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In this paper, we present spectroscopic studies of neuropeptide Y (NPY) and its native NPY3–36, NPY13–36,
and NPY22–36 and mutated acetyl-(Leu28,31)-NPY24–36 C-terminal fragments acting on Y2 receptor. Since
there is some evidence for the correlation between the SERS patterns and the receptor binding ability,
we performed a detailed analysis for these compounds at the metal/water interface using Raman
spectroscopy (RS) and surface-enhanced Raman spectroscopy (SERS) methods. Many studies have
suggested that interactions of this kind are crucial for a variety of biomedical and biochemical phenom-
ena. The identification of amino acids in these peptide sequences by SERS allowed us to determine which
molecular fragments were responsible for the interaction with the silver nanoparticle surface. Our
findings demonstrated that in all of the investigated compounds, the NPY32–36 C-terminal fragment
(Thr32–Arg33–Gln34–Arg35–Tyr36NH2) was involved in the adsorption process onto metal substrate. The
results of the present study suggest that the same molecular fragment interacts with the Y2 receptor,
what proved the usefulness of the SERS method in the study of these biologically active compounds.
The search for analogs acting on Y2 receptor may be important from the viewpoint of possible future
clinical applications.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Neuropeptide Y (NPY) is a highly conserved 36 amino acid pep-
tide that plays the role of a neurotransmitter and neuromodulator
(see Fig. 1 for the primary structure of porcine and bovine NPY;
human, rat, guinea, and rabbit NPY contain Met instead of Leu at
position 17 in the amino acid sequence (Leu17)) [1,2]. NPY is pres-
ent in the central and peripheral neurons and is described as one of
the most abundant peptides in the brain [3]. This peptide is
involved in many physiological functions, including the regulation
of blood pressure (in the periphery NPY is a potent vasoconstric-
tor), cardiorespiratory parameters, body temperature, feeding, sex-
ual behavior, pain, anxiety (NPY has a strong antianxiety effect),
neuronal activity (it reduces epileptiform activity in the hippocam-
pus by inhibition of glutamate release), circadian rhythms, and
memory process [4]. It also controls the release of luteinizing
hormone releasing hormone (LHRH) and corticotrophin releasing
factor (CRF) [5].

The aforementioned numerous and diverse actions of NPY are
mediated by G-protein-coupled receptors (GPCRs) denoted as Y1,
Y2, Y3, Y4, Y5, and Y6 [6]. GPCRs are a superfamily of integral mem-
brane proteins characterized by seven a-helical fragments (7TM)
that span the cellular membrane [7]. Five of them, except Y3, have
been cloned [4]. Among the NPY receptors, the Y1, Y2, and Y5 recep-
tors have been postulated to be the most important in the regula-
tion of neurotoxicity and neuroprotection [8]. However, the most
promising neuroprotective effect was observed after Y2 receptor
stimulation [8]. Since specific agonists and antagonists of the Y2

receptor have been synthesized [9,10], the studies on the role of
this receptor subtype in neuroprotection became possible. Our ear-
lier study has shown that the Y2 receptor agonist NPY13–36 induces
neuroprotective effects against kainate-induced excitotoxicity
both in vitro, in the primary cortical and hippocampal cultures of
mouse neurons, and in vivo, after intrahippocampal injections in
rats [8]. Although a large number of substances have been studied
and found to be neuroprotective in animal stroke models, the
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results of clinical trials have been unsuccessful. Therefore, the
search for modified analogues acting on the Y2 receptor that cross
the blood–brain barrier are important from the point of view of
possible future clinical applications.

In the literature, the three-dimensional structure of positively
charged NPY in an aqueous solution, in the presence of organic
solvents (dimethyl sulfoxide, DMSO; 2,2,2-trifluoroethanol, TFE;
hexafluoro-2-propanol, HFIP), and in membrane mimetic micelles
(dodecylphosphocholine, DPC) has been controversially proposed
[11,12]. Generally, two classes of molecular conformations of
NPY were predicted. NPY belongs to the pancreatic polypeptide
family (PP family); thus, based on homology of the primary struc-
ture of NPY with that of avian pancreatic polypeptide (APP) for
which the X-ray crystallography data are available [13], the first
class model (from 1980’s) has assumed a common hairpin-like fold
(the PP-fold) structure of NPY [13,14]. This hairpin-like tertiary
structure consists of an N-terminal extended type II polyproline
helix (residues 1–8) followed by a turn (residues 9–13) and an
amphipathic a-helix (residues 14–32) [15,16]. In this model, a
strong hydrophobic interaction between the a-helix and slightly
amphiphilic polyproline helix has been suggested [15]. The C-ter-
minal end has been supposed to adopt a flexible turn structure pro-
jecting away from the hairpin loop. The second more recent (from
late 1980s and 1990s) model of the NPY conformation is based on
the NMR and CD spectroscopic data and molecular dynamics sim-
ulation [2,17–19]. In this model, the 11–36 (in water) and 19–34
(in TFE) C-terminal NPY fragments adopt the amphiphilic a-helical
structure, whereas the N-terminal part of the molecule is fully flex-
ible with no regular structure (see Fig. 1) [2]. The results obtained
for NPY in highly diluted aqueous solution and for NPY in the TFE
solvent have shown that this peptide exists in a monomeric form
[20]. The packing of the monomer is obtained mainly via the Tyr
and Ile side-chain interactions of hydrophobic character [21]. Addi-
tionally, Cowley et al. [21] and Monks and co-workers [2] have
found that NPY in water as well as in the absence of the membrane
mimetic micelles and receptors undergoes self-association. The
formation of the dimeric species depends on the hydrophobic res-
idues (Leu17, Tyr21, Leu24, Ile28, Leu30, Ile31, and Thr32) located at
the inner side of the curved a-helix that are aligned in a parallel
and antiparallel manner [21]. At the dimer interface, the protons
of the amide bonds are either protected from exchange with water
or are involved in hydrogen-bonding [21]. On the other hand, in
the presence of a lipid membrane, the interactions of NPY with
the hydrophobic regions of the membrane are favored over hydro-
phobic packing in the dimer. Therefore, the dimer is not expected
to be physiologically relevant to the binding to the receptor. During
the binding of NPY to the lipid membrane surface, a conforma-
tional reorientation of the Thr32–Tyr36NH2 segment occurs. This
particular fragment, consisting of the Arg33 and Arg35 residues, is
believed to directly, probably via electrostatic attraction, interact
with the receptor [22]. At the lipid/water interface, the C-terminal
a-helix of NPY adopts the parallel orientation to the membrane
surface and penetrates the hydrophobic interior only through the
hydrophobic residues that possess the long side-chains and face
toward the micelle surface [23]. Therefore, it has been suggested
that the NPY dimer interface is relevant to the NPY monomer/
DPC interface that is formed through hydrophobic rather than elec-
trostatic interactions [23]. However, the exact arrangement of NPY
in respect to the membrane might additionally depend on the local
electropotential [24]. It has been also proven that the mobile N-
segment does not interact with the micelles [2,25].

The aforementioned implications of the NPY conformation for
the receptor recognition are important for determination of the
structure–function relationship of NPY and its analogues acting
on the Y2 receptors. The studies have shown that the C-terminus
of NPY, especially Leu30–Tyr36 fragment that is conserved in all
the Y2 agonists, is a common recognition site for the receptor
binding [26]. Amino acid substitutions in this region have several
subtype-specific effects on ligand binding affinity. For example,
any exchange of Arg33 considerably reduces ligand binding to the
Y2 receptor. The Arg35 ? Ala35 substitution produces a complete
loss of affinity at all Y receptor subtypes. Replacement of the
Tyr20, Leu24, Tyr27, and Leu30 residues in the a-helix with polar res-
idues destabilizes the NPY structure, whereas replacement of
external residues (Arg19, Ser22, and His26) has no effect on the
ligand binding; however, it may alter the solvent-accessible sur-
face [15]. Deamidation of the Tyr36NH2 or deletion of Tyr36NH2

results in complete loss of the NPY activity. The N-terminal frag-
ment is completely inactive in respect of the Y2 receptors [11].

In this paper, we focused on determination of the structure and
adsorption geometry of the porcine NPY and its native NPY3–36,
NPY13–36, and NPY22–36 and mutated acetyl-(Leu28,31)-NPY24–36 C-
terminal fragments immobilized at the metal/water interface, by
means of Raman and surface-enhanced Raman (SERS) spectrosco-
pies. The Raman spectroscopy is the best tool for analyzing the
biologically active compounds because it provides full vibrational
characterization of the investigated molecules in their natural
environment (an aqueous solution, pH = 7) [27]. This non-destruc-
tive and non-invasive method is commonly used to study many
biological systems, such as identification of bacteria and viruses
[28–30], peptide interactions [29], or elucidation of the protein
secondary structure [31]. However, the low Raman scattering
cross-section limits its applications [27]. The enormous enhance-
ment of the Raman signal can be achieved by use the SERS
technique for a molecule located on or near metal surface [32].
Thus, it is possible to perform measurements at a very low peptide
concentration that is extremely important in terms of biological
materials. The SERS phenomenon allows for deduction of the pos-
sible metal surface/molecule interactions [33]. These interactions
can be detected for specific peptide regions that are either in close
proximity or adsorbed onto a metal surface. Consequently, analysis
of the SERS signals (wavenumber, enhancement, and broadness)
from the amino acids in the peptide sequence is crucial to describe
how a peptide can interact with the surrounding medium [34–36].
As a result, it could shed some light on the in vivo behavior of the
molecule [37].

The general aim of this study was to investigate the adsorption
geometry of NPY and its native NPY3–36, NPY13–36, and NPY22–36

and mutated acetyl-(Leu28,31)-NPY24–36 C-terminal fragments onto
colloidal silver nanoparticles. In particular, we focused on determi-
nation which molecular fragments are responsible for the interac-
tion of the peptide at the physiological conditions with the silver
nanoparticle surface. NPY13–36 and NPY22–36 were chosen because
NPY22–36 retains subnanomolar affinity for the Y2 receptor,
whereas NPY13–36 exists (in 30% HFIP) as the fully a-helical mono-
mer [22]. The endogenous porcine NPY3–36 fragment has similar
high affinity for the Y2 receptors as NPY and is responsible for
35% of NPY immunoreactivity in the porcine brain. Thus, the N-ter-
minal deletion of the Tyr1-Pro2 dimer converts an unselective Y1/Y2

receptor ligand into a highly Y2 selective ligand [38]. On the other
hand, the acetyl-(Leu28,31)-NPY24–36 analogue is the potent Y2

receptor agonist present as the unordered monomer in the aque-
ous solution, whereas in 40% THF its 25–35 residues form the
well-defined helical structure [39].

The information obtained from the SERS analysis was compared
with the biological activity studies [40,41], which identified the
molecular fragments of NPY involved in the receptor binding (see
the above paragraphs). The contribution of the structural
components to the ability to interact with the Y2 receptor was cor-
related with the SERS patterns. By this, we proved the usefulness of
the SERS technique in the study of the biologically active
compounds.
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Fig. 1. Amino acid sequence and secondary structure (1RON.pdb from PDB)2 of porcine NPY monomer together with its marked NPY3–36, NPY13–36, and NPY22–36 C-terminal
fragments and acetyl-(Leu28,31)-NPY24–36 analogue.
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Fig. 2. Excitation spectra (UV–vis) of an aqueous silver colloid and sample/silver
nanoparticle system used in this study.
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2. Experimental

2.1. Peptides

Porcine neuropeptide Y and its 13–36 (NPY13–36) were pur-
chased from Tocris Bioscience (UK). Native 3–36 (NPY3–36) and
22–36 (NPY22–36) fragments from porcine neuropeptide Y and
mutated acetyl-(Leu28,31)-neuropeptide Y 24–36 fragment
(acetyl-(Leu28,31)-NPY24–36) were purchased from Bachem Co.
(Switzerland).

2.2. Raman spectra measurements

Due to a very small amount of samples, the RS spectra were
obtained for each solid peptide placed on a glass plate. For
NPY13–36 of the highest quantity, the RS spectrum in an aqueous
solution was measured. The spectra were recorded on a InVia
Raman microscope (Renishaw, England) equipped with CCD detec-
tor and the confocal microscope Leica with a 100� magnification
objective. The spectral resolution was set at 2 cm�1. 785 nm line
from a diode laser (HPNIR, Renishaw) was used as an excitation
source. The laser power at the output was set at 30 mW. Typically,
4 scans were collected.

2.3. UV–vis measurements

The UV–vis spectra of the silver sol and protein/silver sol
systems (1 h after mixing) (see Fig. 2) were recorded on a Thermo
Scientific (model EVO-60) spectrophotometer.

2.4. SERS spectra measurements

An aqueous solutions of the investigated peptides were pre-
pared by dissolving of each peptide in deionized water to the
10�4 M peptide concentration. Silver sol (silver particle size:
20 nm; concentration: 0.02 mg/ml in an aqueous buffer, containing
sodium citrate as stabilizer) was purchased from Sigma (Poland).
20 ll of each peptide solution was added to 40 ll of the silver sol
and the measurement was performed after 1 h of mixing.

The SERS spectra were recorded on the same spectrometer as
the RS spectra. However, during the measurements a 50� long dis-
tance magnification objective was used. Typically, the SERS spectra
were recorded at three spots on the surfaces of the colloidal silver
nanoparticles. The spectra from the series were nearly identical,
except for small changes (up to 5%) in some band intensities. No
spectral changes associated with the sample decomposition or
desorption process were observed.
3. Results and discussion

Fig. 3 shows the RS spectra of solid porcine NPY and its native
NPY3–36, NPY13–36, and NPY22–36 and modified acetyl-(Leu28,31)-
NPY24–36 C-terminal fragments. As can been seen from this figure,
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Fig. 3. The RS spectra porcine NPY and its native NPY3–36, NPY13–36, and NPY22–36 and mutated acetyl-(Leu28,31)-NPY24–36 C-terminal fragments (blue line trace – the RS
spectrum of NPY13–36 in an aqueous solution). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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spectra of the solid porcine NPY (Fig. 3, the bottom trace) and its
13–36 fragment (Fig. 3, black line trace) are much like the Raman
spectra of synthetic NPY (475–1775 cm�1 spectral range) [17] and
NPY13–36 in an aqueous solution (Fig. 3, blue line trace), respec-
tively. This similarity is not surprising since it has been proven that
many peptides do not change their structures upon transition from
the solid state to aqueous solution, except for extreme pH condi-
tions [35]. However, an intensity ratio of a Tyr doublet at 828/
850 cm�1 (NPY contains 5 Tyr residues in its primary structure),
due to a Fermi resonance between the ring-breathing vibrations
and an overtone of an out-of-plane ring bending of the para-substi-
tuted benzene ring of Tyr [42], is determined by the nature of the
hydrogen-bonding of the phenolic hydroxyl in the Tyr residue
(I830/850 > 1 for ‘‘buried’’ Tyr (the hydroxyl group is strongly hydro-
gen bonded to a negative acceptor); I830/850 < 1 for ‘‘exposed’’ Tyr
(the hydrogen-bonding is weaker or an acidic external proton is
bonded to the oxygen of the phenolic hydroxyl moiety) and thus,
can vary upon an alternation of experimental conditions [43]. In
the RS spectra of both lyophilized porcine NPY/NPY13–36 and syn-
thetic NPY/NPY13–36 dissolved in water, the higher-frequency band
from the Tyr doublet is stronger than that at the lower frequency.
Therefore, based on the intensity ratio of this doublet, it can be
concluded that the number of Tyr residues exposed to the hydro-
philic environment (Tyr1,36) and the number of Tyr embedded in
hydrophobic globin (Tyr20,21,28) is similar for solid peptides
(I830/850 equal 0.5–0.6) and peptides in solution (I830/850 equal
0.4–0.5). Therefore, the RS spectra of the investigated peptides
were shown for the solid state and were further used for analysis
of the respective SERS spectra of peptides in the silver sol that
are presented in Fig. 4. The wavenumbers of enhanced bands in
RS and SERS spectra, together with their proposed assignment
[17,42–62], are summarized in Table 1.

As expected, the RS spectra of all the investigated peptides
(Fig. 3) are dominated by the characteristic Raman signals caused
by the Tyr residue vibrations. Briefly, modes of these vibrations
show comparable relative intensities and wavenumbers between
the spectra; i.e., 3063–3057 [m2], 1616–1614 [m8a], 1598–1596
[m8b], �1434 [m19b], 1342–1334 [qipb(CH) + mtrig(CC), m(CO)], 1204
[m7a], 1174–1172 [m9a, qipb(CH)+ m(C6H5AC), msym(CbCcH2Cd)],
1105–1103 [qw(CH)], 936–933 [m5], 902–895 [qr(CcH2)], 849–847
[doublet (CCC puckering)], 829–827 [doublet (trigonal CCC bend)],
722–719 [m4], 642–641 [m6b], and 435–431 cm�1 [m6a] (see Table 1
for precise band wavenumbers and assignments). However, some
differences in the relative intensities of the overlapped bands are
observed in the spectral range of 990–890 cm�1. These differences
are attributed to the contribution of the Raman scattering arising
from the aliphatic side-chain vibrations of Asp, Asn, Glu, Gln, Lys,
and Arg. NPY contains thirteen of these residues in the amino acid
sequence (Fig. 1). The shortest NPY’ fragment possesses only 5
these residues. This is why, in the RS spectrum of the acetyl-
(Leu28,31)-NPY24–36 C-terminal fragment, the 933 cm�1 spectral
feature due to m(CC), m(CN) and Tyr (m5) is as strong as the Tyr band
at 959 cm�1 whereas the 959 cm�1 band of the full length NPY
decreases, baring the His ring vibrations (at 988 cm�1). The pres-
ence of His is also manifested (in RS spectra of all the investigated
peptides) by the very weak �1554 cm�1 Raman signal
[m(ring) + qipb(N1AH)].

There are some other bands, which could be assigned to the ali-
phatic side-chain modes, especially of Arg, at 2934–2928 [mas(CH)],
2876 [ms(CH)], �1460 [d(CH2)], �1446 [d(CH2) and/or d(NH)],
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Fig. 4. The SERS spectra porcine NPY and its native NPY3–36, NPY13–36, and NPY22–36 and mutated acetyl-(Leu28,31)-NPY24–36 C-terminal fragments.
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�1342 [qw(CH2)], �1174 [qr(NH2)/qr(NH3
+)], 1126–1155 [qr(NH2)]

and/or masym(CCN)], �1105 [mas(CCN) and/or qt(NH2)], and 1055–
1051 [Arg [qw(NH3

+) and/or m(CN)] (see Table 1).
As can be seen, NPY dissolved in water exhibits amide I and III

bands at 1652 and 1267 cm�1, respectively [17]. The 1652 cm�1

Raman signal was interpreted to represent the a-helical or unor-
dered structure, whereas the amide II mode was allocated to the
b-turn structure. The spectra presented in Fig. 3 show the broad
and asymmetric in shape 1656–1652 and �1263 cm�1 amide
bands that supports earlier result. This asymmetric shape is a
consequence of overlapping of the amide modes with vibrations
of different secondary structures and molecular fragments (Tyr,
m(C@N), qb(NH2)/qs(NH2)). This overlap is clearly seen in second-
derivative spectra of the corresponding RS spectra that reveal
several components in the amide I region. The wavenumbers and
proposed assignments to the proper conformation for these sec-
ond-derivative spectra are given in Table 2. For example, three sig-
nals at around 1678, 1660, and 1652 cm�1 (Table 2) were
calculated for porcine NPY and its native NPY3–36, NPY13–36,
NPY22–36, and mutated acetyl-(Leu28,31)-NPY24–36 C-terminal frag-
ments. The strongest signal at �1652 cm�1 is due to the a-helical
conformation. The �1678 and �1660 cm�1 bands arise from the
turn and disordered arrangement of the peptide backbones.

Comparison of the SERS spectra in Fig. 4 reveals a striking sim-
ilarity in the spectral patterns. This finding implies that the same
molecular fragment(s) of all the investigated peptides interact(s)
with the colloidal silver surface. Because, acetyl-(Leu28,31)-NPY24–36

is the shortest C-terminal fragment under investigation and there
is no evidence that the acylation of Leu24 (lack of a 1380–
1415 cm�1 SERS signal of a carboxyl group) and Ile28,31 ? Leu28,31

substitution influence the SERS pattern; thus, it seems that the
NPY32–36 C-terminal fragment (Thr32–Arg33–Gln34–Arg35–Tyr36NH2)
is the common fragment of all the investigated peptides involved
in the interaction with the silver nanoparticles. In Fig. 5 we pro-
posed a possible manner of interaction between the investigated
peptides and the silver nanoparticle surface. The discussion in
the paragraph below confirms this scheme.

The SERS and RS spectra are quite similar. This is why the
detailed band assignment discussed in the above paragraph is
omitted here. However, some differences in the relative enhance-
ment of some bands can be seen. For example, the �1438
[d(CH2) chain deformation] and �896 cm�1 [d(CH2), chain asym-
metric stretch] Raman bands (Table 1) are decreased or absent in
the SERS spectra. From the Raman signals in the spectral range of
800–400 cm�1, the 643 cm�1 band remains only in the SERS spec-
tra without change in the frequency (0–2 cm�1) and band width.
The totally symmetric para-substituted phenyl ring Raman mode
(1204 cm�1) loses the SERS relative intensity, moves down by 3–
6 cm�1, and slightly (3–6 cm�1) broadness. Generally, the SERS
spectral features between 1350 and 1250 cm�1, caused by Tyr
and Arg vibrations, and the I830/850 ratio slightly decrease only in
comparison to those in the RS spectra. Therefore, it can be stated
that the Tyr and Arg residues are in contact with the silver nano-
particle surface. This is in accordance with previous studies that
have demonstrated that a set of 1170, 1247, 1484, and
1595 cm�1 bands is characteristic for tyrosine-to-metal charge
transfer excitation in a variety of metalloenzymes, where Tyr is
coordinated to a metal ion [34,44]. On the other hand, the work
of Hubbard et al. [45], based on the Tyr EELS bands; i.e., 1325
[qipb(CH) + mtrig(CC), m(CO)], 1221 [q(OH) + m(CO)], and 1128 cm�1

[m(CO), qipb(CH), qoopb(CH)], have shown that the Tyr ring
preferentially adopts horizontal orientation in respect to the plat-
inum surfaces. Two of the aforementioned spectral features, the
� 1340 and �1124 cm�1, are enhanced in the SERS spectra of all



Table 1
Wavenumbers and proposed bands assignment for the RS and SERS spectra of porcine NPY and its native NPY3–36, NPY13–36, and NPY22–36 and mutated acetyl-(Leu28,31)-NPY24–36

C-terminal fragments.

Assignment Wavenumber (cm�1)

NPY NPY3–36 NPY13–36 NPY22–36 Acetyl-(Leu28,31)-
NPY24–36

RS SERS RS SERS RS SERS RS SERS RS SERS

Tyr [m6a] 434 437 433 443 435 447 434 447 431 440
qoopb(CCC) 485 489 486 488 487 489 487 489 486 488
qoopb(CCC) 597 – 595 – 595 – 597 – 596 –
Tyr [m6b] 641 643 641 642 642 642 641 643 641 643
Tyr [m4] 719 – 721 – 722 – 722 – 720 –
Tyr [qb(ring)], Arg [qr(CH2)] 747 – 745 – 746 – 745 – 742 –
Tyr doublet (trigonal CCC bend) 829 829 829 828 827 828 829 830 829 832
Tyr doublet (CCC puckering) 849 851 849 849 849 852 847 848 848 850
Tyr [qr(CcH2)] and/or m(CC) ring breathing 895 898 900 902 898 900 896 896 896 897
m(CC), m(CN), and/or Tyr(m5) 936 937 934 935 934 935 934 935 933 937
mas(CCC) and Tyr [qoopb(CH)] 959 954 954 954 956 952 953 954 959 954
qr(CH2) 988 988 988 988 990 990 988 990 – 988
Arg [qw(NH2)], m(CN), and/or qr(CH2)] 1055 1051 1051 1050 – – – – – –
mas(CCN), qt(NH2), and/or Tyr [qw(CH)] 1105 1108 1103 1106 1105 1102 1103 1102 1105 1102
Tyr [qipb(CH), qoopb(CH)], m(CO)], Arg [qr(NH2)], masym(CCN) 1126 1124 1125 1122 1124 1126 1125 1125 1126 1128
Arg [d(NH)], Tyr qoopb(CH)] 1153 1150 1153 1150 1155 1150 1151 1150 1151 1150
Tyr [m9a, qipb(CH) + m(C6H5AC), Tyr [msym(Cb CcH2Cd)] and/or Arg [qr(NH2)/qr(NH3

+)] 1172 1178 1174 1173 1174 1177 1174 1175 1172 1173
Tyr [m7a, totally symmetric para-substituted phenyl] 1204 1210 1204 1207 1204 1207 1204 1208 1204 1205
Amide III and/or Tyr [ds(ring) + m(CO)], Arg [qr(NH2)], qt(CH2) 1264 1266 1265 1266 1265 1269 1265 1267 1263 1267
Tyr [m(CC), m(CO), qipb(CH), m(COH), and qw(CH2)] 1319 1320 1318 1320 1318 1315 1318 1316 1311 1311
Tyr [qipb(CH) + mtrig(CC), m(CO)] and/or qw(CH2) 1334 1340 1337 1343 1340 1343 1341 1342 1342 1342
d(CH2) and/or Arg [qoopr(NH2)], 1433 1438 1434 1438 1433 1438 1434 1438 1434 1438
Tyr [m19b] 1447 1450 1449 1450 1444 1447 1446 1447 1446 1450
Tyr [m19a] and/or d(CH2) 1460 1470 1460 1472 1460 1469 1460 1469 1460 1469
Tyr [m8b] 1598 1601 1598 1596 1597 1596 1597 1597 1596 1597
Tyr [m8a] 1614 1616 1616 1617 1614 1615 1615 1616 1614 1617
Am I, qb(NH2)/qs(NH2), and/or m(C@N) 1654 1656 1652 1659 1656 1659 1656 1660 1655 1659
ms(CH) 2876 2876 2876 2876 2876 2876 2876 2876 2876 2876
mas(CH) 2934 2934 2934 2934 2934 2934 2932 2932 2928 2928
Tyr [m(CH)ring] 3063 3062 3063 3062 3057 3062 3061 3062 3060 3062

Abbreviations: m – stretching, d – deformation, qr – rocking, qw – wagging, qipb – in-plane bending, qoopb – out-of-plane bending, qs – scissoring, s – symmetric, and as –
asymmetric vibrations; Tyr – L-tyrosine, Arg – L-arginine.

Table 2
Calculated wavenumbers in the amide I region in the second-derivative RS and SERS spectra of porcine NPY and its native NPY3–36, NPY13–36, and NPY22–36 and mutated acetyl-
(Leu28,31)-NPY24–36 C-terminal fragments.

Assignment NPY NPY3–36 NPY13–36 NPY22–36 Acetyl-(Leu28,31)-NPY24–36

RS SERS RS SERS RS SERS RS SERS RS SERS

Tyr 1614s 1616s 1615s 1615s 1614s 1615s 1615s 1615s 1615s 1616s

Tyr 1598m 1596m 1596m 1596m 1596m 1599w 1596m 1596m 1595m 1598w

m(C@N) and/or qb(NH2)/qs(NH2) 1633w 1642w 1640w 1638w 1649w 1637w 1642w 1640w 1637w 1649w

Am I
Turn 1678m 1677w 1683w 1676w 1688w 1689w 1686w 1689w 1681w 1685w

Coil 1660w 1664w 1665w 1661w 1669w 1676w 1667w 1665m 1663w 1665w

a-Helix 1652s 1655s 1652s 1656s 1657m 1650m 1652m 1654m 1652m 1655m

Abbreviations: s – strong, m – medium, w – weak.

116 H. Domin et al. / Journal of Colloid and Interface Science 437 (2015) 111–118
the investigated peptides. However, the 1221 cm�1 signal is
absent, suggesting that upon adsorption Tyr undergoes deprotona-
tion. This is in agreement with the data obtained for the Tyr-
mutated bombesin 6–14 fragments [46]. One more fact supports
the proposed parallel arrangement of the Tyr ring on the silver
nanoparticle surface, i.e. the lack of the breathing ring vibration
around 1000 cm�1. Additionally, all of the SERS frequencies and
widths of the Tyr ring modes observed for all the investigated
peptides are only slightly shifted (by 0–3 cm�1) and broadened
(by 1–4 cm�1) in comparison with those in the RS spectra. There-
fore, the Tyr–O ring rather interacts with the silver nanoparticles
than binds to its surface. It is worth stressing out, that the I830/

850 equals ca. 0.5 for NPY and NPY3–36 and negligibly increases in
acetyl-(Leu28,31)-NPY24–36 (I830/850 equals 0.6). This value confirms
that the Tyr residue for all the investigated peptides is exposed
to the silver surface.

Another important aspect of the proposed adsorption model of
the investigated peptides concerns the guanidine group, N-termi-
nal ANH2 group, and amide bond vibrations. Without
Undoubtedly, the strong broad �1659 cm�1 and medium relative
intensity �1267 cm�1 SERS signals are due to the amide modes;
however, they overlap with other bands as is evident from Table 2.
The gap in the spectral range between 1415 and 1370 cm�1, where
the carbonyl vibrations are expected to appear, suggests that the
�1266, �1178, �1150, �1108, and �1051 cm�1 spectral features
are due to the Arg residue oscillations rather than to the



Tyr36

Arg35
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Fig. 5. The possible manner of the interaction of the porcine NPY32–36 C-terminal
fragment with the colloidal silver nanoparticle.
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N-terminal ANH2 modes. This can be supported by the second
derivative spectra of all the investigated peptides that show the
�1652 cm�1 band allocated to the C@N bond stretches. Thus,
based on the above observation it can be proposed that the amide
bond closest to the C-terminal Tyr interacts with the silver surface,
whereas the Arg residue only assists in the peptides interaction
with this surface.

4. Conclusions

Based on the SERS spectra, we discussed the mode of adsorption
of porcine NPY and its native NPY3–36, NPY13–36, and NPY22–36 and
mutated acetyl-(Leu28,31)-NPY24–36 C-terminal fragments. The
analysis of the adsorption geometry of these peptides was carried
out based on the observed changes in the wavenumber, enhance-
ment, and broadening of the corresponding Raman and SERS
bands. We showed that the Tyr ring of all the investigated peptides,
being parallel to the silver nanoparticles surface, rather interacted
with this surface than bound to it. We suggested that the amide
bond closest to the C-terminal fragment (Thr32–Arg33–Gln34–
Arg35–Tyr36NH2) interacted with the silver substrate, whereas the
Arg residue only assisted in the adsorption process. In addition,
we demonstrated that the NPY32–36 C-terminal part was responsi-
ble for the adsorption process at the silver nanoparticle/water
interface. This is consistent with the earlier results for neuropep-
tide tyrosine NPY13–36 in solution [26], which indicated that the
C-terminus of NPY, especially Leu30–Tyr36 molecular fragment,
was the site engaged in the receptor binding. The agreement
between evidence from our experiments, and NMR and molecular
modeling studies [26] confirms our hypothesis about correlation
between the structural component responsible for ability to inter-
act with the Y2 receptor and the silver colloidal surface, therefore,
our present results shed a new light on the structure–function rela-
tionship of NPY and its analogues acting on the Y2 receptors.
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