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Abstract: We investigated the spectroscopic properties of the aromatic residues in a set of octapeptides with various self-assembly
properties. These octapeptides are based on lanreotide, a cyclic peptide analogue of somatostatin-14 that spontaneously self-
assembles into very long and monodisperse hollow nanotubes. A previous study on these lanreotide-based derivatives has shown
that the disulfide bridge, the peptide hairpin conformation and the aromatic residues are involved in the self-assembly process and
that modification of these properties either decreases the self-assembly propensity or modifies the molecular packing resulting in
different self-assembled architectures. In this study we probed the local environment of the aromatic residues, naphthyl-alanine,
tryptophan and tyrosine, by Raman and fluorescence spectroscopy, comparing nonassembled peptides at low concentrations
with the self-assembled ones at high concentrations. As expected, the spectroscopic characteristics of the aromatic residues were
found to be sensitive to the peptide–peptide interactions. Among the most remarkable features we could record a very unusual
Raman spectrum for the tyrosine of lanreotide in relation to its propensity to form H-bonds within the assemblies. In Lanreotide
nanotubes, and also in the supramolecular architectures formed by its derivatives, the tryptophan side chain is water-exposed.
Finally, the low fluorescence polarization of the peptide aggregates suggests that fluorescence energy transfer occurs within the
nanotubes. Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley InterScience at http://www.interscience.wiley.com/jpages/
1075-2617/suppmat/
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INTRODUCTION

The ability of small molecules to spontaneously orga-
nize themselves into well-defined structures underlies
the variety of self-assembled bio-structures found in
nature and a wide-range of applications in nanotech-
nology [1,2]. The key elements for assembly of natural or
biomimetic structures are the noncovalent interactions
between the self-organizing molecules, that is hydro-
gen and ionic bonds, hydrophobic effect and van der
Waals interactions [3,4]. These elements determine the
shapes of biological supramolecular structures such
as tubuli and filaments. The emergence of amyloid
related diseases increases the interest of the scientific
community in studying the key motifs for protein fold-
ing, self-assembly mechanisms, molecular structures
and kinetic pathways for formation [5–12]. Studies
on small synthetic peptides have provided insight into
the specific interacting forces that govern self-assembly
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into fiber-like structures [13–16]. Moreover, the tun-
able chemical structures of novel peptides and hybrid
peptide amphiphile molecules allow the control of the
self-assembly process resulting in different supramolec-
ular architectures and leading to the design of new
materials [17–21].

We recently discovered that a set of small peptides
have exceptional self-organizing properties [22,23].
These analogues are based on the synthetic octapep-
tide lanreotide (NH3-(D)Naph-Cys-Tyr-(D)Trp-Lys-Val-
Cys-Thr-CONH2): a growth hormone inhibitor that is
in use as a pharmaceutical treatment of agromegaly,
a hormonal disorder that results when excess growth
hormone is produced by the pituitary gland. In the con-
centration range of 3–18% (w/w) lanreotide in water
forms a gel that consists of unique structures: hollow
nanotubes with diameters of 24 nm and lengths up
to hundreds of micrometers. The nanotube walls are
built up from helicoidal filaments, formed by peptide
dimer building blocks self-assembled into antiparallel
β-sheets through an alternating pattern of the aliphatic
and aromatic aminoacid residues [22]. The temper-
ature/concentration phase diagram of lanreotide in
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water was studied and showed different structural
phases [23]. Depending on the concentration, the lan-
reotide self-assembles either in monodisperse or in
polydisperse and embedded nanotubes. The molecular
packing inside the nanotube walls strongly supports the
idea that aromatic side chains are involved in the self-
assembly process, and we recently demonstrated this
involvement by a mutational approach [24]. Besides the
participation of these aromatic side chains, we have also
demonstrated that the amphiphilicity of the molecule
drives its molecular packing inside the supramolecular
architectures and also drives the morphology of the final
objects. The upper picture in Figure 1 summarizes the
supramolecular structures formed by lanreotide and six
lanreotide analogues. The lower picture is deduced from
[22] and presents the molecular packing of lanreotide
inside the nanotubes.

To summarize, the sequence of lanreotide contains
a set of key elements that drive self-association with a
high degree of hierarchical ordering and allow tuning of
its supramolecular structures by selective modification.
Lanreotide self-assembles through the formation of β-
sheet networks, giving to the nanotubes an amyloid-like
character. The word ‘amyloid’, meaning ‘starch-like’,
was given by mistake to extracellular protein aggregates
found in the organs of patients suffering from amylose,
because these aggregates were stained by iodine like
starch [25]. Later, it was discovered that amyloids
were in fact protein precipitates constituted by ordered
fiber/filament structures, which were stabilized by
extended intermolecular β-sheet [26]. Therefore, we use
the term ‘amyloid’ to qualify fibers, filaments and even
nanotube structures when they involve an extended
intermolecular β-sheet network. The techniques used
to reveal the amyloid character of protein/peptides
aggregates are multiple, either based on undirected
observation, i.e. using external probes (Congo-red or
Thioflavine T [9,27] that interact with the amyloid fibers,
or on direct visualization using electron microscopy [28]
and more recently AFM [29,30]. Concerning the indirect
methods using dyes to reveal the amyloid nature of
the fibrils, the dye to fibril interaction mechanisms
are still under debate [31] and in some cases can
interact with the fibril growth mechanisms as shown by
[32]. For the lanreotide and derivative assemblies, we
chose other methods such as IR spectroscopy and X-ray
scattering to characterize the β-sheet network content
of our amyloid type architectures. These approaches
that have been widely used in the past to reveal the
amyloid character of fibers, give in our case, due to
the size and simplicity of the molecule, precise and
quantitative information [22,23].

The loss of supramolecular structures upon selec-
tive modification of tyrosine or naphthylalanine into
phenylalanine indicates that hydrogen bonding and
π-stacking are involved in the very first steps of the
self-assembly process. In addition, modification of the

amphiphilicity of the peptide by substituting the lysine
with a D-lysine changes the molecular packing of the
peptide and in turn also tunes the final supramolecular
architectures from nanotubes to amyloid fibres. There-
fore lanreotide and lanreotide-based derivatives could
be interesting model systems for the study of protein
fibril formation.

In this work, a combination of electronic and
vibrational spectroscopies is applied to probe the local
environment of the aromatic amino acid residues in
lanreotide and a set of lanreotide derivatives. In the
latter, chemical groups have selectively been modified
as summarized in Figure 1, and their behavior in water
has been studied. Here we aim to explore the use
of fluorescence and Raman spectroscopy to compare
the aromatic intermolecular interactions that occur
in these assemblies. The set of selectively-modified
derivatives allows us to assign the individual Raman
bands. Our peptides on one hand are simple and well-
defined systems compared to large proteins, but on
the other hand contain all the properties of aromatic
side chains in a protein environment. In this context,
our study is complementary to Raman studies on
aromatic molecules in various solvents that are used as
model systems for the behavior of aromatic residues in
proteins.

EXPERIMENTAL

Peptide Sequences

(1) Lanreotide NH3-(D)Naph-cyclo-[Cys-Tyr-(D)Trp-Lys-Val-
Cys]-Thr-CONH2 (2) DTrp → DPhe NH3-(D)Naph-cyclo-[Cys-
Tyr-(D)Phe-Lys-Val-Cys]-Thr-CONH2 (3) DNaph → DPhe NH3-
(D)Phe-cyclo-[Cys-Tyr-(D)Trp-Lys-Val-Cys]-Thr-CONH2

(4) DNaph → DAla NH3-(D)Ala-cyclo-[Cys-Tyr-(D)Trp-Lys-Val-
Cys]-Thr-CONH2 (5) Tyr → Phe NH3-(D)Naph-cyclo-[Cys-Phe-
(D)Trp-Lys-Val-Cys]-Thr-CO NH2 (6) Cys → Ala NH3-(D)Naph-
Ala-Tyr-(D)Trp-Lys-Val-Ala-Thr-CONH2 (7) Lys → DLys NH3-
(D)Naph-cyclo-[Cys-Tyr-(D)Trp-(D)Lys-Val-Cys]-Thr-CONH2

Materials and sample preparation. Lanreotide and the
derivative acetate powder were obtained from Ipsen Pharma
(Barcelona, Spain) under the reference H008/2 100 006 and
K008/2 100 006. The peptides were synthesized by a Kinerton
batch process (Dublin, Ireland), which includes a flash-freeze
lyophilization. The peptide solutions were prepared by adding
deionized water to a weighted fraction of peptide acetate
powder. The samples were prepared at least 24 h before
the experiments and stored at 4 °C. For measurements on
naphthalene Raman spectra in organic solvents, the organic
solvents were freshly distilled and kept on molecular sieves
that had been activated in an oven at 500 °C for 48 h. The
organic solvent was kept in a dry hood and used within
2 days. Ether and tetrahydrofuran (THF) were distilled from
sodium/benzophenone and dichloromethane (CH2Cl2) was
distilled from CaH2. Methanol was dried by standing with
4 Å molecular sieves.

Fluorescence spectroscopy. Fluorescence spectra were
measured on a Spex Fluorolog 0.34 M spectrophotometer,
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Figure 1 (a) Chemical structure of lanreotide (1) and the effects of aminoacid substitutions DTrp => DPhe (2), Tyr => Phe (3),
DNaph=>DPhe (4), DNaph=>DAla (5), Cys=>Ala (6) and Lys=>DLys (7) on the self-assemblies. (b) Packing model for lanreotide
nanotubes, adapted from Valery C, et al. Biomimetic organization: Octapeptide self-assembly into nanotubes of viral capsid-like
dimension. Proc. Natl. Acad. Sci. U.S.A. 2003; 100(18): 10 258–10 262 (Copyright (2007) National Academy of Sciences, U.S.A.).
The nanotube walls are built up from two types of curled filaments. Intermolecular interactions within the β-sheet filaments
involve Tyr–Tyr and Thr–Val interactions (type 1 filament, left) and Val–Val interactions (type 2 filament, right).

equipped with a set of Glan–Thompson polarizers. Excitation
and fluorescence spectra were collected using slit widths
of 2 nm. To reduce scatter artifacts and to gain signal in
fluorescence polarization measurements a 280-nm filter was
used instead of a slit for excitation and the emission slit width
was changed to 10 nm. To remove the Raman scatter, spectra
of distilled water were taken under the same conditions and
subtracted. Samples were measured in quartz cuvettes and
for peptide concentrations exceeding 10−3 % w/w they were
measured front-face to avoid inner filter effects.

Raman spectroscopy. Two different Raman spectroscopy
approaches were used in this work: Raman spectroscopy
under pre-resonance conditions, using a 457.9-nm excitation
source and FT-Raman spectroscopy using a 1064-nm excita-
tion source. For all the spectra obtained from peptide samples,

we needed to use pre-resonance conditions to increase the
signal to noise ratio, especially for the lowest peptide con-
centration. Unfortunately, we could not use real resonance
conditions because of the intrinsic fluorescence of the pep-
tide. Fourier transformed Raman spectroscopy, which requires
high sample concentrations, was only used on naphthalene in
solvents of different polarity, as we were not limited by the
concentration. A 457.9-nm excitation source was produced
using a tunable Coherent Argon laser (Innova 100 ∼ 60 mW
output). Spectra were collected by a Jobin-Yvon U1000 Raman
spectrophotometer equipped with a liquid nitrogen-cooled CCD
detector (Spectrum One, Jobin-Yvon, France) using a CCD
detection window of 1800 × 100 and slit widths of 0.25 mm.
The resolution under these conditions was 2 cm−1. Data were
collected averaging 2–200 measurements of 10 s sampling

Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2008; 14: 66–75
DOI: 10.1002/psc



THE ROLE OF AROMATIC RESIDUES IN LANREOTIDE-BASED SELF-ASSEMBLIES 69

time (per window). Samples were measured using a quartz
absorption cuvette oriented front-face. The resulting spectra
were analyzed using Datamax for manual background sub-
traction.

Fourier-transformed Raman spectra were recorded at
4 cm−1 resolution using a Bruker IFS66 interferometer
coupled to a Bruker FRA106 Raman module equipped with
a continuous Nd : Yag laser providing excitation at 1064 nm as
described in Mattioli et al. [33]. All spectra were recorded at
room temperature with backscattering geometry from samples
in hermetically closed cuvettes. The spectra resulted from
500 to 5000 coadded interferograms depending on the sample
signal.

RESULTS AND DISCUSSION

Fluorescence Spectra of Soluble Peptides and
Nanostructures

Both the fluorescence behavior of peptide solutions and
the peptide gels containing nanostructure assemblies
were characterized. In the solutions, the peptides may
exist as monomers or small aggregates (dimers) and
this state will further be referred to as the ‘soluble
peptide’ state. Figure 2(a) shows the normalized fluo-
rescence spectra of lanreotide, DTrp-DPhe, DNaph-DPhe,
DNaph-DAla, Tyr-Phe and Lys-DLys at peptide solutions
at low concentrations (10−3 % w/w). The fluorescence
of the Cys-Ala peptide will be discussed in a subse-
quent paper. Although tryptophan and naphthalene
have similar extinction coefficients at 280 nm, the
only peptide that displays naphthalene fluorescence
is the DTrp-DPhe (2) and for this peptide the fluores-
cence quantum yield is very low (Q = 0.015, measured
using L-tryptophan in water as a reference). Lanreotide,
DNaph-DPhe, DNaph-DAla, Tyr-Phe and Lys-DLys (1,
3–5 and 7) have typical tryptophan fluorescence spec-
tra. This suggests that in the six soluble peptides the
fluorescence of naphthalene is severely quenched by
intramolecular interactions. The tryptophan fluores-
cence maxima of lanreotide, DNaph-DPhe, DNaph-DAla
and Tyr-Phe are around 342 nm and the maximum
of Lys-DLys is at 345 nm. The fluorescence maxima
corresponded to a hydrophilic environment where the
tryptophan indole sidechains are water-exposed.

Lanreotide (1), DTrp-DPhe (2), Cys-Ala (6) and
Lys-DLys (7) are capable of forming nanostructure
self-assemblies at high concentrations (>2% w/w) as
summarized in Figure 1: lanreotide and DTrp-DPhe
assemble into long, hollow, nanotubes, the Cys-
Ala forms curved, lamellar sheets and the Lys-DLys
assembles into amyloid-like fibers. Macroscopically,
concentrated samples of these peptides form sta-
ble gels that exhibit birefringence [24]. Figure 2(b)
shows the normalized fluorescence spectra of lan-
reotide, DTrp-DPhe and Lys-DLys at aggregate con-
centrations, i.e. at 5% w/w (Lys-DLys) or 10% w/w
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Figure 2 (a) Normailzed fluorescence spectra of the peptides
in soluble form; lanreotide (1), DTrp-DPhe (2), DNaph-DPhe
(3), DNaph-DAla (4), Tyr-Phe (5) and Lys-DLys (7) (concen-
tration 0.001% w/w). (b) Normalized fluorescence spectra of
lanreotide, DTrp-DPhe and Lys-DLys at aggregate concentra-
tions (10% for lanreotide and DTrp-DPhe and 5% w/w for
Lys-DLys). Excitation at 275 nm.

(lanreotide and DTrp-DPhe). The fluorescence maxi-
mum of the lanreotide nanotube sample is not signifi-
cantly shifted compared to the soluble peptide spectrum
(342 nm compared to 343 nm for the solution) and also
the two fluorescence peaks of the DTrp-DPhe spectrum
remain at the same values, but with a different inten-
sity ratio. In contrast, the fluorescence maximum of
the Lys-DLys fibers is reshifted compared to the flu-
orescence of the soluble peptides (345 = >348 nm).
Also, here the fluorescence maxima correspond to
a hydrophilic environment, implying that although
incorporated in the self-assemblies, the tryptophan
sidechains remain water-exposed.

A striking result is the low Trp fluorescence polar-
ization of lanreotide nanotubes and Lys-DLys fibers
(r = 0.02 for lanreotide and r = 0.006 for Lys-DLys, see
Table 1). In contrast, a sample of lanreotide peptides in
solution (5 × 10−4% w/w) dissolved in 99% glycerol has
an anisotropy of 0.12. The higher polarization value of
lanreotide peptides dissolved in glycerol demonstrates
that internal conversion between the La –Lb states or
interactions within the soluble peptide forms cannot
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Table 1 Tryptophan fluorescence anisotropy values for
peptide self-assembliesa

peptide r

1 (lanreotide) 0.02
1 (lanreotide) in 99% glycerol 0.12
2 (DTrp-DPhe derivative) 0.15
7 (Lys-DLys derivative) 0.006

a for lanreotide in 99% glycerol the concentration was
5 × 10−4% w/w, for lanreotide and DTrp-DPhe the peptide
concentrations were 10% w/w and for Lys-DLys the peptide
concentration was 5% w/w.

explain the observed depolarization in the nanostruc-
ture aggregates. Also, complete depolarization due to
rotational diffusion of the Trp side chain can be ruled
out: ultrafast polarized fluorescence studies on single
Trp-containing peptides have shown that depolariza-
tion through rotational diffusion of the Trp side chains
occurs on a time scale of ∼50 ps [34,35], after which
the remaining anisotropy is still as high as 0.17 (i.e.
its rotational freedom is restricted by the peptide back-
bone). The origin of the fluorescence depolarization is
therefore sought to involve intermolecular interactions
of tryptophan with aromatic residues. Trp-Trp, Tyr-Trp
and Naph-Trp interactions could induce fluorescence
energy transfer leading to depolarized tryptophan fluo-
rescence. However, the latter two interactions (Tyr-Trp
and Naph-Trp) would still leave a considerable fraction
of polarized fluorescence from directly excited trypto-
phan. Thereby Trp-Trp fluorescence homotransfer is
more likely. This effect has been observed in sev-
eral proteins [36]. Furthermore, Kayser et al. showed
evidence for Trp-Trp fluorescence energy migration
along self-assembled β-sheet ribbons, explaining the
low anisotropy value for these self-assemblies [37].
Nanostructure self-assemblies of the DTrp-DPhe pep-
tide, which displays naphthalene fluorescence, have a
higher anisotropy (r = 0.15) that is of the order expected
for large aggregates that have slow rotational diffusion.
We did not observe a naphthalene excimer band, which
would have been indicative of Naph-Naph intermolecu-
lar interactions.

Raman Spectroscopy

To obtain further information on the environment and
interactions of the aromatic aminoacid residues, Raman
spectroscopy measurements were applied for the set
of peptides at two concentrations: 1% w/w, at which
the peptides exist in a soluble form and 10% w/w
(lanreotide, DTrp-DPhe, DNaph-DPhe, DNaph-DAla, Tyr-
Phe, 1-5) or 5% w/w (Cys-Ala and Lys-DLys, 6 and 7), at
which concentrations the lanreotide, DTrp-DPhe, Cys-
Ala and Lys-DLys peptides form ordered nanostructures
as described above. By comparing the Raman spectra

of the derivatives that alternatively lack one of the
aromatic residues, the bands of naphthylalanine,
tyrosine and tryptophan can easily be assigned. The
results for each aromatic residue are presented below.

Naphthylalanine. In the series of spectra shown in
Figure 3, lanreotide, the tryptophan-modified derivative
DTrp-DPhe (2) and the cysteine modified derivative
Cys-Ala 6) the spectra show a significant (3–5
wavenumbers) downshift of the naphthalene ring
frequencies with concentration, i.e. upon self-assembly,
whereas for the Tyr (5) and the Lys (7) modified
derivatives the naphthalene band does not change with
the concentration.

To test whether the observed downshift could reflect
a transition towards a more hydrophobic environment,
FT-Raman spectra were recorded of naphthalene
powder dissolved in organic solvents (see Supporting
information). The results show, however, that the
naphthalene Raman frequency modes are insensitive to
the polarity of the environment and thus the observed
frequency downshift cannot be explained by a transition
to a hydrophobic environment upon self-assembly.
Assuming that at 1% w/w the peptides are soluble
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Figure 3 Naphthalene Raman frequency mode of: (A) 1
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and that at 10% w/w they form equilibria between the
soluble form and aggregates, the fraction of soluble form
in 10% samples of lanreotide (1) and DTrp-DPhe (2) and
in the 5% w/w sample of Cys-Ala (6) can be estimated
from the skewness of the Raman bands in Figure 3.
For 1% samples, the bands are symmetrical, whereas
for 10 and 5% samples they are skewed with a high-
frequency tail. The Raman band of the Lys-DLys peptide
at 5% w/w also displays some degree of skewedness,
which could be related to an equilibrium of soluble
peptides and aggregates, but the effect is too small
to estimate each fraction. For the Tyr-Phe peptide,
no concentration-dependent downshift was observed.
To calculate the fraction of soluble peptides in a 10%
sample, the following assumptions were made:

Iaggregate = I10% − X∗I1% (1)

in which X is the fraction of soluble peptides, I10%

and I1% are the Raman bands for 10 and 1% samples,
normalized by integrating the surface area under the
peaks, and Iaggregate would be theoretical Raman band
spectrum of a sample with pure aggregates. Assuming
that this Raman band will be symmetrical, this gives
the boundary condition

νmax − ν0.5,left = ν0.5,right − νmax (2)

in which νmax is the frequency of the aggregate peak
maximum, ν0.5,left is the frequency at half-maximum left
of νmax and ν0.5,right is the frequency at half-maximum
right of νmax. Using this boundary condition, the fraction
X of soluble peptides in 10% w/w samples of lanreotide
(1) and DTrp-DPhe (2) and in the 5% w/w sample of
Cys-Ala (6) could be estimated, by calculating Iaggregate

and measuring the skewedness of the band, for various
values of X . In a 10% w/w sample of lanreotide, the
fraction X of soluble peptides was estimated to be [0.2],
with the Raman band of pure aggregates estimated
at 1380.8 cm−1 with a full width at half maximum
(FWHM) of 6.6 cm−1 (compared to a soluble peptide
band at 1385.3 cm−1 with an FWHM of 8.9 cm−1). In a
10% (w/w) sample of DTrp-DPhe (2) X was estimated
to be [0.15], with the Raman band of pure aggregates
estimated at 1381.6 cm−1 and an FWHM of 8.6 cm−1

(compared to a soluble peptide band at 1386.4 cm−1

with an FWHM of 10.9 cm−1). Both peptides have
a narrower Raman band for aggregates compared
to soluble peptides. In particular for lanreotide, the
estimated fraction of soluble peptides is in agreement
with the critical nanotube concentration, which is about
0.27. A 5% w/w sample of Cys-Ala X was estimated to
be [0.3] with the Raman band of pure aggregates at
1383 cm−1 with an FWHM of 7.4 cm−1 (compared to a
soluble peptide band at 1384.5 cm−1 with an FWHM of
7.5 cm−1).

Concerning the Tyr-Phe derivative (5), the insensitiv-
ity of the naphthalene Raman band with concentration

reflects the incapacity for interaction. Indeed, the Tyr
derivative does not self-assemble at least in the concen-
tration range studied here [24]. The Lys-DLys derivative
(7) self-assembles into characteristic amyloid fibers [24]
and the relative small dependance of the napthalene
Raman band on the peptide concentration reflects a
completely different way of interaction of the naphtha-
lene rings in the self-assembly of these peptides.

Tyrosine. Figure 4 shows the part of the Raman spectra
that contains the tyrosine Fermi doublet frequencies.
The Fermi doublet results from Fermi resonance
between the ring-breathing vibration and the overtone
of an out-of-plane bending vibration of the phenol
ring (Siamwiza et al. [38]). The tyrosine Fermi doublet
has two peaks at 850 and 830 cm−1 of which the
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Figure 4 Raman spectra of: (A) 1 lanreotide (B) 2 DTrp-DPhe,
(C) 3 DNaph-DPhe, (D) 4 DNaph-DAla, (E) 5 Tyr-Phe, (F) 6
Cys-Ala and (G) 7 Lys-DLys. (a) concentrations 1% w/w. (b):
concentrations 10% w/w (A–E) or 5% w/w (F, G).
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intensity ratio I850/I830 depends on the hydrogen-
bonding state of the phenol OH-group. According to
Siamwiza et al., I850/I830 ∼ 2.5 corresponds to a strong
hydrogen acceptor, I850/I830 ∼ 1.25 to both a hydrogen
donor and acceptor and I850/I830 ∼ 0.3 to a strong
hydrogen donor. Phenylalanine also has a band at
830 cm−1 that can be distinguished in Figure 4(E).
Graph E shows the spectra of the Tyr-Phe peptide (5), in
which the tyrosine is replaced by a phenylalanine. The
left panel shows the spectra for soluble concentrations.
Differences in the tyrosine doublet ratios represent the
variation in the local environment of the tyrosines
in the different peptide solutions. According to their
850/830 ratios, in peptide solutions the tyrosine of
lanreotide (1) and Cys-Ala (6) acts both as a hydrogen
donor and acceptor, the tyrosine of DNaph-DAla (4)
is a strong hydrogen acceptor and the tyrosine of
Lys-DLys (7) a strong hydrogen donor. For peptides
DTrp-DPhe (2) and DNaph-DPhe (3) interpretation is
hampered due to the presence of a phenylalanine band.
Interestingly, at high peptide concentrations (Figure 4,
b) the tyrosine doublet of lanreotide (1), DTrp-DPhe
(2) and Lys-DLys (7) has a very unusual character,
containing three distinctive bands at 825, 840 and
855 cm−1 respectively. Heterogeneity of the tyrosines
in aggregates could cause a splitting of one of the
vibrational modes, resulting in three peaks instead
of a doublet. Because the referred Raman spectra
are recorded from samples containing a coexistence
of soluble peptides and nanostructure aggregates,
the three bands could originate from heterogeneity
of the mixtures. However, for lanreotide and the
DTrp-DPhe samples we have an estimate of the
fraction of soluble peptides in a 10% w/w sample
[respectively (0.2) and (0.15)]. For lanreotide it was
verified that subtraction of the estimated fraction of
the soluble peptide spectrum from the spectrum of
the 10% w/w/sample would leave a ‘pure aggregate’
spectrum containing three peaks (Iagg = I10% − [0.2]∗I1%

with I10% the 10% w/w sample and I1% the 1%
w/w sample). This implies that in the lanreotide
nanotubes heterogeneity occurs within the aggregates,
such as a molecular packing containing two alternating
tyrosine side chain conformations. Alternatively, very
specific intermolecular interactions involving tyrosine
could affect the doublet in a highly unusual way.
Regardless of the explanation for the three bands in
the doublet, similarity of the Raman bands for the
three peptides strongly suggests that these peptides
share a structural motif for the tyrosine phenol
group in the self-assemblies. The Cys-Ala peptide (6)
that forms curved lamellar sheets at high peptide
concentrations does not show this phenomenon and
only has a small change of its 850/830 ratio compared
to its soluble peptide spectrum. The DNaph-DPhe
peptide (3) shows a small increase of its 830 band
at high concentration where as DNaph-DAla (4) does

not show any change. It was found that both the
naphthylalanine-modified derivatives 3 and 4 form
micelle-like structures at high concentrations [24]. It
is likely that the local environment of tyrosine in
DNaph-DAla or phenylalanine in DNaph-DPhe changes
upon micelle formation and has a small effect on its
Raman frequencies.

Tryptophan. The vibrational mode νW17 around
880 cm−1 (Figure 4) reflects the strength of H-bonding
at the N1H side of the indole ring [39]. This mode is
sensitive to the environment of the tryptophan indole
–NH group and can shift from 883 cm−1 in a non-
bonded state toward 860 cm−1 in case of a strongly
hydrogen-bonded state. A value of 877 cm−1 has been
reported for weak hydrogen bonding of this group to
water molecules [40]. Except for lanreotide, the peptides
have a Raman band at 880 cm−1 for both the soluble
(1% w/w) and self-assembled (5 and 10% w/w) states.
Lanreotide shows a downshift towards 877 cm−1 upon
self-assembly, corresponding to a water-bound state of
the indole ring.

The vibrational mode νW3 around 1550 cm−1

(Figure 5) arises from an indole ring vibration mainly
contributed from the C2 C3 stretch and is sensitive to
rotation of the tryptophan indole side chain around
the Cβ—C3 bond (torsion angle |χ |2, 1) [40]. Table 2
presents the calculated torsion angles for the peptide
solutions and nanostructure self-assemblies. Upon self-
assembly, lanreotide, Cys-Ala and Lys-DLys (1, 6 and
7) show a 5–12° change in the orientation of |χ |2, 1. For
lanreotide self-assembly, we have shown that the muta-
tion of Trp into Phe only changes the final monodisperse
diameter of the nanotubes [22]. This observation leads
to the conclusion that the aromatic that is control-
ling the diameter should be in close contact between
protofilaments and therefore self-assembly should lead
to a change in the orientation of the aromatic side chain.
In the case of Cys-Ala and Lys-DLys, the Raman spec-
tra also show a change of the orientation of the indole
upon self-assembly, suggesting a possible role of the
Trp in the other types of self-assemblies, i.e. lamellae
for Cys-Ala and amyloid fibers for Lys-DLys.

Structural Motifs for Self-Assembly into Nanotubes,
Fibers or Lamellar Sheets

Both lanreotide and DTrp-DPhe (2) form nanotubes with
a high degree of ordering that are exceptionally long.
The nanotube assemblies are characterized by down-
shifted naphthalene Raman frequencies, by a highly
unusual Raman feature for the tyrosine doublet and
for lanreotide also by an unusual low tryptophan flu-
orescence polarization. According to their behavior all
three aromatic residues are involved in intermolecular
packing interactions. In the supramolecular packing for
lanreotide and DTrp-DPhe, the double-layered nanotube
walls are built up from two types of filaments, formed
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Figure 5 Raman spectra of: (A) 1 lanreotide (B) 2 DTrp-DPhe,
(C) 3 DNaph-DPhe, (D) 4 DNaph-DAla, (E) 5 Tyr-Phe, (F) 6
Cys-Ala and (G) 7 Lys-DLys. (a) concentrations 1% w/w.
(b) concentrations 10% w/w (A–E) or 5% w/w (F, G).

Table 2 Calculated dihedral angles of soluble peptides and
nanostructure assembliesa

Peptide Soluble
νW3

[cm−1]

Soluble
|χ |2,1

Aggregate
νW3

[cm−1]

Aggregate
|χ |2,1

1 (lanreotide) 1555.5 108° 1551.0 95°

6 (Cys-Ala
derivative)

1555.0 106° 1553.5 101°

7 (Lys-DLys
derivative)

1556.0 110° 1557.5° 122°

a For the soluble samples the peptide concentration was 1%
w/w and for the aggregate samples the peptide concentrations
were 5% w/w (Cys-Ala and Lys-DLys) or 10% w/w (lanreotide).
The dihedral angles were calculated using the following
formula [40]: ν = 1542 + 6.7∗[cos 3|χ |2,1 + 1]1.2

by antiparallel stacked peptides (illustrated in Figure 1
(b)). Within the filaments Tyr-Tyr and Thr-Val inter-
molecular interactions (type 1 filament) and Nal-Tyr

and Val–Val intermolecular interactions (type 2 fila-
ment) could occur. Between the filaments, Tyr-Tyr and
Tyr-Naph interactions could occur. The model does not
give information on the lateral association of filaments
to form tubes. However, the fact that the DTrp => DPhe

modification reduces the tube diameter from 24to
18 nm suggests that the aromatic residue at the 4th
position is involved in the lateral interaction between
the filaments. The importance of the naphthalene group
is illustrated by the fact that the naphthalene-modified
peptides DNaph-DPhe and DNaph-DAla (3 and 4) are
incapable of self-assembly into ordered nanostruc-
tures. Here we observe a downshift for the naphthalene
frequency modes in the nanotube assemblies and con-
clude from a test experiment on naphthalene in various
solvents that this downshift is not caused by a change
in polarity of the environment. At this point we have
no clear explanation for the observed downshift, but it
might be connected to molecular interactions that influ-
ence the ring flatness or breathing modes. Narrowing
of the Raman bands reveals a more homogeneous dis-
tribution upon self-assembly that could originate from
restricted mobility of the naphthalene side chains inside
the nanotubes. The similar shift for the lanreotide (1)
and DTrp-DPhe (2) nanotube assemblies, compared to
the smaller downshift observed for the Cys-Ala (6) and
Lys-DLys (7) resp. sheet and fiber assemblies, suggests
a correlation with the specific molecular packing of the
naphthalene rings in the assemblies.

The Raman and fluorescence data suggest that in
all the assemblies the tryptophan residues reside in
a hydrophilic environment, in which the indole NH
is capable of hydrogen bonding to water molecules.
The position of the W17 band around 877–880 cm−1

makes it unlikely that the indole NH-group is involved
in a strong intermolecular hydrogen bond. The results
imply that the Trp sidechains are not fully embedded in
the walls of the nanostructures, i.e. pointing inwards
and outwards to the water environment or surrounded
by surface-bound water molecules. 1H NMR spectra of
lanreotide solutions show upfield ring current shifts of
the Trp Cγ peaks due to Trp-Lys interactions in the
turn of the hairpin [41]. In lanreotide nanotubes, the
lysine side chain may have a stabilizing role through
repetitive lateral interfilament Trp-Lys interactions:
the lysine sidechains are positively charged and
thus are also expected to be oriented towards the
water environment. In addition, the low fluorescence
polarization and change in torsion angle compared
to the soluble peptides reveal that the indole groups
are involved in aromatic packing interactions. A most
likely explanation for the low polarization value is the
occurrence of Trp-Trp fluorescence energy transfer.
Trp-Trp stacking could be a stabilizing motif in
both nanotube (lanreotide) and fiber (Lys-DLys (7))
assemblies. For lanreotide nanotubes this implies that
Trp-Trp interactions modulate the curvature of the
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nanotubes. The importance of the tyrosine residue in
the self-assembly of lanreotide has been demonstrated
by the fact that no ordered structures are formed
by the Tyr-Phe peptides (5). Notably, the loss of the
ordered structures upon replacement of Tyr by Phe
has shown that specific aromatic interactions or the
hydrogen bonding capacity of the phenoxyl OH-group
account for the stability of the self-assemblies. The
Raman spectra of lanreotide (1), DTrp-DPhe (2) and the
Lys-DLys (7) peptides show a remarkable effect of three
bands appearing in the Tyr Fermi doublet upon self-
assembly. So far, the most unusual Raman signature
that has been reported was a singlet ∼854 cm−1 which
has been attributed to a nonhydrogen-bonded state of
the tyrosine phenoxyl group [42]. The molecular and
supramolecular packing for lanreotide and DTrp-DPhe
(2) nanotubes assumes that the Tyr side chains are
involved in several intermolecular interactions that
stabilize the filament β-sheets and the double layer
formed by the two types of filaments. Splitting of the
Tyr doublet into three bands could therefore originate
from heterogeneity, assuming two different orientations
of Tyr in the assemblies. It is interesting that the
Lys-DLys (7) assemblies share the unusual Raman
signature for the tyrosine Fermi doublet. It is expected
that the change in the isomerization of the lysine
residue changes the repartition of the hydrophobic
groups in relation to the peptide backbone, resulting
in different molecular packing in the fiber filaments.
However, the tyrosine Fermi doublet Raman feature
suggests a common role for the tyrosine residue to
stabilize fiber and nanotube assemblies. The Cys-Ala
(6) lamellar sheet assemblies lack the splitting of the
tyrosine Fermi doublet into three bands and do not
show a large downshift of the naphthalene Raman
freqencies. The combined results suggest that deletion
of the disulfide bridge leads to different nanostructures
(i.e. sheets instead of tubes) that are stabilized by
different intermolecular interactions compared to the
ones stabilizing lanreotide nanotubes.

CONCLUSIONS

Aromatic interactions play a key role in the formation of
various types of amyloid fibers, underlining the general
importance for elucidating shared motifs and spectro-
scopic characteristics of peptide β-sheet assemblies. A
combination of fluorescence and Raman spectroscopy
allowed us to probe the environment of the aromatic
residues of a set of synthetic octapeptides, comparing
nonassembled to the self-assembled peptides. For the
two peptides that form nanotubes, results are in agree-
ment with a molecular and supramolecular packing in
which the nanotubes are stabilized by (1) naphthalene
side chains, which might be involved in specific molec-
ular interactions or orientations, (2) tyrosines that sta-
bilize the filaments and the double-walled layer of

filaments and (3) Trp–Trp aromatic packing, in which
the tryptophans are oriented inward or outward from
the nanotube layers towards the water environment and
which modulate the curvature of the tubes. The fiber
assemblies formed by the Lys-DLys peptides that have
a less-structured hairpin conformation also appear to
involve intermolecular Trp–Trp and tyrosine interac-
tions. Self-assemblies of this peptide share an unusual
Raman signature for tyrosine with the nanotube assem-
blies, suggesting a common role for tyrosine to stabilize
antiparallel β-sheet filaments in fibers and nanotubes.
Estimations of the tryptophan dihedral angles in the
soluble peptides and nanostructures can be used as
conformational constraints for further structural anal-
ysis. The lamellar sheet assemblies formed by the
cysteine-bearing peptides lack the tyrosine and naph-
thalene Raman characteristics. This indicates that
transformation of the cyclic peptide lanreotide into a lin-
ear peptide results in self-assemblies that are stabilized
by different molecular/aromatic interactions compared
to lanreotide ones.
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