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Abstract

Well-defined set of sheep PrP polymorphisms at positions 136, 154 and 171 define susceptibility to

scrapie, ranging from very high susceptibility observed for V136-R154-Q171 (VRQ) variant to re-

sistance for A136-R154-R171 (ARR).

To gain insight into the mechanisms of scrapie susceptibility/resistance, the unfolding path-

ways of the sheep prion protein variants were analysed by differential scanning calorimetry over a

wide range of pH. Thermal unfolding occurs, in the 5.0 to 6.0 pH range, through a reversible one-

step process while at pH<4.5 and >6.0 unfolding intermediates are formed, which are stable in the

65–80°C range. The observed differences correlate with ovine susceptibility to scrapie.
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Introduction

Many hypotheses have been advanced concerning the nature of the infectious agents

causing spongiform encephalopathies – or ‘prion diseases’– but the most widely ac-

cepted, the ‘protein only’ hypothesis, proposes a proteic nature of the infectious

agent [1, 2]. According to this hypothesis, the main event in the pathogenesis is the

conversion of the cellular form of the prion protein (PrPc) of the host, into a patho-

genic isoform (PrPsc) characterized by its insolubility, its high �-sheet content, and

its protease resistance. The difference between PrPsc and PrPc is only conformational

because no covalent modifications differentiate PrPsc from PrPc [3].

In sheep a set of PrP polymorphisms at positions 136, 154 and 171 (sheep number-

ing) was reported to be connected to scrapie susceptibility [4–7]. The homozygous geno-

type A136-R154-R171 (ARR) induces a resistant phenotype, when V136-R154-Q171
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(VRQ) confers high scrapie susceptibility phenotype. Between these two extreme vari-

ants others were also described, A136-R154-Q171 (ARQ) and (A136-H154-Q171

(AHQ), which are associated with medium and low susceptibility to scrapie, respec-

tively. Although many PrP polymorphisms are reported to influence either the suscepti-

bility of humans and mice to transmissible spongiform encephalopathies (TSE) or the

rate of its incubation, no particular genotype is known to completely protect against the

pathogenic agent. So far, sheep is the only mammalian species presenting a strong corre-

lation between genotype and susceptibility phenotype.

According to the ‘protein only theory’, the effect of PrP polymorphisms on the

pathogenic transconformation can be explained if these polymorphisms affect the

folding pathways or the interactions of the protein with, still ill-defined, factors in-

volved in the PrPc�PrPsc transition. Previous physico-chemical studies concerning

the folding energy of different human polymorphic PrPs related to familial TSE did

not show any clear-cut differences between them [8, 9]. Previous studies of heat and

chemical unfolding of sheep VRQ, ARQ and ARR PrP variants indicated significant

differences in their denaturation free energy and in their tertiary structure as revealed

by protease finger-printing [10].

To obtain greater insight into the molecular mechanisms of scrapie susceptibil-

ity and resistance, the effect of each sheep prion polymorphism on the unfolding

pathway was investigated by differential scanning calorimetry over a wide range of

pH. It was observed that i) sheep PrP variants form unfolding amyloidogenic inter-

mediates at pH<4.5 and >6.0 in the absence of any chemical treatment and ii) depend-

ing on the variant, these intermediates exhibit different behaviour.

Materials and methods

Protein production

All prion variants were purified according to the protocol described previously [10].

The genes encoding the full-length variants (23-234) were cloned in pET 22b+ and

expressed by IPTG induction in BL21 DE3 E. coli. The expressed prion proteins ac-

cumulated in inclusion bodies. After lysis, sonication and solubilization of the inclu-

sion bodies by urea, the purification and renaturation of the prion protein were per-

formed on a Ni Sepharose column by heterogeneous phase renaturation [10], using

the intrinsic high affinity of the PrP N-terminal part for metal cations.

After purification, PrP variants were recovered in different buffers covering the

3.0 to 7.2 pH range by G25 Hiprep 26/10 desalting column (Pharmacia) using Akta

FPLC chromatography equipment (Pharmacia). The choice of the buffers was based

on their low pH variation as a function of temperature: sodium citrate (10 mM) for

pH 3.0 and 4.0, sodium acetate (20 mM) for pH 4.5 and 5.0, MES (20 mM) for pH 6.0

and 6.5, MOPS (20 mM) for pH 7.2. Final protein concentration was measured by op-

tical density at 280 nm and assuming an extinction coefficient of 58718.0 M–1 cm–1

deduced from the composition of the protein.
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Differential scanning calorimetry (DSC)

Differential scanning calorimetry was performed on a differential scanning calorime-

try instrument (VP1-MicroCal). All the experiments were performed at 45 �M pro-

tein concentration in a 500 �L cell. An external pressure of 34 psi was applied to the

solution and, except in the case of irreversible transitions (see below), the scan rate

was 60°C h–1. In the case of reversible folding/unfolding processes (pH 4.5 and 5.0)

the calorimetric heat capacity (Cp) vs. temperature were analysed by a two-state tran-

sition model using DSC-Origin 5.0 software and the thermodynamic parameters were

determined according to the equation
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where Cp(T) is the variation of heat capacity as a function of temperature (T), CpN the

heat capacity before transition, K(T) the ratio between the unfolded and the native

state, �Cp the difference in heat capacity between the folded and unfolded state, �HvH

and �Hcal van’t Hoff enthalpy and calorimetric enthalpy, respectively.

In the case of irreversible transitions, a theoretical analysis of the DSC curves

using the Lumry–Eyring model was applied [12, 13]. This model requires the record-

ing of curves at different scan rates. At a defined temperature scan rate (v), the half

melting temperature (Tm) is linked to the activation energy (E) and the transition

probability factor (A) by the relation:

ln(v/Tm)=ln(AR/E)–E/RTm

where R is 8.32 J mol–1 K–1 and A represents the transmission factor. The first order

kinetic rate was determined according to the Arrhenius relation:

k A�


e E RT– /

Assuming that the transition is monomolecular, the activation enthalpy (�H) and

entropy (�S) were determined according to the Eyring theory of the transition state:

�H=E–RT

Ln(A)= –2+ln(kBT/h)+�S/R

where kB is the Boltzman constant, T temperature in K, and h is the Planck constant.

Results

Between pH 4.5 and pH 5.0 (Fig. 2)

At pH 4.5, the DSC curves obtained for all variants show a single endothermic peak

characteristic of protein denaturation (Fig. 1a) [14]. The DSC curves are fully revers-

ible as seen for ARQ in Fig. 1c. Values of the van’t Hoff (�HvH) and calorimetric

enthalpy (�Hcal) calculated from the curves are given in Table 1. As can be seen in Ta-
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ble 1, the �HvH/�Hcal ratio is close to 1 suggesting for all PrP variants, a two-step de-

naturation pathway. Similar two-state reversible denaturation process is observed at

pH 5.0 for ARR, ARQ and VRQ PrP variants (Fig. 1b), with a similar value of the

�HvH/�Hcal ratio (Table 1). However, at the same pH, AHQ curves are complex with

the emergence of a second denaturation peak, and the �HvH/�Hcal ratio>1 suggests a

non-two-state model of unfolding (Fig. 1b and Table 1). In addition, analysis of the

�Hcal and �G values under conditions of reversible denaturation, i.e. pH 4.5 and 5.0

for all variants except for AHQ at pH 5.0, indicates clearly that at both pHs, variants

associated with ovine susceptibility to scrapie are more stable than variants associ-

ated with scrapie resistance. This agrees with previous data derived from guanidine-

induced denaturation curves [10].

pH< 4.5

According to the DSC curves carried out at pH 3.0 and pH 4.0 (Figs 2a and b), all studied

PrP variants exhibit two transitions: the first occurring around 45°C and the second

around 110°C at pH 4.0. These types of curves can be explained by the existence of at

least one intermediate (I) in the denaturation process, stable over a rather wide tempera-

ture range (72 to 82°C). In all variants, both transitions are shifted towards lower temper-

atures at pH 3.0, implying an acidic destabilisation of both folded and intermediate states
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Fig. 1 The DSC curves of unfolding of the different sheep PrP variants at a – pH 4.5
and b – 5.0, and c – reversibility of the denaturation process. In (a) and (b) VRQ
is in – 1, ARQ in – 2, AHQ in – 3 and ARR in – 4. (c) The DSC curves obtained
for ARQ at pH 4.5 after first heating to 100°C (—) and after one round of heat-
ing to 110°C and cooling to 20°C (---)
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by protonation (Fig. 2a). After one round of heating to 85°C and cooling to 15°C, the sec-

ond curve shows no variation in the heat capacity, i.e. no thermal transition (Fig. 2c). This

demonstrates that the first transition is completely irreversible.

pH>6.0

At pH 6.0 the curves obtained for ARR, ARQ and VRQ PrP variants show the appear-

ance of another denaturation peak (Fig. 3a), while the magnitude of the second peak in

the AHQ curve increases if compared to pH 5.0. The denaturation is irreversible in the

case of all PrP variants. Additionally, aggregates are formed after cooling to 20°C (not

shown). At higher pH (6.5 and 7.2) and for all variants, the proportion of unfolding inter-

mediate becomes more important (Figs 3b and c) and the aggregation after cooling is ob-

served under all conditions (not shown). At pH 4.0, the first transition disappears com-

pletely after one cycle of heating to 85°C and cooling to 15°C (Fig. 3d).

The formation of amyloid fibrils was confirmed by electron microscopy of refolded

forms of VRQ and ARR prepared 24 h before at pH 4.0 and 7.2. The images obtained

show numerous well structured fibrils of variable length and diameter, the largest being
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Fig. 2 The DSC curves of unfolding of the different sheep PrP variants at a – pH 3.0
and b – 4.0 and c – irreversibility of the denaturation process. In (a) and (b)
VRQ is represented by – 1, ARQ by – 2, AHQ by – 3 and ARR by – 4 lines. (c)
The DSC curves obtained for ARQ at pH 4.0 after first heating to 85°C (—) and
after one round of heating to 85°C and cooling to 15°C before the second tem-
perature rise (---)



clearly composed from the lateral association of several individual filaments about 8 nm

in diameter (data not shown). There is no qualitative difference between the fibrils ob-

tained from these two variants. The native prion protein used as a control, at the same

concentration showed sometimes the formation of amorphous aggregates.

Kinetics of unfolding intermediate formation

In the case of irreversible denaturation processes, such as those occurring by the forma-

tion of a denaturation intermediate, neither van’t Hoff nor calorimetric enthalpy can be

calculated. Nevertheless in such cases, the activation energy (E) for the formation of the

intermediates could be deduced from the measure of the Tm at different temperature scan-

ning rates (v) as shown by Lumry–Eyring theory [12]. This model is restricted by two im-

portant conditions: i) the native state (N) generates only one intermediate (I) and ii) the

native state and the intermediate are not in a complex equilibrium.

Assuming that these two criteria are met, DSC curves were recorded at different

temperature scan rates at pH 4.0 and 7.2 for all variants. The kinetic parameters were
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Fig. 3 The DSC curves of unfolding of the different sheep PrP variants at a – pH 6.0,
b – 6.5 and c – 7.2 and d – irreversibility of the denaturation process. In (a) and
(b) VRQ is represented by – 1, ARQ by – 2, AHQ by – 3 and ARR by – 4 lines.
(d) The curves obtained for ARQ at pH 7.2 after first heating to 85°C (—) and
after one round of heating to 85°C and cooling to 15°C before the second tem-
perature rise (---)
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obtained by plotting ln( / )v T
m1

2 as a function of –1/RTm and they are presented in Ta-

ble 2. The linearity of ln( / )v T
m1

2 as a function of –1/RTm confirms the validity of the

Lumry–Eyring treatment. At both pH 4.0 and 7.2 the formation of the unfolding inter-

mediates requires higher activation energy in the case of VRQ and ARQ (two vari-

ants associated with the highest susceptibility) than in the case of AHQ and ARR PrP

variants. The contribution of this activation energy for VRQ and ARQ in the kinetic

rate constant seems to be compensated by a higher transmission factor (A). The big-

ger value of A means that, when variants reach the activated stage (PrP), the rate of

unfolding intermediate formation (PrP�I) is higher for susceptible variants.

Discussion

Prion proteins are highly stable proteins

The thermodynamic parameters measured in case of reversible denaturation (pH 4.5 and

5.0, Table 1), show for all variants unusually high values of �G (32.5 to 40.1 kJ mol–1)

and �Hcal (230 to 289 kJ mol–1), considering the number of amino acids in the structured

domain of the PrP protein (124–231=107 amino acids); a structured domain of about

100 amino acids should have a denaturation free energy (�G) of about 15 to 20 kJ mol–1.

This big value could be explained by the presence of a large number of salt bridges stabi-

lizing the native state. Indeed, the difference in heat capacity (�Cp) between the native

and the unfolded state at pH 4.5, except for VRQ, suggests low contribution of hydropho-

bic interactions to the stability of the protein at this pH [13]. This contribution increases at

pH 5.0 (higher �Cp), resulting in more compact hydrophobic core, which remains in good

agreement with observed ANS fluorescence changes.

Genetic polymorphisms modulate the PrP stability

Nevertheless the measured thermodynamic parameters demonstrate marked differ-

ences depending on the sheep PrP variant. This can be explained by analysing the

known bovine PrP 3D structure (31), taking into account the fact that i) the sheep

ARQ variant sequence has more than 94% homology with the bovine PrP and ii) all

variants can be obtained/derived from ARQ by single amino acid substitution. Two

sets of PrP polymorphisms can thus be distinguished. The first one, A136V, generat-

ing the VRQ variant, leads to a stabilization (increase in �G0) of the native state in-

creasing the hydrophobic core surface area. This hypothesis is supported by the

higher value of �Cp and �Hcal for VRQ as compared with ARQ, what reflects bigger

compactness of VRQ [11]. The second set of polymorphisms, R154H and Q171R,

generating AHQ and ARR, respectively, destabilizes the native state of PrP. The re-

placement of arginine in position 154 by histidine weakens (or makes it disappear al-

together) the salt bridge with Asp 150, thus destabilizing helix 1. This leads to an ex-

ceptionally low stability of AHQ (Table 1). In the case of ARR, the suppression of a

H-bond between Q171 and R167 leads to the destabilization of the junction between

S2 (�-sheet 2) and H2 (helix 2).
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All PrP variants give rise to heat-induced unfolding intermediates

Interestingly, at pH higher than 5.0 and lower than 4.5, curves for all variants show an

irreversible thermal denaturation process and the formation of unfolding intermedi-

ates (I). The pH range promoting the formation of these intermediates suggests either

the need of protonation acidic residues (Asp and Gln, pH<4.5) or the need for

histidine deprotonation (pH>6.0). Formation of an unfolding intermediate happens

already at pH 5.0 in the case of AHQ. This suggests the involvement of amino acid

residue in position 154 in the formation of the intermediate. The beginning of

histidine deprotonation at pH>5.0 induces the formation of the intermediate earlier

than is observed in ARQ.

The existence of an equilibrium between native (N) and a partially unfolded na-

tive state (N’) prior to formation of the intermediate I is suggested by the presence of

a well defined isodichroic point during the loss of � helix observed during the phase

of the denaturation process (from 25 to 60°C). Therefore the following scheme for the

unfolding process can be proposed, which may be well described by the

Lumry–Eyring model (for review see [12]):

�N N Ikkon� �� *
koff

with k higher than koff in the case of an irreversible denaturation. If the last condition is not

met, the denaturation is a classical reversible process and the shape of curve is independ-

ent of the scan rate [12]. The Lumry–Eyring model assumes the �H of N’�I to be very

low as compared to the �H of N�N*. If not, the first peak would be deformed [13].

Refolded forms have common amyloidogenic properties

Refolding the intermediates by cooling to room temperature leads to a change of second-

ary structure and to the formation of amyloid fibrils. Despite differences in the secondary

structure of these amyloidogenic states, no correlation between PrP polymorphisms and

amyloid propensities could be observed by the technique employed, namely ThT fixation

and electron microscopy. Important questions remain, however, to be answered, such as

what is the effect of physico-chemical conditions on the mechanism and the rate of amy-

loid formation, as well as what is the possibility to produce amyloid heteropolymers be-

tween different variants linked to scrapie susceptibility (VRQ, ARQ and AHQ) and resis-

tance (ARR). These points can be analysed in the used conditions, namely in the absence

of any chemical denaturant. Particularly the protein domains involved in amyloid fibrils

formation are now being studied by protease cleavage, and will be compared with the

cellular degradation products.
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