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Abstract We have determined the secondary structure of
1-40 fS-amyloid peptides by Fourier-transform infrared
spectroscopy (FTIR) and characterized the peptide photo-
physical properties before and after self-assembly by using
intrinsic tyrosine steady-state and time-resolved fluores-
cence. All measurements were performed in the presence
and absence of hypericin (Hyp), an exogenous natural poly-
cyclic pigment that has been shown to inhibit fibril forma-
tion and has also been used as a fluorescent probe. We
monitored the time course of the aggregation process mea-
suring 405 nm light diffusion at 90° and used thioflavin T to
reveal the presence of fibrils. FTIR quantitative analysis
evidenced a prevalent random conformation at =0 with
and without Hyp. Fibrils showed a predominant parallel
p-sheet structure and a small percentage of a-helix. The
results of fluorescence measurements showed that Hyp
does significantly interact with peptides in f-sheet confor-
mation. In conclusion, hypericin does hinder the formation
of fibrils, but the percentages of parallel -sheets were not
significantly different from those found in samples not
treated with Hyp.

Keywords Alzheimer’s disease - f-Amyloid -
Fluorescence spectroscopy - FTIR spectroscopy -
Hypericin - Secondary structure

E. Bramanti

Laboratory of Instrumental Analytical Chemistry,

Istituto per i Processi Chimico-Fisici, CNR, Italian National
Research Council, Via G. Moruzzi 1, 56124 Pisa, Italy

F. Lenci - A. Sgarbossa (D<)

Istituto di Biofisica, CNR, Italian National Research Council,
Unita di Pisa, Via G. Moruzzi 1, 56124 Pisa, Italy

e-mail: antonella.sgarbossa@pi.ibf.cnr.it

Abbreviations

EtOH Ethanol

A-f f-Amyloid peptide
Hyp Hypericin

LS Light scattering = diffusion at 90° of 405 nm light
Tyr Tyrosine
ThT Thioflavine T

Introduction

Amyloid aggregates responsible for neurodegenerative dis-
orders such as Huntington’s and Alzheimer’s diseases show
a fibrillar morphology and a predominantly f-sheet second-
ary structure (Zerovnik 2002; De Felice et al. 2004; Stefani
2004). Fibril formation is a polymerization process,
described by a sigmoid curve, recently suggested to be a
three-stage process consisting of protein misfolding, nucle-
ation, and fibril elongation (Lee et al. 2007). In this phe-
nomenon, a key role is played by forces common to all
proteins, without any meaningful dependence on the spe-
cific peptide sequence, including hydrophobic interactions,
backbone hydrogen bonding, and stacking interactions.

The main neurotoxic species would be the soluble oligo-
mers (Talaga 2004; Cleary et al. 2005; Chimon et al. 2007)
apparently capable of forming pores, which potentially
induce cell dysfunction via wrong membrane permeabiliza-
tion (Lashuel and Lansbury 2006).

Alzheimer’s disease (AD) is characterized by the pres-
ence of typical amyloid plaques in the extracellular space of
the brain that are composed of well-ordered fibrillar aggre-
gates of f-amyloid (A-f) peptides. The A-f peptides of
different lengths (39-43 residues) are produced by regulated
intramembrane proteolysis of a transmembrane protein,
amyloid precursor protein (APP), and possess native structural
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disorganization. As they are natively unfolded and unsta-
ble, a conformational organization via a “partially folded”
intermediate takes place during fibrillogenesis.

Peptide-peptide interactions resulting in self-assembly
phenomena of A-f§ peptides yielding fibrils (Uversky and
Fink 2004) can be modulated and influenced by small
organic molecules (Berg 2003; Nilsson 2009), especially
polycyclic compounds, which might also disrupt the molec-
ular architectures of the precursors of fibrils (Waters 2004;
Gazit 2005; Walsh et al. 2005; Ehrnhoefer et al. 2008).
These molecules could, in fact, interact with the n-electron
system of A-f aromatic residues targeting the amyloido-
genic core and interfering with fibril assembly, as suggested
in the case of polyphenols (Ono et al. 2003; Porat et al.
2006) and/or perturb the hydrophobic forces that maintain
the side chains of the polypeptide in close contact, thus
having a disrupting effect (Bemporad et al. 2006). Recently,
it has been shown that hypericin (Hyp), a natural pigment
extracted from Hypericum perforatum, widely used as a
mild antidepressant, can significantly affect and interfere
with the early stages of the polymerization process, playing
the role of an effective aggregation inhibitor (Sgarbossa
et al. 2008).

To gain deeper insights into the quantitative changes of
secondary structure of A-f peptides induced by Hyp and to
better understand the nature of the pigment-peptide interac-
tion, we have performed a set of Fourier-transform infrared
spectroscopy (FTIR) measurements and of steady-state and
time-resolved fluorescence emission measurements in
different phases of the aggregation process.

Infrared spectroscopy was one of the earliest experimen-
tal methods used to evaluate the secondary structure of
polypeptides and proteins (Parker 1983; Bandekar 1992).
The amide group of proteins and polypeptides presents
characteristic vibrational modes (amide modes) that are
sensitive to the protein conformation. Furthermore, vibra-
tions of certain amino-acid side chains have absorption
bands in the 1,480-1,350 and 1,190-700 cm™! regions and
may give small contributions to the intensity of characteris-
tic protein amide bands (Chirgadze et al. 1975).

Intramolecular or intermolecular aromatic and/or hydro-
phobic interactions can affect the fluorescence emission
spectrum as well as the fluorescence quantum yield and
lifetime of the aromatic amino acids. In A-f3, the three Phe
residues, Phe4, Phel9, and Phe20, are fluorometrically
silent because of their low quantum yield (Maji et al. 2005).
Tyr at position 10 may constitute a useful intrinsic probe of
peptide in the N-terminal region. Also Hyp has fluorescent
properties that make this pigment a quite reliable probe for
monitoring its interaction with the peptide and providing
some hints about conformational rearrangements of the site
of binding. Indeed, in aqueous solutions, Hyp molecules
give rise to polydispersed nonfluorescent aggregates, but
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they easily associated with suitable macromolecules, thus
becoming highly fluorescent monomers (Sgarbossa and
Lenci 2001). Consequently, fluorescence measurements
can provide important information on the nature of the
interactions of Hyp with the A-f peptides under investiga-
tion, as well as on the structure of the peptide at different
times.

Materials and methods

Thioflavin T (ThT, T3516) and Hyp (H9252) were pur-
chased from Sigma Aldrich (Milan, Italy) and used without
further purification. A-f peptides (1-40) were purchased
from Biopeptide (San Diego, CA, USA). One of the com-
mon problems encountered in in vitro studies of -amyloid
peptide is the high variability of the initial conditions of the
sample: if the preparation procedure starts dissolving the
peptides at acid pH (about 2) and then the pH of the solu-
tion is brought to physiological values (about 7), the prepa-
ration goes through the isoelectric point of the peptide
(pI =5.5), where aggregation and precipitation are very
probable. To avoid this inconvenience, we have dissolved
our peptides in NaOH 2 mM (pH = 10.5), sonicated for
10 min and lyophilized as suggested by Fezoui et al.
(2000). For measurements, the powder was instantly dis-
solved in 0.1 M NaCl MilliQ water solution (pH = 6.5).

Aggregation of A-f was induced by increasing the
temperature to 60°C in the thermostatic cell holder of a Per-
kin-Elmer 50 LS B spectrofluorimeter, equipped with a
magnetic stirrer. To monitor the aggregation process, we
followed the usual procedure of setting both the excitation
and the emission monochromator at 405 nm and measuring
light diffusion at 90° (Stege et al. 1999; Wood et al. 1996)
[in what follows the term LS (light scattering) will be used
for the sake of simplicity].

In all aggregation studies, A-f concentration was
150 pM in 0.1 M NaCl aqueous solution. To avoid mislead-
ing results due to its very poor solubility in 0.1 M NaCl
aqueous solution and due to the formation of polydispersed
aggregates, Hyp was dissolved in spectroscopic-grade
EtOH and added to the peptide sample solution before putt-
ing the cuvette into the cell holder. Ethanol percentage rela-
tive to 0.1 M NaCl peptide solution was always 1%
(vol/vol) both in the presence and in the absence of 107> M
Hyp final concentration. Control measurements were per-
formed to verify that the presence of ethanol does not affect
the results. At the beginning and at the end of the LS exper-
iments, 75 pl of peptide solution was sampled at =0 and
3 h (saturation phase of LS curves) and spread on a BaF,
window for FTIR analysis. FTIR analysis was performed
on peptide films after removing the water by evaporation at
21 £ 1°C.
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Fluorescence spectra were measured by means of the
same Perkin-Elmer 50 LS B spectrofluorimeter. Fluores-
cence lifetime measurements were performed using an
Edinburgh OB920 Fluorimeter [time resolution from
100 ps to 10 ps, H, lamp, using time-correlated single pho-
ton counting (TCSPC)]. For measuring Hyp fluorescence
lifetimes, the selected excitation and emission wavelengths
were 550 and 600 nm, respectively, and 270 and 310 nm
for Tyr. For each measurement up to 5,000 counts were
acquired. Deconvolutions and fits were performed by
means of a FAST software package provided by Edinburgh.
Optical absorption spectra were measured with a JASCO
7850 spectrophotometer.

Infrared spectra were recorded by using a Perkin-Elmer
Spectrum One FTIR Spectrophotometer, equipped with a
TGS detector. For each sample, 32 interferograms were
recorded, averaged, and Fourier-transformed to produce a
spectrum with a nominal resolution of 4 cm™'. Thirty-two
scans were enough to obtain a suitable S/N ratio and to
keep a balance of aqueous vapor bands with respect to the
background spectrum. The typical vapor band did not
appear either in the spectra or in the second derivative.

Spectrum software (Perkin-Elmer) and the peak fitting
module of Origin 8.0 (Microcal) were employed to run and
process spectra, respectively. Prior to curve processing, a
straight baseline passing through the ordinates at 1,800 and
1,480 cm™! was subtracted, and spectra were normalized in
the 1,700-1,600 cm™! region. This seemed to be a reason-
able choice in order to avoid artefacts in absorptions near
limits of the region examined (1,700-1,600 cm’l). Then,
the second derivatives of the amide I band of the spectra
examined (1,700-1,600 cm™! region) were analyzed to

Fig. 1 a Hypericin chemical
structure. b Time-course of the
aggregation process at 60°C of
150 uM A-f in 0.1 M NaCl
aqueous solution in the presence
and in the absence of 1075 M
Hyp in 1% EtOH. ¢ Fluores-
cence intensity of ThT (5 uM,
=442 nm) with A-fatr=0

Aexc

determine the starting data (number and position of Gauss-
ian components) required for the deconvolution procedure.
The choice of the amide I band for structural analysis is due
to the very low contribution of the amino acid side chain
absorptions present in this region (Chirgadze et al. 1975),
and to its higher intensity with respect to other amide
modes.

On the basis of the infrared assignment of amide compo-
nents, assuming that the extinction coefficient is the same
for all the secondary structures, the secondary structure
composition can be obtained from the FTIR spectra. The
values for the percentages of the different secondary struc-
tures are estimated by expressing the peak area value of the
bands assigned to each of these structures as a fraction of
the total sum of the peak area of the amide I components
(Bramanti and Benedetti 1996).

Results and discussion

It was previously shown that in phosphate buffer the aggre-
gation process of A-f (1-40) peptide is inhibited by the
presence of Hyp in the medium. With the aim of investigat-
ing the secondary structure of the A-f§ peptide at the differ-
ent phases of the aggregation process, FTIR in transmission
mode was used. As NaCl solutions have to be used to avoid
phosphate interference in FTIR measurements, the aggrega-
tion process of A-fi (1-40) peptide in NaCl aqueous solu-
tion in the absence and in the presence of 107> M Hyp was
followed (Fig. 1b). As shown in Fig. 1b, A-f aggregation
also takes place in NaCl aqueous solution, whereas in the
A-f + Hyp system the LS value is constant.

OH O OH

and 7 = 3 h and in the presence of Hypericin
A-f3 samples in which the fibril-
logenesis was inhibited by (b) (c)
1073 M Hyp in 1% EtOH 451 A-B ~]
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The presence of A-f fibrils is efficiently revealed by
means of ThT, a fluorescent probe, whose fluorescence
quantum yield is intrinsically quenched when unbound to
amyloid fibrils and increases when bound, because of the
blockage of the rotation of the benzothiozole and benzami-
nic rings with respect to one another (Voropai et al. 2003).
At the very beginning of the aggregation process (¢ = 0) for
all samples and at r = 3 h, when fibril formation is inhibited
by Hyp in A-f + Hyp systems, no significant ThT fluores-
cence signal was detected (Fig. 1b).

It should be noted that A-f is natively unfolded and very
unstable and that, whereas at nanomolar concentrations olig-
omerization and fibril formation do not occur, at micromolar
concentrations it is difficult to obtain pure monomers. As
stated in the “Material and methods” section, for A-f prepa-
ration we followed the Fezoui procedure (Fezoui et al. 2000),
which has been demonstrated to produce peptide solutions
containing higher yields of monomer and low-order oligomer
states (low molecular weight, LMW A-f) and lower concen-
tration levels of pre-existing aggregates or seeds present in
the peptide stocks. So, in our experimental conditions, at
t = 0, a mixture of monomers and oligomers (dimers, trimers,
and tetramers) of A-f} is probably in equilibrium.

FTIR analysis

The secondary structure of A-f peptide at r=0and t=3h
was studied in dried films using FTIR in transmission
mode. Figure 2 shows the FTIR absorption spectra in the
1,850-1,250 cm™! region of A-f and A-f+Hyp film
obtained at =0 and #=3h. Spectra reported in Fig. 2
result from averaging FTIR spectra obtained for two differ-
ent experiments for each condition studied.

The peak at 1,633 cm™! of amide I is associated with a
B-structure. The frequency of amide II at 1,546 cm™! is not
associated with specific secondary structures. The band at
1,403 cm™' corresponds to the CH, bending region. The
amide I region was used in this study to investigate quanti-
tative changes in A-f secondary structure by a peak decon-
volution approach.

By applying the deconvolution procedure to the amide I
region of the FTIR spectra, the percentage of each amide I
component was obtained. Table 1 summarizes the quantita-
tive results of the secondary structure of A-f peptides in all
conditions studied. Two different peptide films from differ-
ent solutions were analyzed for all the studied conditions to
check the reproducibility of the procedure.

The assignment of the negative peaks displayed by sec-
ond derivative spectra, corresponding to the frequencies of
amide I components obtained after deconvolution, repre-
sents a fundamental step in correlating the percentage of the
amide I components and the amounts of different secondary
structures in the protein.
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Fig. 2 FTIR absorption spectra in the 1,850-1,250 cm~! region of
A-f (a) and A-f + Hyp films (b) obtained at t=0 (bold line) and
t = 3 h (thin line)

It is known that in antiparallel (ap) f-sheet structures,
the amide I region displays two typical components, the
major one is around 1,630 cm™! and the minor one around
1,695 cm™!. The 1,695/1,630 ratio has been suggested to be
proportional to the percentage of antiparallel f-strands in a
f-sheet (Krimm and Bandekar 1986; Chirgadze and
Nevskaya 1976). Parallel (p) f-sheets show in the amide I
region only the major component at 1,630 cm ™! (Chirgadze
and Nevskaya 1976). The broad component at 1,646—
1,648 cm™! is attributed to random chains, and it is charac-
terized by a wide bandwidth. Indeed, in random structures
hydrogen bonds are more exposed, and the presence of
water molecules as well as adjacent amino acids gives addi-
tional strong interactions. These contribute to the distortion
of the structures and consequently to an increase in the
bandwidth (Veniaminov and Kalnin 1990). The component
at 1,676-1,678 cm™' is determined by turns connecting
f-strands.
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Table 1 Results of the deconvolution procedure applied to the amide
I region of the FTIR spectra of A-f8 peptides with and without 10~> M
Hypatt=0andfr=3h

Frequency cm ™! Assignment Proportion (%)
(bandwidth cm™")

A-f peptide (1 =0)

1,630 (15) p-sheets (p + ap) 19
1,648 (40) Random coil 67
1,678 (20) p-turns 12
1,691 (10) f-sheets (ap) 2
A-f peptide (¢ = 0) (replicate)

1,630 (15) p-sheets (p + ap) 18
1,646 (37) Random coil 62
1,676 (22) p-turns 16
1,690 (11) p-sheets (ap) 3
A-f3 peptide + 107> M Hyp (¢ = 0)

1,630 (15) p-sheets (p + ap) 17
1,646 (36) Random coil 60
1,676 (22) p-turns 18
1,690 (12) p-sheets (ap) 4
A-f peptide + 107> M Hyp (¢ = 0) (replicate)

1,630 (15) p-sheets (p + ap) 18
1,646 (41) Random coil 67
1,676 (20) p-turns 12
1,690 (11) f-sheets (ap) 3
A-f peptide (=3 h)

1,630 (20) p-sheets (p + ap) 49
1,650 (16) o-helix 15
1,669 (24) p-turns 31
1,688 (14) p-sheets (ap) 6
A-f peptide (¢ = 3 h) (replicate)

1,630 (19) p-sheets (p + ap) 56
1,651 (15) o-helix 17
1,667 (21) p-turns 23
1,685 (12) p-sheets (ap) 4
A-f3 peptide + 107> M Hyp (1= 3 h)

1,629 (21) p-sheets (p + ap) 55
1,653 (18) o-helix 20
1,672 (19) p-turns 21
1,687 (11) f-sheets (ap) 4
A-f peptide + 107> M Hyp (¢ = 3 h) (replicate)

1,629 (20) p-sheets (p + ap) 56
1,653 (15) o-helix 11
1,672 (21) p-turns 19
1,687 (12) f-sheets (ap) 4

p Parallel, ap antiparallel, Hyp hypericin

A-f amyloid at t = 0, treated or not with Hyp, is predom-
inantly composed of a random structure (60-67%) and par-
allel f-sheets (17-19%) connected by turns (12-18%). A

small percentage of antiparallel pf-sheet components
(2-4%) was also detected.

Fibrils, formed in the absence of Hyp after 3 h, show a
significant increase in parallel S-sheets (49-56%) and an
increase in f-turns (31-23%), whose components shift
from 1,667 to 1,669 cm™! (Surewicz et al. 1993). We also
observed a shift in the frequency of antiparallel f-sheet
components to 1,685-1,688 cm~!. In both cases a shift
toward higher frequencies indicates a more hydrophobic
environment.

A component at 1,650-1,651 cm™! in fibrils (15-17%),
narrower than the random component (about 15 cm™' vs.
45 cm™~! bandwidth), may indicate the formation of a-helix
or large loop structures (Krimm and Bandekar 1986;
Bandekar and Krimm 1980).

In the presence of Hyp, ThT assay did not reveal the for-
mation of fibrils. However, percentages of f-sheets were
not significantly different from those found in samples not
treated with Hyp. We observed a significant shift in the
band maximum assigned to o-helix and f-turns from 1,650
and 1,669 cm™! in samples not treated with Hyp and to
1,653 and 1,672 cm™! in samples treated with Hyp. This
indicates a different spatial distribution and/or state of
hydration of these secondary structures and suggests the
need for further investigations.

Besides the quantitative difference described above, it is
interesting to highlight that a global inspection of the spec-
tra of Fig. 2 shows differences in the amide II/amide I ratio
and in the 1,500-1,300 cm™' region. Table 2 shows the
ratio of optical densities of amide I and amide II bands
(01543/01633) and of two bands characteristic of CH,
bending (61435/61402). In the same table, ThT assay data
and f-sheet percentages found by FTIR quantitative analy-
sis are summarized. Amide II/amide I ratio has often been
employed to evaluate changes in the secondary structure of
proteins during denaturation (Lin and Koenig 1976; Lenk
et al. 1989; Kato et al. 1987). This ratio generally increases
during denaturation and decreases when peptides again take
up an ordered structure.

In our experiments lower values of the §1543/51633
ratio (0.47 and 0.48 in two samples vs. 0.55 &+ 0.01, n = 6)
correlate with the presence of fibrils in the sample, revealed
also by LS measurements and by the ThT assay.

Most important, in the presence of Hyp, the value of the
amide II/amide I ratio after 3 h was not markedly different
(0.54 and 0.55) from the mean value obtained for samples
att=0 (0.56 £+ 0.01, n = 4), indicating the absence of fibril
structures.

Lower values of amide II/amide I ratio were also previ-
ously observed in thermal treatment of human serum albu-
min simultaneously with the formation of inter-chain
antiparallel f-sheets (Bramanti and Benedetti 1996).
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Table 2 Ratio of optical densities of amide I and amide II bands (61543/51633) and of two bands characteristic of CH, bending (51435/51402),

ThT assay results, and f-sheet percentages

Sample 01543/61633 01435/61402 ThT assay p-sheets, p + ap (%)
A-B(t=0) 0.54 0.80 - 19+2
A-p (=0, replicate) 0.56 0.81 - 1843
A-B(t=3h) 0.47 0.85 + 49+6
A-p (t =3 h, replicate) 0.48 0.89 + 56 +4
A-f+Hyp (t=0) 0.57 0.80 - 17+4
A-f + Hyp (t =0, replicate) 0.56 0.81 - 18+3
A-f+Hyp (t=3h) 0.56 0.86 - 55+4
A-f + Hyp (t = 3 h, replicate) 0.54 0.87 - 56 +4

ThT Thioflavine T, p parallel, ap antiparallel, Hyp hypericin

The absorptions in the CH, bending region (1,500-
1,300 cm™") are affected by changes in peptide structure.
Even though CH, groups are not usually investigated for
conformational studies, their absorptions are affected dur-
ing f-sheet formation process, as described by Maiti et al.
(2006). Indeed, on the basis of the quantitative conforma-
tional analysis of A-f§ reported above, higher values of
01435/61402 ratio in the CH, bending region correlate with
a high percentage of f-sheet structure, which is observed
both in the presence and absence of Hyp. At ¢ = 0, with and
without Hyp, 61435/61402 ratio values ranged between
0.80 and 0.81. In fibrils and in samples treated with Hyp
after 3 h, this ratio ranged between 0.85 and 0.89.

Thus, the amide II/amide I and 061435/61402 ratios are
correlated with the A-f peptide secondary structure and can
be considered as simple, qualitative parameters to evaluate
the presence of fibrils and f-sheets, respectively, in the A-f3
samples. In conclusion, FTIR results show that both in the
absence and in the presence of Hyp, A-f evolves from ran-
dom structure (60-66% at t =0) toward ff-sheet structure
(49-56%) with a small amount of o-helix (11-20%). In the
absence of Hyp, f-sheet oligomers form larger aggregates
and fibrils. In the presence of Hyp, ff-sheet oligomers are
likely stabilized and fibril formation is thus avoided. In

Fig. 3 Fluorescence emission (a)
spectra (4., = 270 nm) in the 184 — A-Bt=0
Tyr region of A-f at t =0 and A-B t=3h

-
N
L

t = 3 h a without hypericin
(Hyp) and b with 107> M Hyp in
1% EtOH

-
o
!

Fluorescence Intensity (a.u.)
-]
.

v

‘\k,

addition to the complete conformational analysis of A-f3,
we defined the amide II/amide I and 61435/61402 ratios,
which are correlated with the A-f§ peptide secondary struc-
ture, and can be considered as simple, original, qualitative
parameters to evaluate the presence of fibrils and f3-sheets,
respectively, in the A-f samples.

Fluorescence analysis

With the aim of characterizing the local microenvironment
of A-f during self-assembly and the effects of Hyp on it, we
performed a steady-state and a time-resolved fluorescence
analysis of both Tyr and Hyp.

As shown in Fig. 3a, Tyr fluorescence of A-f slightly
decreases with time. This behavior can be explained assum-
ing the occurrence of weak, noncovalent interactions (elec-
trostatic, van der Waals, and solvophobic forces) between
the m-electron system of the aromatic residues of the pep-
tide or hydrogen bonds formation with peptide carbonyl
groups or with carboxylate side chains of aspartic and glu-
tamic acid (Ross et al. 1992; Cowgil 1976).

When A-f is in the presence of Hyp, a new band around
360 nm is observed (Fig. 3b). This emission band can be
attributed to tyrosinate formation (Rayner et al. 1978) and

(b) 407 — A-B+Hyp t=0
35 - A-B+Hyp t=3h

Fluorescence Intensity (a.u.)
- - N N w
o (3] o o o
1 1 1 1 1

(3]
L
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may be tentatively explained by the occurrence of a
nonfluorescent charge transfer complex between Hyp and
Tyr, similar to what was reported in the case of Tyr and
imidazole (Voicescu et al. 2009). This result seems to indi-
cate that at r = 0 Hyp already interacts with the peptide, as
suggested also by Hyp fluorescence emission at ¢ =0, and
that it is located close to the Tyr position. The 310 and
360 nm emission bands do not vary significantly with time,
notwithstanding FTIR results indicating a peptide confor-
mational rearrangement toward a predominant f-sheet
structure.

As expected on the basis of a previous study (Sgarbossa
etal. 2008), Hyp fluorescence markedly increases with
time, reaching a saturation level with an intensity about
three times higher than the initial one. This increase in
Hyp fluorescence correlates with the increase in the per-
centage of f-sheet structures with time (Table 1), both of
them showing the same increases, around 2.8, after 3 h. As
no LS signal increase was observed, it is reasonable to
assume that the increase in the f-sheet percentages with
time is due to an increase in the number of oligomeric spe-
cies with fi-structure already present at ¢ = 0 in our experi-
mental conditions in which a mixture of monomers and
oligomers (dimers, trimers, and tetramers) of A-f is in
equilibrium. It is also well known that Hyp easily dis-
solves and becomes fluorescent in hydrophobic environ-
ments such as f-sheets.

When dissolved in ethanol, Hyp fluorescence decay can
be fitted with a single exponential and a single lifetime is
found, about 5.5 ns, )(2 =0.97 (Table 3), in agreement with
data reported in the literature (Lenci et al. 1995). Adding
Hyp to A-f, at 1 =0 Hyp fluorescence decay can be fitted
with a short component, 1.2 ns, 38%, and a long one,
6.1 ns, 62%, with }52 = 1.003. Lifetime values and relative
percentages do not significantly differ after 3 h, the short
component being 1.2 ns, 42%, and the long one, 5.9 ns,
58%, y*=1.038. The time-independent decay profiles
indicate that Hyp associates with A-f with time, always
binding to the same molecular pockets. A possible expla-
nation for all of these results is that in our aggregation con-
ditions, over time, many more A-f§ oligomers are formed

Table 3 Fluorescence lifetime values and relative amplitudes of
107> M Hyp (A, = 550 nm, A,,, = 600 nm) in pure EtOH, in the pres-
ence of 150 pM A-f att=0 and 7 = 3 h and added to A-p fibrils

that can interact with many more Hyp molecules at the
same binding sites (Necula et al. 2007; Lendel et al. 2009,
2010).

Adding Hyp to already formed A-f fibrils, a signifi-
cantly (39%) shorter component (0.2 vs. 1.2 ns) is revealed
together with a 5.5ns component (61%, x*=1.043)
(Table 3), suggesting that Hyp binding sites of fibrils are
different from those of oligomers.

Tyr fluorescence decay can be fitted by a two-exponen-
tial curve, regardless of the secondary structure of the
peptide, the main difference being the relative percentages
of the short- and long-lived components (Table 4). At
t =0, when a mixture of monomers and oligomers is in
equilibrium, Tyr fluorescence decay shows a minor (12%)
short component (1.4 ns) and a major (88%) long compo-
nent (6.4 ns), with y*> = 1.002. The percentages of the two
components are not significantly affected by the presence
of Hyp: 15 and 85% for the short and long components,
respectively (3> = 0.93). Tyr shows two quite similar fluo-
rescence lifetimes after 3 h, both in fibrils [1.4 ns (33%)
and 6.1 ns (67%); x> = 1.063] and in the presence of Hyp
[1.5ns (38%) and 6.4ns (62%); y>=1.28] (Table 4).
With respect to this last point, it is worthwhile noting that
Hyp does hinder fibrillogenesis but does not prevent
p-structure formation (see FTIR results in Table 2).
Lifetime values and relative amplitudes of Tyr are not
substantially affected by the presence of Hyp. The
increased percentage of the short-lived component in the
decay profile after 3 h, both in fibrils and in oligomeric
f-structures in the presence of Hyp, matches the hypothesis
that Tyr is quite sensitive to the conformational rearrange-
ments toward f$-sheets but much less to fibrillar structure.
This result is not surprising because it has been demon-
strated that, relative to the N-terminal region 1-16 in
which Tyr is located, fibrillar and oligomeric A-f differs
for a small reduction in local solvent accessibility (Zhang
et al. 2009), as also evidenced by the Tyr fluorescence
intensity decrease observed by us. The major change in
aggregate morphology of oligomers to mature fibrils
mainly involves the central hydrophobic core and the
C-terminal region.

Table 4 Fluorescence lifetime values and the relative amplitudes of
TYr (Aexe =270 nm, A,,, =310 nm) of 150 yM A-fatt=0andr=3h
without and with 107> M Hyp

Sample T, (ms) A (%) 7t,(ns) A, (%) 7 Sample T, (ms) A (%) 7t,(ns) A, (%) P

Hyp in EtOh - - 5.5 100 0.97 A-f(t=0) 1.4 12 6.4 88 1.002
A-f+Hyp (1=0) 1.2 38 6.1 62 1.003 A-f(t=3h) 1.4 33 6.1 67 1.063
A-f+Hyp(t=3h) 12 42 5.9 58 1.038 A-f+Hyp (t=0) 1.4 15 6.4 85 0.926
A-p fibrils + Hyp 0.2 39 5.5 61 1.043 A-f+Hyp(r=3h) 1.5 38 6.4 62 1.274
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Concluding remarks

Studies of aggregation of A-f and interactions between
small molecules and A-f may constitute important hints for
developing inhibitors against Alzheimer’s disease. In this
study, by means of a combined approach of FTIR and fluo-
rescence techniques, we suggest a model of how the mole-
cule Hyp interacts with A-f. Our experimental results allow
us to conclude that Hyp does inhibit fibrillogenesis through
interactions with f-sheet portions of A-f peptide oligo-
mers. In the aggregation process, the fraction of A-f oligo-
mers (dimers, trimers, and tetramers) increases and so does
the f-sheet percentage, as shown by FTIR results, and, con-
sequently, the number of binding sites for Hyp increases.

This work offers an interesting approach for investigat-
ing a variety of analogous systems.
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