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Introduction

Amyloid b-peptide (Ab) is the main component of amyloid de-
posits found in the brain of Alzheimer’s disease (AD) patients.
The peptides, mainly composed of 40 and 42 residue species
(Ab ACHTUNGTRENNUNG(1–40) and Ab ACHTUNGTRENNUNG(1–42), respectively), are normally generated
by the proteolytic processing of a larger transmembrane pro-
tein, amyloid precursor protein (APP).[1] Although the physio-
logical functions of the Ab peptide are still under investigation
(an antioxidative function has been hypothesized[2]), it is
widely believed that the aggregation of Ab plays a causative
role in the pathogenesis of AD.[3,4] Over the past ten years, the
central role of Ab in AD pathogenesis has stimulated many re-
searchers to investigate several properties of Ab and its var-
iants, including physicochemical properties, secondary struc-
ture contents, and fibrillogenic propensity under different con-
ditions. It has been well established that the conformational
and aggregation state of Ab is environment dependent. In
general, the Ab monomer acquires an a-helical structure in
membrane or membrane-mimicking environments, and an un-
structured conformation in aqueous solutions. In both cases,
within the polymeric peptide assembly, the Ab monomers
exist mainly in b-sheet conformation; this points to the need
for a striking conformational change from an a-helix or
random coil to b-sheet conformation before or following the
aggregation process.[5,6] Likewise, other amyloidogenic proteins
have been shown to undergo conformational changes leading
to the formation of partially folded species with structural fea-
tures that promote fibril formation. Presumably, these mono-
meric partially structured intermediates enable the occurrence
of specific intermolecular interactions, such as hydrophobic in-
teractions and backbone hydrogen bonding, necessary for oli-

gomerization and fibrillation.[7–11] A detailed picture of the con-
formational features and mechanism of formation of the parti-
ally structured intermediates is still lacking.

The neurotoxic mechanism of partially folded or/and aggre-
gated Ab and their involvement in AD are the subject of in-
tense debate. Initially, it was hypothesized that the amyloid fi-
brils were the neurotoxic species (the amyloid cascade hypoth-
esis).[12] Recent evidence have revealed that soluble oligomeric
intermediates formed at early stages of aggregation and fibrilli-
zation, rather than the mature full-length fibrils, may be the
primary cytotoxic species that cause neuronal dysfunction.[13,14]

Although the exact mechanism of Ab neurotoxicity is not yet
established, the cytotoxic effects of early intermediates have
been correlated with amyloid–cell membrane interactions. This
would lead to the formation of nonspecific ion channels, drain-

The structure and aggregation state of amyloid b-peptide (Ab) in
membrane-like environments are important determinants of
pathological events in Alzheimer’s disease. In fact, the neurotoxic
nature of amyloid-forming peptides and proteins is associated
with specific conformational transitions proximal to the mem-
brane. Under certain conditions, the Ab peptide undergoes a con-
formational change that brings the peptide in solution to a
“competent state” for aggregation. Conversion can be obtained
at medium pH (5.0–6.0), and in vivo this appears to take place in
the endocytic pathway. The combined use of 1H NMR spectrosco-
py and molecular dynamics-simulated annealing calculations in

aqueous hexafluoroisopropanol simulating the membrane envi-
ronment, at different pH conditions, enabled us to get some in-
sights into the aggregation process of Ab, confirming our previ-
ous hypotheses of a relationship between conformational flexibil-
ity and aggregation propensity. The conformational space of the
peptide was explored by means of an innovative use of principal
component analysis as applied to residue-by-residue root-mean-
square deviations values from a reference structure. This proce-
dure allowed us to identify the aggregation-prone regions of the
peptide.
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ing cellular energy stores, inhibiting neuronal signaling, and
disrupting Ca2+ homeostasis.[15–17] This in turn would trigger
apoptosis. Based on this finding, Ross and Poirier[14] suggested
that the inhibition at early stages of the aggregation pathway
would be beneficial to the cell, preventing the formation of
potentially toxic intermediates. The knowledge of the struc-
tures and the mechanism associated with the conformational
transitions preceding protein aggregation at the microscopic
level is thus of primary importance.

Previous biophysical studies revealed that AbACHTUNGTRENNUNG(1–40) forms
amyloid fibrils more rapidly at pH 5.0–6.0, near its isoelectric
pH, than it does at pH 7.0–7.5 in aqueous buffer;[18] Selkoe
et al.[4] reported that Ab generation from the APP precursor
seems to involve an acid cellular organelle. Lysosomal involve-
ment in amyloidogenesis has also been suggested for several
other peptides implicated in amyloid disease.[19] Furthermore,
several events in vivo, such as a loss of oxygen to cerebral tis-
sues, can cause localized drops in pH favoring aggregation,
Yates et al.[20] demonstrated that brains from patients who died
after AD are more acidic (pH 6.6) than brains from healthy indi-
viduals (pH 7.1). Consequently, an in vitro model system em-
ploying the pH range 5.0–6.0 could be not only convenient
but also physiologically reasonable to explore Ab aggregation.
NMR conformational studies of the synthetic Ab peptides in
physiological conditions, especially the more aggregation
prone AbACHTUNGTRENNUNG(1–40), have been hampered by problems related to
time- and concentration-dependent aggregation. Earlier NMR
solution studies have been performed using smaller-sized Ab

peptide, low or high pH, and/or mixture of water and fluorinat-
ed alcohols or micellar solutions to overcome the solubility
problem and to disrupt quaternary structure and dissociate
peptide aggregates.[21–30] Recently some NMR studies on small
fragments and on the full length peptides in dilute aqueous
solutions, have been reported.[31–34] All these studies suggest
that Ab undergoes substantial conformational changes de-
pending on the environment and can easily convert among
disordered, a-helical, and b-strand conformers as a result of a
change in solution conditions. Under membrane-mimicking
conditions, Ab contains a significant a-helical character, where-
as in physiological buffers a dominant random coil state is ob-
served. Thus, the choice of the solvent is crucial not only to
overcome the poor solubility of the Ab peptide, but also to
probe the propensity of monomeric sequences to adopt local
structure driving the conformational change for the conversion
of soluble peptide into aggregated form. With this aim, hexa-
fluoroisopropanol (HFIP) has been shown to be suitable for de-
tailed structural analysis for these peptides[21,23,24, 35] and to
create an apolar microenvironment such as the lipid phase of
the membrane.[36,37] Several studies have indicated that the ag-
gregation propensity of Ab variants in aqueous buffer and
HFIP/H2O are similar.[21,35] The HFIP/H2O mixture is a convenient
environment to analyze the pH-dependent conformational
changes characterizing the initial events of the aggregation
pathway. The presence of fluorinated alcohols favors the stabi-
lization of the monomeric form, and allows monitoring of the
more aggregation-promoting condition.[38,39]

We chose to analyze Ab ACHTUNGTRENNUNG(1–40) under different pH conditions
in the range between 3.5 and 7.0 in the HFIP/H2O (70/30 v/v)
mixture. In agreement with our previous studies,[40,41] the re-
sults presented herein, indicate a strong correlation between
conformational flexibility and propensity to aggregate. The
stretches of the sequence with the highest propensity to ag-
gregate were identified as the highly hydrophobic core
(Phe19–Ala21) and C-terminal regions (Lys28–Gly38).

Results

Ab ACHTUNGTRENNUNG(1–40) structures at different pH

Under our experimental conditions, there was no evidence of
aggregation or precipitation for the Ab ACHTUNGTRENNUNG(1–40) peptide during
the time of NMR measurements. The system AB40L was stable
for several months, whereas AB40N and AB40M systems
showed changes in the distribution and in the shape of 1H res-
onances over several weeks and days, respectively, suggesting
the presence of aggregated forms. The aggregation behavior
of AbACHTUNGTRENNUNG(1–40) peptide has been tested by plotting the sum of
the signal volumes with chemical shifts between 0 and
1.5 ppm in the 1H NMR spectra versus time.[56] Figure 1 shows

that the signal intensities were constant for AB40N and de-
creased for AB40M during the first week.

To assign the backbone and side-chain resonances, a combi-
nation of 1H/1H 2D TOCSY and NOESY spectra at different
mixing times were used, according to the standard procedures
established by WLthrich.[49] In Figure 2 two selected NOESY
(150 ms mixing time) regions are reported, showing the HN-
Ha (top) and the NH–NH (bottom) connectivities for AB40L.
From the analysis of the 2D NOESY spectra, as reported in
Table 1, we were able to assign 169, 145, and 168 intraresidue
and 360, 178, and 341 interresidue NOEs for AB40L, AB40M,
and AB40N, respectively. It is worth noting that AB40M re-
vealed a smaller number of NOE contacts. Figure 3a, b, and c

Figure 1. Aggregation behavior of AB40M and AB40N. The sum of the signal
volumes with chemical shifts between 0 and 1.5 ppm in the 1H NMR spectra
vs. time elapsed after sample preparation of AB40M (diamond) and AB40N
(square) is reported. Signal intensity 1.0 corresponds to the first NMR spec-
trum recorded.
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show the backbone NOE pat-
terns (top) and the chemical
shift indices (CSI) (bottom) for
Ab peptide at different pH envi-
ronments. Deviations of more
than �0.1 ppm of the CSI value,
in conjunction with daN ACHTUNGTRENNUNG(i,i+3),
daNACHTUNGTRENNUNG(i,i+4), and dabACHTUNGTRENNUNG(i,i+3) connec-
tivities suggest the presence of
an a-helix between residues
Tyr10–Asp23 and Ile31–Leu36 in
AB40L (Figure 3a). The presence
of the Ha-proton of Asn27 shift-
ed downfield suggests that the
helix is not continuous from
Tyr10 to Leu36, but is broken
into two halves. The values of
chemical shifts for AB40M and
AB40N (Figure 3b and c) are
closer to random coil values indi-
cating that the peptide becomes
less structured as the pH increas-
es. Analysis of NOE connectivi-
ties provides further evidence of
a partial unfolding of the two
helices. In particular, at pH 5.8,
the smaller number of character-
istic daN ACHTUNGTRENNUNG(i,i+3), daN ACHTUNGTRENNUNG(i,i+4), dab

(i,i+3), medium-strong dNNACHTUNGTRENNUNG(i,i+1),
and medium daN ACHTUNGTRENNUNG(i,i+1) NOE con-
nectivities mostly in the C-term-
ACHTUNGTRENNUNGinal region of the peptide con-
firms the absence of a well-de-
fined a-helix in this region.

The structures resulting from
simulated annealing calculation
for AB40L, AB40M, and AB40N
are shown superimposed in Fig-
ure 4a, b, and c. The heteroge-
neity within these structures was
assessed using the consecutive
segment approach, in which the
rmsd differences of the back-
bone atoms for short segments,
2–5 residues in length, were sys-
tematically and pairwise com-
pared. Two regions, with well-
defined a-helical structure be-
tween residues Asp7 and Val24
(rmsd 0.20�0.10) and between
Ile31 and Leu34 (rmsd 0.12�
0.10) were identified for AB40L
(Figure 4a). These structures su-
perimposed on the backbone
atoms from residues Asp7
through Leu34 gave a rmsd of
1.78�0.72 M showing that the

Figure 2. 2D 1H/1H NOESY spectrum of AB40L. Selected regions from a two-dimensional 1H/1H NOESY experiment
with a 150 ms mixing time for the Ab peptide (DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV) in HFIP/
water mixture at pH 3.5: Top HN-Ha and bottom HN-HN regions.

Table 1. NMR constraints and structural statistics of AB40L, AB40M, and AB40N structures.

AB40L AB40M AB40N

Numbers of NOE
Total 529 323 509
Intra-residue 169 145 168
Inter-residue 360 178 341

Average Energies [kcalmol�1] 20 structures 15 structures 15 structures

Etot �863�44 �590�50 �790�35
Ebond 16�1 17�2 16�2
Eangle 64�6 68�15 66�11
Eimproper 14�2 19�3 17�2
EVDW 18�21 35�10 20�8
ENOE 25�9 35�15 35�15
ERAMA �438�27 �245�30 �375�20

rmsd [M]

Backbone Superimposition 0.20�0.10 (Asp7–Val24)
0.12�0.10 (Ile31-Leu34)

0.28�0.18 (Gln15–Val24) 0.27�0.11(Tyr10–Asp23)
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two domains are connected by a more flexible region. For
AB40M and AB40N (Figure 4b and c) only a stable a-helical
region extending from residues Gln15 to Val24 and Tyr10 to
Asp23, with rmsd values of 0.28�0.18 and 0.27�0.11 M re-
spectively, was identified. The geometric parameters for the
lowest energy structures are summarized in Table 1.

To highlight the structural differences of AbACHTUNGTRENNUNG(1–40) at differ-
ent pH conditions, an optimal view may be provided by the
secondary structure profile analysis for each set of structures.
The percent occurrence of a given secondary structure deter-
mined over the final clusters of structures of AB40L, AB40M,
and AB40N, as a function of residue number is reported in Fig-
ure 4d, e, and f. Table 2 instead reports the percentage of a-
helical structure calculated for the entire sequence and the
region corresponding to residues Ile31–Gly37. As predicted by
qualitative analysis, the secondary structure report, according
to DSSP criteria,[53] indicates the presence of two helices for
the above regions. At low pH, AbACHTUNGTRENNUNG(1–40) displays two distinct
a-helices from Arg5 to Val24 and from Lys28 to Met35 joined
by a very flexible region. The most stable a-helical regions
reside between Asp7 to Val24 (helix 1) and Ile31 to Leu34
(helix 2). As the pH increases, the peptide becomes less struc-
tured. In the N-terminal region, AB40N adopts an a-helical con-
formation between residues Tyr10 and Asp23, whereas AB40M
is helical only in the segment Gln15–Val24. It can be added
that the helix 1 has amphipatic character in AB40M: one face
of helix has hydrophobic residues (Leu17, Val18, Phe20, Ala21,
and Val24), whereas the other contains polar and charged resi-
dues (Gln15, Lys16, Glu22, and Asp23) together with Phe19
(see Figure 5). The C terminus assumes an a-helical folding at
pH 3.5, but is disordered at higher pH values. With an increase
of pH, helix 2 unfolds more easily than helix 1. However,
AB40M reveals a greater conformational flexibility, with helix 2
practically unfolded. The hydrophobic core (Leu17–Ala21) is
the most stable region of the peptide at each pH condition.

PCA characterization of the calculated structures

To provide a basis for interpreting structural differences be-
tween the AB40M and AB40N ensembles, the two were first
analyzed for the scoring of significant differences relative to
the phi and psi angles of each of their residues. Statistical com-
parisons between the experimental groups were performed by
unpaired Student’s t-test. Differences with a p value of less
than 0.05 were considered significant. In Table 3 the t-test for
the phi and psi angle means of AB40M and AB40N structures
is reported. From the table it is evident that the two ensem-
bles display many significant differences in phi and psi spaces.
To come to a systematic understanding of these differences,
PCA was employed.

PCA was applied to the data set constituted by the rmsd
values calculated for every structure on the Ca atom positions
using AB40L average structure as a reference. This produced a
24 unit (conformers) and 40 variable (residues) raw data
matrix. PCA of this matrix highlighted a six principal compo-
nent solution well above the noise floor explaining 77.8% of
the total variance. A Student’s t-test, applied to PCA scores to

Figure 3. Backbone NOE patterns and the chemical shift indices for AbACHTUNGTRENNUNG(1–40)
peptides. Summary of NMR structural parameters of Ab-peptides in H2O/
HFIP solution at different pH determined from NMR experiments: a) AB40L,
b) AB40M, c) AB40N. In the upper part of the figure the backbone NOE pat-
terns are shown, the correlations indicated with thick lines correspond to
strong NOE, whereas correlation indicated with thin lines correspond to
medium NOEs. In the bottom part of the figure the CSI are shown.
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compare the two AB40M and AB40N ensembles of structures,
highlights significant differences between the two groups on
the first and second principal components (PC1 and PC2, re-
spectively). This can easily be appreciated in Figure 6, where

the PCA score plot is reported. A
linear discriminant analysis ap-
plied to this space allowed for a
neat separation of the two
groups (Fisher’s exact test p<
0.0001). The residues most corre-
lated with PC1 and PC2 (and
consequently most influence the
separation between AB40M and
AB40N structures) are indicated
in Table 4 as bolded values. All
the loadings (correlation coeffi-
cients between components and
original variables) on PC1 are
positive indicating that all the
residues contribute with the
same sign to PC1 and can thus
be considered as a “weighted
cumulative distance” from the
reference structure. The weight
is assigned in an unsupervised
way, with the aim of maximizing
the among conformer variability.
The recognition that this weight-
ed distance is able to fully dis-
criminate AB40M from AB40N
conformers is proof of the fact
that the pH conditions are the
main order parameter discrimi-
nating the different conformers.
From the table it is evident that
the highly hydrophobic core and
C-terminal regions are the crucial
patches for discrimination be-
tween the two ensembles based
on PC1 separation.

Figure 4. Structural ensembles of Ab ACHTUNGTRENNUNG(1–40) peptides. Overlay of the lowest
energy structures of Ab-peptides at different pH calculated from NMR experi-
ments and percentage of secondary structure per residue, according to the
DSSP criteria, averaged over the final clusters of structures of AB40L (a and
d), AB40M (b and e) and AB40N (c and f).

Table 2. Average percentage of a-helical structure of Ab ACHTUNGTRENNUNG(1-40) ensembles
at different pH calculated on the entire sequence and between residues
Ile31–Gly37.

Overall Residues (31–37)

AB40L 78.5�6.0 63.0�11.2
AB40M 47.4�9.7 8.6�13.2
AB40N 53.2�11.4 47.6�29.1

Figure 5. Electrostatic surface potential representation of the AB40M amphi-
patic helix 1. The helix 1 shows an amphipathic character at pH 5.8. One face
of helix 1 has only hydrophobic residues (light gray), whereas the other con-
tains polar and charged residues (dark gray) together with Phe20.
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The second component (PC2), at odds with PC1, has both
positive and negative loading values, thus it cannot be consid-
ered as a cumulative distance but as a geometric shape indica-
tor because bigger distances for some residues (loadings of
the same sign) go hand-in-hand with lower distances for
others (loadings of opposite sign) pointing to “rigid” shape
constraints. From PC2 loading analysis, the presence of geo-
metric constraints between Val12, Lys16, Phe20, and Asp23 in
AB40M structures and not in others is indicated by the fact
that these residues have loadings of the same sign. To verify
whether electrostatic or/and hydrophobic interactions involv-
ing these residues could be formed in AbACHTUNGTRENNUNG(1–40) at pH 5.8 and
not in other conditions, we computed the minimum distances
between residues within each structure. Table 5 lists the side-
chain distances important to discriminate between AB40M and
AB40N structures. Interestingly, the distance between Asp23

Figure 6. Score plot of factor 1 versus factor 2 of AB40M and AB40N. Plot of
the AB40M (circle) and AB40N (triangle) structures in the PCA space spanned
by the score of the first and the second latent variables. In parentheses the
percent of explained variability is reported.

Table 3. T-test for the phi and psi angle means of AB40M and AB40N
structures.[a]

t-test
phi psi

Ala2 0.2644 0.4182
Glu3 0.4965 0.0330
Phe4 0.2504 0.7456
Arg5 0.6230 0.7445
His6 0.0056 0.9930
Asp7 0.0858 0.3053
Ser8 0.0381 0.0000
Gly9 0.5564 0.0490
Tyr10 0.3058 0.3857
Glu11 0.8442 0.0000
Val12 0.0000 0.9166
His13 0.0087 0.0045
His14 0.0154 0.9579
Gln15 0.3815 0.0000
Lys16 0.0000 0.0000
Leu17 0.0000 0.0000
Val18 0.0000 0.0086
Phe19 0.1506 0.0000
Phe20 0.0004 0.0000
Ala21 0.3252 0.2185
Glu22 0.8285 0.0455
Asp23 0.0007 0.9461
Val24 0.0970 0.9342
Gly25 0.0165 0.0052
Ser26 0.1095 0.0012
Asn27 0.1095 0.0012
Lys28 0.3019 0.0074
Gly29 0.1618 0.8361
Ala30 0.8836 0.0652
Ile31 0.0339 0.0207
Ile32 0.0529 0.8931
Gly33 0.0513 0.3316
Leu34 0.5828 0.8476
Met35 0.3926 0.8861
Val36 0.4767 0.0283
Gly37 0.4485 0.4286
Gly38 0.9037 0.5147
Val39 0.6967 0.3753

[a] Any test that results in a p-value of less than 0.05 is considered statisti-
cally significant and reported in bold.

Table 4. Component loadings relative to the RMSD values of the Ca

atom positions of AB40M and AB40N structures calculated respect to
AB40L average structure.[a]

Residues PC 1 PC 2

Asp1 0.6177 0.3240
Ala2 0.6748 0.3506
Glu3 0.6579 0.3628
Phe4 0.6228 0.3942
Arg5 0.4956 0.4467
His6 0.4807 0.1376
Asp7 0.6529 �0.3241
Ser8 0.4476 �0.3777
Gly9 0.4041 0.1521
Tyr10 0.2577 0.2988
Glu11 0.7163 �0.1352
Val12 0.4461 �0.6065
His13 0.2404 �0.1859
His14 0.5125 0.3935
Gln15 0.6992 �0.2588
Lys16 0.1853 �0.5273
Leu17 0.0595 0.4241
Val18 0.6431 0.2402
Phe19 0.7267 �0.4195
Phe20 0.5238 �0.6699
Ala21 0.6459 0.3794
Glu22 0.7305 �0.1931
Asp23 0.5275 �0.5901
Val24 0.3096 �0.0681
Gly25 0.5867 �0.1043
Ser26 0.2408 0.5581
Asn27 0.4915 0.1701
Lys28 0.6953 0.0780
Gly29 0.6175 �0.0894
Ala30 0.6175 �0.3485
Ile31 0.7305 �0.3535
Ile32 0.7420 �0.2891
Gly33 0.7805 �0.3289
Leu34 0.6529 �0.1175
Met35 0.7128 0.2817
Val36 0.7799 0.2886
Gly37 0.6794 0.2993
Gly38 0.5847 0.2608
Val39 0.4426 0.3544
Val40 0.3648 0.4223

[a] Most relevant loading values for PC1 and PC2, respectively, are report-
ed in bold.
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and Lys16 in AB40M is on average 58% smaller than the dis-
tance in AB40N. Monitoring the pH dependence chemical shift
of the b-protons of the residues with carboxyl side chains, we
observe the greatest changes for Asp23 as well as Glu22 at
pH 5.8–7.0, indicative of higher pKa values likely due to interac-
tion of the peptide with the cosolvent.[26] Thus, we hypothe-
sized that the deprotonation of the two vicinal residues, Asp23
and Glu22, could weaken the hydrophobically driven fluoroal-
cohol–peptide association,[38] bringing the side chains of Asp23
and Glu22 into close proximity to those of Lys16 and Lys28 at
pH 5.8 and 7.0, respectively. Consequently, at pH 5.8 the dis-
tance between the backbone carbonyl oxygen atom of Val12
and the ammonium group of Lys16 increases favoring the un-
winding of helix 1 in its N terminus, the side chain of the
Phe20 tends to be less packaged in the hydrophobic core and
the turn Val24–Lys28, which is centered at amino acid Ser26
and stabilized by the electrostatic interaction involving Lys28
with Glu22 and Asp23 in AB40N, tends to a more extended
conformation around Ser26 in AB40M (see Figure 4). Thus, we
can interpret PC2 as the image (in terms of relations between
distances at different residues) of the electrostatic interaction
(constraint) Lys16–Asp23 that is in AB40M but not in AB40N.

The fact that the first PC (that is, the one endowed with the
maximal variation explained) is the component that allows for
a perfect discrimination of the two conditions, supports the
idea that “change of condition” is the main determinant of the
variation among conformers, and underscores the overwhelm-
ing role of pH in the peptide structure. Moreover the fact that
the first PC has positive loadings with all the distances tells us
that the effect is relative to the feature of “general flexibility”
of the molecule, and that the structural modifications induced
by change in pH are relative to the global shape of the mole-
cule and not constrained to specific portions.

Discussion

The important role played by both the structure and aggrega-
tion state of Ab in membrane-like environments in early events
leading to Alzheimer’s disease is well documented.[57,58,59] It has

been widely accepted that, depending on environmental con-
ditions, such as pH, concentration, temperature, ionic strength,
metal ions, and so forth, monomeric Ab can undergo a confor-
mational change to form partially structured intermediates sus-
ceptible to fibril formation by a nucleation and growth pro-
cess.[5, 60]

In this work, we determined the structures of AbACHTUNGTRENNUNG(1–40) in
aqueous HFIP solutions at different pH, that has been reported
as a model system for aggregation studies.[21,23,24, 35]

The secondary structure of AbACHTUNGTRENNUNG(1–40) is characterized by two
helical segments at pH 3.5 between residues Asp7–Val24 and
residues Ile31–Leu34 and only one stable a-helix between resi-
dues Gln15–Val24 and Tyr10–Asp23 at pH 5.8 and 7.0, respec-
tively. The most relevant structural differences occur in the N-
terminal segment and in the highly hydrophobic C-terminal
region that are conformationally heterogeneous and are able
to adopt helical, disordered, and more extended conforma-
tions. It is worth noting that the peptide at pH 5.8, the condi-
tion with the highest propensity for aggregation, has the rich-
est conformational flexibility showing the lowest helical con-
tent in the hydrophobic tail : 8.6�13.2%, 63.0�11.2%, and
47.6�29.1% for AB40M, AB40L, and AB40N, respectively. Sev-
eral studies showed that the stabilization of the a-helical con-
tent, by mutation of Val18 to Ala in AbACHTUNGTRENNUNG(1–40), likewise Lys16,
Leu17, and Phe20 to Ala in AbACHTUNGTRENNUNG(1–28), can reduce fibril forma-
tion.[61,62] Furthermore, it has been observed that intermediates
with partial helical conformation of different Ab peptides may
be on the pathway to fibril formation.[35,63,64, 65]

PCA gives further evidence that the peptide in the situation
with the highest propensity for fibrillation shows the most flex-
ible structures. The PCA results reveal that AB40M as compared
to AB40N is conformationally more distant in terms of rmsd
from the reference structures obtained in the most inhibitory
condition for aggregation (significantly higher PC1 scores than
AB40N). The patches of the central hydrophobic core and
highly hydrophobic C-terminal region of the AbACHTUNGTRENNUNG(1–40) se-
quence are particularly important to differentiate between
AB40M and AB40N. The major conformational flexibility at
pH 5.8 appears to regulate the presence of hydrophobic patch-
es at the surface of the molecule, thus giving to AbACHTUNGTRENNUNG(1–40) the
potential to aggregate. Tcherkasskaya et al.[66] found that hy-
drophobic interactions at early stages promote oligomeric con-
formations without the characteristic b-sheet structure found
in the mature amyloid fibrils. It has been shown that residues
in the segment Lys16–Phe20 are essential for Ab fibril forma-
tion, which is prevented by the substitution of these resi-
dues.[67–74] These findings are supported by other studies on
short amyloidogenic peptides revealing the presence of aro-
matic residues in their primary sequence and suggesting a pri-
mary role for p-stacking interactions in the amyloid formation
process.[75–79] Likewise, it has been suggested that the highly
hydrophobic C-terminal region is mainly responsible for Ab ag-
gregation and seeding.[80–84]

The major conformational flexibility in AbACHTUNGTRENNUNG(1–40) at pH 5.8
could be related to the formation of an electrostatic interac-
tion between Lys16 and Asp23 that may act as a hub letting
the extremes free to move and unpackaging the aromatic side

Table 5. Side-chain contacts among different conformations of Ab ACHTUNGTRENNUNG(1–40)
peptide.

Distance (M)
AB40M AB40N

Residues
Lys16–Asp23[a] 6.34�3.94 10.88�1.42
Glu22–Lys28[a] 7.82�5.35 4.73�4.22
Asp23–Lys28[a] 11.58�6.35 4.45�3.18
Val12–Lys16[b] 5.92�2.2 2.89�1.1
Phe20–Leu17[c] 4.2�0.5 3.2�0.9
Phe20–Val18[c] 6.2�0.3 6.8�0.2
Phe20–Phe19[c] 4.3�0.5 2.4�0.2
Phe20–Ala21[c] 4.3�0.2 2.9�0.1

[a] The distances were computed between Nz of Lys and Od of Glu and
Asp residues. [b] The distances were computed between NH of Val12 and
Nz of Lys16 residues. [c] The smallest distances between the side chain of
two residues were computed.
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chain of Phe20 from the hydrophobic core. It is worth noting
that the Lys16–Asp23 electrostatic contact causes the destabili-
zation of the turn structure in the central region (Val24–Lys28)
stabilized by the Glu22–Lys28 and Asp23–Lys28 electrostatic
interaction at pH 7.0. This loop structure is implicated in nucle-
ating monomer folding. Lazo et al.[85] hypothesized that the
partial unfolding of this region may be necessary for the sub-
sequent oligomerization of Ab. Fraser et al.[86] found that Lys16
and especially Asp23 are necessary for b-sheet formation. Inter-
estingly, the authors indicated that charge–charge interactions
function in concert with hydrophobic interactions to stabilize
the b-sheet conformation and assembly of amyloid fibers.

Our results are consistent with earlier data that emphasize
the importance of Glu22 and Asp23 in controlling Ab folding
or fibril formation with respect to environmental conditions. In-
crease in the rate of fibril growth is observed in Ab peptides
with amino acids substitutions linked to familial AD mutations,
including Glu22–Gly (Artic),[87] Glu22–Gln (Dutch),[88] Glu22–Lys
(Italian),[89] and Asp23–Asn (Iowa).[90] Several authors report
that replacements of Asp23 by neutral residues as well as its
racemization in the Ab ACHTUNGTRENNUNG(1–40) peptide significantly retard fibril-
logenesis.[64,91] On the contrary, isomerization of Asp23 in Ab-
ACHTUNGTRENNUNG(1–42) increases fibril formation.[92] Coles et al. ,[26] from NMR
studies in solution, observed that at pH 5.8–7.0, in a water/SDS
micelle environment, the AbACHTUNGTRENNUNG(1–40) undergoes a structural tran-
sition from a-helix to random coil probably related to the de-
protonation of residues Glu22 and Asp23. More significantly,
Petkova et al. ,[92] based on solid state NMR, proposed a struc-
tural model for AbACHTUNGTRENNUNG(1–40) fibrils showing the mutual interaction
between hydrophobicity and charge effect. The electrostatic
interaction involving Asp23 and Lys28 favors the sidechain–
sidechain interactions between the two b-strands (residues
Val12–Val24 and Ala30–Val40) stabilizing the structure of the
cross-b unit. Further, if protofibrils associate laterally, an inter-
molecular electrostatic interaction between Lys16 and Glu22
would also prevent electrostatic destabilization.

Hence, we propose that the difference in conformational
flexibility, determined by an interplay between hydrophobicity
distribution and side-chain ionization effects, produces a differ-
ence in the aggregation propensity. This hypothesis is also
strengthened by other investigations regarding some amyloi-
dogenic peptides showing metastable and flexible intermedi-
ates along the aggregation pathway.[79,94–96]

Another intriguing implication of the calculated structures is
the unfolding of helix 1 into its N terminus, thus conferring an
amphipatic character to the peptide at pH 5.8. As a conse-
quence, the calculated structures characterized by an helix-
kink-helix motif and the amphipatic character of helix 1 share a
common shape to that of the fusion domain of influenza virus
Hemagglutinin (HA), the structurally and functionally best stud-
ied example of class I membrane fusion proteins.[97,98] Further-
more, the structures obtained for AB40M are similar to those
of the theoretical model proposed by Durell et al.[99] for ion
channels that might be formed by AbACHTUNGTRENNUNG(1–40).[100] Based on
these structural homologies, it seems fair to suggest that, as
recently proposed by other authors,[24,26] the membrane pora-
tion process may be relevant to explain the neurotoxicity of

Ab. The amphipatic nature of helix 1 could favor interactions
with the membrane surface, thus ensuring an insertion of the
hydrophobic residues into lipid bilayer. The ability of Ab ACHTUNGTRENNUNG(1–40)
to insert into a lipid bilayer by its C terminus[100,101] and the ob-
servation of a conformational change into partially a-helical
structures of Ab ACHTUNGTRENNUNG(1–40) upon membrane incorporation support
this hypothesis.[64,103]

Nevertheless, a general model for the membrane interaction
of soluble proteins postulates that adoption of a mobile,
highly dynamic, conformation confers to the protein the ability
to associate.[104] The possibility of a flexible intermediate func-
tioning in the protein insertion was proposed by Bychova and
described for a number of systems.[105–108]

In summary, our results show that AbACHTUNGTRENNUNG(1–40) peptide in an
aqueous mixture of HFIP at different pH exhibits a conforma-
tional transition from a-helical to more extended conforma-
tions with increasing pH. The most involved segment in this
conformational change is the highly hydrophobic C-terminal
region, which in part loses its helical character. PCA, applied to
our knowledge for the first time to multidimensional data of
analogous conformations as derived from NMR data, allows, as
suggested in a previous paper,[39,40] for the recognition of con-
formational flexibility, influenced by both hydrophobicity and
charge effect, as the main determinant of aggregation propen-
sity. This application of PCA confirms the usefulness of the pro-
posal by Carugo[109] of the systematic use of rmsd as a quanti-
tative metric for structural comparison of different molecules.
In his paper he makes use of the Pearson correlation coeffi-
cient between rmsd values of different molecules, whereas we
start from there and use the eigenvectors of the correlation
matrix corresponding to the principal components. This allows
us to decompose the global displacement from the reference
molecule of each conformer into a “global unconstrained
linear displacement” (measured by the first component in
which all the residues of the peptide contribute with the same
sign to the general distance) and a “local constrained nonlinear
displacement” (second component, some residues get closer
to the reference while at the same time others get further
away because of the presence of shape constraints in the mol-
ecule) components. This decomposition allows for a closer
look to the nature of the observed phenomenon.[110] Moreover
the downsizing of the initial dimensionality of distance space
from 40 (the number of residues) to two (the number of com-
ponents) permits the direct projection of the single conformers
into an explicit conformational space, allowing for a much sim-
pler quantitative comparison of the two populations of struc-
tures.

In the condition with the highest propensity for aggrega-
tion, the formation of a turn-like structure at region Lys16–
Asp23 promotes a rich conformational flexibility in the peptide.
This flexibility exposes large patches of hydrophobic surface at
the central core and at the hydrophobic tail and an amphipatic
helical character thus modifying the ability of AbACHTUNGTRENNUNG(1–40) to
either aggregate and/or become inserted in membranes. Fur-
thermore, the common helix-kink-helix shaped amphipatic
character of AbACHTUNGTRENNUNG(1–40) at pH 5.8 with membrane-inserting pro-
teins together with its reported membrane-inserting protein
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and ion-channel properties point to membrane poration as
one of the possible events for neurotoxicity.

Finally, the detailed characterization of the possible confor-
mational transition leading from the nonaggregating helical
structures to partially folded intermediates, could be useful to
design molecules able to block the aggregation process at
early stages.

Experimental Section

Sample Preparation

AbACHTUNGTRENNUNG(1-40) (MW 4329.8), purity 82.4%, was purchased from Neosys-
tem (Lyon, France) and purified using reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC). Purified peptide was
stored as lyophilized at �20 8C. The solvent deuterated hexafluoroi-
sopropanol (d2-HFIP) (98%) was obtained from Aldrich Chemical
Co.
1D-NMR experiments were used to optimize the experimental con-
ditions. AbACHTUNGTRENNUNG(1–40) was dissolved in HFIP/H2O mixtures at different
concentrations 30/70, 40/60, 50/50, 60/40, 70/30, and 80/20 by
volume, and optimal line shapes and intensities were obtained
using 70% HFIP.
Three different samples were prepared for a final concentration of
300 mm in 0.7 mL of a mixture by volume of d2-HFIP/H2O/D2O
(70:27:3) at pH values of 3.5, 5.8, and 7.0 referred to as AB40L,
AB40M, and AB40N, respectively. The desired pH values were ob-
tained by adding amounts of either DCl (0.1m) or NaOD (0.1m)
and measured at room temperature with a pH meter (Radiometer
Copenhagen PHM 28). No corrections of pH readings were made
for isotopic effects or for the presence HFIP-d, as control experi-
ments showed that these substances did not significantly alter the
pH.[33,42]

NMR Spectroscopy

All solution 1H NMR experiments were performed at 25 8C on a
Bruker Avance 500 spectrometer. The 2D TOCSY[43] and NOESY[44]

spectra were run in the phase-sensitive mode using time-propor-
tional phase increment for quadrature detection in the direct di-
mension.[45] The 2D [1H, 1H] total correlation spectroscopy (TOCSY)
(70 and 80 ms mixing time) and 2D [1H, 1H] NOESY (80-220 ms
mixing time) experiments were collected using 2048 complex data
points in the direct dimension and 512 increments in the indirect
dimension. The solvent signal was suppressed by WATERGATE.[46]

Spectral data were processed using NMRPipe[47] and analyzed
using SPARKY.[48] Data were zero-filled to 4096 points in F2 and to
1024 points in F1 and then processed with a sine-bell squared
window function shifted by between 908 and 608 as appropriate
before Fourier transformation. Polynomial baseline correction was
carried out on either side of the residual water signal. Spectra were
assigned using standard assignment techniques.[49] The identified
spin systems were then assigned along the primary structure of
the peptides through inter-residue sequence from the NOESY spec-
trum. In the NOESY (150 ms mixing time) spectra, NOE crosspeaks
were integrated and used for structure calculations. The NOE vol-
umes were calibrated using the average NOE volume from re-
solved aromatic vicinal protons of Tyr10 and classified as strong,
medium, and weak, corresponding to distance restraints of 1.9–2.7,
1.9–3.3, and 1.9–5.0 M, respectively.[50] The spectra were internally
referenced to the HDO peak according to the method of Wish-
art.[51]

Structure Calculation and Validation

Structure calculations were performed starting from extended
structures and using the random simulated annealing routine avail-
able in XPLOR-NIH[52] to generate 70 conformers. An initial high-
temperature phase consisting of 6000 restrained molecular dynam-
ics steps of 0.5 fs each was performed at a temperature of 1000 K.
During this stage, all force constants were kept fixed. A molecular
dynamics cooling phase composed of 3000 steps of 0.5 fs each
was then employed, with the temperature decreasing from 1000
to 100 K. To refine the generated conformers, simulated annealing
was carried out a second time starting at 2000 K, including the full
van der Waals potential. The temperature was decreased from
2000 to 0 K. During the high temperature steps, the dihedral
angles were constrained using an harmonic potential with a force
constant of 200 kcalmol�1. Final refinement of the structure en-
semble was calculated at a Ti of 500 K with 30000 cooling steps at
a step size of 1 fs. All NOEs were unambiguously assigned and
pseudoatoms were employed where appropriate using the center
of mass approach when stereospecific assignments could not be
made. Conformers with no NOE violations >0.4 M, no bond viola-
tions >0.05 M, and no angle violations >48 were accepted using
the “accept.inp” routine included in the XPLOR-NIH software pack-
age.
Structural analyses were performed using XPLOR-NIH macros, the
defined secondary structure of proteins (DSSP)[53] criteria and in-
house developed programs. The MOLMOL program[54] was em-
ployed to examined visually the calculated structures.

Statistical Analysis

Principal component analysis (PCA) was applied to visualize signifi-
cant conformational changes such as those expected for the ef-
fects of pH on the structural transition of Ab peptide. The PCA
projects multidimensional data onto low-dimensional space by se-
lecting a new set of mutually orthogonal axes (principal compo-
nents) that best preserve the distance between the conformations
in the original space.[55] In this way, it is possible to directly visual-
ize the spatial relations among the data points representing the
different conformers. We used the root-mean-square deviations
(rmsd) of the Ca atoms as the distance measure between confor-
mations relative to different experimental conditions. These distan-
ces were the original variables entering PCA. The pattern of load-
ings (normalized eigenvectors) on the extracted components
allows for an identification of the nature of the structural modifica-
tions. On the other hand, the scores on the components allow for
an immediate visualization of the different conformers. SAS (Statis-
tical Advanced Software) software (SAS Institute Inc. , Cary, NC) was
used for the statistical analysis.

Keywords: Alzheimer’s disease · amyloid b-peptides ·
conformational flexibility · NMR spectroscopy · principal
component analysis
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