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ABSTRACT We have synthesized both free and
terminally-blocked peptide corresponding to the
second helical region of the globular domain of
normal human prion protein, which has recently
gained the attention of structural biologists because
of a possible role in the nucleation process and
fibrillization of prion protein. The profile of the
circular dichroism spectrum of the free peptide was
that typical of �-helix, but was converted to that of
�-structure in about 16 h. Instead, below 2.1 � 10�5

M, the spectrum of the blocked peptide exhibited a
single band centered at 200 nm, unequivocally asso-
ciated to random conformations, which did not
evolve even after 24 h. Conformational preferences
of this last peptide have been investigated as a
function of temperature, using trifluoroethanol or
low-concentration sodium dodecyl sulfate as �- or
�-structure inducers, respectively. Extrapolation of
free energy data to zero concentration of structur-
ing agent highlighted that the peptide prefers �-he-
lical to �-type organization, in spite of results from
prediction algorithms. However, the free energy
difference between the two forms, as obtained by a
thermodynamic cycle, is subtle (roughly 5–8 kJ
mol�1 at any temperature from 280 K to 350 K),
suggesting conformational ambivalence. This result
supports the view that, in the prion protein, the
structural behavior of the peptide is governed by
the cellular microenvironment. Proteins 2005;59:
72–79. © 2005 Wiley-Liss, Inc.
© 2005 Wiley-Liss, Inc.
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INTRODUCTION

A large number of human disorders, ranging from type
II diabetes to Parkinson’s and Alzheimer’s disease, are
associated with protein aggregation resulting from aber-
rant folding or processing events. In all these cases,
aggregate formation may not only result in the absence of
correctly functional protein, but also in cellular toxicity
caused by the aggregate itself. Despite its fundamental
biological importance, little is known about the molecular
basis or specificity of the general phenomenon of protein

aggregation, for which however a swapping mechanism
based on hinge-bending motions has been recently hypoth-
esized.1 A common feature for all diseases is that proteins
aggregate in a well-defined manner under appropriate
conditions, but all efforts to elucidate these mechanisms at
a molecular resolution have failed because of the highly
aggregated state. Transmissible spongiform encephalopa-
thies, also known as prion diseases, belong to this class.
They are a group of unusual neurodegenerative disorders
including new variant CJD (nvCJD), Gerstmann-Sträus-
sler-Scheinker syndrome (GSS) and fatal familial insom-
nia (FFI) in humans, as well as scrapie in sheep and bovine
spongiform encephalopathy (BSE) in cattle.2,3 They are all
characterized by a progressive neuronal degeneration. In
almost all cases there is also a marked extracellular
accumulation of an amyloidogenic conformer of the normal
cellular prion protein (PrPC), referred to as the scrapie
isoform, PrPSc,2–4 which is thought to be responsible not
only for the disease symptoms, but even for the infectivity.

PrP is a 231-amino acid ubiquitous glycoprotein whose
physiological role is still elusive. Solution NMR studies of
recombinant unglycosylated variants from four species5–8

gave similar, prevailingly �-helical, monomeric folds, at
different pH’s,9 which were presumed to represent the PrPC

general organization. The structures exhibit an N-terminal
unfolded region and a C-terminal globular domain character-
ized by the presence of three �-helices (�1–�3), two short
�-strands and a disulfide bridge between Cys179 and Cys214,
which connects �2 with �3 and confers structural stability.
Studies by EM,10 CD,11 and FTIR techniques12 suggest that
PrPSc is characterized by a largely �-sheet content, suggest-
ing that the conversion PrPC3PrPSc should involve a major
conformational transition affecting either the unfolded re-
gion or the �-helical domain. Recently, the 2.0-Å resolution
crystal structure of the recombinant human prion protein
has been reported.13 The structure shows an unexpected
three-dimensional (3D) domain swapping with a conforma-

*Correspondence to: Menotti Ruvo, Istituto di Biostrutture e Bioim-
magini, CNR, Via Mezzocannone 6, 80134 Napoli, Italy. E-mail:
ruvo@chemistry.unina.it and Raffaele Ragone, Dipartimento di Bio-
chimica e Biofisica, Seconda Università di Napoli, via S. Maria di
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tional switch region located at the dimer interface centered
on residues 190–195, which, as suggested by the authors,
could represent a sort of snapshot of the first stage of the
structural transition. Despite the strong differences in ter-
tiary structure (dimers are held together by two disulfide
bridges obtained by rearrangement of the only one described
in the monomers), local folds in the X-ray and NMR struc-
tures are globally retained, with considerable differences
observed only in proximity of the C-terminal side of �2 which
is partly converted to a short beta strand. The true mecha-
nism of PrPSc formation under physiological conditions is at
present still unknown, but biochemical evidence demon-
strates that conversion does not occur through a disulfide
scrambling-driven covalent oligomerization,14 so this X-ray
structure has been largely questioned and the covalent
dimerization explained as an artifact produced by the crystal-
lization conditions (pH 8.0, 3 M NaCl).13 Nevertheless, the
appearance of a �-sheet in a limited region, where some
familial prion disease mutations map15 and where an un-
usual Thr-rich sequence is present, is quite intriguing. What
makes this observation even more interesting is that the
newly formed �-sheet contributes to dimer stability, maybe
favoring its formation. These observations, along with the
presence of threonines, a �-branched amino acid with a
strong �-sheet-forming propensity,16 could suggest that some
conformational weaknesses, which can affect the whole pro-
tein architecture, converge on the short sequence 190–195 or
a more limited surrounding region, and that can help pro-
mote the noncovalent association of two misfolded mono-
mers.

Synthetic variants of the �2 helix have been already
studied to assess fibrillization capabilities,17 cellular toxic-
ity,11 and metal binding properties,18 and all data point to
an important role of the region in the overall biological
behavior of the whole prion protein, mainly in presence of
Cu(II) ions.18 A hypothetical structural change involving
this region, induced or facilitated by unknown external
factors (metals, protein-X), could therefore promote a
�-sheet-mediated protein association leading to a further �
3 � transition and consequently to aggregation.

During the writing of this paper, the crystal structure of
the sheep prion protein was described.19 Interestingly, the
protein, which shares more than 90% identity with the
human variant, has a monomeric structure very close to
that determined in solution by NMR on the same and other
variants. From the protein crystal structure, not yet
available in the protein data bank, and harnessing informa-
tion derived from lattice protein–protein interactions, the
authors identify the threonine-rich region 188–200, encom-
passing the C-terminal side of �2 and the N-terminal side
of �3, as a site of local instability and possibly of �-sheet
nucleation. They also propose that protein oligomerization
takes place through association of �-sheets, which then
synergically propagate involving other regions of the mole-
cule. These observations confirm and strengthen our hy-
pothesis about a role of �2 in prion molecular rearrange-
ment. To further support this hypothesis, we have studied
the conformational behavior in solution of the whole �2
helix, encompassing residues from Asn173 to Gly195, in its

C-terminal amide and N-terminal acetylated form
(blocked). In order to define its intrinsic structural propen-
sities and to selectively determine the thermodynamics
that regulate a possible conformational conversion, the
peptide model has been accurately chosen on the basis of
the available protein structures, minding that other resi-
dues from the interconnecting loops or distant in the
sequence, which might contribute to helix stability only in
the whole protein, were not included.

MATERIALS AND METHODS
Peptide Synthesis and Characterization

All solvents were reagent grade. HPLC chemicals were
purchased from Lab-Scan (Dublin, Ireland), while other
organic reagents were from Sigma-Aldrich (Milan, Italy).
N-�-Fmoc protected amino acids and the activating agents
were purchased from Inbios (Pozzuoli, Italy). Resins for
peptide synthesis were from Novabiochem (Läufelfingen,
CH). Columns for peptides purification and characteriza-
tion were from Phenomenex (Torrance, CA).

Peptides (NNFVHDCVNITIKQHTVTTTTKG and N- and
C-blocked, Ac-NNFVHDCVNITIKQHTVTTTTKG-NH2)
were synthesized in batch by standard Fmoc chemistry
protocol on WANG or Rink-amide MBHA resins. Acyla-
tions were carried out in 50% DCM/DMF for 15 min using
PyBOP/DIEA (1:2) as activating agents (without preactiva-
tion) with a four-fold amino acid excess. Fmoc removal was
achieved by 30% piperidine/DMF treatment for 10 min.
After peptide assembling, acetylation was carried out
where requested, by treatment with a 1 M solution of
acetic anhydride in DMF containing 5% DIEA. Cleavage
from the solid support was achieved by treatment with a
trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/water
(90:5.0:5.0 v/v/v) mixture for 90 min at room temperature.
Then, peptides were precipitated in ether, dissolved in
water/acetonitrile (1:1 v/v) mixture, lyophilized, and puri-
fied by RP-HPLC using a Jupiter C18 Jupiter 250 � 22 mm
ID column (15 �m, 300 Å) applying a linear gradient of
acetonitrile in 0.1% TFA from 10% to 60% in 50 min.
Peptide purity and integrity were confirmed by RP-HPLC
analysis using analytical columns (Jupiter C18, 250 � 4.6
mm ID,15 �m, 300 Å) and by MALDI-TOF mass measure-
ments (Voyager-DE Biospectrometry Workstation, PerSep-
tive Biosystems).

Secondary Structure Prediction

Secondary structure prediction of the peptide correspond-
ing to the second helical region of the globular domain of
human prion protein was performed according to Jones20

using the PSIPRED server facility available at http://
bioinf.cs.ucl.ac.uk/psipred.21 Moreover, the helical behav-
ior of the peptide was analyzed by the Agadir algorithm
based on the helix to coil transition theory.22–25

Circular Dichroism (CD)

Sodium dodecyl sulfate (SDS) and 2,2,2-trifluoroethanol
(TFE) were obtained from Sigma-Aldrich (Milano, Italia)
and Romil LTD (Dublin, Ireland), respectively. The work-
ing concentration of SDS was chosen on the basis of its
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critical micelle concentration (cmc) at room tempera-
ture.26–28 Far UV CD spectra were recorded for both free
and blocked peptide dissolved in 10 mM phosphate buffer,
pH 7.2. Optimal working concentrations were determined
in preliminary experiments by acquiring CD spectra at
different concentrations (room temperature) while keep-
ing constant the number of peptide molecules in the optical
path. This was achieved by diluting a 10–4 M peptide stock
solution and simultaneously increasing the cell path-
length by a factor equal to the dilution factor. CD spectra
were recorded at regular time intervals in order to monitor
possible spontaneous changes due to aggregation and/or
fibril formation. For all concentrations explored, the free
peptide showed the typical two-minima �-helix spectrum,
which, after 16 h, completely converted to the classical
�-structure appearance with a maximum at around 195
nm and a minimum at around 215 nm, suggesting a
marked peptide association or aggregation. The blocked
peptide was found to aggregate time-dependently above a
concentration of about 2.1 � 10�5 M. Below this concentra-
tion, the spectra exhibited a single band centered on 200
nm, unequivocally associated to random conformations,
which did not evolve even after 24 h, showing only a
limited intensity reduction. Given its stability in solution,
the blocked 173–195 prion peptide, henceforth called
PrP[173–195] was used throughout the experiments at a
concentration of 10 �M, as measured by absorbance at
257.5 nm, assuming a molar extinction coefficient of 195
M�1 � cm�1 for phenylalanine.29

On this peptide, TFE and SDS titration experiments
were carried out using quartz cells with 10-mm path-
length and scanning spectra from 190 to 260 nm on a Jasco
J-715 spectropolarimeter equipped with a thermostated
water bath. Instead of carrying out isothermal titrations
by adding increasing volumes of structuring agent to the
peptide solution, which usually results in large errors due
to dilution, we prepared a number of peptide solutions in
10 mM phosphate buffer, pH 7.2, containing a fixed
concentration of structure-inducing substance. Then, for
each concentration of structuring agent, far UV CD spec-
tra were isothermally recorded at increasing temperature
steps over the interval 283–343 K. Each spectrum was
obtained averaging three scans, subtracting contributions
from structuring agents, and converting the signal to
mean residue ellipticity in units of deg � cm2 � dmol�1 �
res�1. Other experimental settings were: 20 nm/min scan
speed, 2.0 nm band width, 0.2 nm resolution, 50 mdeg
sensitivity, and 4 sec response. To monitor the possible
formation of disulfide-bridged dimeric peptides, which
could then affect CD determinations, HPLC analyses were
carried out on peptide solutions from all experiments. Only
very small amounts of dimer were observed in the different
samples, up to a maximum of around 10% in the worst
case, so no DTT or other reducing additives were used.

Treatment of Data

For either set of experiments, we assumed a two-state
model and evaluated free energy changes for the disorder-
to-order transition, extrapolating isothermal titration data

to zero concentration of structure-inducing substance. To
warrant homogeneity of calculations at different tempera-
tures, the concentration of TFE or SDS was always
expressed in molal units. In any case, we implemented
pertinent equations in the general-purpose non-linear
fitting program Scientist from MicroMath Software (San
Diego, CA ), as described below.

For TFE, the ellipticity at 222 nm (�222) was analyzed
using a six-parameter model analogous to that previously
derived for absorption30 or fluorescence denaturation,31

which assumes a linear dependence of pre- and post-
transition baselines on the TFE concentration, according
to the function:

�222 � ��r
° � mrC � ���

° � m�C	exp
 � ��G�
°

� mC	/�RT	�/�1 � exp
 � ��G�
° � mC)/(RT)]} (1)

Here, the TFE concentration is given by C, the pretransi-
tion dichroic signal intercept (0% TFE) and slope are �r

°

and mr, respectively, the helical state dichroic signal
intercept and slope are ��

° and m�, respectively, the
secondary structure formation free energy function inter-
cept and slope are �G�

° and m, respectively, R is the
universal gas constant, and T represents the absolute
temperature.

For SDS, the ellipticity at 200 nm (�200) was analyzed
using a function analogous to that adopted for TFE, but
the slopes of pre- and post-transition baselines were set to
zero and the dependence of the free energy on the deter-
gent concentration was analyzed by a binding isotherm,
according to the five-parameter equation:

�200 � ��r
° � ��

° exp
 � �G�
° /�RT	 � �nln�1 � kD	�/�1

� exp
 � �G�
° /�RT	 � �nln�1 � kD	� (2)

Here, the SDS concentration is given by D, and the 0%
SDS and �-state dichroic signal intercepts are �r

° and ��
° ,

respectively. The free energy of secondary structure forma-
tion in absence of SDS is given by �G�

° , and �n represents
the excess of the peptide detergent binding sites in the
�-state characterized by the intrinsic binding constant k.
Owing to the strong correlation between k and �n, curve
fitting was carried out using k � 50000 M�1, which is the
value found for SDS interaction with electrostatic binding
sites of small proteins.32 This model has already been
shown to work for micellar aggregation33 and is under
further development in our laboratory (Ragone et al.,
unpubl. obs.).

RESULTS
Secondary Structure Predictions

The peptide fragment corresponding to the second heli-
cal region of the globular domain of human prion protein
was analyzed by CD spectroscopy in order to determine its
tendency to adopt different secondary structures and
assess its capability to undergo an �3 � transition under
suitable conditions. The peptide structural preferences
were first examined by prediction algorithms, as described
in Materials and Methods. Figure 1 highlights that, accord-
ing to the chosen method, all residues are predicted to be in
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nonhelical conformation. Furthermore, calculation of the
percentage helicity of the blocked peptide sequence by
the semi-empirical helix-propensity-specific algorithm
Agadir predicted that less than 22% residues are orga-
nized in �-helix at any temperature in the liquid water
range. Although these predictions are in contrast with
the �-helical organization found in the normal cellular
prion protein, they are in substantial agreement with
the far UV CD spectrum of PrP[173–195], which, at
neutral pH and at concentrations where no aggregation
is detected, shows the profile typical of disordered
structure, i.e., a strong negative band near 200 nm and a
negative shoulder at around 220 nm34 (Fig. 2). Because
of a possible involvement in the nucleation process of
�-structure formation, we were prompted to thoroughly
analyze the conformational preferences of this peptide
fragment, monitoring structural modifications caused
by �- or �-inducing agents and measuring the associated
free energy differences.

TFE Titrations

The first set of experiments was carried out monitoring
TFE-induced modifications of the far UV CD spectrum of
PrP[173–195] at different temperatures, as described un-
der Materials and Methods. TFE is a hydrophilic and
hydrogen-bonding solvent that appears to stabilize pep-
tides in the secondary structure for which a given sequence
has propensity.35 It belongs to a group of organic sub-
stances such as methanol, ethanol, acetonitrile, 1,1,1,3,3,3-
hexafluoroisopropanol at low pH, octanol mixed with other
alcoholic solvents, and SDS at high concentrations, which
are known to induce �-helical organization in pep-
tides.36–38 In presence of about 40% TFE, the spectra at
different temperatures assumed the typical appearance of
helical structures, with pronounced minima at 208 and
222 nm and a strong positive maximum at 191–193 nm,34

and showed a well defined isodichroic point at 205 nm (Fig.
3), indicative of two-state behavior. Therefore, after verify-
ing the reversibility of this structural modification by
dilution, dichroic activity data as a function of the TFE
concentration (Fig. 3, inset) at different temperatures
were recorded and treated according to Equation 1. This
equation assumes that the free energy of helix formation
linearly depends on the concentration of TFE in the
solution, i.e., �GTFE

° � �G�
° � mC, and is therefore

analogous to the relationship adopted to extrapolate the
unfolding free energy to zero denaturant concentration,
which has been shown to be valid for the structuring action
of TFE as well.39–41 This allowed us to obtain the extrapo-
lated transition free energy (�G�

° ) at zero concentration of
structuring agent, which was estimated to be 11–14 kJ-
mol�1 in the range 280–350 K.

SDS Titrations

A similar set of experiments was carried out using SDS
as the structuring agent, based on the notion that peptides
may be induced into a �-sheet structure at sub-micellar
concentrations of this substance.35,42,43 Actually, little is

Fig. 1. Secondary structure prediction of PrP [173–195]. The predic-
tion was obtained by the PSIPRED server, available at http://bioinf.cs.
jucl.ac.uk/psipred.

Fig. 2. Far UV CD spectrum of PrP [173–195]. The spectrum,
obtained at a concentration of 10 �M, is characterized by a strong
negative band near 200 nm and a negative shoulder at around 220 nm,
which suggests random organization.

Fig. 3. TFE titration. Far UV CD spectra of PrP [173–195] are
superimposed as a function of TFE concentration (from top to bottom,
0–7.7 mol kg�1, according to data points in the inset). The inset shows the
effect of TFE as monitored by the dichroic activity at 222 nm; T � 293 K.
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known about the nature of this solvent system, which has
been described as a mimetic of protein interiors. It is
presumed that the nonpolar tails provide a template for
the hydrophobic domains of peptides, mimicking the envi-
ronment found in the interior of the parent protein,
whereas the sulfate moiety keeps the �-structured peptide
in solution. The addition of SDS reversibly led to spectra
with positive and negative bands near 195–200 nm and
216–220 nm, respectively, which can be ascribed to a
�-type profile.34 Moreover, a blurred isodichroic point can
be perceived between 211 and 216 nm (Fig. 4), suggestive,
as in the case of TFE, of a two-state equilibrium. Unfortu-
nately, we could not obtain better definition of these
spectral features, because the signal weakens above the
cross point between the spectra of the two species, merging
with the instrumental noise. Then, for each temperature
assayed, the dichroic activity at 200 nm was fitted to
Equation 2 to obtain the transition free energy (�G°�) in
the absence of SDS (Fig. 4, inset).

The binding isotherm that describes the dependence of
the free energy on the detergent concentration, i.e. �GSDS

° �
�G�

° � RTln(1 � kD)�n, assumes that the peptide molecule
possesses a discrete number of identical and noninteract-
ing binding sites for SDS. It is therefore analogous to the
model used for denaturation curves of proteins, better
known as the denaturant binding model.44,45 This formula-
tion leads to thermodynamic inconsistencies when it is
applied to very weak binding, such as is found with protein
denaturants, but it is accurate in the present case, where
few distinct independent binding sites of high strength
(positively charged residues are well separated in the
sequence) are reasonably generated during the conversion
from the unbound- to the SDS-bound-peptide molecule.46

Formally, the binding of ionic surfactant to water-soluble
proteins occurs through two sets of binding sites, electro-
static (higher affinity) and nonpolar (lower affinity). It is

therefore conceivable that the driving force for peptide
secondary structure organization at the low SDS concentra-
tions employed in our experiments could be the presence of
more exposed cationic binding sites in the �-state that, on
the average, are less available in the disorganized form. In
fact, calculations gave 2.5 � �n � 3 at any temperature,
which is in good agreement with the number of positively
charged side chains in the peptide (two lysines and two
histidines). The estimated �G�

° for the conversion PrP[173–
195]unfolded3 PrP[173–195]�-structure is 16–22 kJ mol�1 in
the range 280–350 K, which is higher than that found for
the PrP[173–195]unfolded3 PrP[173–195]�-helix transition.

Thermodynamic Analysis

Figure 5 provides a comprehensive thermodynamic view
on the structural preferences of PrP[173–195], as they
emerge from the above described experiments. First of all,
we have assessed the reliability of these free energy
estimates calculating the �- or �- propensity (�CP� �
e��G°/(NRT), with N � 23) of an average amino acid residue
in PrP[173–195]. To allow a comparison with other scales,
these conformational preferences have been expressed as
an energy-like term, E � �log�CP�, keeping in mind that E
will take negative values for a residue that favors a given
conformation, and positive otherwise. At 20°C, our aver-
age propensities of 0.08 and 0.13 for �-helix and �-sheet,
respectively, are in good agreement with the RAN scale
previously published,47 confirming the reliability of our
procedure and, more importantly, a small preference of the
peptide to assume �-conformations. Figure 5 also shows
how we have derived the thermodynamic parameters
characterizing the � 3 � transition using free energies
estimated by TFE- and SDS-induced transitions. It is
worth noting that neither set of free energy data shows

Fig. 4. SDS titration. Far UV CD spectra of PrP [173–195] are
superimposed as a function of SDS concentration (from bottom to top,
0–1.15 mmol kg�1, according to data points in the inset). The inset shows
the effect of SDS as monitored by the dichroic activity at 200 nm; T � 293
K.

Fig. 5. Thermodynamic analysis of structural preferences of PrP
[173–195]. Extrapolated values of �G° for the random-to-� and random-
to-� transitions are plotted as a function of temperature. The dashed line
represents the thermodynamics of the � 3 � transition as obtained by
difference between the �G°’s of the two random-to-ordered structure
transitions. All experimental data were fitted to straight lines because
neither transition is accompanied by an appreciable heat capacity
change, suggesting that enthalpy and entropy changes are independent
of temperature.

76 B. TIZZANO ET AL.



any significant curvature, i.e. neither transition is accom-
panied by an appreciable heat capacity change, suggesting
that enthalpy and entropy changes are independent of
temperature. Accordingly, for each transition, we have
performed a linear regression of free energy versus tem-
perature data to estimate the thermodynamics of the �3
� transition by difference. As a result, the �-form is more
stable than the �-form by roughly 5–8 kJ mol�1 at any
temperature from 280 K to 350 K, as can be calculated by
regression intercept and slope, which equal �6.9 kJ mol�1

and �0.04 kJ mol�1 K�1 and represent temperature-
independent enthalpy and entropy differences, respec-
tively.

DISCUSSION

The comprehension of the structural organization of
PrPSc is one of the most intriguing and stimulating topics
of the last decade. Although reasonable models have been
proposed for it,10 a definitive PrPSc structure is presently
not available since its elucidation is hindered by the highly
aggregated state. A number of studies have also aimed at
enlightening the molecular mechanism by which the PrPC

3 PrPSc conversion is triggered, since it could help to
derive a model and, of course, to propose a means to
conversion blockade. Among the others, the involvement of
pH changes or high metal ions concentrations has been
proposed,18 as well as the presence of sites of intrinsic local
protein instability.13,19 This last aspect has been largely
investigated also in view of the known pathogenic PrP
mutations which are responsible of the inherited variants
of the disease.15,48,49

Many investigations have been reported on protein
fragments reproducing different portions of the full-length
molecule, but detailed structural studies have been often
hampered by the aggregation tendency of peptides.50 In
this work we have been concerned with both free and
terminally-blocked peptide corresponding to the second
helical region of the globular domain of human prion
protein, PrP[173–195], which has recently gained the
attention of structural biologists13,17,19 because of a pos-
sible role in the nucleation process of PrP oligomerization
and therefore fibrillization. The strong tendency of the
peptide to aggregate did not allow us to perform any
conformational analysis by NMR techniques, in fact pep-
tide solutions at even 0.2 mM exhibited a marked band
broadening and signal reduction in less than 3 h (data not
shown). The peptide, at near neutral pH and in both the
free and blocked version, showed time-dependent aggrega-
tion properties even at lower concentrations (up to 21 �M)
which, as reported earlier,17 are likely exacerbated by the
presence of the free thiol group. This behavior, for the
blocked variant only, was absent below this threshold,
allowing us to determine thermodynamic parameters asso-
ciated to peptide rearrangement in solution. Although the
isolated peptide is randomly structured in buffer solution,
we have been able to get reasonable estimates of its
conformational preferences by analysis of TFE- or SDS-
induced modifications, deriving the �G° and the average
propensity of �- and �-structure formation as a function of

temperature. By difference between the two sets of mea-
surements, we have estimated that a small free energy
separates the two conformations, which denotes structural
ambivalence of the peptide in the conditions explored. It
has been suggested that the inherent property of a peptide
to fold into either the �- or �-conformation is likely under
the control of environmental changes.51,52

In this regard, contrarily to the secondary structure
prediction, the analysis of experimentally-derived struc-
tural propensities provides evidence that a small, but
significant entropic advantage of 0.04 kJ mol�1 K�1 allows
the PrP[173–195] peptide to adopt an �-helical organiza-
tion over a temperature interval that includes the physio-
logical condition, even when it is not embedded in the
normal cellular prion protein. At the same time, we guess
that the subtle free energy difference between the � and �
form might allow this structural ambivalence of the pep-
tide to be governed, in the protein, by the cellular microen-
vironment. It should be noticed that, in the whole protein,
the �2 first three turns are closely packed against the �3,
generating an extensive complementary interface13,19

which strongly stabilizes the helix up to around residue
188, with a further contribution to stabilization provided
by the presence of the glycosyl moiety on the Asn181.17

Conversely, the region spanning residues 190–195 is
rather apart from the last helix, is poorly defined in the
NMR structures,49 and is found in �-conformation in the
dimeric crystal structure of human prion protein, suggest-
ing that this site of the protein is one of the most prone to
structural rearrangements or modifications upon suitable
perturbations. In light of these observations, our results
could suggest that the conformational fragility associated
to the full length helix 2 could actually be focused on its
short C-terminal end, which, in cooperation with other
sites in the N-terminal region (fragment �90–140),53

could be involved in the nucleation process of prion misfold-
ing and oligomerization.19 This hypothesis is strengthened
by the observation that fragment 180–195 assumes a
�-conformation in aqueous buffer at neutral pH (as deter-
mined by CD), which is invariably retained under a large
variety of conditions, including 50% TFE. By converse, the
complementary fragment 173–179, under the same condi-
tions, shows typical �-helical spectra (Ronga et al., manu-
script in preparation). We also hypothesize that structural
perturbations leading to molecular rearrangements could
involve the binding of His187 by copper ions18 and/or the
deglycosylation of Asn181,54 which has been shown to
strongly destabilize this helical region17 and to lead to
enhanced fibril formation and toxicity.

Our conclusions are in substantial agreement with
previous reports about the possible role of the PrP[173–
195] segment in the conversion of PrPC into fibrillar PrPSc.
As a novelty, the present work provides a thermodynamic
basis to previous structural investigations on the relative
stability of this region of the protein, even though it is
based on the peptide fragment assumption. Moreover, our
approach permits to highlight possible structural ambiva-
lence as a function of temperature, a feature that, to the
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best of our knowledge, has never been experimentally
assessed before in a 23-residue-long peptide.
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structure of the human prion protein. Proc Natl Acad Sci USA
2000;97:145–150.

8. Lopez Garcia F, Zahn R, Riek R, Wüthrich K. NMR structure of
the bovine prion protein. Proc Natl Acad Sci USA 2000;97:8334–
8339.

9. Calzolai L, Zahn R. Influence of pH on NMR structure and
stability of the human prion protein globular domain. J Biol
Chem. 2003;278:35592–35596.
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