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A thermodynamic approach to the
conformational preferences of the 180-195
segment derived from the human prion
protein a2-helix*

Luisa Ronga, Pasquale Palladino, Raffaele Ragone, Ettore Benedetti
and Filomena Rossi*

On consideration that intrinsic structural weakness could affect the segment spanning the «2-helical residues 173-195 of the
PrP, we have investigated the conformational stabilities of some synthetic Ala-scanned analogs of the peptide derived from
the 180-195 C-terminal sequence, using a novel approach whose theoretical basis originates from protein thermodynamics.
Even though a quantitative comparison among peptides could not be assessed to rank them according to the effect caused
by single amino acid substitution, as a general trend, all peptides invariably showed an appreciable preference for an «a-type
organization, consistently with the fact that the wild-type sequence is organized as an «-helix in the native protein. Moreover,
the substitution of whatever single amino acid in the wild-type sequence reduced the gap between the «- and the -propensity,
invariably enhancing the latter, but in any case this gap was larger than that evaluated for the full-length «2-helix-derived
peptide. It appears that the low -conformation propensity of the 180-195 region depends on the simultaneous presence of all
of the Ala-scanned residues, indirectly confirming that the N-terminal 173-179 segment could play a major role in determining
the chameleon conformational behavior of the entire 173-195 region in the PrP. Copyright (©) 2008 European Peptide Society
and John Wiley & Sons, Ltd.
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Introduction We have been interested in a peptide (PrP [173-195]) corre-
sponding to the «2-helix of human PrP¢ [6], which possesses
chameleon conformational behavior, gathers several disease-
promoting point mutations, and can be strongly fibrillogenic and
toxic to neuronal cells [7]. Studies on the conformational properties
of this fragment [6,8], on its affinity toward potential PrP-binding
compounds [9], and on other synthetic «2-helix-derived peptides
suggest that the o2-helical region is involved in prion aggregation
and toxicity associated to the scrapie isoform, providing support to
recently reported evidence [10]. In particular, CD and NMR investi-
gations point to ascribe predicted low a-helical content and high
B-sheet propensity, as well as conformational weakness of the
full 173-195 sequence to the 180-195 fragment [6,11], which

Prion diseases are a group of transmissible neurodegenerative
disorders that enclose scrapie in sheep, bovine spongiform
encephalopathy (BSE), and Creutzfeldt-Jakob disease (CJD),
fatal insomnia and Gerstmann-Straussler—Scheinker disease in
humans. The pathogenic mechanism underlying these diseasesis a
conformational conversion of the PrP¢ into disease-specific species
(PrP>°) that possess abnormal physicochemical properties, such as
insolubility and protease resistance, and accumulate in the brainin
the form of amorphous aggregates and amyloid fibrils [1]. Despite
a large number of studies, possible causes of PrP¢ pathogenic

conversion and its role in cellular function still remain unclear.
Moreover, the highly aggregated state of the abnormal form has
hampered the elucidation of the PrP> structure at the atomic level.

The importance of PrP studies has remarkably increased
following the BSE epidemic and the appearance of a new variant
of CJD that seems to be causally linked to it [2-4]. Moreover,
given that general features of prion diseases are common to other
amyloid disorders [5], the PrP could be used as a model to provide
the bases for a comprehensive evaluation of the general protein
misfolding mechanism. Itis therefore evident that a conformation-
based approach to the study of PrP can give useful hints both on
the region/residues potentially important for the PrP¢ — PrP>¢
conversion and on the identification or development of antiprion
compounds.

could be involved in the nucleation process of prion misfold-
ing and oligomerization [12]. The corresponding peptide (PrP
[180-195]) includes the highly conserved threonine-rich 188-195
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C-terminal part of the PrP¢ full-length helix 2 and is devoid of
effects linked to the reactivity of the thiolic cysteine side chain.
The organization of PrP [180-195] has already been shown to
be affected by buffer composition via the ion charge density
dependence typical of Hofmeister effects [13], and may even be
induced into a B-type conformation that only very high amounts
of TFE are able to modify into a fully helical conformation, in spite
of the fact that the parent sequence is fully helical in the native
protein [11].

In the present study, we analyze the «- and B-propensities of
a series of Ala-scanned analogs of the PrP [180-195] peptide, as
evaluated by the thermodynamic tendencies to acquire secondary
structure in structure-inducing media, namely TFE and submicellar
SDS, respectively, at neutral pH and room temperature. The Ala-
scanned region was chosen starting from His187, according to
previously reported evidence that the full PrP «2-helix possesses
a locus of intrinsic structural weakness centered on Lys185
and GIn186 [8,11]. Our original purpose was to compare the
effect of single amino acid substitutions on driving the peptide
arrangement, quantitatively ranking the peptides according to
their @- and B-propensities. Results were quite difficult to analyze
in this context. However, as a common trend, different amino
acid replacements invariably enhanced the propensity to assume
a B-conformation, making any Ala-scanned peptide more prone
to structural rearrangements than the wild-type peptide. Overall,
it appears that all of the Ala-scanned residues substantially favor
the «-helical organization of the full 173-195 region in the PrP
and that the N-terminal 173-179 segment could play a major
role in the delicate balance of forces that control the chameleon
conformational behavior of this region.

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-a-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 and Characterization

The N- and C-blocked peptides listed in Table 1 were syn-
thesized in batch by standard 9-fluorenylmethyl carbamate
chemistry protocol on Rink-amide 4-methylbenzhydrylamine
(MBHA) resins. After peptide assembling, acetylation was car-
ried out by 1 M acetic anhydride in dimethylformamide con-
taining 5% N,N-diisopropyl ethylamine. Cleavage from the
solid support was achieved by treatment with trifluoroacetic
acid/triisopropylsilane/water (TFA/TIS/H,0, 90:5:5 v/v/v) mix-
ture for 90 min at room temperature. Then, peptides were
precipitated in ether, dissolved in water/acetonitrile (1:1 v/v)
mixture, lyophilized and purified by RP-HPLC using a C;g Jupiter
(250 x 22 mm?) column with a 10-60% linear gradient of ace-
tonitrile in 0.1% TFA over 50 min. Peptide purity and integrity
were confirmed by RP-HPLC analysis and liquid chromatogra-
phy-mass spectrometry (Finnigan Surveyor, Thermo Electron
Corporation).

Table 1. Peptides used in the present study

Abbreviation Sequence

PrP [180-195] (wt)
PrP [180-195] H187A
PrP [180-195] T188A

[ ] AC-V-N-I-T-1-K-Q-H-T-V-T-T-T-T-K-G-NH,
[ 1
[ ]
PrP [180-195] V189A
[ ]
[ ]
[ ]
[ ]

AC-V-N-I-T-I-K-Q-A-T-V-T-T-T-T-K-G-NH,
AC-V-N-I-T-I-K-Q-H-A-V-T-T-T-T-K-G-NH,
AC-V-N-I-T-I-K-Q-H-T-A-T-T-T-T-K-G-NH,
AC-V-N-I-T-I-K-Q-H-T-V-A-T-T-T-K-G-NH,
AC-V-N-I-T--K-Q-H-T-V-T-T-A-T-K-G-NH,
AC-V-N-I-T-I-K-Q-H-T-V-T-T-T-A-K-G-NH,
AC-V-N-I-T--K-Q-H-T-V-T-T-T-T-A-G-NH,

PrP [180-195] T190A
PrP [180-195] T192A
PrP [180-195] T193A
PrP [180-195] K194A

Circular Dichroism

TFE and submicellar SDS titrations were based on the notion that
peptides may be induced into a- or B-structure in these media
[14-16].The working concentration of SDS was chosen on the basis
of its critical micelle concentration (CMC) at room temperature
(4 mm) [17-19]. All peptides were dissolved in 10 mm phosphate
buffer, pH 7.2, at 20 um concentration, as obtained by dry weight.
Then, TFE and SDS titration experiments were carried out using
10-mm quartz cells on a Jasco J-715 spectropolarimeter equipped
with a thermostated water bath. Then, for each concentration of
structuring agent, far UV CD spectra were recorded from 190 to
260 nm at room temperature (295 K). Each spectrum was obtained
averaging three scans, subtracting the blank, and converting the
signal to mean residue ellipticity in units of degcm? d mol ™" 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.

Treatment of Data

For either TFE or SDS titrations, we assumed a two-state model
and evaluated free energy changes for the transition induced
by changing the solvent medium from the aqueous buffer
to a structure-inducing condition, extrapolating isothermal
titration data to zero concentration of added substance. Pertinent
equations were implemented in the general-purpose nonlinear
fitting program Scientist from MicroMath Software (San Diego,
CA, USA), as described below.

For TFE, the ellipticity at a convenient wavelength (®,) was
analyzed using a six-parameter model analogous to that previously
derived for absorption [20] or fluorescence denaturation [21],
which assumes a linear dependence of pre- and posttransition
baselines on the TFE concentration, according to the function:

0, +mC+ (0, +m,C) expl—(AG, + mC)/(RT)]

@A o
{1 + exp[—(AG, +mC)/(RT]}

(1)

Here, the TFE concentration is given by C, the pretransition
dichroic signal intercept (0% TFE) and slope are ®, and m,,
respectively, the helical state dichroic signal intercept and slope
are ©; and my, respectively, the secondary structure formation
free energy function intercept and slope are AG, and m,
respectively, R is the universal gas constant, and T represents
the absolute temperature. For fitting purposes, it was decided by
visual inspection whether and which of the slopes of pre- and
posttransition baselines were to be used as fitting parameters,
otherwise they were set to zero.
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For SDS, the dichroic signal was analyzed using a function
analogous to that adopted for TFE, expressing the dependence
of the free energy on the detergent concentration by a binding
isotherm, according to the seven-parameter equation:

_ {©7+mD + (©+mgD) exp[—AGy /(RT) + In(1 + kD)A"}
B {14 expl—AG}/(RT) + In(1 + kD)*"]}

A

)
Here, the SDS concentration is given by D, the pretransition
dichroic signal intercept (0% SDS) and slope are ®; and m;,
respectively, and the g-state dichroic signal intercept and slope
are (~),°3 and mg, respectively. The free energy of secondary structure
formationintheabsence of SDSis given by AG;,and Anrepresents
the excess of the peptide detergent binding sites in the S-state
characterized by the intrinsic binding constant k. Owing to the
strong correlation between k and An, curve fitting was carried out
using k = 50000 M~', which is the value found for SDS interaction
with electrostatic binding sites of small proteins [22]. This model
has already been shown to work for micellar aggregation [23]
and is under further development in our laboratory (Ragone et al.,
unpublished observation). Fitting procedures were the same as
those described above for TFE.

Results and Discussion

The first set of experiments was carried out monitoring TFE-
induced modifications of the far UV CD spectrum of peptides at
room temperature. TFE is a hydrophilic and hydrogen-bonding
solvent that belongs to a group of organic substances 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 secondary
structure in peptides [24-26]. In fact, it is well known that
TFE-water mixtures increase the population of «-helix and
B-sheet contentin secondary-structure-forming peptides [27-30].
We have also reported [8] that TFE may be used to mimic a native-
like environment for peptide fragments whose conformation in
solution is different from that observed in the parent protein.

Above about 40% TFE, the spectra of all peptides were those
typical of helical structure, with pronounced minima at 208 and
222 nm and a strong positive maximum at 191-193 nm [31],
suggesting an intrinsic preference for a-helix formation. This
structural modification was in any case reversible. Thus, dichroic
activity data as a function of the TFE concentration were best fitted
to Eqn (1), assuming two-state behavior and a linear dependence
of the free energy of helix formation on the concentration of TFE,
i.e. AGje = AG,, + mC. This procedure is similar to the linear
extrapolation of the unfolding free energy of globular proteins
to zero denaturant concentration, as previously reported [28-30].
Thefree energy (AG,) in the absence of structuring agent was then
obtained as a fitting parameter. As an example, Figure 1 shows CD
spectra and curve fitting for PrP [180-195] T190A, as obtained in
buffer solution after addition of TFE up to 50% (13.9 mol kg™ ).

A second set of experiments was carried out using SDS as the
structuring agent, based on the notion that peptides may be
induced into a B-sheet structure at submicellar concentrations of
this substance [14-16]. 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 found in the interior of the
parent protein, whereas the sulfate moiety helps solvation of the 8-
structured peptide. For all peptides, the addition of SDS reversibly
resulted in spectra with positive and negative bands near 195-200
and 216-220 nm, respectively, which can be ascribed to a -type
profile [31]. Then, for each peptide, dichroic activity data were best
fitted to Egn (2) to obtain the transition free energy (AG/‘;) in the
absence of SDS, which was evaluated as a fitting parameter.

The binding isotherm that describes the dependence of
the free energy on the surfactant concentration, i.e. AGeps =
AG;} + RTIn(1 + kD)2", is analogous to the model used for
denaturation curves of proteins, better known as the denaturant
binding model [32, 33]. This model leads to thermodynamic
inconsistencies with protein denaturation, where very weak
binding occurs, but is accurate in the present case, where few
positively charged residues can act as distinct independent
binding sites of high strength that assist the conversion of the

T R L

G (deg em’ dmal” res™)

/? PrP[180-195]T190A vs TFE

120 13 140 250

Wavelength {nm)

Figure 1. Far UV CD spectra of PrP [180-195] T190A in the presence of TFE. Increasing amounts of TFE (0-50%, v/v) were added to 20-uM peptide
dissolved in buffer solution at pH 7. The inset shows best fitting of ellipticity at 195 nm versus TFE concentration (mol kg~") data to Eqn (1), as described

in the text.
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peptide from the unbound- to the SDS-bound form [34]. Formally,
the binding of ionic surfactant to water-soluble proteins occurs
through electrostatic (higher affinity) and nonpolar (lower affinity)
binding sites. It is therefore conceivable that the driving force
for peptide organization at low SDS concentration could be the
presence of exposed cationic binding sites. Indeed, the fitting
procedure resulted in 1.4 < An < 2.7 for all peptides examined,
whichisin good agreement with the number of positively charged
side chains in the peptide (two lysines and one histidine in PrP
[180-195]). As an example, Figure 2 shows CD spectra and curve
fitting for PrP [180-195] T190A, as obtained in buffer solution after
addition of SDS up to 4 mm.

Table 2 summarizes free energy values obtained as described
above. It would be desirable to use these data to rank the peptides
according to their AG,, and AG values, as a measure of the effect
produced by a single amino acid substitution on the propensity
for a specific secondary structure. Indeed, this would be feasible
if the pretransition structural state were the same for all peptides.
Unfortunately, this was not the case, as could be judged on the

20000

basis of CD spectra (not shown), which were not always those
typical of random organization. This shortcoming, however, does
not interfere with the fact that all peptides can be compared on
the basis of the free energy change required for the conversion
from the a- to the f-conformation, as evaluated by AG; — AG,
values, which are not affected by the pretransition structural state.

As shown in the fourth column of Table 2, AG, — AG,, values
are all positive, as all AG;, values are lower than the corresponding
AG/D3 values, indicating that the conversion between the two forms
is shifted toward the «-conformation for all peptides. This also
occurs for the wild-type (wt) peptide (PrP [180-195]), in spite of
the fact that its predominant conformation at neutral pH is S-type
[11]. Indeed, the wild-type sequence is organized as an «-helix in
the native protein. This systematic behavior is consistent with the
intrinsic preference for a-helix formation in water—TFE mixtures,
but is at odds with secondary structure predictions, which favor
the B-conformation because of the elevated number of threonine
residues. We do not presently have any explanation for such
a behavior, but the fact that the peptide fragment approach is

(LT

e T T T

=1 HHMY

SR Prie[180-195]T190A vs SDS

us

115 155

Wavelengih (nm)

Figure 2. Far UV CD spectra of PrP [180-195] T190A in the presence of submicellar SDS. Increasing amounts of SDS (0-4 mM) were added from a
concentrated stock solution to 20 uM peptide dissolved in buffer solution at pH 7. The inset shows best fitting of ellipticity at 195 nm versus SDS
concentration data to Eqn (2), as described in the text. The SDS concentration was expressed in molar units, consistently with the units of the intrinsic
binding constant (50 000 M~", See Section on Materials and Methods for details). This does not produce any substantial difference in the fitting values,
because here the difference between molar and molal units is negligibly small due to the low SDS concentration.

Table 2. Thermodynamic stabilities of peptides?

Peptide AG,, AGy AGy — AG, AG, — AG, AGy — AGy,,
PrP [180-195] (wt) 8.4+28 27.1+£4.2 18.7+7.0 0 0

PrP [180-195] H187A 79+3.2 ND ND —0.5+6.0 ND

PrP [180-195] T188A 9.7 +3.7 15.0£3.0 53+6.7 1.3+£6.5 —121+£7.2
PrP [180-195] V189A 49+13 15.0£1.6 10.1£2.9 —3.5+4.1 —12.1+£5.8
PrP [180-195] T190A 8.7+ 2.1 15.3+£0.8 6.6 29 03+49 —11.8+£5.0
PrP [180-195] T192A 7.1+£28 20.1+3.4 13.0£6.2 —1.3£56 —7.0£7.6
PrP [180-195] T193A 85+24 15.0£1.0 6.5+34 0.1+5.2 —12.1+5.2
PrP [180-195] K194A 73+£13 19.5+£2.2 12.2+£35 —1.1£4.1 —7.6+64
ND, not determined.

The errors on AG,, and AG; are standard deviations obtained by the fitting procedure. The errors on the remaining figures were calculated by
propagation.

2 All values are in kJ mol ™",
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rather rough to take thoroughly into account intrinsic and extrinsic
structural constraints that are effective in the native protein. A
further possibility is that the accurate evaluation of amino acid
conformational preferences in the presence of consecutive homo-
residues requires further investigation.

It can be also appreciated that all substitutions produce lower
AGy — AG, values as compared to the wild-type peptide,
indicating an increased tendency of substituted peptides to
acquire a B-type conformation. The last two columns of Table 2
show that increments in secondary structure stability (AAG®)
caused by single amino acid substitution in the wild-type PrP
[180-195] peptide are in any case negative and much larger
for p-structure (AAG, = AG, — AGg,,) compared to a-helix
(AAG, = AG, — AG,,,). This confirms that any single residue
substitution with Ala invariably renders the fragment more
prone to a conformationally ambiguous behavior, increasing the
peptide tendency to assume a B-type organization through small
alterations of AAG,, i.e. only marginally altering the «-propensity,
but appreciably larger AAG; values. In order to find a possible
explanation of how this may occur, it is useful to inspect the
NMR structure of PrP [180-195] in a native-like environment, as
mimicked by neat TFE (pdb code: 2iv4) [11].Indeed, all Ala-scanned
residues, which, as stated above, lie immediately after the locus
of intrinsic structural weakness centered on Lys185 and GIn186
[8,11], are located in an extended region stabilized by H-bonds
between threonine side chains and peptide backbone, in which:
(i) any Thr-to-Ala replacement causes reduction of H-bonds; (ii)
the Val-to-Ala substitution leads to decreased steric hindrance
and (iii) the Lys-to-Ala mutation removes the Lys-Lys repulsion.
Any of these circumstances may favor backbone-backbone
interaction between N- and C-termini, thus facilitating a S-hairpin
conformation (Figure 3).Furthermore, itis also worth stressing that
the AG; — AG, value typical of each peptide is generally larger
than that evaluated for the full-length «2-helix-derived peptide
(PrP [173-195]), which has been previously shown to amount
to about 5kJ mol™" at room temperature [6]. This suggests
that the N-terminal 173-179 segment could play a major role
in determining the conformational ambiguity of the entire «2-
helix, confirming recently reported evidence that it controls the
structural organization of the C-terminal 180-195 region [11].

PrP[180-185]

T152T193K194c’-1 95
1BT 188
ot BT
piso Qiee e
K1o8 pisn
68 194 i
HYET pie3 T2
iz i3
184 Hiel | et
yiao fetil]

WiEl

iE0

Figure 3. Scheme of PrP [180-195] conformations. The left panel shows
the NMR structure in neat TFE (pdb code: 2iv4), in which the extended
C-terminal region is stabilized by H-bonds between threonine side chains
and peptide backbone. The right panel depicts a hypothetical g-hairpin
conformation, in which the first two residues of the Ala-scanned region
(His187 and Thr188), lying immediately after the locus of intrinsic structural
weakness centered on Lys185 and GIn186 [8,11], represent the C- and
N-terminus of the first and the second antiparallel strands, respectively.

Conclusions

Recent studies point to ascribe the conformational weakness of
the full 173-195 sequence to the 180-195 fragment, whose
Thr-rich sequence is expected to favor low «-helical content
and high B-sheet propensity, thus being putatively involved in
the conversion of PrP® into fibrillar PrP>. Indeed, the « — B
isomerization of PrP most frequently observed in vitro in the pH
range from 4 to 7 [35-39], and postulated to be induced in vivo by
the low pH of endosomal compartments [40], has been suggested
to be driven by one of the two potential loci of B-structure
propagation (residues 188-204) identified in the X-ray structure
of monomeric sheep PrP® (sPrP®) [12], acting as an « — S switch
within the monomeric protein. In addition, a comparison between
the C-terminus crystal structures of monomeric sheep and dimeric
human PrPCs shows that the dimer results from the swapping of
the C-terminal «-helix 3 and rearrangement of the Cys179-Cys214
disulfide bond. As a result, the corresponding crystal-symmetry-
related residues 190-194, which are located in «a-helix 2 in the
monomeric NMR structures [41], form an interchain two-stranded
antiparallel B-sheet at the dimer interface. Finally, the segment
188-201 (TVTTTTKGENFTET) is invariant across a wide variety of
species [42], even adopting an architecture that appears to be
of lower stability as compared to the rest of the human PrP
structure, and lies immediately after Lys185 and GIn186, a locus to
which intrinsic structural weakness has been attributed. Therefore,
it has been suggested that the seven threonine residues could
confer the conformational plasticity necessary for driving PrP¢
reorganization.

According to the peptide fragment assumption, the present
work aims at providing a thermodynamic basis to structural
investigations on the relative stability of the «2-helical 180-195
segment of the PrP. Using a theoretical approach that is based
on well-known methods of protein thermodynamics, and TFE and
submicellar SDS as «- and S-structure inducers, respectively, we
have investigated the conformational propensities of Ala-scanned
analogs of the wild-type PrP [180-195] peptide. Extrapolation
of free energy data to zero concentration of structuring agent
highlighted that all peptides have in common a substantial
preference for an a-helical organization, in spite of their expected
high p-propensity. Several single amino acid substitutions
systematically draw the stability of the B-conformation closer
to that of the «-helix, suggesting that the low S-conformation
propensity of the 180-195 region does not depend on the
presence of any specific Ala-scanned residue. This indirectly
confirms that the N-terminal 173-179 segment could play a major
role in determining the ambiguous conformational behavior of
the entire 173-195 region in the PrP.
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