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Abstract: The 173-195 segment corresponding to the helix 2 of the globular PrP domain is a good candidate to be one of the
several ‘spots’ of intrinsic structural flexibility, which might induce local destabilization and concur to protein transformation,
leading to aggregation-prone conformations. Here, we report CD and NMR studies on the «2-helix-derived peptide of maximal
length (hPrP[180-195]) that is able to exhibit a regular structure different from the prevalently random arrangement of other
a2-helix-derived peptides. This peptide, which has previously been shown to be affected by buffer composition via the ion
charge density dependence typical of Hofmeister effects, corresponds to the C-terminal sequence of the PrPC full-length «2-helix
and includes the highly conserved threonine-rich 188-195 segment. At neutral pH, its conformation is dominated by S-type
contributions, which only very strong environmental modifications are able to modify. On TFE addition, an increase of «-helical
content can be observed, but a fully helical conformation is only obtained in neat TFE. However, linking of the 173-179 segment,
as occurring in wild-type and mutant peptides corresponding to the full-length «2-helix, perturbs these intrinsic structural
propensities in a manner that depends on whether the environment is water or TFE. Overall, these results confirm that the
180-195 parental region in hPrP® makes a strong contribution to the chameleon conformational behavior of the segment
corresponding to the full-length «2-helix, and could play a role in determining structural rearrangements of the entire globular
domain. Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Although its function is still largely unknown, the
PrP is unequivocally associated with the onset of a
family of diseases named transmissible spongiform
encephalopathies (TSEs) [1] by a mechanism involv-
ing the isomerization of a soluble cellular form, PrP°,
whose structure basically consists of a leading unstruc-
tured tail linked to a C-terminus globular domain,
containing three «-helices and a short two-stranded
B-sheet [2-10], into an insoluble scrapie variant, Prp®e,
deemed to retain intrinsic infectivity and characterized
by a significant amount of g-structure [11]. Accord-
ingly, it has been suggested that prion diseases proceed
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from a major misfolding event that leads to proteinase
K-resistant amyloidogenic, p-sheet-containing and
potentially infective structural variants [12-14], but
hypotheses on the role played by such variants in prion
aetiopathogenesis and on the link between amyloid-
forming tendency and disease invariably have to face
vagueness of information about the PrP5¢ structure
[15-18].

Several studies have focused on the implication of
the globular domain in the rearrangement mechanism
and in the formation of toxic fibrils [19-25]. Particularly
fascinating is the notion that the protein possesses one
or several ‘spots’ of intrinsic conformational weakness,
which may lead the whole secondary and tertiary
structure to succumb in favor of more stable, but
aggregation-prone conformations, depending on pH,
redox condition, and glycosylation state [22,23]. The
173-195 segment corresponding to the helix 2 of the
globular prion protein domain is a good candidate
to be one of such spots. Indeed, the segments
176-183 and 185-193 have been predicted to possess
strong amyloid- and g-structure-forming propensities,



respectively [26], and the peptide encompassing the
entire «2-helical segment has been shown to display
conformational duality [27], a behavior that could
be imputed to the frustrated helical state of the
highly conserved threonine-rich C-terminal segment
188-195 [27-32]. Furthermore, the peptides 180-193
and 178-193 are the only ones that form an amyloid
structure, according to data obtained by electron
microscopy and Congo red birefringence [33], and
other «o2-helical fragments have been found to be
toxic to neuronal cells and strongly fibrillogenic in
a variety of conditions [19-21], adding a further
clue to the working hypothesis that the «2-helix is
involved in protein aggregation and scrapie-associated
toxicity. As a matter of fact, several disease-causing
point mutations are also gathered on this fragment,
notably the D178N, V180I, T183A, H187R, T188R,
T188K, and T188A, which are presumed to induce
local destabilization, thus contributing to protein
transformation [34-36].

On this ground, we have devoted several efforts to
the study of peptides derived from the human full-
length helix 2, and stressed on several occasions that
their functional and structural properties are compat-
ible with the involvement of the parental sequence in
the conversion of PrP® to PrP* [9,10,27,32,37]. Inter-
estingly, recent studies suggest that the conformational
conversion of PrP¢ involves major refolding of the C-
terminal a-helical region [38] and map the g-sheet core
of PrP amyloid to the C-terminal region that in the
native structure of monomeric PrP® corresponds to a-
helix 2, a major part of a-helix 3, and the loop between
these two helices [39].

We have previously found that, in aqueous solu-
tion, the CD spectra of the PrP¢ wild-type peptide and
the Creutzfeldt-Jakob-disease-associated mutant, both
derived from the full-length «-helix 2 (hPrP[173-195]
and hPrP[173-195]D178N, respectively) are dominated
by disordered structure [9,10]. Eventually, we have
characterized the «-helical organization of these pep-
tides in an «-helix-inducing environment [37]. In
the present study, we broaden our horizons to a
model peptide that does not include the 173-179
segment, hPrP[180-195], thus corresponding to the
180-195 C-terminal sequence of the PrP «2-helix.
This peptide is devoid of effects linked to the reac-
tivity of the thiolic cysteine side chain, includes the
highly conserved threonine-rich 188-195 C-terminal
part of the PrPC full-length helix 2, to which the
conformational ambivalence of the helix 2 has been
attributed, and has already been shown to be affected
by buffer composition via the ion charge density
dependence typical of Hofmeister effects [40]. Here,
we further investigate its conformational behavior in
solution.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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MATERIALS AND METHODS

Chemicals

HPLC chemicals were purchased from Lab-Scan (Dublin,
Ireland), and the remainder of organic reagents were from
Sigma-Aldrich (Milan, Italy). All solvents were reagent grade.
N“-Fmoc-protected amino acids and activating agents were
purchased from Inbios (Pozzuoli, Italy). Resin for peptide
synthesis was from Novabiochem (Laufelfingen, Switzerland).
Columns for peptide purification and characterization were
from Phenomenex (Torrance, CA, USA). SDS and TFE were
obtained from Sigma-Aldrich (Milano, Italia) and Romil LTD
(Dublin, Ireland), respectively.

Peptide Synthesis

The N- and C-blocked Ac-NNFVHDC-NH3 and Ac-VNITIKQHTV
TTTTKG-NHy, peptides, henceforth identified as hPrP[173-179]
and hPrP[180-195], corresponding to the 173-179 and
180-195 segments in the PrP full-length helix 2, respectively,
were synthesized in batch by standard 9-fluorenylmethyl
carbamate chemistry protocol using Rink-amide MBHA resin.
After peptide assembling, acetylation was carried out by
1 M acetic anhydride in dimethylformamide containing 5%
N,N-diisopropyl ethylamine. Fmoc-synthesized peptides were
then cleaved from the solid support by treatment with
trifluoroacetic acid/triisopropylsilane/water (TFA/TIS/H2O,
9:0.5:0.5v/v/v) mixture for 90 min at room temperature,
precipitated in ether, dissolved in water/acetonitrile (1:1
v/v) mixture, lyophilized and purified by RP-HPLC using a
Cis Jupiter (250 x 22 mm) column with a linear gradient
of acetonitrile (10-60%) in 0.1% TFA at room temperature.
Peptide purity and integrity were confirmed by LC-MS
technique (Finnigan Surveyor, Thermo Electron Corporation).

Circular Dichroism

Far UV CD spectra were recorded from 190 to 260 nm on a
Jasco J-715 spectropolarimeter at 20°C, using 1-cm quartz
cell containing 20 pm peptide dissolved in 10 mm phosphate
buffer. Each spectrum was obtained averaging three scans,
subtracting contributions from other species in solution,
and converting the signal to mean residue ellipticity in
units of deg cm? dmol~! res~!. Other experimental settings
were 20 nm/min-scan speed, 2.0-nm band width, 0.2-nm
resolution, 50-mdeg sensitivity, and 4-s response. Preliminary
experiments were also carried out to exclude the occurrence of
self-association effects. To this aim, equimolecular spectra of
hPrP[180-195] solutions were acquired for each subsequent
dilution of a series obtained from a 10~% m stock solution.
The dilution factor was then used to calculate the cell
pathlength that was necessary to keep constant the number
of peptide molecules in the optical path. Under these
conditions, signal constancy is expected in the absence of
self-association, which may cause hyperbolic deviations from
the Beer-Lambert’s law because of concomitant secondary
structure rearrangements. SDS and TFE titrations were
carried out under the same experimental conditions as
above. In particular, SDS experiments were based on the
notion that peptides may be induced into a B-structure at
submicellar SDS concentrations [41-43]. Small surfactant
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aliquots were therefore added from a stock solution up to a
final concentration equal to the critical micellar concentration
(cmc) at room temperature (4 mm) [44-46].

NMR Experiments and Structure Calculations

NMR experiments were performed by dissolving 2 mMm peptide
in TFEd2-OH (99%). NMR spectra were acquired at 300 K
on a 600-MHz Bruker Avance spectrometer equipped with a
cryoprobe. The peptide TOCSY spectra showed well-resolved
resonances for almost all residues, and sequence specific
assignment was obtained by the combined use of TOCSY
and NOESY experiments, according to the standard procedure
[37.,47].

NOESY spectra at 300-ms mixing time were used for the
integration of NOE cross peaks. Peak integrals were evaluated
by NMRView, transferred to the program package DYANA 1.0.6
[48], and converted to upper distance limits by using the
CALIBA [49] module of DYANA. Distance constraints were then
worked out by the GRIDSEARCH module to generate a set of
allowed dihedral angles. Structure calculation was carried out
with the macro ANNEAL module by torsion angle dynamics.
Eighty structures were calculated by TSSA, starting with a
total of 10000 MD steps and a default value of maximum
temperature. The 30 best structures in terms of target
functions were considered. A total of 118 distance restraints
were used for the structure calculation of hPrP[180-195].
These restraints, derived from interresidue, sequential and
medium range NOEs, were introduced in the SA torsion space
calculation performed by the DYANA package. The best 30
structures in terms of root mean square deviation (RMSD) were
selected from 80 structures sampled in TSSA calculations.

Biological Assays

The neurotoxicity of o2-helix-derived peptides was assayed
on B104 neuroblastoma cells from rat central nervous system
[50], cultured in Dulbecco’s modified Eagle’s minimal essential
medium and exposed to 0-240 um peptide concentrations. Cell
survival was assessed by comparison with untreated control
cultures after a 48-h exposure, and expressed as 50% fatal
concentration (FCsg).

RESULTS AND DISCUSSION

In the preliminary experiments, we have performed
equimolecular CD spectra of hPrP[180-195] to exclude
effects caused by self-association and/or aggregation
phenomena. As depicted in Figure 1, the observed
ellipticity is constant below 50 um, which indicates that
hPrP[180-195] is monomeric in the 0-50 um range,
whereas the intensity decrease occurring above 50 um
is associated with peptide aggregation.

Owing to the above-described aggregation effects,
information on the conformational behavior in aque-
ous solution mostly comes from CD spectra. As
the CD spectra of hPrP[180-195] and hPrP[173-179]
(Figure 2) are dominated by B-type contributions and
random organization, respectively, it seems reasonable
to infer that, in previously characterized wild-type and

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 1 Ellipticity of hPrP[180-195] solutions. Equimolec-
ular spectra were acquired for each subsequent dilution of a
series obtained from a concentrated mother solution in phos-
phate buffer, pH 7. For each solution, the dilution factor was
used to calculate the cell pathlength to be used to keep con-
stant the number of peptide molecules in the optical path.
Under these conditions, signal constancy at 200 nm monitors
the absence of self-association.

mutant peptides corresponding to the entire o2-helical
segment (hPrP[173-195] and hPrP[173-195]|D178N,
respectively, [37]), the scarcity of the ordered structure
is associated with the presence of the 173-179 seg-
ment. As a matter of fact, CD spectra of hPrP[173-195]
and hPrP[173-195]D178N, both of which include the
173-179 segment, do not show the g-type peculiarities
exhibited by hPrP[180-195] [9,10]. It can be also appre-
ciated from Table 1 that the structural organization of
peptides is not related to their neuronal toxicity, but
the presence of the 180-195 sequence is associated
to much lower FCsos. On this basis, hPrP[180-195]
appears to be the «-helix 2-derived peptide of maximal
length with intrinsic propensity to be organized in a
regular structure. Although the 180-195 segment is
not able to retain the regular organization shown by
hPrP[180-195] when it is embedded in peptides dom-
inated by random organization, its intrinsic structural
propensity appears to play a role in determining their
biological properties.

The addition of submicellar SDS caused a marked
increase of the positive band near 200 nm in the
spectrum of hPrP[180-195] (Figure 3(4)), suggesting
enhancement of the g-type features that were already
present in the peptide. There is a large body of
literature about the nature of this solvent system,
which has been described as a mimetic of protein
interiors. It is commonly accepted that the nonpolar
tails provide a template for the hydrophobic domains
of peptides, mimicking the environment experienced
in the protein interior, whereas the sulfate moiety
is able to keep the B-structured peptide in solution.
Peptide-SDS association data were then treated with
the five-parameter equation:
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Figure 2 Far UV CD spectra. The concentration of
hPrP[180-195] (black symbols) and hPrP[173-179] (gray sym-
bols) was 20 um in 10 mm phosphate buffer at neutral pH.

200 = {O, + O exp[-AG’/(RT) + An In(1 + kD)l}/
{1 +exp[-AG’/(RT)+ An In(1 + kD)]} (1)

This model was originally derived to evaluate free
energy changes for the disorder-to-order transition of
hPrP[173-195] by extrapolating isothermal titration
data to zero concentration of SDS [27]. Here, the
surfactant concentration is given by D, and ©®, and
Or represent the initial and final dichroic signal values,
respectively. The free energy of secondary structure
formation in the absence of SDS is given by AG°, and
Anrepresents the excess of the surfactant binding sites
in the saturated state characterized by the intrinsic
binding constant k. Curve fitting was carried out
fixing I =50000 Mm~!, which is the value found for
SDS interaction with electrostatic binding sites of
small proteins [51], and ®, and ©; at their respective
experimental values. The AG® and An values resulting
from this fitting procedure (correlation = 0.994) were
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24.3+75kJ/mol and 2.5+0.7 sites, respectively
(estimated value + standard deviation). Notably, the
value of An well agrees with the number of potentially
charged residues present in hPrP[180-195] (namely,
two lysines and one histidine). NMR evidence of whether
or not SDS is acting like a protein core could not be
obtained because of extensive aggregation on raising
the peptide concentration.

Very strong environmental modifications were neces-
sary to modify the marked preference of hPrP[180-195]
for a B-type conformation. Indeed, both pH decrease
and temperature increase caused conversion into
prevalently random organization, and the thermal tran-
sition was even accompanied by extensive aggregation
(data not shown). The conformational arrangement that
hPrP[180-195] is able to assume at neutral pH, even
in the absence of SDS, suggests that the 180-195
parental region in hPrP® makes a strong contribution
to the chameleon conformational behavior of the seg-
ment corresponding to the full-length «2-helix [27], and
could play a role in determining the structural rear-
rangements of the entire globular domain. However, on
TFE addition (<50%), an increase of «-helical content
could be observed, as testified by the appearance of
a shoulder around 208 nm (Figure 3(B)), but a fully
helical conformation was obtained only in neat TFE.

TFE is well known for its a-helix-inducing properties.
We have already reported [37] that, using TFE as a
mimetic of the PrP® interior, hPrP[173-195] adopts
the helical conformation that is fully observed in
the native protein, whereas the conformation of the
hPrP[173-195]D178N mutant is modified into a bent
structure formed by two helices separated by a kink
centered on Lys185 and GInl86. This suggests that
structural weaknesses occurring in the N-terminal
173-179 region, such as the D178N substitution that
we have examined, may lead to partial unwinding of
the helical conformation of the 180-195 segment in a
native-like environment. Hence, also considering that,
in aqueous solution, the 173-179 region has been
shown to disfavor the occurrence of a regular structure
in the remaining part of the entire «2-helix-derived

Table 1 Secondary structure and neurotoxicity of «2-helix-derived peptides

Peptide Secondary structure FCsg
(phosphate buffer, pH 7) (um)

hPrP[173-179] Random 430

Ac-NNFVHDC-NH3

hPrP[180-195] Beta 11

Ac-VNITIKQHTVTTTTKG-NHj

hPrP[173-195] Random 68

Ac-NNFVHDCVNITIKQHTVTTTTKG-NH,

hPrP[173-195]D178N Random 12

Ac-NNFVHNCVNITIKQHTVTTTTKG-NHgo

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 3 Effect of structuring agents on hPrP[180-195]. Increasing amounts of SDS and TFE were added to 20 um peptide
dissolved in 10 mm phosphate buffer, pH 7. Final spectra were corrected for dilution. The inset shows best fitting of SDS binding
data to Eqn (1) (ellipticity at 200 nm, see text for details). The fitting procedure was performed implementing this equation in the
general-purpose nonlinear fitting program Scientist from MicroMath Software (San Diego, CA).

segment, as modeled by the hPrP[180-195] peptide, we
have then used TFE to investigate whether this region
may play a role in affecting the intrinsic conformational
propensity of the isolated 180-195 segment even under
a nativelike condition.

Indeed, as shown in Figure 4, strong dangit1)
sequential and ds;i+3 medium range effects derived
from the NOESY spectrum of hPrP[180-195] dissolved
in TFE were typical of «-helical structure, and a
similar suggestion comes from the bundle of the region
182-191 of the best 30 DYANA structures sampled in
TSSA calculations. This provides direct evidence that
the 180-195 segment possesses an intrinsic ability to
adopt a fully helical conformation in TFE, but, when
compared with the data summarized above, indirectly
suggests that the modification of the 173-179 region,
as occurring in hPrP[173-195]D178N, plays a role in
determining the unwinding of its helical arrangement.
In other words, the intrinsic propensity of the 180-195
region to adopt regular conformation appears to be
strongly affected by the presence of the 173-179
region, which is able to perturb the organization of
the whole «2-helical segment in a manner that depends
on whether the environment is water (nonnative) or TFE
(nativelike).

CONCLUSIONS

It is currently believed that the major structural
modifications involved in the PrP protein misfolding
are located in the structureless N-terminal region, and
a number of models have been proposed [52-55].
However, several investigations methodically neglect
a possible involvement of the globular domain, and
sometimes are not devoid of contradiction, so that
any definite conclusion cannot be made yet [53-57].

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 4 NOE effects and DYANA backbone fitting of
hPrP[180-195]. Connectivities were derived from NOESY
spectra at 300-ms mixing time. Backbone NOE connectivities
are indicated by horizontal lines between residues, with
thickness indicating their relative magnitude. The first three
lines below the amino acid sequence represent torsion angle
restraints for the backbone torsion angles ¢ and v, and for the
side-chain torsion angle x;. For ¢ and ¢, | symbols enclose
secondary-structure-type conformation; A symbols indicate
compatibility with an ideal «-helix; ¥ are used for torsion
angles compatible with g-strand; and a ® symbol marks a
restraint that excludes the torsion angle values of these regular
secondary structure elements. Filled squares of different sizes
depict torsion angle restraints for x;, depending on the number
of allowed staggered rotamer positions. The bundle of the
region 182-191 of the best 30 DYANA structures was obtained
by best fitting of the backbone (RMSD = 0.45 + 0.25 A).

On the other hand, we have reported on several
occasions that functional and structural properties of
peptides derived from the human full-length helix 2
are compatible with the involvement of this segment
in the conversion of PrP¢ to PrP° [9,10,27,32,37], and
recent studies have finally turned their attention to
the C-terminal «-helical region [38,39]. Although the
organization of helix 1 and helix 3 is preserved in
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the whole PrP architecture, likely because of their
intrinsic structural stability [31,56,58,59], the other
side of the coin is that conformational ambiguity
makes the structural arrangement of the segment
corresponding to helix 2 strongly dependent on the
environment [21,27,60-63]. Here, we have shown that
the C-terminal «2-helical 180-195 region possesses
intrinsic propensity to adopt 8- and «-conformation
in water and TFE, respectively, but its organization
is dominated by the N-terminal 173-179 segment,
although through different mechanisms, both in water
and in TFE. This adds a further clue to the hypothesis
that the segment corresponding to helix 2 is implicated
in the mechanism of anomalous PrP folding, as can be
also inferred from an analysis of the PrP pathological
variants [64-67] and from its recently reported ease of
unwinding [68].
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