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Two peptide fragments, corresponding to the amino acid residues 106–126 (PrP[Ac-106–126-NH2]) and 106–114
(PrP[Ac-106–114-NH2]) of the human prion protein have been synthesised in the acetylated and amide form at their
N- and C-termini, respectively. The conformational preferences of PrP[Ac-106–126-NH2] and PrP[Ac-106–114-NH2]
were investigated using CD and NMR spectroscopy. CD results showed that PrP[Ac-106–126-NH2] mainly adopts an
a-helical conformation in TFE–water mixture and in SDS micelles, while a predominantly random structure is
observed in aqueous solution. The shorter PrP[Ac-106–114-NH2] fragment showed similar propensities when
investigated under the same experimental conditions as those employed for PrP[Ac-106–126-NH2]. From CD
experiments at different SDS concentrations, an a-helix/b-sheet conformational transition was only observed in the
blocked PrP[Ac-106–126-NH2] sequence. The NMR analysis confirmed the helical nature of PrP[Ac-106–126-NH2]
in the presence of SDS micelles. The shorter PrP[Ac-106–114-NH2] manifested a similar behaviour. The results as a
whole suggest that both hydrophobic effects and electrostatic interactions play a significant role in the formation and
stabilisation of ordered secondary structures in PrP[Ac-106–126-NH2].

Introduction
Prion-related disorders which include sheep scrapie, bovine
spongiform encephalopathy (BSE) in cattle, Creutzfeldt–
Jakob disease (CJD), Gerstmann–Straussler–Scheinker syn-
drome (GSS) and fatal familial insomnia (FFI) in humans,
are associated with the conversion of a normal cellular isoform
of prion protein (PrPC) into an abnormal pathological scrapie
isoform (PrPSc). The conversion of the protein is purely confor-
mational and involves a reduction in the a-helices and an increase
in the b-sheet content. Unlike PrPC, PrPSc is partly resistant to
protease digestion and able to polymerise into amyloid fibrils
that accumulate in the brain parenchima.1

NMR studies carried out on several recombinant proteins
from human,2 cow,3 hamster4 and mouse,5 show that PrPC is
composed of two structurally different domains: an extended
N-terminal segment (which approximately extends residues 23–
125) with features of a flexible and disordered peptide chain
and a well defined globular region (residues 126–231) with three
a-helices (residues 144–151, 172–193, 200–227) and two short b-
strands (residues 129–134 and 159–165).2–5 On the other hand,
the protease-resistant core of PrPSc is less characterised and
appears to be mostly b-sheet with less a-helical structure.6

The highly conserved region encompassing residues 106–126
of PrPC is believed to play a key role in such conformational
conversion. Furthermore, it has been shown that this peptide
exhibits some of the pathogenic properties of PrPSc, including

† Electronic supplementary information (ESI) available: CD spec-
trum of PrP[Ac-106–126-NH2]. See http://www.rsc.org/suppdata/
ob/b4/b407928k/
‡ One-letter symbols for the amino acids: A, Ala; G, Gly; H, His;
K, Lys; L, Leu; M, Met; N, Asn; T, Thr; V, Val; CD, circular
dichroism; COSY, correlation spectroscopy; TOCSY, total correlation
spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear Over-
hauser effect spectroscopy; ROESY, rotating-frame Overhauser effect
spectroscopy;. TFE, 2,2,2-trifluoroethyl alcohol; SDS, sodium dodecyl
sulfate; NOS, nitric oxide synthase.

neurotoxicity, protease-resistant properties, induction of hyper-
trophy and proliferation of astrocytes.7–9

In this respect, in vitro studies carried out on the synthetic pep-
tide homologous with this sequence have indicated remarkable
conformational polymorphism, acquiring different secondary
structures in various conditions including pH, ionic strength,
hydrophobic or membrane-like environments.10 The solution
conformation of this peptide sequence, both in water and 50%
TFE–water, has been previously described, by means of nuclear
magnetic resonance (NMR) spectroscopy, by Ragg et al.11 The
authors found that the peptide possesses an intrinsic propensity
to adopt an a-helical conformation in the hydrophobic region
starting from Met112, in the presence of TFE as well as in
deionised water.

Furthermore, previous spectroscopic work showed that the
PrP(106–126)’s conformational plasticity, as well as its aggre-
gation and amyloidogenic propensity, might be regulated by
the hydrophobic palindrome sequence AGAAAAGA, which
was also found to be necessary for the neurotoxic effect of the
peptide.12,13

Thus, PrP(106–126) has been widely used by different groups
as a useful model to mimic the neurotoxicity as well as the
biophysical properties of PrPSc, even though this peptide is not
actually present in the brain during the course of prion diseases.

The primary structure of PrP(106–126) is characterised by
an N-terminal hydrophilic region (KTNMKH–) followed by
a long hydrophobic tail (–MAGAAAAGAVVGGLG), which
enables the peptide to interact with the cellular membrane.
In this regard, previous studies have shown that PrP(106–
126) forms single ion channels in artificial membrane made
up of a lipid bilayer.14–17 The results suggested that PrP(106–
126)’s ion channel-forming ability might be the mechanism of
action by which this amyloidogenic peptide fragment exerts its
cytotoxicity.18 In addition, PrP(106–126)’s primary sequence is
an integral part of the domain that spans the endoplasmic
reticulum membrane in CtmPrP, a transmembrane form of the
prion protein, that in some circumstances has been associated
with neurodegeneration without detectable PrPSc.19
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Recently, it has been reported that when human microglial
cells were challenged with the fibrillogenic peptide PrP(106–
126), induction of NOS-II was observed together with an
increase of nitrite levels in the supernatants of cultures. On the
contrary, the scramble sequence of PrP(106–126) and the non-
fibrillogenic C-terminally amidated form of PrP(106–126) were
unable to determine any significant increase in nitrite levels in
these cells.20

It should be said that the majority of the studies conducted
on PrP(106–126) have been carried out by using samples of the
peptide fragment with unblocked N- and C-termini. Conversely,
the acetylation of the N-terminus and the amidation of the C-
terminus should provide a peptide model that more properly
mimics the sequence inserted within the primary structure of
the parent protein.

In the present paper we investigate the solution conformation
of two peptides corresponding to residues 106–126 and 106–114
of the human prion protein. In both the peptide fragments the C-
terminus was synthesised in the amide form, and the N-terminus
amino group was acetylated. The conformational preferences of
these peptides were investigated in aqueous solution, in mixed
solvents obtained by addition of variable amounts of TFE, or
in the presence of different concentration of SDS by means of
circular dichroism. In addition, NMR experiments were carried
out in the presence of SDS micelles to investigate the solution
conformation of these two peptides at a membrane mimicking
environment. The comparison of the results obtained for the
hydrophilic PrP[Ac-106–114-NH2] (Ac-KTNMKHMAG-NH2)
peptide fragment and the whole PrP[Ac-106–126-NH2] sequence
(Ac-KTNMKHMAGAAAAGAVVGGLG-NH2) of this study
may provide insight into the possible mechanism of interaction
at membrane-like environments in addition to detailed informa-
tion on the secondary structure of these new model peptides.

Experimental
Materials

All N-fluorenylmethoxycarbonyl (Fmoc)-protected amino-
acids, 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU), N-hydroxybenzotriazole (HOBT)
and Novasyn TGR resin were purchased from Novabiochem
(Switzerland). N,N-Dimethylformamide (DMF, peptide syn-
thesis grade) and 20% piperidine–DMF solution, were from
Perseptive Biosearch. N,N-Diisopropyl-ethylamine (DIEA), tri-
isopropylsilane (TIS), trifluoroacetic acid (TFA), ethanedithiol
(EDT), TFE, SDS, sodium dodecyl−d25 sulfate (SDS−d25, >98%
isotopic enrichment), were from Sigma Aldrich. All other
chemicals were of the highest available grade and were used
without further purification.

Peptide synthesis and purification

The peptides PrP[Ac-106–126-NH2] and PrP[Ac-106–114-NH2]
were synthesised on a Milligen Model 9050 peptide synthesizer
using Na-fluorenylmethoxy-carbonyl (Fmoc) amino acids. The
following L-amino acid derivatives were used: Fmoc-Lys(Boc)–
OH, Fmoc-Thr(tBu)–OH, Fmoc-Asn(Trt)–OH, Fmoc-Met–
OH, Fmoc-His(Trt)–OH, Fmoc-Ala–OH, Fmoc-Val–OH,
Fmoc-Leu–OH and Fmoc-Gly–OH. All residues were intro-
duced according to the TBTU/HOBT/DIEA method. The
synthesis was carried out under a fourfold excess of amino acid at
every cycle and each amino acid re-circulated through the resin
for 30 min. In the synthesis of PrP[106–126] double coupling
cycles were introduced for Ala120, Val121, Val122, and Leu
125, amino acid residues.

Each peptide was cleaved from the resin by treatment with a
TFA–H2O–TIS–EDT mixture (94 : 2.5 : 1 : 2.5 by volume) over
1.5–2.0 h.

The solution containing the free peptide was filtered off from
the resin, concentrated in vacuo at a temperature not exceeding

30 ◦C and then precipitated with cold freshly distilled diethyl
ether.

The precipitate was filtered off and desiccated under vacuum.
The crude products were lyophilised before purification.

The PrP[Ac-106–126-NH2] was purified by preparative RP-
HPLC on a Vydac C18 (2.2 × 25 cm; 10 lm particle size and
300 Å pores) chromatographic column with a linear gradient of
100 : 0 water (containing 0.1% TFA)–acetonitrile (containing
0.1% TFA) to 65 : 35 water (containing 0.1% TFA)–acetonitrile
(containing 0.1% TFA) over 35 min at a flow rate of 10 mL min−1.

The PrP[Ac-106–114-NH2] was purified by ion exchange
chromatography on a CM-sephadex C-25 (NH4

+ form) column.
The column was eluted initially with water and then with a
linear gradient of aqueous NH4HCO3 (0–0.4 M; 1600 mL).
Fractions were assayed by TLC and those containing the desired
product (eluent: PrOH–H2O–EtOAc–NH4OH 5 : 3 : 5 : 1
v/v/v/v and BuOH–AcOH–H2O 60 : 15 : 25 v/v/v) were
combined, concentrated to dryness under vacuum at 40 ◦C,
repeatedly dissolved in water and dried to decompose any
remaining ammonium hydrogencarbonate. The purity of both
peptides was checked by analytical RP-HPLC using a Vydac C18

chromatographic column (150 × 4.6 mm; 5 lm particle size and
300 Å pores). Two gradients of acetonitrile (containing 0.1%
TFA) and water (containing 0.1% TFA) were used: for PrP[Ac-
106–126-NH2] a linear gradient of 85 : 15 water–acetonitrile
to 70 : 30 water–acetonitrile over 25 min and at a flow rate of
1 ml min−1 was used. In the case of PrP[Ac-106–114-NH2] the
water–acetonitrile gradient started from 95 : 5 to 70 : 30 water–
acetonitrile over 30 min and at a flow rate of 1 ml min−1 Peptide
elution was monitored at 222 nm. Purity was greater than 98%
for both peptides.

The products were characterised by ESI-MS PrP[Ac-106–126-
NH2]: m/z 1953.5 (M + H)+, calculated for C82H141N27O24S2

1952.0; PrP[Ac-106–114-NH2]: m/z 1058.3 (M + H)+, calculated
for C43H75N15O12S2 1057.5.

Spectroscopic measurements

Circular dichroism (CD). The CD spectra were obtained at
300 K under a constant flow of nitrogen on a Jasco model J-810
spectropolarimeter, calibrated with an aqueous solution of (1R)-
(−)-10-camphorsulfonic acid, ammonium salt.21 Experimental
measurements were carried out under a variety of experimental
conditions including different pH, different percentages of
aqueous TFE or different SDS concentrations. The CD spectra
were recorded in the UV region (190–260 nm) using 1 mm path
length cuvettes with peptide concentrations of 2.0 × 10−4 M. The
spectra represent the average of 8–20 scans. CD intensities are
expressed as mean residue ellipticity [h] (deg cm2 dmol−1).

NMR spectroscopy. All NMR spectra were acquired at
300 K on a Varian INOVA Unity-plus spectrometer operating at
499.884 MHz. Lyophilised samples of ca. 2 mM concentration
were dissolved in 90 : 10 H2O (with 0.17 M SDSd25) : D2O, and
90 : 10 H2O (with 0.17 M of SDSd25–SDS in a 3 : 1 ratio) :
D2O. Trimethylsilylpropionic acid (TSP) was used as an internal
standard. The pH of the solution was adjusted to pH 5.0 by
adding the appropriate acid or base solution. The electrode-
measured pH values are uncorrected for the isotope effect.

1D spectra were generally acquired with 32768 data points
over a spectral width of 6000 Hz. 2D experiments were typically
acquired with 2048 data points in the t2 dimension and 512
t1 increments. Water saturation was achieved by low power
irradiation during the relaxation delay. TOCSY spectra were
acquired with a spin locking field of 7 kHz at a mixing time of
80 ms. ROESY spectra were run using a 2 kHz spin locking field
at a mixing time of 250 ms. Mixing times of 300 and 500 ms were
used in the NOESY experiments.
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Results and discussion
Circular dichroism analysis

The solution conformation of PrP[Ac-106–126-NH2] and
PrP[Ac-106–114-NH2] at different solvent environments was in-
vestigated by CD spectroscopy. The CD spectra of both peptides,
recorded in aqueous solutions, exhibited a strong negative band
below 200 nm and weaker broad negative ellipticity around
222 nm typical of peptides in a random coil conformation.22

In both peptide samples, varying the pH of the solution from
4.0 to 11.0 did not significantly modify the shape of the CD
curves toward the b-sheet spectral pattern that may be a prelude
to the aggregation into amyloid fibrils (Fig. 1).22 Moreover,
incubating the PrP[Ac-106–126-NH2] sample solutions over a
period of 92 h in water at pH 7.0, or in 100 mM phosphate
buffer at pH 5.0 or 7.0, did not result in spectral modifications
that could indicate conformational change toward the b-sheet
structure (data not shown). These results indicated that blocking
both N- and C-termini completely inhibited the aggregation
propensity in PrP[Ac-106–126-NH2] and are in agreement with
data previously reported for the C-terminus amidated peptide
analogue.23 In the presence of increasing concentration of TFE,
the shape of the CD spectrum of PrP[Ac-106–126-NH2] becomes
progressively more similar to that of the helical conformation
showing double minima at 206 and 222 nm and a positive
band at 192 nm (Fig. 2).24 Above 40% and up to 70% TFE
a helix fraction of 0.17 was independently estimated by the
CONTIN/LL program provided within the CDPro software
package25 and by the [h]222 value.26 However, the lack of an
isodichroic point might reflect the presence of other intermediate
conformers that make the equilibrium not easily interpretable in
terms of simple random coil–helix transition. In this respect,
it should be mentioned that the CONTIN/LL calculation
indicates a significant fraction of b-sheet structure that reaches
its maximum (around 0.30) at 20–30% of TFE, then it declines
to 0.25 in the 40–70% TFE range. The effect of pH on
helix stabilisation was investigated in 50% aqueous TFE. The
resulting CD spectra indicated that the helical content increases
as the pH increases. In particular, the [h]222 values plotted
as a function of the pH indicated that the neutralisation of
the positively charged e-amino groups of the Lys residues,
that occurred above pH 10, remarkably stabilized the helix
dipole thus enhancing the a-helical content (Fig. 3).27 A similar
spectroscopic behaviour was observed for the PrP[Ac-106–114-
NH2] peptide fragment containing the polar and hydrophilic
amino acid residues of the PrP[Ac-106–126-NH2] sequence. In
fact, although to a lesser extent with respect to PrP[Ac-106–
126-NH2], the CD experiments carried out in the increasing
percentages of TFE in water, showed that the inherent a-helical
propensity is maintained even in such a short peptide sequence
(Fig. 4). In this case, the presence of an isodichroic point

Fig. 2 CD spectra of PrP[Ac-106–126-NH2] (C = 2.0 × 10−4 M)
recorded at different concentrations of TFE at pH 7.0: (a) H2O; (b)
5% TFE; (c) 10% TFE; (d) 20% TFE; (e) 30% TFE; (f) 40% TFE; (g)
50% TFE; (h) 70% TFE.

around 203 nm suggests that the PrP[Ac-106–114-NH2] peptide
is mainly adopting two conformational states and is consistent
with the presence of mixed helix and coil conformations.28 Based
on CONTIN/LL calculation and [h]222 value a helical content
around 10% has been estimated for this system at 70% TFE. In
the same way as PrP[Ac-106–126-NH2], the CD experiments
carried out at 50% TFE revealed the stabilising effect of the
increasing pH toward the peptide’s helical transition (Fig. 5).
Again, major effects were observed above pH 10 as a result of
the neutralisation of the Lys e-amino groups (see Fig. 5). The
whole of the above CD data demonstrate the good propensity of
PrP[Ac-106–126-NH2] to fold into the a-helix conformation at a
more hydrophobic environment. Moreover, the capability of the
short peptide fragment PrP[Ac-106–114-NH2] to undergo a coil
to a-helix transition suggests that the conformational changes
observed for PrP[Ac-106–126-NH2] might not be exclusively
confined within the hydrophobic region.

To obtain further information on the conformational prop-
erties of PrP[Ac-106–126-NH2] in a membrane-mimicking en-
vironment, we extended our CD study by examining PrP[Ac-
106–126-NH2] samples in aqueous solutions containing sodium
dodecyl sulfate. SDS has been extensively used for the structural
investigations of membrane peptides as it provides a hydropho-
bic environment that mimics either biological membranes or the
interior of proteins.29

In 0.17 M SDS–water mixture, PrP[Ac-106–126-NH2] clearly
adopts an a-helical conformation (Fig. 6). However, unlike the
behaviour observed in 50% TFE (Fig. 3), varying the pH of
the solution resulted in negligible modification in the intensity

Fig. 1 CD spectra of (a) PrP[Ac-106–126-NH2] (C = 2.0 × 10−4 M) and (b) PrP[Ac-106–114-NH2] (C = 2.0 × 10−4 M); in H2O at different pH
values. From bottom to top (arrow): pH = 4.0; pH = 5.0; pH = 6.0; pH = 7.0; pH = 8.0; pH = 9.0; pH = 10.0; pH = 11.0.
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Fig. 3 CD spectra of PrP[Ac-106–126-NH2] (C = 2.0 × 10−4 M) in 50% H2O–TFE at different pH values: (a) pH = 4.0; (b) pH = 5.0; (c) pH = 6.0;
(d) pH = 7.0; (e) pH = 8.0; (f) pH = 9.0; (g) pH = 10.0; (h) pH = 11.0. Inset: plot of [h]222 vs. pH.

Fig. 4 CD spectra of PrP[Ac-106–114-NH2] (C = 2.0 × 10−4 M)
recorded at different concentrations of TFE at pH 7.0: (a) H2O; (b)
10% TFE; (c) 30% TFE; (d) 50% TFE; (e) 70% TFE.

of the spectra, suggesting that in the presence of SDS micelles
peptide’s helicity already reaches its maximum at pH 4; this in
turn implies that in such experimental conditions, the folding
of the peptide is mostly driven by hydrophobic effects. In sharp
contrast, when the same experiment was carried out for the
PrP[Ac-106–114-NH2] fragment, the observed partial helical
conformation was progressively stabilised by increasing the pH
of the solution. In this case, however, the expected enhancement
of the helical population above pH 10 was not observed (Fig. 7).

It has been reported that at concentrations below its critical
micellar concentration (c.m.c., 1–10 mM depending on the
ionic strength), SDS promotes b-sheet structure in peptides
with b-sheet structure propensity.30 The CD spectra reported
in Fig. 8 were recorded at pH 7.0 and show that in the SDS
concentration range of 50.0 to 500.0 lM (which is below
the c.m.c.) PrP[Ac-106–126-NH2] remained in a random coil
conformation. Between 1.0 and 5.0 mM of SDS, that are
concentration values close to the c.m.c., the peptide underwent
a conformational transition toward the b-sheet structure as
suggested by the appearance of a positive band at 195 nm
and a negative ellipticity at 218 nm in the related CD spectra.
However, at these SDS concentrations, PrP[Ac-106–126-NH2]

showed a reduced solubility and the sample solution became
slightly turbid. To verify whether the shape of these spectra could
be affected by the presence of scattering artefacts the dichroic
activity, as well as the absorption spectra, were measured in the
350–600 nm wavelength range. Neither appreciable ellipticity
nor absorption bands were detected at these wavelengths. Far
UV CD experiments (190–260 nm range) with the cuvette
positioned at different distances from the spectropolarimeter’s
photomultiplier were also performed. It turned out that the CD
spectrum, recorded with the cuvette in contact with the pho-
tomultiplier’s window, just exhibited a less pronounced positive
ellipticity in the range of 190–210 nm whereas for the remaining
part it was identical to that one recorded with the cuvette placed
in its appropriated slot (see supplementary materials†). Both
spectra retained the typical profile of the b-sheet conformation.
These results indicate that even if some light-scattering can
occur, due to the turbidity of the sample solution, this does
not affect significantly the shape of the corresponding spectra.
This in turn validates the consistency of the curves (c) and (d)
reported in Fig. 8. Further increasing the SDS concentration
to 0.01 M (just above the c.m.c.) resulted in the complete
dissolution of the peptide, and the recorded CD spectra were
typical of the a-helix conformation. No change in the shape of
the CD curves was observed up to 0.17 M of SDS. The
b-sheet structure formation and the consequent aggregation
that occurred at low SDS concentration, may result from the
attractive electrostatic interaction of the negatively charged
SDS’s sulfate group with the cationic side chains of Lys, and
to a certain extent His, amino acid residues. This phenomenon
may lead to an enhancement of the intermolecular interactions
between the hydrophobic region of the peptide.31 In this regard,
and unlike the behaviour observed for PrP[Ac-106–126-NH2],
the CD spectra of the shorter peptide PrP[Ac-106–114-NH2]
did not show any b-sheet structure or aggregation tendencies
at any concentration of the detergent and at neutral pH (data
not shown). Such a different behaviour brings into evidence
the pivotal role of the PrP[Ac-106–126.NH2]’s hydrophobic core
sequence in the observed conformational polymorphism.

NMR spectroscopy

More precise data on the conformational preferences of both
PrP[Ac-106–126-NH2] and PrP[Ac-106–114-NH2] in micellar
SDS environment were obtained by NMR spectroscopy.
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Fig. 5 CD spectra of PrP[Ac-106–114-NH2] (C = 2.0 × 10−4 M) in 50% H2O–TFE at different pH values: (a) pH = 4.0; (b) pH = 5.0; (c) pH = 6.0;
(d) pH = 7.0; (e) pH = 8.0; (f) pH = 9.0; (g) pH = 10.0; (h) pH = 11.0. Inset: plot of [h]222 vs. pH.

Fig. 6 CD spectra of PrP[Ac-106–126-NH2] (C = 2.0 × 10−4 M) in
0.17 M aqueous SDS at different pH values: From top to bottom (arrow):
pH = 4.0; pH = 5.0; pH = 6.0; pH = 7.0; pH = 8.0; pH = 9.0; pH =
10.0; pH = 11.0.

All the NMR experiments were performed at pH 5.0.
Sequence-specific assignment of the proton resonances were
achieved by spin-system identification from COSY and TOCSY
spectra, followed by sequential assignments through NOE
connectivities.32 The complete assignment of the proton chem-
ical shifts of PrP[Ac-106–126-NH2] and PrP[Ac-106–114-NH2]
in 0.17 M SDS is reported in Table 1.

The presence of helical secondary structure was verified by
examining the ROESY and NOESY spectra for distinctive
sequential and medium-range NOEs as well as by measuring
the variation of the Ha chemical shift values relative to their
random coil shifts (DdHa).32,33

The helix conformation is readily identified by a series of
strong consecutive dNN(i,i+1) NOEs concomitant with daN(i,i+3).
The short- and medium-range NOE interactions observed for
PrP[Ac-106–126-NH2] in H2O/SDS 0.17 M are shown in Fig. 9.
These include strong dNN(i,i+1) and daN(i,i+1) sequential NOEs
together with evident daN(i,i+3) and daN(i,i+4) medium range connec-
tivities. These data suggest that the PrP[Ac-106–126-NH2] can
fold into a predominantly a-helical conformation. Moreover,
the observation of some daN(i,i+2) and dNN(i,i+2) connectivities in

the region encompassing the residues Ala115 and Gly123, may
reflect the presence of mixed 310 helix and a-helix conformation
in this part of the peptide sequence. This last observation
is in agreement with the reported ability of Ala-rich peptide
sequences to adopt a 310 helical conformation.34

The same NMR experiments were conducted for the shorter
peptide PrP[Ac-106–114-NH2] and the partial helical character
of this peptide could be only inferred from the presence of
dNN(i,i+1) connectivities (Fig. 9).

The DdHa secondary shifts can provide a straightforward way
for assessing local helix content. Relative to a random coil
conformation, an increase of helicity results in an upfield shifts
of 1Ha resonances, which in turn results in a negative variation
of the chemical shifts.33

The negative secondary shift values reported in Fig. 10
revealed the presence of considerable a-helical conformation
between Met109 and Ala118 segment. The Gly119 and Ala120
residues seem to interrupt the propagation of the helical
conformation notwithstanding the contrary effect of the next
two Val residues.

Furthermore, the comparison of the DdHa for both peptides
(Fig. 10) suggests that the hydrophobic tail in PrP[Ac-106–126-
NH2] has a remarkable effect in the propagation of the helical
conformation also in the hydrophilic region. Indeed, the Ha
protons relative to the longer PrP[Ac-106–126-NH2] peptide are
shifted upfield to greater degree than the same protons in the
PrP[Ac-106–114-NH2] sequence. Estimation of helicity based on
CaH upfield shift in the longer peptide PrP[Ac-106–126-NH2]
using the method suggested by Rizo et al.,34 indicated a helical
content around 45%. This value is not much different from the
helicity value of 38% obtained by analysing the CD spectra
shown in Fig. 6 with the CONTIN/LL program.

To observe direct contacts between SDS and PrP[Ac-106–126-
NH2] protons, NOESY spectra were carried out in the presence
of a 0.17 M mixture of SDSd25–SDS (in a 3 : 1 ratio).28,35

SDS peaks were assigned on the basis of previously reported
NMR data and by comparison with authentic spectra of
separate SDS samples.36

A number of intermolecular cross-peaks were observed
(Fig. 11); these included the SDS C12-H with His-bCH2 and
Met-cCH2; SDS C4–11-H with Asn-bCH2, Lys-eCH2 and
Met-cCH2; SDS C2-H with Met-cCH2. Additional peptide–
SDS interactions, namely with the methyl protons of the Ala, Val
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Fig. 7 CD spectra of PrP[Ac-106–114-NH2] (C = 2.0 × 10−4 M) in 0.17 M aqueous SDS at different pH values: (a) pH = 4.0; (b) pH = 5.0; (c) pH =
6.0; (d) pH = 7.0; (e) pH = 8.0; (f) pH = 9.0; (g) pH = 10.0; (h) pH = 11.0. Inset: plot of [h]222 vs. pH.

Fig. 8 CD spectra of PrP[Ac-106–126-NH2] (C = 2.0 × 10−4 M)
recorded at different concentrations of SDS at pH 7.0: (a) 5.0 × 10−5 M;
(b) 1.0 × 10−4 M; (c) 5.0 × 10−4 M; (d) 1.0 × 10−3 M; (e) 5.0 × 10−3 M;
(f) 1.0 × 10−2 M; (g) 5.0 × 10−2 M; (h) 0.1 M; (i) 0.17 M.

Fig. 9 Sequential and medium range NOE connectivities in the
peptides (a) PrP[Ac-106–126-NH2] and (b) PrP[Ac-106–114-NH2] in
0.17 M aqueous SDS at 300 K and pH 5.0. The thickness of the
lines reflects the relative intensities of the NOEs within the individual
plot (a) and (b). Solid lines indicate unambiguous NOEs. Dashed lines
indicate possible NOEs where chemical shift degeneracy interferes with
identification.

Fig. 10 A comparison of Ha chemical shift deviation from random
coil values (DdHa). The chemical shift values were measured in the
experimental conditions reported in Table 1. DdHa = dobs−drandomcoil. The
random coil values were taken from Wishart et al.33g

Fig. 11 Portion of the 300 ms NOESY spectrum of PrP[Ac-106–126-NH2]
in the presence of a 3 : 1 SDSd25/SDS mixture at pH 5.0 and 300 K. Selec-
ted NOE cross-peaks between SDS and peptide protons are labelled.

O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 9 0 – 4 9 7 4 9 5



Table 1 Proton chemical shifts of PrP[Ac-106–126-NH2] and PrP[Ac-106–114-NH2]a

PrP[Ac-106–126-NH2] PrP[Ac-106–114-NH2]

Residue NH a b Others NH a b Others

Ac — — — 2.05 — — — 2.05
106Lys 8.19 4.17 1.83 cCH2 1.46; dCH2 1.64; eCH2 2.99 8.19 4.18 1.85 cCH2 1.47; dCH2 1.69; eCH2 2.98
107Thr 8.06 4.21 4.16 cCH3 1.19 8.01 4.26 4.23 cCH3 1.17
108Asn 8.20 4.70 2.83 CONH2 7.53; 6.90 8.17 ND 2.79 CONH2 7.48; 6.88
109Met 8.16 4.27 2.07 cCH2 2.60; eCH3 2.06 8.02 4.40 2.06 cCH2 2.53;eCH3 2.12
110Lys 8.14 3.99 1.83 cCH2 1.50; dCH2 1.64; eCH2 2.99 8.03 4.11 1.79 cCH2 1.36; dCH2 1.69; eCH2 2.98
111His 8.06 4.58 3.32 4H 7.38; 2H 8.65 8.13 4.60 3.24 4H 7.32; 2H 8.64
112Met 8.12 4.26 2.07 cCH2 2.60; eCH3 2.06 8.02 4.36 2.06 cCH2 2.53; eCH3 2.12
113Ala 8.26 4.12 1.45 — 8.08 4.27 1.40 —
114Gly 8.25 3.83 — — 8.13 3.87 — —
115Ala 7.97 4.14 1.45 — — — — —
116Ala 8.11 4.12 1.45 — — — — —
117Ala 8.05 3.88 1.45 — — — — —
118Ala 8.03 4.11 1.45 — — — — —
119Gly 8.12 3.88 — — — — — —
120Ala 7.86 4.23 1.45 — — — — —
121Val 7.81 3.89 2.17 cCH3 0.98 — — — —
122Val 7.92 3.88 2.17 cCH3 0.98 — — — —
123Gly 8.18 3.93 — — — — — —
124Gly 7.96 3.97 — — — — — —
125Leu 7.90 4.32 1.74 cCH2 1.58; dCH3 0.90 — — —
126Gly 8.17 3.89 — — — — — —
NH2 — — — 7.30; 7.00 — — — 7.32; 7.02

a Chemical shifts are expressed in d and referenced to internal TSP [sodium(trimethylsilyl)]propionate]. Values were measured in 0.17 M aqueous
SDS−d25 90% and 10% D2O at pH 5.0 and 300 K. ND = not detected.

and Leu amino acid residues, may be present but could not
be observed due to the overlapping with the huge signals of
SDS. In the aromatic region a weak cross-peak was assigned
to the interaction of the SDS C1-H proton (d 3.98) with the
imidazole 4H proton (d 7.38) (data not shown).

The observed intermolecular NOE contacts support the
hypothesis that SDS molecules can interact with the amino
acid residues located in the hydrophilic N-terminal region of
the PrP[Ac-106–126-NH2] sequence. The attractive electrostatic
interactions between the anionic groups of SDS and the cationic
groups of lysine or histidine may drive the organisation of
the micelles around the peptide chain. Such an interaction
is particularly interesting because it can contribute to the a-
helical structuring in the presence of SDS micelles, whereas
it may promote the conformational transition toward the b-
sheet structure when the SDS concentration is just below the
critical micellar concentration.31 Our findings are consistent with
results reported for the unblocked peptide fragment MoPrP106–
126 in which the central portion of the peptide spanning
the palindrome sequence has been determined to be involved
in the core region of the b-sheet structure observed in the
fibrils.37 In addition, the absence of conformational effects in
the micellar environment recently reported for a prion peptide
fragment encompassing the residues 92–113 (therefore lacking
the hydrophobic region), further support the critical role of the
PrP[Ac-106–126-NH2]’s hydrophobic region in the a-helix/b-
sheet conformational conversion.38

It should be said that the unblocked PrP(106–126) ana-
logue has been already shown to be able to adopt b-sheet
conformation,10 however, to the best of our knowledge, the CD
results we obtained in the presence of different concentration of
SDS show for the first time the capability of the N-acetylated
and C-amidated form of PrP(106–126) to undergo a a-helical/b-
sheet conformational transition.

The results obtained in the present study are interesting in the
view of suggestions about the possible role of membranes and/or
membrane components in the pathological conversion of PrPC 39

and may allow us to speculate that side chain charge shielding of
ionic amino acid residues, in conjunction with the hydrophobic
environment of the biological membranes or contacts with the

inner part of the PrPC structured region, might represent the
early events that trigger the pathological conversion of the
physiological PrPC into the pathological PrPSc.
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