The findings highlight a possible molecular mechanism
for the resistant phenotype. Differences in the unfolding proper-
ties of mouse and hamster prion proteins have also shed some
light on the molecular basis of the species barrier. It appears that
intermediate species on the folding pathway of PrP are more
distinct between species than the fully folded forms and are
therefore more likely to be the determinants of the species barrier.
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