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Abstract: Both theoretical studies and direct experimental evidence have emphasized the importance of electrostatic interactions
in the general phenomenon of spontaneous amyloid fibril formation. A number of observations have recently spurred interest
in the contribution of these interactions to the conformational behavior of the prion protein. In this paper, we show how salt
addition and pH change can modify the conformation of two peptide analogues derived from the human prion protein helix 2
according to a Hofmeister-series-type dependence. Employment of various sodium salts allowed us to highlight the fact that
chaotropic anions favor unstructured conformation, whereas kosmotropic anions promote the formation of compact structures
like «-helix and B-sheet, which may ultimately facilitate fibril formation. This finding should warn people engaged in ion-based
research on prion and derived peptides about cation-bound effects, which have been almost exclusively investigated to date, being
easily confounded with modifications that are actually caused by anion activity, thus leading researchers into misunderstand
ion-specific effects. To avoid the common complication of ion confounding, it is highly desirable that experiments be designed so
that the species causing the modification can be unequivocally perceived. Copyright © 2006 European Peptide Society and John

Wiley & Sons, Ltd.
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INTRODUCTION

The unfolding of the cellular prion protein (PrP¢) and
its refolding to the amyloid fibril prone scrapie isoform
(PrP°) are related to prion diseases [1]. Actually, the
presence of proteinaceous amyloid deposits in organs
and tissues, which may cause cell death and tissue
damage, is common to all amyloid disorders. Thus,
amyloid formation is viewed as a generic property of
the polypeptide chain, with no relation to sequence
or structural similarity. In fact, under appropriate
conditions any protein can form amyloid fibrils, in
which the monomeric unit is characterized by a
common cross-g-sheet backbone [2]. It is therefore
apparent that understanding the general phenomenon
of spontaneous amyloid assembly, both in vivo and
in vitro, is of fundamental importance. Knowledge of
the molecular basis of neurodegenerative diseases
provides the foundation for rational structure-based
drug design, aiming at the early diagnosis and
protective treatment of amyloid disorders. Along this
route, the behavior of the full-length prion protein
and its fragments has been thoroughly investigated
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at different pHs and in the presence of denaturants
[3-10]. A number of observations have recently spurred
interest in the contribution of electrostatic interactions
to the conformational behavior of the prion protein.
Both theoretical studies [11] and direct experimental
evidence [12] have emphasized the importance of
electrostatic interactions in the general phenomenon
of spontaneous amyloid fibril formation. It has even
been shown that ionic solutes play a role in the
conversion of PrP® into PrP*¢ and its subsequent
oligomerization [13]. Recently, it has been found that an
increase in salt concentration destabilizes the structure
of the full-length prion protein, but is ineffective in
perturbing the N-terminus truncated form [14]. The
authors suggested that this different behavior could
depend on the interaction between the N-terminal
region and the protein globular core, hypothesizing the
involvement of helix 1. In reality, this helix is stabilized
by intrinsic electrostatic interactions and behaves as
an autonomous structural unit [11]. Because of its
high stability, it could even contribute to a barrier
that prevents the spontaneous conversion of PrP¢
to PrP° isoform [15]. On the other hand, we have
previously reported that the fragment corresponding to
helix 2 of the human prion protein, hPrP[173-195],
displays conformational ambiguity [16]. This led us
to agree with others that full-length helix 2 could be
involved in the nucleation process of prion misfolding
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and oligomerization [16,17]. On this ground, we were
prompted to investigate whether and how the nature
of the salt employed to adjust the ionic strength may
affect the conformational behavior of this fragment.
Contrary to recent studies on cation binding to PrP
protein [18-21], we focus on the usually unexplored
anion effect.

MATERIALS AND METHODS

Peptide Synthesis and Characterization

The acetylated-N-terminus and amidated-C-terminus peptides
with sequences AcVNITIKQHTVTTTTKGNH2 and AcVNITIKQ
ATVTTTTKGNH:2, henceforth identified as hPrP[180-195]
and hPrP[H187A], respectively, were synthesized in batch
by Fmoc standard chemistry protocol on Rink-amide 4-
methylbenzhydrylamine (MBHA) resins. After peptide assem-
bling, acetylation was carried out by 1M acetic anhydride
in dimethylformamide containing 5% diisopropylethylamine.
Cleavage from the solid support was performed by treat-
ment with a trifluoroacetic acid (TFA)/triisopropylsilane /water
(90:5:5, v/v/v) mixture for 90 min at room temperature. The
peptides were then precipitated in cold diethyl ether, dissolved
in water/acetonitrile (1: 1, v/v) mixture, lyophilized, and puri-
fied by RP-HPLC using a C18 Jupiter (250 x 22 mm) column
applying a linear gradient of 0.1% TFA/acetonitrile in 0.1%
TFA/water. Peptide purity and integrity were confirmed by
RP-HPLC analysis and by MALDI-TOF mass measurements
(Voyager-DE Biospectrometry Workstation, PerSeptive Biosys-
tems).

Chemicals

All solvents were reagent grade. HPLC chemicals were
purchased from Lab-Scan (Dublin, Ireland), and the other
organic reagents were from Sigma-Aldrich (Milan, Italy).
Analytical grade sodium salts were obtained from Carlo
Erba (Milan, Italy). 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).

CD Spectroscopy

All working solutions were prepared in Milli-Q water,
adjusting the pH by using small amounts of 0.1 m HCI or
NaOH. Spectropolarimetric titrations as a function of salt
concentration were carried out at 20°C on a Jasco J-810
spectropolarimeter equipped with a thermostated water bath,
adding small aliquots from a 200 mMm salt solution to 3 um
peptide samples in 1l-cm path length quartz cells. After
each addition, spectra were acquired from 260 to 190 nm,
using 20 nm min—! scan speed, 1.0 nm bandwidth, 0.2 nm
resolution, 50 mdeg sensitivity, and 4 s response. Final
spectra were obtained after averaging three scans, subtracting
the contributions from salts, and converting the signal to
mean residue ellipticity in units of deg cm? dmol ™! res—!.
Concentration-dependent experiments were performed at
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20°C by keeping the product of protein concentration and
optical path length constant, which ensured that the number
of molecules in the optical path was constant. In thermal
experiments, hPrP[H187A] dissolved in 20 mm NasSO4 at pH
4.5 was heated from 20 to 80°C at the rate of 1°C min~! and
recooled at the same rate. In time-dependent experiments,
different amounts of hPrP[H187A] were dissolved in 50 mm
NagSO4 at pH 7.0.

RESULTS

As shown in Figure 1(A), in the absence of any
added salt, the shape of the circular dichroism
(CD) spectra of both peptides was suggestive of
an unordered structure. Neither the addition of
NaCl or NaClO; nor the addition of small amounts
of HCl or NaOH to adjust the pH caused any
substantial modification. Spectra in sodium phosphate
solution at pH 4.5, in which HyPO,” is the most
populated anion, were also reminiscent of disordered
conformation. By contrast, on addition of either
sodium phosphate or sulfate at pH 7.0, where
bivalent HPO,%~ or SO,%~ anions are dominant, the
spectrum of hPrP[180-195] was characterized by
a pronounced negative maximum around 220 nm
and a positive maximum around 200 nm, which
are characteristic of B-sheet conformation (dashed
lines in Figure 1(B) and (C), respectively), whereas
hPrP[H187A] exhibited spectral features typical of the
a-helix conformation, with a positive maximum around
195 nm and two negative maxima around 208 nm and
222 nm (bold lines in Figure 1(B) and (C), respectively).
Finally, spectra of hPrP[H187A] and hPrP[180-195]
were modified to those typical of the p-sheet and
disordered structure, respectively, by acidifying the
NapSO, solution to pH 4.5 (Figure 1(D)). Table 1
summarizes the above described CD effects.

The thermodynamic processing of these salt-induced
structural changes is outside the scope of the present
paper. Nevertheless, it is worth noting that they
show features typical of most structural transitions
and are therefore suited to be treated by some
thermodynamic model that hinges on the structuring
effect of the anion activity. For example, the isodichroic
point that can be noticed around 207 nm in the
spectra of hPrP[H187A] at neutral pH (see inset of
Figure 1(C)) suggests a two-state equilibrium between
the unstructured peptide and the structured peptide,
whose onset is accompanied by a sharp ellipticity
change around 35-40 mM of salt (Figure 2). Notably,
hPrP[H187A] in Nap,SO, at acidic pH assumes a f-
sheet-like conformation, which is irreversibly destroyed
by heating, with an apparent midpoint temperature (T;,)
of about 47°C.

Concentration-dependent experiments performed in
the 6-300 uM range show that the peptide behavior
on salt addition is more complex than that described
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Figure 1 Effect of salts on circular dichroism (CD) spectra of hPrP[180-195] and hPRP[H187A]. (A) hPRP[H187A] dissolved
in HoO (bold line), 100 mm NaCl (thin line), 100 mm NaClO4 (dotted line), and 30 mMm NaHsPO4 (dashed line). CD spectra
of hPrP[180-195] under the same conditions (not shown) were superimposable on those of hPRP[H187A]. (B) hPrP[180-195]
(dashed line) and hPRP[H187A] (bold line) dissolved in 30 mm NaH9PO4/NagHPO4 (pH 7.0). (C) hPrP[180-195] (dashed line) and
hPRP[H187A] (bold line) dissolved in 50 mm NagSO4 (pH 7.0); the inset shows spectra of hPRP[H187A] as obtained by titration
with NagSO4 up to 50 mm (pH 7.0). (D) hPrP[180-195] (dashed line) and hPRP[H187A] (bold line) dissolved in 50 mM NasSO4 (pH

4.5).

Table 1 Effect of anions and pH on peptide conformation

Medium C pH hPrP hPrP
(mM) [180-195] [H187A]
Water — 4.5-7.0 Disordered
Cl™ 0-100 4.5-7.0 Disordered
ClO4g™ 0-100 4.5-7.0 Disordered
HoPO4™ 0-50 4.5 Disordered
HPO42~/HoPO4~  0-50 7.0 B-strand a-helix
S042- 0-50 7.0 B-strand a-helix
S042%- 0-50 4.5 Disordered B-strand

above. As can be appreciated from Figure 3, the
observed ellipticity shows a hyperbolic trend in 50 mm
Na,SO,, whereas it is expected to depend linearly on the
peptide concentration, according to the Beer—Lambert’s
law. Such a deviation from linearity can be interpreted
in terms of structural rearrangements that lead to
self-association. Furthermore, pseudo first order rate
constants show an anomalous increase with the
peptide concentration. This suggests a kinetic behavior
different from the first order expected for a simple
conformational rearrangement involving monomers
(Figure 4). We infer therefore that both peptides
self-associate. At least in the case of hPrP[H187A]
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Figure 2 Effect of NasSOs on the ellipticity values of
hPrP[H187A] at pH 7.0. The peptide concentration was 3 um.

it is apparent that this follows secondary structure
rearrangements because it occurs in the presence
of 50 mm NaySO,, which is higher than the salt
concentration at which structural modifications were
observed (Figure 2). In general, it cannot be excluded
that structural reorganization and self-association are
to some extent concomitant.
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Figure 3 Peptide self-association at pH 7.0. Concentra-
tion-dependent experiments were performed at 20°C in 50 mm
Na2SO4 maintaining the number of molecules in the optical
path constant (equimolecular condition). This was achieved by
keeping the product of the protein concentration and optical
path length constant.
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Figure 4 Time-dependence of hPrP[H187A] reorganization at
pH 7.0. Experiments were performed at 20°C on 2.5 um (+),
5.0 uMm (0), and 10 um (@) peptide dissolved in 50 mm NagSOy4,
monitoring the dichroic signal at 200 nm. Rate constants
were calculated by best fitting to a pseudo first order kinetic
equation, which gave 3.8 x 1074, 4.5 x 1074, and 11.0 x 10~
s for 2.5, 5.0, and 10 um peptide, respectively.

DISCUSSION

Environmental conditions, like pH, salts, and presence
of nucleic acids or glycosaminoglycans, seem to affect
the structural stability of prion proteins to a much
larger extent than other proteins [9,14,22-26]. It was
suggested that this unusual behavior could be ascribed
to the ability of PrP® N-terminal region to interact
with anions, which leads to destabilization of the prion
core structure [14]. Also, in an extensive analysis on
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the interaction of anti-prion compounds and amyloid-
binding dyes with a carboxy-terminal domain of prion
protein, it has been found that sulfonates, like Congo
red and phthalocyanine tetrasulfonate, bind with high
affinity [27].

Here, we have shown that the conformational
properties of two PrP® helix 2-derived analogues,
hPrP[180-195] and hPrP[H187A], are affected by anion
identity. Such large differences in the CD spectra of
both peptides with anion identity can be rationalized
via the ion charge density dependence that is typical
of Hofmeister effects [28,29] (Figure 5). Anions like
Cl7, ClO;~, and HyPO,~ are weakly hydrated because
of their low charge density, and their interaction
with water molecules is weaker than that of water
with itself. This causes them to behave as water
structure breakers (chaotropes), which make the
bulk solution a better solvent. As a consequence,
both hPrP[180-195] and hPrP[H187A] maximize their
solvent accessible surface area, favoring the formation
of the unstructured conformation. On the other hand,
multiply charged ions, like SO2~ and HPO?", exhibit
stronger interactions with water molecules than water
with itself because of their high charge density.
These ions are water structure makers (kosmotropes)
and make the bulk solution a poorer solvent. Thus,
they encourage hPrP[180-195] and hPrP[H187A] to
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Figure 5 Weakly hydrated chaotropic anions (top) maximize
the solvent accessible surface area and favor the unordered
structure in both hPrP[H187A] and hPrP[180-195]. Strongly
hydrated kosmotropic anions (bottom) make bulk water a
poorer solvent and cause hPrP[H187A] and hPrP[180-195]
to fold to «-helix and B-structure, respectively, to minimize
their solvent accessible surface area.
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minimize their solvent accessible surface area and
assume pB-sheet-like and «-helix-like conformations,
respectively. It is likely that the compactness of these
structures predisposes both peptides to self-association
(Figure 3), which may be a preliminary step toward fibril
formation. This is also suggested by preliminary heat
irreversible denaturation experiments on hPrP[H187A],
which assumes a pB-sheet-like conformation when
dissolved in Na; SO, at acidic pH.

The different conformational behavior of the wild
type peptide as compared to the mutant peptide
in the presence of kosmotropic anions at neutral
pH is likely caused by the His side chain, which
displays an «-inducing ability lower than the Ala
side chain. Nevertheless, in the prion protein, the
segment containing the His'®” residue is still able
to retain an «-helical conformation owing to tertiary
interactions [16]. Furthermore, in acidic solution, the
His protonation and increased proton exchange [25]
could play a role in causing hPrP[180-195] and
hPrP[H187A] to assume disordered structure and g-
conformation, respectively. Also, our results confirm
the chameleonlike character of the helix 2 domain
[16], suggesting that preferential binding with naturally
occurring anions, rather than nonspecific interactions,
such as ionic strength-dependent interactions, plays an
important role in prion protein misfolding and amyloid
fibril growth.

Understanding ion-specific effects is a central theme
of biology. Unfortunately, the complication of ‘ion
confounding’ is extremely common in all disciplines
concerned with ion-based research because ions are
generally manipulated through the use of salts. It
occurs because changing the concentration of a
single cation or anion using a single salt results
in a simultaneous change of the associated co-ion,
which causes the main effect associated with that
ion to be confounded with the effects caused by
changing the concentration of the co-ion [30]. It
is therefore worth stressing that, even in studies
on prion and derived peptides, anion-bound effects
may overlap the largely explored cation-bound effects.
Unfortunately, experiments are not always designed so
that the species that cause the modification can be
unequivocally perceived. In conclusion, we highlight
that the sensitivity of our peptides, as well as the entire
prion proteins [18-21] or other amyloidogenic systems
[31], to environmental modifications suggests that the
complication of anion involvement cannot be neglected
anymore, either in investigating metal effects on peptide
conformation [18-21,31] or in checking the inhibition
of amyloid formation by unusual agents [32,33].
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