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Abstract

Transmissible spongiform encephalopathies in mammals are believed to be caused by PrP , the insoluble,Sc

oligomeric isoform of the cellular prion protein PrP . PrP and the subunits of PrP have identical covalent butC C Sc

different tertiary structure. To address the question of whether parts of the structure of PrP are sufficiently stable toC

be retained in PrP , we have constructed two deletion variants of the C-terminal PrP domain, PrP(121–231), whichSc C

is the only part of recombinant PrP with defined tertiary structure. One of the variants, H2–H3, comprises the last
two a-helices of PrP(121–231) that have been proposed to be preserved in models of PrP . In the other variant,Sc

PrP(121–231)-DH1, the first a-helix of PrP(121–231) was deleted and replaced by introduction of theb-turn
dipeptide Asn–Gly between the strands of the singleb-sheet of PrP(121–231). Although both deletion constructs
still show a-helical CD-spectra, they are more disordered and thermodynamically strongly destabilized compared to
PrP(121–231), with free energies of folding close to zero. These data demonstrate that the tertiary structure context
is critical for the conformation of the segment comprisinga-helix 2 and 3 in the solution structure of recombinant
PrP.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ‘protein-only’ hypothesis states that trans-
missible spongiform encephalopathies(TSEs) in
mammals such as the human Creutzfeldt–Jakob
disease(CJD) and bovine spongiform encephalop-
athy (BSE) in cattle, are caused by propagation of
PrP , the abnormal oligomeric isoform of theSc

cellular prion protein (PrP ) of the hostC

w1,30,31,33,47x. Although the ‘protein-only’
hypothesis is still not entirely proven for mam-
malian TSEs, there are strong arguments support-
ing a protein-based prion propagation mechanism.
In particular, these are the findings that mice
devoid of PrP are resistant to prionsw4x, that less
than one molecule nucleic acid of)100 bps could
be detected per infectious unit in enriched prion
preparations w15,16x, that prions are resistant
against strong UV irradiationw1,2x and that all
known inherited forms of human prion diseases,
i.e. inherited CJD, the Gerstmann–Straussler–¨
Scheincker syndrome(GSS) and fatal familial
insomnia(FFI), are associated with mutations in
the gene encoding human PrPw32x.

Mammalian PrP is an extremely well conservedC

cell surface protein of unknown function consisting
of approximately 210 amino acids(residues 23–
231; amino acid numbering according to human
PrP). Pairs of mammalian PrP sequences are gen-
erally more than 90% identicalw37,49x. PrP hasC

two N-glycosylation sites at Asn181 and Asn197,
a glycosyl-phosphatidyl-inositol(GPI) anchor at
its C-terminal residue 231, and a single disulfide
bond between Cys179 and Cys214w41x. PrP is aC

monomeric protein, soluble in non-denaturing
detergents, and showsa-helical circular dichroism
(CD) and infrared spectra. In contrast, PrP is anSc

ordered oligomer with a protease-resistant core
comprising residues 90–231w3,29,25x, and the
PrP subunits show an increasedb-sheet and aSc

lower a-helix content compared to PrP .C

Although the molecular mechanism underlying
the formation of PrP from PrP is unknown, itSc C

has become clear that PrP and PrP have iden-Sc C

tical covalent structuresw41,42x and differ exclu-
sively in their tertiary structures and association
states. Consequently, knowledge of the three-
dimensional structures of PrP and PrP , and ofC Sc

the folding and stability of PrP , are essentialC

prerequisites for understanding the conversion
mechanism to PrP . Within the last few years, theSc

three-dimensional structures of the recombinant
prion proteins from mousew34,35x, hamsterw14x,
man w52x and cattlew23x have been determined in
solution by nuclear magnetic resonance(NMR)
spectroscopy. All prion protein structures are very
similar with a long, flexibly disordered N-terminal
region(residues 23–120) and a folded C-terminal
domain, PrP(121–231) that contains threea-heli-
ces and a two-stranded, antiparallelb-sheet(Fig.
1a). Although the recombinant prion proteins were
produced in bacteria and thus lack the post-trans-
lational modifications of natural PrP, they have the
same biophysical properties as PrP . It is thereforeC

generally accepted that the three-dimensional
structures of recombinant PrPs are very similar or
identical to the corresponding natural cellular prion
proteins.

Comparison of the structures of the folded C-
terminal domains of prion proteins from different
species revealed a striking correlation between
local differences in tertiary structure and the
observed species barrier of prion transmission
w5,23,52x. Specifically, the recombinant human
prion protein is most similar to recombinant bovine
PrP, indicating that structural similarities at the
level of PrP may be involved in the generationC

of human new variant CJD(nvCJD), caused by
transmission of BSE from cattle to humans
w21,38x. In this context, one of the most important
questions is whether the structure of the C-terminal
domain of PrP or at least certain parts of itsC

tertiary structure are retained in the subunits of
PrP . Regarding the fact that segment 90–231Sc

forms the protease resistant core of PrP and thatSc

PrP has a higherb-sheet content compared toSc

PrP , the minimum structural rearrangement dur-C

ing PrP formation appears to be the formation ofSc

b-sheet structure in segment 90–120, preserving
it from proteolytic attack after oligomerization.
The other extreme would be a completely different
tertiary structure of segment 121–231 in the
subunits of the PrP oligomer. Intermediate mod-Sc

els for the PrP structure have also been consid-Sc

ered. One theoretical model predicts that the
C-terminal twoa-helices of PrP (helix 2 and 3),C
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Fig. 1. Ribbon representation of murine PrP(121–231) (a) (pdb accession code, 1ag2) and linear representations of PrP(121–231)
and the deletion variants PrP(121–231)-DH1 and H2–H3(b). Thea-helices are shown in yellow, the strands of the shortb-sheet
are depicted in blue. The disulfide bond Cys179–Cys214 is indicated in red, theb-turn dipeptide Asn–Gly introduced in PrP(121–
231)-DH1 is shown in green. The figure in(a) was generated with the programMOLMOL w17x.

which are connected by a disulfide bond, are still
present in PrP subunitsw12x. Alternatively, theSc

small b-sheet in PrP has been proposed as aSc

potential nucleation site for growth of theb-sheet
which may, for example involve rearrangement of
the segment between the twob-strands containing
the rather isolated firsta-helix w34,18x.

In the present study, we have addressed the
question of whether parts of the folded domain of
murine PrP are sufficiently stable so that their
structure might be retained in PrP subunits. ForSc

this purpose, we have generated a PrP fragment
termed H2–H3 corresponding to the disulfide-
linked a-helices 2 and 3(Fig. 1b). These helices

form the scaffold of the tertiary structure of recom-
binant PrP(121–231). In addition, we have pro-
duced a PrP(121–231) deletion variant termed
PrP(121–231)-DH1. In this construct, the entire
segment 135–160 between the twob-strands,
including a-helix 1, was replaced by theb-turn
sequence Asn–Glyw39,40x (Fig. 1b). Here we
report that both deletion constructs partially retain
a-helical structure and are thermodynamically
strongly destabilized compared to the intact C-
terminal domain PrP(121–231), indicating that the
tertiary structure context is crucial for the confor-
mation of the disulfide-bonded helix pair H2–H3
in recombinant PrP.
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2. Materials and methods

2.1. Construction of expression plasmids for the
fragments H2–H3 and PrP(121–231)-DH1

2.1.1. H2–H3
The gene corresponding to residues 170–231

of the mouse prion protein was amplified by
the polymerase chain reaction(PCR) from the
expression plasmid pPRP-CRRw9x, using the
two overlapping N-terminal primers N1(59-
CATCATGGTTTAGTGCCGCGTGGGAGCAAT-
CAGAACAACTTCGTG-39) and N2 (59-TTTT-
TTTCGCGAGTCATCATCATCATCATCATGGT-
TTAGTTCCG-39), and the C-terminal primer C1
(59-AGGAGGGGAGGGGATCCAAGCTTACTA-
GCTGGAACGACGCCCGTCGTAATAG-39). In a
two-step PCR reaction with a 15-fold excess of
primer N2 over N1, an N-terminal(His) -tag and6

a thrombin cleavage site(HHHHHHGLVPRxGS)
were introduced at the N-terminus of the H2–H3
sequence for purification with metal chelate affin-
ity chromatography. The resulting PCR-product
was digested with NruI and BamHI and cloned
into the secretory T7 expression plasmid pRBI-
PDI-T7 w43x behind the OmpA signal sequence
via the StuI and BamHI restriction sites.

2.1.2. PrP(121–231)-DH1
The segment 135–160, corresponding to helix

1 of the mouse prion protein, was deleted and
replaced by codons for the dipeptide Asn–Gly via
Kunkel mutagenesisw19,20x using uridinylated
single-stranded DNA of pPRP-CRRw46x, and the
mutagenesis primer 59-TGATCCACCGGGCGGT-
AGTATACTTGGTTGCCGTTCATGGCGCTCC-
CCAGCATGTAGCCACCCAG-39. The resulting
plasmid was then used as template for introduction
of the N-terminal(His) -tag and thrombin cleav-6

age site and cloning into pRBI-PDI-T7 as
described above, except that primer N3(59-CA-
TCATGGTTTGGTTCCGCGTGGGAGTGTAGT-
GGGTGGCCTTGG-39) was used instead of N1.
Both constructs were verified by dideoxynucleo-
tide sequencing of the complete genetic sequences
of the PrP constructs.

2.2. Expression and purification of PrP(121–231)-
DH1 and H2–H3

The constructs H2–H3 and PrP(121–231)-DH1
were expressed and purified according to the fol-
lowing procedure: cells ofE. coli BL21(DE3)
harboring either expression plasmid were grown at
37 8C in 10 l of LB medium containing ampicillin
(100 mgyl). At an optical density(OD) at 550
nm of 1.2, protein expression was induced by
addition of IPTG to a final concentration of 1 mM.
Cell growth was continued at 378C for 6 h and
the cells were harvested by centrifugation. Cells
were resuspended in 50 mM TrisyHCl pH 8.0, 1
mM MgCl , 4 mgyml DNase I, 4 mgyml RNase2

A, 10 mgyml lysozyme) and disrupted in a French
Pressure Cell(18 000 psi, SLM Aminco). H2–H3
and PrP(121–231)-DH1, were obtained as peri-
plasmic inclusion bodies and found in the insoluble
fraction after lysis and centrifugation(30 min,
49 000 g and 48C). The inclusion bodies were
resuspended in buffer A(6 M GdmCl, 20 mM
TrisyHCl of pH 8.0, and 100 mM sodium phos-
phate), and applied to an Ni-NTA column(Qiagen,
Basel, Switzerland) equilibrated with the same
buffer. Proteins were refolded on the column by a
linear gradient from buffer A to buffer B(20 mM
TrisyHCl pH 8.0, 100 mM sodium phosphate) and
were eluted with 1 M imidazoleyHCl in buffer B.

Eluted proteins were then dialyzed against 10
mM TrisyHCl pH 8.5, and the(His) -tag was6

cleaved off by digestion with thrombin(0.1 Uy
ml) for 2 h at 22 8C. Further purification—in
particular separation of uncleaved protein—was
carried out on a Superdex 75(Amersham–Phar-
macia, Dubendorf, Switzerland) gel filtration col-¨
umn in 20 mM TrisyHCl of pH 8.5, and 1 mM
EDTA. Fractions containing pure protein were
combined, dialyzed against 5 mM TrisyHCl, pH
8.5, concentrated and stored aty20 8C. Yields
were approximately 0.5 mg of pure protein per
liter of LB medium for both constructs.

Ellman assaysw6x showed that the single disul-
fide bridge in both constructs was formed quanti-
tatively. Edman sequencing demonstrated complete
cleavage of the N-terminal(His) -Tag. This was6

also confirmed by MALDI-TOF mass spectrome-
try wPrP(121–231)-DH1, calculated masss10 386



297H. Eberl, R. Glockshuber / Biophysical Chemistry 96 (2002) 293–303

Da and measureds10 389 Da; H2–H3, calculated
masss7408 Da and measureds7405 Da). Ana-
lytical gel filtration of the constructs on a Superdex
75 column in 20 mM TrisyHCl pH 8.5, 1 mM
EDTA demonstrated that both H2–H3 and
PrP(121–231)-DH1 were eluted as monomers.

Expression and purification of murine PrP(121–
231) and PrP(23–231) was carried out as
described previouslyw22x.

2.3. Protein concentrations

Protein concentrations were determined by
absorbance spectroscopy using the specific absorb-
ances(A ) determined according280 nm, 1 mgyml, 1 cm

to w7x: 0.61 for H2–H3; 1.00 for PrP(121–231)-
DH1; 1.55 for PrP(121–231); and 2.70 for
PrP(23–231).

2.4. Far-UV-CD spectra

Far-UV-CD spectra were measured at 228C on
a Jasco 710 CD spectropolarimeter in 0.1-cm
quartz cuvettes, accumulated 15 times and correct-
ed for buffers. Protein samples containing 15mM
of the respective protein were centrifuged(30 min,
21 000=g, 4 8C) prior to concentration determi-
nation and CD measurements in order to remove
possible aggregates.

Between pH 3.0 and 8.0, the following buffers
were used: pH 3.0, 50 mM formic acidyNaOH, 24
mM NaCl; pH 4.0, 50 mM formic acidyNaOH;
pH 5.0, 50 mM acetic acidyNaOH, 56 mM NaCl;
pH 6.0, 10 mM MESyNaOH, 84 mM NaCl; pH
7.0, 50 mM NaH POyNaOH; and pH 8.0, 50 mM2 4

TrisyHCl, 56 mM NaCl. A constant ionic strength
of 88 mM was maintained between pH 5.0 and
8.0. At pH values below 5.0, the ionic strength
had to be reduced to 34 mM due to aggregation
of H2–H3- and PrP(121–231)-DH1 at higher ionic
strengths above this value.

2.5. Urea-induced equilibrium transitions

Reversible unfolding and refolding of H2–H3,
PrP(121–231)-DH1 and PrP(121–231) was meas-
ured at 228C at pH 4.0 and 7.0 in the buffers
mentioned above, containing different concentra-

tions of urea. For refolding experiments, the
respective proteins were first denatured in 8 M
urea for 1 h at room temperature. Stock solutions
of native or denatured protein were then diluted
1:11 with buffer to a final protein concentration
of 15 mM.

After 24 h of incubation the equilibrium transi-
tions were monitored at 222 nm and 228C on a
Jasco 710 CD spectropolarimeter in 0.1-cm quartz
cuvettes. The averaged ellipticities were corrected
for buffer, and urea concentrations were deter-
mined by refractometry. The transitions were eval-
uated according to a two-state equilibrium with a
six-parameter fitw36x.

2.6. Disulfide bond reduction

Reduction of either H2–H3 or PrP(121–231)-
DH1 was achieved under denaturing conditions by
incubating the proteins for 2 h at roomtemperature
in 8 M urea, 50 mM TrisyHCl pH 8.0, 50 mM
DTT, and 1 mM EDTA. The protein samples were
then dialyzed against 50 mM formic acidyNaOH
pH 4.0, 1 mM EDTA and far-UV-CD spectra of
the reduced proteins were recorded as described
above. Complete reduction was confirmed by Ell-
man assaysw6x.

3. Results and discussion

3.1. Expression, refolding and purification of
PrP(121–231)-DH1 and H2–H3

In contrast to the isolated C-terminal domain of
murine PrP, PrP(121–231) w9x, the truncated
domain variants PrP(121–231)-DH1 and H2–H3
could not be produced as soluble proteins in the
periplasm of E. coli using the OmpA signal
sequence. Both proteins were correctly processed,
but accumulated in periplasmic inclusion bodies.
This already indicated a lower stability of the
deletion constructs compared to the wild type
domain, as periplasmically expressed PrP(121–
231) variants with reduced stability also aggregate
in the periplasm while variants with unchanged
stability stay solublew22x. For convenient purifi-
cation and refolding of PrP(121–231)-DH1 and
H2–H3 from periplasmic inclusion bodies with
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Fig. 2. Far-UV-CD spectra of PrP(121–231) (solid line),
PrP(121–231)-DH1 (dotted line) and H2–H3(dashed line) at
pH 7.0 (a) and 4.0(b).

metal chelate affinity columns, a hexahistidine
sequence followed by a thrombin recognition site
was inserted between the OmpA-signal sequence
and the first residues of the truncated domains
(see w51x and Section 2). The tagged constructs
were correctly processed by signal peptidase and
also formed inclusion bodies in the periplasm.
PrP(121–231)-DH1 and H2–H3 were solubilized
with 6 M guanidinium chloride(GdmCl), refolded
on the Ni-NTA columns, eluted with imidazole
and purified to homogeneity by gel filtration after
thrombin cleavage of the(His) -tag w51x. The6

homogeneity of the N-termini was verified by
Edman sequencing and mass spectrometry, and
Ellman assays proved complete formation of the
single disulfide bond in both proteins. Both con-
structs could be concentrated to approximately 200
mM and, like PrP(121–231), proved to be mono-
meric in analytical gel filtration experiments when
applied to the column at a concentration of 200
mM (data not shown).

3.2. Both PrP(121–231)-DH1 and H2–H3 exhibit
a-helical structure between pH 3.0 and 8.0

To analyze the structural consequences of the
deletions for PrP(121–231)-DH1 and H2–H3, far-
UV-CD spectra of the deletion variants were
recorded in the range of pH 3.0–8.0 and compared
with those of PrP(121–231) (Fig. 2). Both
PrP(121–231)-DH1 and H2–H3 show mainlya-
helical far-UV-CD spectra with the typical minima
at 208 and 222 nm, albeit the first minimum at
208 nm is slightly shifted towards lower wave-
lengths in both constructs relative to wild type
PrP(121–231). Both deletion constructs show less
negative molar mean residue ellipticities compared
to PrP(121–231). Particularly in the case of the
construct H2–H3, the spectral data indicate that
the overalla-helix content in the deletion variant
is significantly lower than in PrP(121–231), which
could be confirmed by the low unfolding co-
operativities observed for H2–H3(Table 1).

Far-UV-CD spectra of the construct PrP(121–
231)-DH1 were completely independent of pH, as
was observed for wild type PrP(121–231) in the
range of pH 4.0–7.0. In the case of H2–H3, the
spectra at pH 4.0 exhibit more negative mean

residue ellipticities compared to those at neutral
pH, and can be explained by a higher thermody-
namic stability of the segment at acidic pH(see
below) (Fig. 2b).

3.3. PrP(121–231)-DH1 and H2–H3 are ther-
modynamically strongly destabilized compared to
PrP(121–231)

The thermodynamic stabilities of PrP(121–
231)-DH1 and H2–H3 at neutral pH(7.0) were
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Table 1
Thermodynamic stabilities of PrP(121–231), PrP(121–231)-DH1 and H2–H3 at 228C

D (Gfold DD (Gfold m-value w xurea1y2

(kJ mol )y1 (variant-wt) (kJ mol M )y1 y1 (M)

pH 4.0, 34 mM ionic strength:
PrP(121–231) y16.9"0.5 – 4.0"0.1 4.2
(13.3 kDa)

PrP(121–231)-DH1 y4.4"1.0 12.5"1.5 2.2"0.2 2.0
(10.4 kDa)

H2–H3 y3.1"0.3a 13.8"1.3 1.9"0.1 1.6
(7.4 kDa)

pH 7.0, 88 mM ionic strength:
PrP(121–231) y30.5"1.3 – 4.8"0.2 6.3
(13.3 kDa)

PrP(121–231)-DH1 y7.2"0.8 23.3"2.1 2.7"0.2 2.7
(10.4 kDa)

H2–H3 y0.6"0.7a 29.9"1.5 1.5"0.2 0.4
(7.4 kDa)

The slope of the pre-transition baseline was fixed to zero during fitting of the data according to a two-state model of foldinga

w36x.

determined at an ionic strength of 88 mM by urea-
induced folding transitions, i.e. the same conditions
used previously for characterization of folding of
PrP(121–231) w10x. All transitions at pH 7.0 were
fully reversible and revealed a strong destabiliza-
tion of the deletion constructs compared to wild
type PrP(121–231). Two-state analysis yielded
very low free energies of folding ofy4.4 andy
3.1 kJymol for PrP(121–231)-DH1 and H2–H3,
respectively(Fig. 3a, Table 1). The cooperativities
of folding at pH 7.0 (m-values) of the deletion
constructs were significantly lower than the values
expected from the reduced size of the variants(87
and 62 residues for PrP(121–231)-DH1 and H2–
H3, respectively, compared to 111 residues for
PrP(121–231) w28x. This is particularly true for
the construct H2–H3, which shows a more than
four-fold lower cooperativity than PrP(121–231)
at pH 7.0(Table 1). This observation is, however,
fully consistent with the weaka-helical CD signal
of H2–H3 (Fig. 2), and demonstrates that helices
2 and 3 are not completely formed in the H2–H3
variant. In accordance, the CD signal of H2–H3
at 222 nm was shifted fromy7800 toy14 000
degreeØcm Ødmol upon addition of thea-helix2 y1

inducing reagent trifluoroethanol(40% vyv) (data
not shown).

Both deletion variants showed a strong tendency
to aggregate at acidic pH at an ionic strength of
88 mM, but were completely soluble at lower ionic
strength(34 mM). Therefore, the thermodynamic
stabilities of H2–H3 and PrP(121–231)-DH1 were
measured at low salt concentrations. Under these
conditions, PrP(121–231) does not form the pre-
viously described acid-induced unfolding interme-
diate and, as observed at pH 7.0, shows two-state
unfolding behavior(Fig. 3b) w8,10,27,44x. The
transitions at pH 4.0 also revealed a strong desta-
bilization of the deletion constructs and lowm-
values compared to PrP(121–231) (Fig. 3b, Table
1). The construct H2–H3 is slightly more stable
at pH 4.0 than at pH 7.0. This agrees with its
weakera-helical CD signal at neutral pH and the
fact that a considerable fraction of the molecules
is unfolded at pH 7.0 in the absence of denaturant
(Fig. 3a, Table 1).

3.4. PrP(121–231)-DH1 and H2–H3 maintain a-
helical far-UV-CD spectra upon reduction

Previous experiments have shown that reduction
of the single disulfide bond in recombinant PrP
leads to a structural rearrangement towardsb-sheet
structure at acidic pH, reminiscent of PrPSc
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Fig. 3. Urea-induced equilibrium transitions of PrP(121–231)
(molecular masss13.3 kDa; circles), PrP(121–231)-DH1
(molecular masss10.4 kDa; triangles) and H2–H3(molecular
masss7.4 kDa; squares), measured by their far-UV-CD signal
of 222 nm at 228C and pH 7.0(a) and 4.0(b). Open and
closed symbols represent unfolding and refolding experiments,
respectively. The lines correspond to fits according to the two-
state model of folding(see Table 1).

w13,24,26,50x. This led to the hypothesis that
reduction or transient reduction of the disulfide
bond may be involved in the mechanism of the
transition of PrP to PrP . To test whether aC Sc

transition tob-sheet structure can also be observed
for the deletion variants, we recorded far-UV-CD
spectra of the reduced proteins. The spectra were
compared with the CD spectrum of reduced full-
length murine PrP(23–231), as reduced murine
PrP(121–231) aggregates at any ionic strength at
pH 4.0 (Zobeley and Glockshuber, unpublished
data). Neither reduced PrP(121–231)-DH1 nor
reduced H2–H3 showedb-sheet like far-UV-CD
spectra comparable to the spectrum of reduced
PrP(23–231) (Fig. 4), albeit the molar mean
residue ellipticities are significantly less negative
compared to the oxidized proteins and are slightly
shifted towards lower wavelengths. Overall, the
CD spectra of the reduced deletion variants dem-
onstrate that the complete loss ofa-helical CD
signal observed for reduced, recombinant human
PrP(91–231), hamster PrP(90–231) and murine
PrP(23–231) must be triggered by the segment
comprising a-helix 1 andyor segment 90–120.
Our data also indicate that reduced PrP(90–231)
and PrP(23–231) adopt a completely different
tertiary structure at acid pH that involves the H2–
H3 segment, because thea-helical signal is com-
pletely missing in the far-UV-CD spectra of
reduced PrP(23–231) (Fig. 4).

4. Conclusion

In the present study, we have addressed the
question of whether parts of the tertiary structure
of PrP are sufficiently stable to be retained inC

PrP , the abnormal, oligomeric PrP isoformSc

believed to cause TSEs in mammalians. For this
purpose, deletion variants of the folded domain of
recombinant PrP were constructed and analyzed
for folding and stability. The deletion constructs
PrP(121–231)-DH1 and H2–H3 both contain the
disulfide-linked C-terminala-helices 2 and 3 of
PrP, which form the scaffold of the folded C-
terminal PrP domain, PrP(121–231). These a-
helices are assumed to represent the most stable
part of the structure of PrP(121–231) and to be
preserved in models of PrP w12,18x. AlthoughSc

both deletion constructs investigated here essen-
tially retain a-helical structure, they are extremely
destabilized compared to PrP(121–231), with free
energies of folding close to zero. We conclude
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Fig. 4. Far-UV-CD spectra of reduced PrP(23–231) (solid line), reduced PrP(121–231)-DH1 (dotted line), reduced H2–H3(upper
dashed line) and oxidized PrP(121–231)-DH1 (lower dashed line) at 22 8C and pH 4.0. The spectrum of oxidized H2–H3, which
coincides with that of oxidized PrP(121–231)-DH1 at pH 4.0(see Fig. 2b), is not shown for clarity.

from these data that the tertiary structure of seg-
ment 170–231 in PrP subunits could well differSc

from that observed in PrP . This would be consis-C

tent with the fact that the domain PrP(121–231)
shows two-state folding behaviorw11,48x, and is
assumed to unfold completely prior to the transi-
tion to PrP . Previous hydrogen exchange exper-Sc

iments have demonstrated that only a small,
structured nucleus of approximately 10 residues
around the disulfide bond is retained in the unfold-
ed state of PrP. Thus if one would assume a
tertiary structure context in PrP that destabilizesSc

the helical conformation of segment 170–231, this
nucleus might be the only element of PrP pre-C

served in PrP w11x.Sc

The recently solved NMR structures of recom-
binant human and bovine PrP, and of single amino
acid variants of human PrP revealed a striking
correlation between local structural differences
between PrPs from different species, and the
observed species barrier of TSE transmission
w5,23,52x. One possible explanation for this corre-

lation would be that the PrP regions with largestC

structural differences between species, i.e.a-helix
3 and a segment of irregular secondary structure
preceding a-helix 2 w5x, are retained in PrPSc

subunits and thereby prevent formation of regular
PrP hetero-oligomers. However, the present dataSc

would also be consistent with a different model
for the species barrier phenomenon in which a
host-specific factor (‘protein X’) required for
PrP propagation, discriminates between PrPsSc

from different species at the level of PrPw45x.C
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