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Abbreviations
Amino acids

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys

Leu

alanine Met methionin
cysteine Asn asparagines
aspartic acid Pro proline
glutamic acid Gln glutamine
phenylalanine Arg arginine
glycine Ser serine
histidine Thr threonine
isoleucine Val valine
lysine Trp tryptophane
leucine Tyr tyrosine

General abbreviations

A

a.u.

AP
BSA
BSA
CD
CMC
CNS
dz

D,0
DDM
DLS
DMPC
DMPG
DMSO

angstrom

arbitary unite

amyloid beta

bovine serum albumin

bovine serum albumin

circular dichroism

critical micelle concentration

central nervous system

second derivative

deutrated water

dodecyl-maltoside

dynamic light scattering
1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
dimethyl sulfoxide



DPC
EC
Eq
FPE

FRET
FSD
FTIR
FWHH
GPCRs

HT

KDa
LUVs
MD
min

mL
MLVs
mM
MPs
MRE
mW
NKA
NKR
NKAW
nm
NMR
PC
Phe-CN SP

dodecylphosphocholine
extracellular loop

equation
N-(fluorescein-5-thiocarbamyl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine
Forster resonance energy transfer
Fourier self-deconvolution
Fourier transform infrared
full width at half height

G protein coupled receptors
hour

high tension

dissociation constant
kilodalton

large unilamellar vesicles
molecular dynamics
minute(s)

millilitre

multilamellar vesicles
millimolar

membrane proteins

mean residue ellipticity
milliwatts

neurokinin A

neurokinin receptor

[Trp]® neurokinion A
nanometer

nuclear magnetic resonance
phosphatidylcholine

[ p-cyano Phe]® substance P



PNS peripheral nervous system

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
PPII polyproline II

rpm rotations per minute

S/N ratio signal to noise ratio

SAXS small angle X-ray scattering

Scyl scyliorhinin I

SDS sodium dodecyl sulfate

SP substance P

SPW [Trp]®substance P

T transmittance

TEM transmission electron microscopy
TFA trifluoroacetate

TFE trifluoroethanol

ThT thioflavin T (4-3,6dimethylbenzothiazol-2-y1)-N,N-dimethyl-aniline
TK tachykinin

Tn temperature phase transition
UPA ultrafine particle analyzer
UV-Vis ultraviolet-visible

Vol volume

Aemi emission wavelength

Aexc excitation wavelength

Amax emission maximum

pL microlitre

uM micromolar
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INTRODUCTION

G protein coupled receptors

G protein coupled receptors (GPCRs) are a widely distributed class of membrane proteins (MPs)
responding to a variety range of ligands, which selectively activate the intracellular signaling
events, mediated by membrane-anchored heterotrimeric G proteins. Genome sequencing data
have revealed that approximately one out of four proteins encoded by DNA is a membrane
protein. GPCRs are composed of a single polypeptide chain, which traverses the membrane seven
times. GPCRs respond to diverse stimuli as hormones, neurotransmitters, nucleotides, calcium
ions, odorants and light. GPCRs are involved in a wide variety of physiological processes and
their proper function is vital to health. Consequently the malfunction and the specific defects of
these MPs are implicated in numerous human diseases.

Despite the GPCRs pharmacological importance, the molecular mechanisms of GPCR ligand
discrimination, activation and signaling are still not well understood. Revealing of the three-
dimensional structure of GPCRs and their ligands is essential for understanding of their function.
Elucidation of GPCRs structure, like other integral membrane proteins, is extremely difficult to
determine experimentally. The major obstacles come from difficulties in protein production and
purification, protein stability and homogeneity. Therefore, so far only structure of few GPCRs
including rhodopsin, human f2-adrenergic receptor (ADRB2) and human adenosine A,4 receptor
have been resolved successfully. Importantly, for many of GPCRs, so called orphan GPCRs
(0oGPCRs), the natural activating ligands and their (patho)physiological function are not known
and identified yet. However, now it has well recognized that GPCRs might provide a path to
discovering new cellular substances that are important in human physiology.

Mammalian GPCRs are grouped by amino acid sequence similarities into the three distinct
families.

Family A (or rhodopsin-type receptor family) is the largest one, forming four main groups with
13 sub-branches. It is characterized by the presence of about 20 highly conserved residues, mostly
localized in the transmembrane (TM) regions.

Family B (or secretin/glucagon receptor family) is characterized by the presence of a large N-
terminal extracellular domain, which contains 6 well-conserved cysteine residues in addition to
the about 20 highly conserved residues localized in the TM regions.

Family C (or metabotropic neurotransmitter and Ca*"-sensing receptor family) is characterized

by a very long N-terminal extracellular domain, which in addition to the 20 highly conserved




residues localized in the TM regions, contains also 20 cysteine residues. Moreover, contrary to
the other GPCRs families, where the ligand binding occurs either between TMs or it is mediated
by both extracellular loops and the N-terminal extracellular region, in the family C the agonist
binds exclusively via a large extracellular domain.

Figure 1 shows schematic structure of a GPCR in the membrane. Many of GPCRs include a
conserved disulfide bridge between the first two extracellular loops, which is believed to be
responsible for protein stability. A conserved GPCR signature triplet DRY motif (Asp-Arg-Tyr)
found at the cytoplasmic side of TM3, is involved in G protein interaction. Recently, Rosenkilde
and coworkers (2005) showed that a novel wild-type receptor, ORF74-EHV2, which lacks the
Arg residue of the DRY motif, is fully functional, showing both constitutive and ligand-induced
activation of G protein signaling. Flanagan (2005) believes that the conserved Arg side chain is
not required for receptor function but it is important for stabilizing receptors in the inactive
conformation. Glycosylation sites are found in the N-terminal extracellular domain and
extracellular loop 2 of GPCRs, whereas phosphorylation and palmitoylation sites are located at
the C-terminal intracellular domain and are intimately involved in receptor trafficking and signal
transduction. The carboxyl terminal, the intracellular loop spanning TMS5 and TM6, and the
amino terminal can be counted as the most variable structures among the family of GPCRs.
Amino terminal sequence of GPCRs is also quite diverse and could be relatively short (10-50
amino acids) for monoamine and peptide receptors, or much larger (350-600 amino acids) for

glycoprotein hormone receptors and the glutamate family receptors.

Neurokinin receptors

NKIR, NK2R and NK3R belong to the rhodopsin-like class (class A) of GPCRs and are activated
by peptides belonging to the TKs family. The similarity of the amino acid sequence between the
human NKRs is 47% between NK1R and NK2R, 51% between NK1R and NK3R and 41%
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between NK2R and NK3R. The NK1R is found in the mammalian central and peripheral nervous
system. The human NK1R contains 407 amino acids. Due to the diverse physiological functions
of NK1Rs, including pain transmission, neurogenic inflammation, smooth muscle contraction,
secretion and activation of the immune system, they have been regarded as an important drug
target. Recent studies have demonstrated that truncated (tailless) NK1Rs lacking 96 amino acid
residues at the C-terminal preserve some of their important functional roles. Targeting the
truncated NK1Rs with pharmacologic agents might result in novel therapeutic approaches in
diseases which affect the immune system, including HIV disease. So far, the attempts to
crystallization of most NKRs have not been successful, possibly due to their inherent structural
flexibility and the need for recombinant expression. Therefore the structural information about
these receptors comes mainly from modeling studies based on Rhodopsin structure. Figure 2
shows a 3D model of human NK1R generated by homology modeling. According to this model,
the C-terminal folds to form a globular structure. A beta sheet characterizes the start of the C-
terminal tail. Moreover, the Asn”-Phe® region of the NK1R may play an important structural
role in positioning or stabilizing the tertiary structure of the N-terminal. These residues are at the
point where the N-terminal bends. The residues preceding Asn> are projecting over the 7-TM
core, whereas the residues after Phe” are largely associated with the membrane (e.g. the
hydrophobic residues Trp*’, Ile’?, Val* and Leu**) before the beginning of TM1 at Trp®. The N-
linked glycosylation of the N-terminal of the NK1R (Asn'* and Asn'®) may play an important role
in the proposed folding of the N-terminal over the ligand in the central core of the seven TM
helices. NMR studies show the presence of helical structure in second and third extracellular loop
of NKI1R. Conformational properties of the isolated EC2 of NKIR in 25% TFE confirm the
presence of helical structures in the central portion (residues 176-182) and the C-terminal

extremity (residues 190-195) of the receptor and indicating that residues 178, 179, 183 and 191-




196 are engaged in hydrogen bonds. It is worth mentioning that there is poor definition for
residues 168-175 in the N-terminal extremity and residues 183-189 in the segment connecting the

two helices.

The peptide Tachykinin family

Tachykinins (TKs) are characterized by the presence of the common hydrophobic C-terminal
amino acid sequence Phe-X-Gly-Leu-Met-NH, (Table 1). They are identified as "aromatic TKs"
when X is an aromatic amino acid residue (Phe or Tyr) and "aliphatic TKs" when X is beta-
branched aliphatic amino acid residue (Val or Ile). There is also a different pentapeptide, a TK-
like motif, at the C-terminal of two peptides, endokinin C and endokinin D. These peptides
derived from preproTK PPT-C gene. It is believed that the “message” sequence comprising C
terminal residues is responsible for receptor activation, whereas the divergent N-terminal segment
(named as “address” sequence) provides specificity for the target receptor.

In 1931, Euler and Gaddum isolated a crude extract from equine brain and gut, named this new
agent substance P, P referring to the powder obtained after the extraction procedure. However
almost 40 years later, in the early 1970s, substance P was purified and identified as an
undecapeptide. SP is involved in several important physiological processes including pain
transmission, inflammation, blood flow, salivation and various muscle contractions. The wide
range of physiological activities of SP has been accounted to the lack of selectivity for a specific
receptor type. Neurokinin A (also known as substance K) and Scyliorhinin I (Scyl) are a
decapeptides, respectively, found in the central and peripheral nervous system and isolated from
the gut of the elasmobranch fish, Scyliorhinus canicula. SP and NKA constitute a TKs family
which is generated through proteolytic cleavage of the larger precursors called preproTKs. These
TKs are encoded by two homologous genes identified as preproTK A (PPT-A) and B (PPT-B).
PPT-A encodes the both SP and NKA.

TKs have been found in many different species ranging from invertebrates to mammals,
suggesting that the TK motif has been widely exploited throughout evolution. Mammalian TKs
expression is not confined to the central nervous system (CNS) and the peripheral nervous system
(PNS). There are several evidences of detection of these peptides not only in non-neuronal cells
such as immune and inflammatory cells, but even in the placenta, a tissue totally devoid of
nerves. Some reports proposed that TKs may facilitate the cancer cell growth, mediate the
neurogenic inflammation and also their expression may change due to the infectious diseases.
Immuno histochemical studies have shown that TK peptides are produced in nervous and/or

gastrointestinal tissues from all classes of vertebrates. In mammals, TKs have been shown to




activities such as powerful vasodilatation, hypertensive action, and stimulation of extravascular
smooth muscle and are known to be involved in variety of clinical conditions, including chronic
pain, Parkinson’s disease, Alzheimer’s disease, depression, rheumatoid arthritis, irritable bowel

syndrome and asthma.

Interaction of TKs with the NKRs

All TKs interact with all three receptor subtypes. It is proposed that SP and NKA, respectively,
have more affinity to NK1 and NK2. On the other hand, homologous binding studies have
demonstrated that, contrary to the generally accepted belief, NKA could bind NK1 receptor with
high affinity. The 193-197 region, located at the end of the second extracellular loop of the
human NK1 receptor, could be part of a common high-affinity binding domain for NKA, distinct
from the SP binding site. The binding affinity of Scy I was found to be as high as that of
endogenous ligands SP and NKA for NK1 and NK2, respectively. Competitive binding studies
have shown that Scyl is a high-affinity agonist for both the mammalian NK1 and NK2 TK
receptors and possess 50-250 times reduced affinity for NK3 receptor. The amino acid sequence
and the subsequent modification of TKs residues appear to be essential for peptide function and
binding to receptor. For instance, the amidation of the terminal Met appears to be the key for
interaction of the peptide with the receptor. In the cells Tks are with amidated C end, as moreover
it has been show that amidation it is essential for their activity. In contrary, TK-like peptides from
invertebrates containing an amidated Arg at their C-terminal, are unable to activate mammalian
TK receptors. The substitution of the charged Arg for the Met at C-terminal of the peptides in
TKs family may have conferred a high structural mobility, increasing the possibility to fit with
the different TK. The Phe’ residue may have an important role to address the TK ligands toward
the receptors. It has been demonstrated that TKs with a neutral or basic amino acid in seventh
residue have a preference for the NK1R. TKs with an acidic or a couple of acidic residues at
position 7 or, 6 and 7 address the peptides toward the NK2R and NK3R. Interestingly, the
extracellular loop II (EC2) has four acidic and four basic residues in the rat NK1R, three acidic
and two basic residues in the NK2R, and one acidic and five basic residues in the NK3R. The
couple of aromatic residues (Phe-Tyr or Phe-Phe) present at the C-terminal of the TKs provide
specific binding interactions with TM domains of NK1R. Proline is a well represented residue in
the natural TKs. Cascieri and coworkers (1992) suggested that all TKs having Pro at position 4
(like SP) have greatly reduced affinity for NK2R and NK3R. They have attributed this behavior
to the preferred conformation of the Pro-containing peptides for the NK1R, which most likely is
unfavorable for NK2R and NK3R. It has been shown that the presence of a Pro residue at position




6 causes a profound decay of biological activity of the peptide. The negative contribution of Pro®
has been accounted for a distorted interaction of the N-terminal sequence of the peptide with all
TKRs. On the other hand, it has been shown that TKs containing a Pro residue at the position
analogous to Pro* of SP exhibit selectivity for NKIR versus NK2R or NK3R. The topology of
NKA bound to the rat NK2R was studied using Forster Resonance Energy Transfer (FRET) and
Molecular Dynamics (MD) approaches. In this model NKA residue 4 is in the vicinity of
extracellular loop 2 and of the top of TM7. Residue 7 is located close to receptor residues Ile'"*,
Met'", Val'®, Tyr** and Phe?”°. The C-terminal amino acid of NKA is more deeply buried in the

receptor structure, close to residues Met'"’, Tyr*®®, Trp*®, Phe’” and Met™’.

Role of membrane in peptide-receptor interactions

The conformations of TKs' upon binging to the membrane and to their receptor is yet in debate.
There is a general belief that to preserve the biologically active conformation of the neuropeptide,
the membrane is exceptionally required. Moreover, several studies have shown that the
membrane itself enforces a conformation of the small peptides and this may represent the
biologically active conformation. Concerning SP, there is a common belief that upon binding to
the membrane the peptide shifts to an active conformation before to perform its role as a
neurotransmitter. Several authors proposed that the target cell surface influences the receptor to
select the peptides like TKs through accumulation of the ligand at the cell membrane, induction
of a specific conformation and orientation of the peptide.

However, some authors believe that lipids play no direct role in the binding of SP to its receptor
but they might however play an important role for SP storage. According to Sankararamakrishnan
(2006), peptide ligands can interact with their receptors in at least two ways: one is direct
interaction to the extracellular loops of GPCRs from the aqueous phase, and second is by pre
adsorption of flexible peptide to the target membranes in the first step, before it recognizes its
receptor as the membrane-induced conformation is postulated to bind to the receptor in the
second step (membrane compartments theory).

So far, the structural data of TKs mainly come from NMR and molecular dynamics (MD) studies.
Usually, dimethyl sulfoxide (DMSO), SDS or TFE have been used as a mimic environment in
NMR studies. For instance, several groups have investigated the binding of SP to the micelles,
especially to the SDS micelles; but it is worth to stress that there are some inconsistencies in the
reported conformation that is adopted by the bound peptide. For instance, Keire & Fletcher
(1996) investigated the conformations adopted by SP bound to SDS and DPC micelles. They
reported that SDS-bound SP most likely exhibits turn-like structures in the mid-region of the




neuropeptide instead of a well-defined helical structure. The variations in the SDS-bound
conformation adopted by SP could be due to the conditions used to form the micelle. The
formation of secondary structure in most resembling membrane liposomes has been object of
studies, mainly for the binding of the peptide and less or only a few for structural studies.
However, secondary structure characterization performed by many labs gives contradiction
results, concerning the binding and the secondary structure estimation. Clearly, there is a need for
additional investigations of neuropeptide-micelle and neuropeptide-model membrane interactions

to help us understanding the mode of TKs-receptor interactions.




Objectives

One aim of this doctoral thesis is to study and characterize the structures and mode of the
interactions with the membrane of substance P (SP), neurokinin A (NKA) and scyliorhinin I
(Scyl) peptides. As ligands of the neurokinin receptors with different agonist activity, it is
relevant to address the question if the cell surface plays any role on the biologically active
structures of these peptides that are recognized by the receptor. The main objectives of this part of
the thesis are to answer: What determines the different activity potential of these peptides? What
is the active conformation of the peptides when they interact with the neurokinin receptor to
transfer the signal? What is their mode of interaction with the membrane surface? Does the

membrane surface affect the peptide conformation?

The other aim of this doctoral thesis relies on the study of the aggregation states of the SP, NKA
and Scyl. Involvement of SP and NKA peptides in neurodegenerative diseases highlights the
importance of the aggregation states of the peptides. The main objectives of this part are to
answer the question, under which conditions do SP, NKA and Scyl peptides have the ability to
self-associate? What kind of structure they form and which factors promote or inhibit the self

assembling?



MATERIALS AND METHODS

M aterialsand M ethods

Peptides sequences and synthesis

All TK peptides and their analogues (see Table 1 of Introduction), used in the thesis,
were purchased from AnaSpec”, Inc. (http://www.anaspec.com) and PolyPeptide Group
(http://www.polypeptide.com/index.php). The peptides were synthesized by standard
solid phase method and purified by reverse phase high-pressure liquid chromatography.
All the peptides share amidated carboxy-terminal since it's required for their activity in
human body. The purity of the peptides was >95% as judged by HPLC and further
confirmed by mass spectrometry, as claimed by the supplier. Peptides (at about 1 mg)
were stored as a lyophilized powder at -20 °C until use. [Phe-CN]* SP was exceptionally
stored at 4° C.

Peptides analogous

Mammalian TKs used in this study do not have Trp residue in their sequences (see Table
1 of Introduction), therefore for the binding studies we used analogues of TKs peptides,
in which Phe® and Phe® in SP and NKA were substituted for Trp, respectively. The reason
for using Trp analogues of TKs was that compared to Trp, Tyr and Phe are less sensitive
to their local environment. Moreover the fluorescence characteristics (An.c and
fluorescence intensity) of the Trp fluorescence are very sensitive to the polarity of its
environment and of the solvent, in general. This is due to the different dipole moment of
the two overlapping electronic transitions of the indole side chain of Trp in polar and
apolar solvents. On the other hand, fluorescence quantum yield of Trp is much higher
compared to that of Tyr and Phe. Consequently, both the fluorescence intensity and
emission maximum (A, of Trp often serve to monitor folding/unfolding states of
hydrophobic peptides and membrane proteins. Importantly, in case of the TKs the
substitution of the Tyr or Phe with Trp does not affect the peptide molecular
characteristics, such as hydrophobicity and the net charge (Table 1).
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The other analogue of TKs used in this study was Phe-CN SP. The fluorescence quantum
yield of p-cyano Phe is about five times more than that of phenylalanine, and unlike Tyr,
p-cyano Phe lacks photo-induced proton transfer. Moreover, due to the small size of the
C=N, it minimally perturbs the physical properties of the native peptide. On one hand, the
fluorescence changes of p-cyano Phe upon the hydrogen binding of the C=N group with a
hydrogen donor is a sensitive marker to monitor dye local environment. On the other

hand, using the C=N vibration, the peptide conformations were revealed by IR
spectroscopy.

Peptide stocks and concentration determination

The concentration of the peptides was determined spectrophotometrically. Prior to the
measurements, the stocks solutions of the peptides were prepared by dissolving the
peptide powder at about 1 mg in 150 pL distilled water. The molar extinction coefficients
(in Lmol 'em ™) of each peptide and the analogues were determined on the basis of the
number of aromatic amino acid residues present in the peptides, considering molar
extinction coefficient of Phe, Tyr, Trp and p-cyano (see Table 1 of Introduction). The
absorption spectra of the peptides were recorded on UV-Vis spectrophotometer (Varian®
Cary3 Bio) and peptides concentrations were calculated, given that the Beer-Lambert

law. Figure 1 shows the absorption spectra of SP, SPW, Scyl and Phe-CN SP in distilled
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MATERIALS AND METHODS

water. The absorption spectrum of Phe-CN SP shows a strong peak at 232 nm and two
weaker peaks at 268 and 280 nm.

Membrane mimetic systems

Micelles

Among the different available detergents the anionic SDS detergent was chosen because:
i). Previous studies with TKs (SP) have shown that the neuropeptide does not incorporate
in detergents, such as DDM; ii). The SDS micelles with a relative small size (<100 nm)
and low turbidity and light scattering have been proven to be appropriate membrane

mimic system for spectroscopic studies.

The stock solution of 1 M SDS was prepared in distilled water and then diluted to the
desired concentrations in sub- or micellar states of SDS depending of the aim of each

experiment.
Evaluation of critical micelle concentration (CMC) of SDS

The CMC of SDS was determined based on the intensities changes of some of the
fluorescence emission bands of the pyrene, following the methodology. Shortly, the
pyrene molecule is a condensed aromatic hydrocarbon, which has five fluorescence
emission vibronic bands at 374, 379, 385, 389 and 393 nm referring to the monomer state
of the dye, and one broad peak at 480 nm due to the formation of excimers (Figure 2). In
polar environment, the ratio of pyrene fluorescence intensities at 385 nm (peak III) and
374 nm (peak I) is close to 0.64 (Figure 3). As the polarity of the environment decreases,
the fluorescence intensity of peak III increases and the fluorescence intensity ratio of
Isss/1374 get close to 1. Thus, the relative intensity of Isgs/I374 can serve as an index of

solvent polarity and as a marker for formation of micelles (CMC determination).

In this study, the stock solution of 1 mM pyrene was made in ethanol and the solution
was kept at 4 °C. To determine the CMC of SDS, small aliquots of SDS were titrated into
the buffer (5 mM) containing 2 uM pyrene. The measurements were performed on PTi

Photon Technology International® spectrofluorimeter. Fluorescence emission spectra of
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pyrene were recorded using A, of excitation 335 nm and the emission spectra were
recorded from 350 nm to 700 nm. Usually, two emission scans were recorded and

averaged. All the spectra were corrected for the dilution and light scattering by
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MATERIALS AND METHODS

subtracting the spectrum of the same sample but lacking the pyrene dye. The CMC of
SDS was determined by plotting the ratio of the fluorescence intensities peaks Izgs/1374
versus SDS concentrations. Furthermore, the CMC of SDS in the presence of each TK

peptide was determined .
Large unilamellar vesicles (LUVS)

Due to the unilamellarity and appropriate radii of curvature, the LUVs serve more
similarity to a biological membrane than small unilamellar vesicles and multi lamellar
vesicles. Considering this fact, LUVs were used as membrane mimetic systems in this
study. Both DMPC and DMPG are structurally similar to the lipid composition in the
postsynaptic membranes where Neurokinin receptor and TK ligands are expressed and
functioning. Therefore, LUVs prepared with these lipids mimic most closely

phospholipids bilayer in vivo.
Preparation of lipids for hydration

Thin lipid films were prepared by dissolving at about 10 mg of lipid (DMPC, DMPG, or
the mixture) in chloroform/methanol (2:1 vol:vol) and dried by using rotary evaporation
system and a steam of dry air (Figure 4). To assure the removal of any trace of the

organic solvents, the lipid film was usually kept under high vacuum over the night.
Hydration of lipid film

Depending on the purpose of the experiment, the dried lipid film was hydrated in
different buffers: 3mM citrate buffer (pH 3.8), 5 mM phosphate buffer (pH 7.0) or 3 mM
carbonate buffer (pH 10.7). To make the lipid suspensions well homogenized the
temperature was kept above phase transition (T,,), and the suspension was vigorously
vortexed at least for 30 min. The resulting multilamellar vesicles (MLVs) were freeze-

thawed in liquid nitrogen for at least three cycles.

Sizing of lipid suspension

13



MATERIALS AND METHODS

To downsizing MLVs and obtaining large unilammelar vesicles (LUVs) the lipid
dispersion was extruded through stacked polycarbonate membrane with a pore size of
100 nm using the Avanti® Mini-Extruder containing heating block and repeated at least
for ten times to obtain LUVs. The final extrusion filled the alternate syringe to reduce the
chance of contamination with the larger particles. After the extrusion, the milky

appearance of the lipids became more transparent.

Liposomes were used immediately after preparation or kept at 4°C to use later but no

more than 3-4 days.
Determination of liposomes' size

In principle, freeze-thawed cycles and ten-time extrusion cycles along with the use of
filters with a pore size of >100 nm results in a formation of homogenous spherical
unilamellar vesicles. To determine the liposomes size distribution, dynamic light

scattering (Figure 5) and transmission electron microscopy (Figure 6) were applied.
Dynamic light scattering (DLS); theory and methodol ogy

The Brownian motion of the macromolecules in the solvent imparts randomness to the

phase of the scattered light, which could interfere destructive or constructive. According
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Figure 5. Representative histogram of size distribution of DMPG
liposomes (1 mi, pH 7.0), made by extrusion technique using 100
nm pore size membrane.

to the classical light scattering theory (Rayleigh approximation), scattering of a spherical
particle, smaller than the wavelength of incident light, is proportional to the A*. Since
Rayleigh theory is not valid for particles bigger than the wavelength of light, the
alternative model is the theory of Mie which is valid for any particles regardless of their
size. Using DLS technique, also called as photon correlation spectroscopy, the

fluctuations of interfered scattered light are measured during microseconds. The
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fluctuations are related to the diffusion coefficient of the molecules in the solvent.
Consequently, the radius calculated is indicative of apparent size of the dynamic
hydrated/solvated particles (hydrodynamic radius). Figure 7 shows the hydrodynamic

radius for lysozyme compared to other radii.

Experimental scheme

The DLS was measured by Ultrafine Particle Analyzer® (UPA) 150 spectrometer
(Microtrac, Inc., Montgomeryville, PA). The spectrometer is equipped with a diode laser
having a wavelength of 780 nm and a nominal output of 3 mW of optical power. First,
the signal level of LUVs was measured to find the adequate concentration of liposomes,
which should be between 0.1 and 0.2. To get a satisfactory signal in the detector, the
samples were diluted by the same solvents and the acquisition was performed for at least
10 min. The concentration of LUVs used in each measurement was at about 1 mM. The
results from DSL measurements are presented as a distribution of volume against

liposomes size

Figure 7. Comparison of hydrodynamic radius (RH) to other radii for lysozyme . Rg
is radius of gyration, Ry, is the equivalent radius of a sphere with the same mass
and particle specific volume as lysozyme, and Ry is the radius established by
rotating the protein about the geometric center.
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Ultraviolet-visible (UV-vis) absorption spectrophotometry; theory and
methodol ogy

Figure 14 shows the electromagnetic spectrum. When a beam of light is passing through
a substance, certain part of the radiant energy is absorbed by the substance to promote the
electrons to jump to a higher energy levels. The spectrophotometer measures the intensity
of the light, reaching to the detector (transmitted light or |;) after passing through the
sample and compares it to the intensity of the light before it passes through the sample

(incident light or lg). The ratio between I and g is called the transmittance, and is usually

expressed as a percentage (%T):
T=1/1, (Eq. 1)
%T = (I, / 1p)x100 (Eq. 2)

Mathematically, the absorbance is related to the percentage transmittance (%T) by the

expression:
A =2 -1ogo(%T) = log;o(Io/1y) (Eq. 3)
From other side, according to the Beer-Lambert equation:
A=gbc (Eq. 4)

where, A is absorbance (no units); & is extinction coefficient (L mol” cm™); b is optical

path length (cm); and c is the concentration (mol L™). Thus, the quantitative measurement
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of light absorption by the sample as a function of wavelength gives the concentration of a

substance in the solution.

Experimental scheme

The absorption spectroscopy was applied to determinate the concentrations of the TK
peptides and that of the fluorescent dyes, as well as to evaluate the hydrophobic-
hydrophilic environment of Phe and Trp residues of peptides SPW and NKAW in the
presence of micelles. The photo-physical properties of fluorescent dyes are given in
Table 2. The absorption spectra of the peptides and the fluorescent dyes were recorded by
using UV-visible spectrophotometer (model Varian® Cary3 Bio) using a 1 cm length
quartz cuvette, as all experiments were done at room temperature. For all the UV-visible

spectra an appropriate correction for a nonzero baseline was done.

Techniques to characterize the interactions of TK peptides with the

membrane mimetic systems

Fluorescence spectroscopy experiments; theory and methodology

A fluorophore is a chemical compound (molecule or molecule's component) that can re-
emit light upon light excitation. Usually the fluorophores contain several combined
aromatic groups, or plane or cyclic molecules with several 7 bonds. Upon absorption of a
photon with specific energy, the fluorophore makes so-called vertical transition to the
excited electronic state. Fluorescence occurs when an excited electron returns to the
lower orbital. But, not all the absorbed photons by the molecule will be emitted or in
other words not all molecules present at the excited states will participate in the
fluorescence process. Based on this fact, the quantum yield of a fluorescent dye is defined

as:

=_F
P (Eq. 5)
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where, |ris number of photons emitted , and | 5 is number of photons absorbed.

Assuming very low absorption («0.05), the intensity of emitted light (I¢) at a precise

emission wavelength is described by the relationship:

(Eq. 6)
ley =2.31,6,,cl®

where, @ is the quantum yield, lo is intensity of the incident light, & is the molar
absorptivity, | is the path length of the cell, and c is the molar concentration of the

fluorescent dye.

The high environmentally sensitivity of the fluorescence relates to the dye's fluorescence
life time which is in the time scale of the most molecular processes. The dye's
fluorescence life time is defined as an average time a fluorophore remains at excited
state, which is ranging from nano to pico seconds. Generally, relative to the absorption
spectrum, the emission spectrum of a fluorophore is red shifted to a longer wavelength
(lower frequency or energy) (the so-called Stokes shift) due to the loss of vibrational
excitation energy during excitation and emission cycle. Generally, the Stokes shift is

greater in polar environments than in non-polar ones.

Spectrofluorimeter setting is arranged in a way that emitted light usually is detected at a
90 angle (Figure 8) respect to the excitation light in order to avoid the interference of the
transmitted excitation light on the detector. In any case, always some stray light (light
with other wavelengths than the targeted) will reach the detector. However, when
measuring at 90 angle, only the light scattered by the sample will cause the stray light.
Therefore, right angle setting gives better signal-to-noise ratio, and lowers the detection

limit by approximately a factor 10°.
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Experimental scheme

Fluorescence emission of Phe-CN; exploring the Phe residue

environment

First, control experiments were done to determinate the fluorescence intensity and
emission maxima of Phe-CN SP (at about 2 uM) in the presence of distilled water and
different protic organics, with different dipolar character and hydrogen binding ability,

like pure methanol, ethanol and TFE.

For evaluation of the environment polarity of the Phe-CN SP in sub- and micellar
concentrations of SDS, the fluorescence emission spectrum of Phe-CN SP (2 uM) were
collected from 260 nm to 380 nm in 5 mM sodium phosphate buffer (pH 7.0) upon
titration of small aliquots of SDS (from 0 to 12 mM), setting the excitation at 232 nm.

Similar experimental scheme as in the case of micelles was applied in the experiments

with LUVs, prepared at different molar ratios of DMPC/DMPG liposomes.

After performing the proper corrections for peptide dilution, the fluorescence intensities
of Phe-CN residue at A,9; nm were plotted as a function of SDS concentrations and as a

function of the mol % of DMPG in the case of the LUVs.

Fluorescence emission of tryptophan; assaying micelle saturation
with mammalian TK peptide analogues and binding curve

experiments

SDS micelles (20 mM) were titrated with small aliquots of SPW and NKAW peptides in
a final concentration range of 0-200 uM and the fluorescence emissions of Trp were
recorded from 300 to 450 nm, setting the excitation wavelength to 280 nm. All the

spectra were subtracted using the corresponding background. Furthermore, the
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corresponding titration curves were obtained by plotting the fluorescence intensity of Trp

at 340 nm against peptide concentrations.

Fluorescence emission of tryptophan; exploring the tryptophan

residue environment

The fluorescence emission spectra of SPW and NKAW were collected in aqueous
solutions, in different concentrations of SDS (in sub- and micellar range usually between
0 to 25 mM, depending on the peptide) and in LUVs (with the concentration of 40 uM
and 0.8 mM for SPW and NKAW, respectively) prepared with different molar ratios of
DMPG/DMPC lipids. Usually, the concentration of the peptides used in SDS and LUVs
experiments was 5 uM. Excitation was set at 280 nm. The changes of the fluorescence
intensities and A, were plotted as a function of SDS concentrations and DMPC/DMPG

mol percents in LUVs.

Assessment of surface electrostatic potential by fluorescent probe

FPE; theory and mechanism

The membrane surface electrostatic potential (ys) arises from the net excess electric
charges at the outer surface of the membrane. Therefore, it is potential difference
between the membrane surface and the bulk medium. Any interactions of charged
molecules with the membrane surface would change the surface electrostatic potential.

For an acidic group located on a membrane surface:
pKs = pKB + yg (Eq-7)

where, S and B indicate for surface and bulk phases, resepectively, and ys is surface

potential.

In this study, we used fluoresceinphosphatidylethanolamine (FPE) (see Figure 10, inset).
The fluorescent probe FPE has been widely applied to monitor the binding of charged
molecules to the membrane and in this work was used to explore the changes of surface

potential upon eventual binding of the TKs. In general, when FPE incorporates into the

21



MATERIALS AND METHODS

membrane, its fluorescein moiety locates on the membrane surface, precisely on the
water-lipid interface, therefore, it is able to detect pH changes or charge distribution
changes on the surface. According to the equation 7, some changes of the electrostatic
surface potential will cause changes of the apparent pK of fluorescein's xanthene ring, as
an acidic group. Consequently, protonation or deprotonation of xanthene ring affects the
quantum yield of fluorescence of FPE in a manner that deprotonation causes increase of

dye's fluorescence intensity.

Experimental scheme

Preparation of LUVsasymmetrically labeled with FPE

Asymmetrically FPE Ilabeling LUVs were prepared following the published
methodology. Shortly, the stock solution of FPE (5 mM) was prepared by dissolving 0.6
mg of FPE in 0.1 mL chloroform:methanol (5:1 v:v) and was kept at -20 °C. For labeling
of 4 mM DMPG or DMPC LUVs, prepared in sodium phosphate buffer pH 8.5, we used
10 uM of FPE to give 0.25 mol % FPE of the total lipid contents. To do that, small
amount of the stock solution of the FPE (2.6 uL) was added into a glass tube and the
solvent was completely evaporated by purging with dry air. The FPE was then resolved
in ethanol and mixed with 1.3 mL DMPG or DMPC LUVs. Importantly, the amount of
ethanol should never exceed 0.1% volume parts of the total aqueous volume. Then, the
mixture of FPE dyes and LUVs was incubated at 37 °C for 1 hour in a dark. Then, the
FPE labeled LUVs were filtered by using PD10 Sephadex® Desalting Column
(Amersham Biosciences). Prior to filtration, the gel column was calibrated by eluting 3 to
4 times (totally 25 mL) of the sodium phosphate buffer (5 mM, pH 8.5). Once the
exceeding calibration buffer was removed from the column, the FPE labeled LUVs were
loaded to the column. After the sample was entered completely to the packed bed, 1.2 mL
of buffer was added to the column. The column was eluted by adding 3.5 mL of the same
buffer. The low volumes of filtrated sample were collected in different eppendorf tubes.
The presence of FPE in each of the tubes was determined spectrophotometerically by

recording the absorption spectrum of FPE. Since the dye's extinction coefficient at 490
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nm is pH-dependent, the absorption spectrum was recorded at pH 11 by adding a small
aliquot of 2.4 mM KOH to the sample. The FPE labeled LUVs were stored atC4in
dark for 3-4 days until the use.

I nteractions with lipid bilayer

Assessing the interactions of TK peptides with membrane mimetic

systems by FPE dye

The fluorescence intensity variations of FPE, incorporated into DMPG or DMPC
vesicles, was monitored at a fixed wavelength of 518 nm and by setting the excitation at
496 nm and titration of the small aliquots of TKs peptides in which each aliquot was
contained different concentrations of peptides. The titration of the FPE labeled LUVs
with TKs was performed as following: four different samples were prepared containing
the FPE labeled vesicles (at about 200uM of lipid) in sodium phosphate buffer (5 mM,
pH 8.5) in each cuvette. The changes of fluorescence intensity of FPE at 518 nm was
recorded and monitored until it gets to plateau. Then, small aliquot (at about 1 pL) of
TKs (SP, NKA and Scyl) were added to each cuvette (considering one sample as a
reference) by using Hamilton" syringe without stopping the spectrofluorimeter. At the
beginning, the peptide titration was started by adding small amount of peptides (0.1 uM)
and then followed by adding higher amount of peptides to the final concentration of 30
and 200 pM, in the case of DMPG and DMPC, respectively. Each addition was done
when the fluorescence intensity of FPE reached to plateau. Special attention was taken to
avoid the interruption of the beam line with the syringe, while peptides were adding to

the cuvettes.

Processing of the binding curves

From the recorded FPE fluorescence intensity spectra, the following parameters F, and
AF were determined. The F, (or initial fluorescence level) is the fluorescence intensity of
FPE (at 518 nm) alone and before addition of peptides when it is reached to plateau. The
AF is the difference of fluorescence intensity after each peptide addition from that of FPE
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alone (Fy). Therefore, AF was calculated accumulatively. It should be noticed that in the
cases (see p. ..., Figure...) in which upon addition of peptides to the FPE labeled LUV,
the FPE fluorescence intensity was increased and then decreased to reach a plateau, we

considered the maximum intensity to calculate AF.

The peptide-membrane binding curves were obtained by plotting the AF (at 518 nm) as a
function of TK peptides concentrations. The binding curves were fitted to hyperbolic

model by using the following equation:

FLIFP] (Fa.8)

Ky +[FP]
where, F is the fluorescence intensity variation, Fpu is the maximum fluorescence
intensity variation, [FP] is the fusion peptide concentration and Ky is the dissociation

constant of the membrane binding process.

All the experiments were preformed on PTi Photon Technology International®
spectrofluorimeter. Data processing was done by using Felix32" Fluorescence Analysis
Software and commercial software package Origin® 7.0. (OriginLab Corporation,

Northampton, MA).

Control experiments

Determination of FPE reconstitution into the LUVS

The accuracy of LUVs labeling with FPE was examined by recording the FPE
fluorescence, given that A, of FPE reconstituted in LUVs is red shifted to about 518 nm

relative to Ay, of free fluorescein in aqueous solutions which is about 510 nm (Figure 9).
Apparent pK of FPE in DMPG LUVs

It has been shown that increasing the bulk phase counter-ion concentration results in an
acidic shift in the pK of the membrane bound FPE. Considering this fact and to achieve

the maximum changes in fluorescence intensity of FPE upon addition of the peptides, the
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apparent pK of FPE dye was determined in the presence of each peptide. To determine

the apparent pK of FPE, the pH titration of FPE in the presence of each peptide was
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performed as following: The stock solution of FPE labeled DMPG (at about 120 uM),
containing 5 mM NaCl was made in distilled water. The samples were prepared by
diluting the FPE stock to 25 uM and adding at about 3 uM of each peptide. The pH
titration was performed with 0.1 M HCI/KOH and FPE fluorescence intensity was
recorded at a range of pH from 6.5 to 11.5. The titration curves were obtained by plotting
the percentage of difference FPE fluorescence intensities at 518 nm in the presence of

each peptide as a function of pH changes (Figure 10).

Examining asymmetry and efficacy of FPE incorporation into the
LUVs

The asymmetry of the incorporation of FPE into the LUVs was deduced by the addition
of calcium salt and calcium ionophore A23187. The calcium ions are effectively
impermeable over the time scale of the fluorescence measurements. Addition of calcium
ions will cause some changes of the membrane electrostatic surface potential, which
consequently will result in changes, e.g. increases of the fluorescence intensity of FPE.
The resultant changes of fluorescence were taken to correspond solely to the outwardly

facing FPE molecules. A23187 is a calcium ionophore serving to transfer the calcium
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ions across the membrane. Thus, if some FPE has been incorporated on the inner

membrane surface, after addition of the ionophore, some calcium ions will be able to
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reach the inner membrane and FPE signal \.)V0uld change. The r.atio of the intensity after
calcium ion addition and before ionophore addition to that following the ionophore
addition is deemed to present the ratio of the outside facing FPE to that facing inside.
Any additional changes of fluorescence intensity indicate that some FPE has penetrated
the membrane interior or has appeared on the inner leaflet of the phospholipids bilayer
(Figure 11). In this study, the FPE fluorescence intensity at a constant wavelength of 518
nm was recorded following the addition of 50 uM CaCl,. Once the fluorescence intensity

was stabilized, A23187 ionophore was added and further changes were recorded.

Collisional quenching of Trp by brominated lipids;, theory and

mechanism

Collisional (also named dynamic) quenching is among the processes leading to decrease

of fluorescence intensity when a fluorophore interacts with a quencher molecule.
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Experimentally, the extent of reduction in either the fluorescence intensity (quantum
yield) or life-time can be used to calculate the efficiency of fluorescence quenching. The
decrease in quantum yield occurs because the quenching rate depopulates the excited
state without fluorescence emission most probably due to the spin-orbital coupling of the
excited fluorophore and quencher (Figure 12). In collisional quenching a fluorophore
needs to be in close contact with quencher in a distance ranging between 3-12 A. Thus,
collisional quenching measurements are used to accurately determine the position of a
fluorescent molecule in the membrane. The common quencher groups for analysis of
peptide penetration into the membrane are dibromo and nitroxide derivatives. The
fluorescence quenching is caused by dipole-dipole interactions between Trp and

brominated lipids.

Experimental scheme

Depth-dependent fluorescence quenching of Trp by brominated-
lipids
Dibromine atoms covalently attached to 6,7- and 9,10- carbon atoms of

phosphatidilcholine acyl chain were used as Trp quenchers to analysis the insertion depth

of mammalian TK analogues in the membrane mimetic systems. Quenching of Trp
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residue in TKs peptides by brominated lipids was applied to analyze the relative location
of both Trp® and Trp° residues of SP and NKA, respectively, upon membrane interaction.
In this study, stocks of asymmetrically Br-PC labeled LUVs were obtained by adding
35:65 mol% Br-PC lipids to the DMPG or DMPC liposomes (total concentration of 6.2
mM) in sodium phosphate buffer (5 mM, pH 7.0) and were kept at 37C in a dark bath
for about one hour. Then, they were filtered through a PD10 Sephadex” desalting column
(Amersham Biosciences), equilibrated with the same buffer. To determine peptides
insertion into the liposomes, the Trp fluorescence emission of SPW and NKAW (4.5uM)
was recorded by setting the excitation at 280 nm and in the presence of 450 uM LUVs
composed of the following lipids: pure DMPC, 35:65 mol% DMPC/DMPG, 35:65 mol%
Br-PC labeled DMPG and 35:65 mol% Br-PC labeled DMPC.

As a control, fluorescence emission of L-Trp amino acid (4.5 uM) was recorded in the
presence of 450 uM LUVs composed of 35:65 mol% DMPC/DMPG and 35:65 mol% Br-
PC labeled DMPG. The experiments were performed immediately after preparation of
labeled vesicles in order to minimize the trans-bilayer exchange rate (flip-flop) of Br,-

PCs.

In all the experiments, the background corresponding to the vesicles without the peptide

was also subtracted.

Penetration depth of mammalian TKs to the zwitterionic and

negatively charged LUVs, determined by tryptophan-quenching

The insertion depth of the Trp residue of the mammalian TKs in the lipid bilayer was
further estimated by analyzing the fluorescence quenching data with parallax method

(PC) using the following equation:

Eq. 9
~In(F, /F,)2C-L,,’ (g 9)

2L,

Zcr is the depth of the fluorophore as measured from the center of the bilayer;

where, Zep =L¢ +
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Lc; - the distance of the center of the bilayer from the shallow quencher;

L, - the difference in depth between the two quenchers;

F1 - the fluorescence intensity in the presence of the shallow quencher;

F» - the fluorescence intensity in the presence of the deep quencher; and,

C - the two-dimensional quencher concentration in the plane of the membrane
(molecules/A?).

Assuming the surface area as 70 A per lipid will give for the C as a mole fraction of
quencher lipid in total lipid/70 A*. By X-ray diffraction, the L distances have been
determined for a series of Br,- PCs structured in POPC bilayer in the liquid-crystal phase
and lately reevaluated for DMPC bilayers, because the bilayer thickness depends on the
acyl chain length. According to these calculations, the thickness of DMPC bilayers in the
crystal-liquid phase has been determined to be about 35.3 A for the head-head thickness,
i.e., the distance between the phosphate groups, and 25.4 A for the hydrocarbon core
region. Based on these values and assuming a uniform hydrocarbon chain packing across
the bilayer, the increments per CH, group are equal to 0.907 A/CH, in the liquid-crystal.
Therefore, by using the assumptions reported by Mclntosh and Holloway, the respective
distances of both quenchers from the bilayer center have been estimated to be 7.7 A for

(6,7) Br,-PC and 5.0 A for (9,10) Br,- PC in the liquid-crystal, respectively.
ThT fluorescent dye as a beta amyloid fibrillization probe

ThT is a cationic benzothiazole dye commonly used for identification of amyloid fibrils.
Since ThT fluorescence intensity increases upon binding to amyloid fibrils, this dye is
widely used to monitor beta amyloidogenesis. So far, the molecular mechanisms of ThT-
amyloid binding is not well understood, however several models explaning the binding of
ThT as monomeric form, micelles or through sterically binding sites in amyloid fibrils
have been reported. The molecular mechanism leading to increase of ThT quantum yield
is also under debate. The general idea is that the increasing of the ThT fluorescence
intensity is due to the restriction of torsion oscillations and planarization of dye's

fragments.
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Experimental scheme

Monitoring the kinetic of the beta amyloidogenesis of TKsby ThT

Possible amyloidogenesis of NKA peptides in the presence of low concentration of SDS
(4 mM) in sodium phosphate buffer (5 mM, pH 7.0) was explored by recording the
fluorescence intensity of the ThT (5 uM) as a function of time at the fixed wavelength of
486 nm and setting the excitation at 425 nm. ThT fluorescence intensity was acquired for
about 20 min then 80 uM of NKA was added to the sample and further changes of the
fluorescence intensity were recorded. Fluorescence intensity of the ThT in the absence of

peptides was recorded as a control.

Techniques to characterize secondary structures of TK peptides

Circular dichroism spectroscopy; theory and methodology

Circularly polarised light can be produced by the superposition of two linearly polarised
light beams that are oscillating perpendicular to each other and propagating with a phase
difference of #/2 radians (Figure 13). The resulting beam could be right or left handed.
The circularly polarised light absorption depends on the orientations of transition dipole
moments of the molecules. The extinction coefficients of a chiral chromophore for the
left and right circularly polarized light are different (& # & r). Circular dichroism refers
to the differential absorption of left and right handed circularly polarized light as a

function of wavelength.
AA = AL - AR (Eq 10)

Yet, the data obtained from CD instruments generally is in terms of the ellipticity (6) in

degrees.

2303.(A - A).180
0= — =32.980A  (gq. 11)

Usually, the observed CD signals are very small, and ellipticities are typically in the

range of 10 mdeg. To compare the CD data of different samples, the mean residue molar
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ellipticity (MRE) is usually calculated on the basis of CD intensity of the peptide

according to the following equation (in deg cm® dmol™):
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where, fopsis the observed circular dichroism (in mdeg), L is the optical path length (in

cm), C is the peptide concentration (in M), and n is the number of residues.

There are two transitions in the amide chromophore which are dominated in the far-UV
CD spectra and related to the peptide conformations (Figure 16). The peak around 222
nm assigned to the peptide n-* transition, and the peaks at about 208 and 192 nm are
assigned to m-n* exciton splitting polarized parallel and perpendicular to the helix axis,
respectively. Consequently, the study of the CD spectra between 190 to 260 nm reveals

information about the secondary structures of peptides.
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Experimental scheme

CD data acquisition

The far-UV CD spectra (190-260 nm) of the peptides were recorded on a Jasco® J-715
spectropolarimeter (Tokyo, Japan). The instrument was calibrated prior to each
measurement. All measurements were carried out using a 1 mm path length quartz
cuvette. Each spectrum was obtained after an averaging of at least four scans or more
when it was necessary to get better signal-to-noise (SN) ratio. Dynode voltage values
were simultaneously recorded with CD spectra, and only the CD spectra being in the
linear range of the dynode values (generally less than 700 volts) were further considered
for analysis of the data. The usual peptides' concentration used in all CD experiments was
100 uM unless otherwise mentioned. All the spectra were corrected by subtraction of the

respective spectra obtained from peptide-free samples.
Analysis of CD data

The percentage of a-helix was calculated according to the method of Chen et
al., assuming that the residue ellipticity at 222 nm is exclusively due to a-helix (in deg

cm’® dmol ')

) k
ercentage of o —hdix=[80],,, /[0 1——
p g o (O], /[ ]222[ nj (Eq. 13)

where, [0],2, is the observed mean residue ellipticity at 222 nm, [Q]Z?is the theoretical
mean residue ellipticity for a helix of infinite length (-39500 at 222 nm), n is the number

of residues, and k is a wavelength-dependent constant (2.57 for 222 nm).

Ry (G195/6505) and R, (0222/0,05) parameters were used as a marker to determine the alpha-
helical monomeric peptides and coil-coiled structures. These R; and R, parameters are

independent of peptides' concentrations and have been shown to be useful in comparing
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relative helicity for closely related peptides when a two-state o-helix/random-coil
equilibrium exists. It has been shown that for a monomeric peptides, R; should be
positive and R, less than 1, while in a coil-coiled structure, R; should be close to -2 and

R, greater than 1.
Light scattering measurements by using CD dynode voltage

The high tension (HT or dynod) voltage (in volts) is applied to the photomultiplier to
compensate the reduction of the light intensity during the CD measurements. Both
increase in the absorption and scattering can be given by dynode voltage measured by
spectropolarimeter. The higher voltage is recorded, the greater is the absorption or the
scattering of the sample. Given that the Beer-Lambert law, a change in the dynode
voltage can only be originated from variations in the light scattering, which depends on
the particle size. Increasing of HT at a fixed wavelength of 222 nm was used as an index

to monitor a possible aggregation of the peptides.
Fuorier transform infrared spectroscopy; theory and methodol ogy

Molecules containing dipole moments may absorb the light at IR frequencies equal to the
frequency of the oscillations, in which, the extinction coefficient of each vibrational
group relates to the bond polarity. Two atoms of a diatomic molecule serve the simplest
vibrational properties in mid-IR region (4000-1000 cm™). According to the classical
mechanics (Hook's law), the vibrational frequency (V) of a simple diatomic molecule

depends on the body mass (m) and the force constant (k) as:

o1 [kmem) (Eq. 15)
2zc\  mm,

Yet, the vibration of complex molecules in mid-infrared region belongs to the both

stretching along the chemical bonds and bending of bond angles. Therefore, there are 3N-

6 vibrational motions for a nonlinear N-atomic molecule.

Local oscillating dipoles with similar frequency can couple and make a mixed energy

level due to the resonance interactions which is sensitive to the molecular conformations
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and the specific environment of chemical groups. IR spectrum of each molecule reveals a
unique fingerprint of its vibrational bonds, although, the number of bands is not usually
equal to the number of vibrational bonds. Bond distortions smaller than 1 pm can be
detected by vibrational spectroscopy. The Fourier transform IR spectrometers are
technically based on the interference pattern of two light beams with different phases,
called interferogram. This is provided by an optical set, named Michelson interferometer,
consists of the polychromatic IR light source, beamsplitter, laser and detector (Figure 15).
When, the interferogram hits the sample, part of the energy is absorbed and some part is

transmitted. Since the interferogram serves as a time domain, therefore, it will be Fourier
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transformed to a frequency domain called single beam spectrum. The ratio between
sample and reference single beam spectra gives transmittance spectrum (%7T) which can

be converted to absorbance by taking the negative log10 of the data points.

The absorption of peptide backbonein amide | and amide |l regions

Amide I region (about 1700-1600 cm ') arises mainly from the C=0 stretching vibration

(near 1650 cm™) with minor contributions from the out-of-phase C-N stretching
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vibration, the CCN deformation and the N-H in-plane bend. Amide II ( about 1550 cm™)
comes from the absorbance of the out-of-phase combination of the N-H in plane bend and
the C-N stretching vibration with smaller contributions from the C=0 in plane bend and

the CC and N-C stretching vibrations.

Mainly, the hydrogen bonding lowers the frequency of stretching vibration, and increases
the frequency of bending vibrations. The frequency of C=O stretching absorptions is
strongly dependent upon the stretching of any hydrogen bonds formed and bond
coupling, which make the basis for the sensitivity of FTIR spectroscopy to peptides

secondary structures.

| R spectroscopy experimentsin D,O

The broad absorption band of O-H bending mode at about 1643 cm™ overlaps with
stretching mode of the amide groups. Although, the molar extinction coefficient of H,O
vibration bonds in mid-IR spectrum is weaker than that of peptide bonds, however, its
higher absorbance comes from a very high molar concentration of water (about 55.34 M
at 25°C). Thus, IR studies of proteins and peptides in water are complicated. As a
consequence, usually very short pathlength cells of 6-8 pm are needed for transmission
IR measurements to prevent total IR absorption in the amide I spectral region. From other
side, such a short pathlengths limit the intensities of the IR bands and the SN ratio at a
given sample concentration and relatively high protein. One way of overcoming these
problems is collecting IR spectra in D,0. According to the Eq. 15, replacing an atom with
its corresponding isotopes causes a shift in the frequency of vibration. Consequently, the
D,0 molar absorptivity at 1650 cm™ is about 15.5 fold lower than that of H,O. In Figure
17 the IR spectra of H,O compared with that of D,0.

Analysis of | R spectra by applying band narrowing techniques

More often, the FTIR spectrum is broad and consists of several overlapping bands. To
identify each component band and further assignments to different peptide secondary
structures, FTIR bands are subjected to a mathematically calculated Fourier self-

deconvolution and second derivatives. The latter is also applied to validate deconvolved
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IR spectra. In FSD, a Lorentzian broadening of width (y') is removed from the spectrum
and the filter broadening (y'/K) is substitute, where K is so-called narrowing factor.
Further, band parameters including bandwidths and band areas are estimated by different
techniques including curve fitting, which is a mathematical tool for modeling the

experimental data.

Experimental scheme

Removing TFA from peptides stocks

Synthetic peptides may contain organic ion impurities, which can give IR band. For
example TFA, which is usually used in purification procedures of synthesized peptides,
gives a single strong band at 1673 cm” due to the antisymmetric COO™ stretching
vibration of the TFA ion. Although, TFA peak sometimes has been used as an index for
internal concentration standard in FTIR spectroscopy, it is suggested to remove TFA in
order to avoid its absorbance band in amide I region and its ability to bind to peptides and

thus to altering peptide's conformations. Counter-ion exchange method was used to
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remove TFA. 3 uL of 0.5 M HCI (final concentration of 10 mM) were added to TK
peptides stocks (Img/150uL) in H,O and were kept at room temperature for 20 minutes.
Then, the stocks were freezed by liquid nitrogen and lyophilized to get the powder. This

procedure was repeated three times and finally the peptides stocks were dissolved in the

150 uL D,O.

FTIR data acquisition and analysis

All FTIR experiments were carried out with free-TFA peptides stocks and performed in
D,0. Mid-IR spectra of the following samples were recorded: 3 mM TKs in sodium
phosphate buffer (5 mM, pD 7.0) alone, and in the presence of 20 mM LUVs composed
of DMPC or DMPG LUVs. In experiments with SDS micelles, IR spectra of SP peptide
(2 mM) in several concentrations of SDS (2, 5, 10, and 45 mM) were recorded in sodium
phosphate buffer (5 mM, pD 7.0). In all the IR experiments, small amount of the sample
solutions (at about 40 uL) were placed rapidly between CaF, windows using path length
spacer of 25 um provided by a Teflon® spacer. CaF, windows were used mainly because
of their low refractive index and mainly because they have transmitance in the range of

4000 to 1000 cm™ and moderate hygroscopic character.

All the spectra were collected on a Varian® 7000e Fourier transform infrared
spectrometer equipped with cryo-thermo bath. The IR spectra of TK peptides were
acquired using attenuating filters to moderate laser intensity. In all the FTIR experiments,
first 50 scans were recorded for samples and consequently 50 scans obtained from the
background. Totally, 40 cycles of sample and background scanning was performed.
Absorbance was automatically calculated and plotted versus wavenumber in the
frequency range between 3400-1200 cm™ including amide I' region using Varian®
resolutions pro 4.0 software. Alignment and calibration were done when necessary. To
minimize the atmosphere water vapor, the sample chamber was purged with dry air
continuously during measurements. In all the FTIR experiments, the correct subtraction
factor is achieved when the baseline got straight between 1700-1900 cm™ and no sharp

absorption band was seen at about 3400 cm™.

37



MATERIALS AND METHODS

IR data processing

High signal to noise spectra lacking water vapor were chosen for further analysis and
band narrowing, using Matlab® 5.3 (MathWorks, Inc., Natick, MA) and Grams® 4.01
softwares. Finally, deconvoluted and second derivative spectra compared and only

absorption bands visible in both were considered to assignment.

Small angle X-ray scattering (SAXS); theory and methodology

This technique gives structural information about the overall shape and size of both
crystalline and non-crystalline materials, including biological one. When SAXS is used to
study biological materials, very often it is in aqueous solution, and the scattering pattern
is orientation averaged. The advantage of SAXS over crystallography and NMR
spectroscopy is that in former case a crystalline sample is not needed, while NMR
method encounter problems with macromolecules of higher molecular mass (> 30-40
KDa). When electrons are accelerated by collimated X-rays, they emit radiation in an
angle related to the initial wave direction and with the same frequency (Thomson
scattering). The amplitude of the scattered wave is independent of the frequency, while
the phase is shifted relative to the incident radiation. In SAXS, the elastic scattered
intensity (l), with a wavelength between 0.1 to 0.2 nm, is recorded by a detector as a
function of the scattering angle (typically a few degrees; see Figure 18). For a
homogeneous chemical composition, the scattering intensity of a single particle varies
with the square of its molecular weight. Therefore, monodispersity and high purity of
samples are essential in SAXS experiments. The intensity of the scattered radiation is
proportional to the contrast between the macromolecule and the bulk solvent, which rises

from the difference in their electron density.
Analysis of SAXS s patterns

The scattering vector or momentum transfer (S) is defined as:
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where, A is the wavelength of incident radiation and € is half the angle between the
incident and scattered radiation.
The scattering pattern is normally expressed by intensity (I) as a function of the scattering

vector:
(9 =(1 (Do = (ADA (S, T+!D

where, the scattering amplitude A(S) is a Fourier transformation of the excess scattering
length density, and the scattering intensity is average over all orientations (£2).

Further, the scattering profile is Fourier transformed to obtain the interatomic distance
distribution function, P(r), which reveals the information concerning the shape and
volume of particles. Since all particle orientations contribute equally to the signal,
structural information on directionality is lost and only information on distance
distributions between scattering centers (electrons or nuclei) is conserved. Since, 1(0) can
not be distinguished from the direct beam, the Guinier analysis is a method for the
extraction of the forward (or zero angle) scattering intensity 1(0) and the radius of
gyration (Ry). These parameters also can be calculated precisely from the P(r) function.
The Ry is defined as the root-mean-squared distance of all elemental scattering volumes
from their centre of mass weighted by their scattering densities and provides information
as to the mass distribution within a particle. For a monodisperse solution of globular

macromolecules the Guinier equation is defined as:

(Eq. 18)
1(s)=1(0) exp(—l/SRész)

In principle, 1(0) and Ry can be extracted from the Y-axis intercept and the slope of the

linear region of a Guinier plot (In[I(S)] versus S°), respectively.

Noteworthy, aggregation state of the sample can be recognized from the linearity of the

low regions (at about 0.10 nm™ and lower) of Guinier plot.

Ab initio methods are widely used to model the low-resolution three dimensional shape of

the macromolecules from 1D SAXS data, by minimizing the difference between the

computed scattering of the model and the experimental data.
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Experimental scheme
SAXS instrument calibration with BSA

Prior to sample measurements, BSA buffer was prepared as a standard solution to
calibrate the SAXS instrument. BSA powder (5 mg) was placed in a tube. 1mL of Hepes
buffer (50 mM, pH 7.5) was added and mixed by pipeting calmly to avoid foam
formation. Then, the sample was centrifuged at 14000 rpm for 10 min (4 °C). Only the

supernatant was pipetted up into a new tube. Finally, BSA concentration was measured
using the NanoDrop® (should be between 4-5 mg/mL).

SAXS data acquisition of NKA peptide in buffer solution

Using synchrotron beamline, SAXS patterns of different concentrations of NKA (0.6, 1.6,
3.4 and 6.7 mg/mL) in sodium phosphate buffer (5 mM, pH 7.0) were acquired to find
out the optimum concentration and to check for a possible radiation damage of the
peptide. The sample containing 6.7 mg/mL NKA was used for the further SAXS
experiments as the optimum concentration. Experiments with NKA peptide were

performed twice at different temperatures: 5, 25, 40°C and then the sample was cooled
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down to 5 °C. PRIMUS® and GNOM® softwares were applied to process the experimental
data and further to evaluate the P(r), respectively. Ab initio modeling was done by

DAMMIF® software.
Transmission electron microscopy (TEM); theory and methodology

In transmission electron microscope, a stream of monochromatic electrons, produced by a
filament (usually tungsten heated up to 2000-3000 °C ), is accelerated towards the
specimen with a positive electrical potential. Upon the beam hits the sample, the incident
electrons may transmit the sample without scattering, or diffract without alteration of
kinetic energy and velocity, or scattered inelastically due to the collision with the atomic
electrons or nuclei of the matter. Schematically, the electron collision with the matter is
illustrated on the Figure 19. The transmission of unscattered electrons is inversely
proportional to the specimen thickness. Generally, both no scattered and elastically

scattered electrons contribute to the image. Since the intrinsic contrast of the sample is

.

very low, as a rule the staining is essential. Negative staining with heavy metals is a
method in which the stain binds to the background but not to the object of interest.
Consequently, in negative staining the exclusion is visible. In most of the specimens,
uranyl acetate gives the highest contrast. Improving the image contrast at the other level
is achieved by the objective aperture in the microscope since it prevents high angle
scattered electrons to reach the image plane.

The TEM practical resolution is often given by an expression:

d= AC 2% (Eq- 19)
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where, Cs is the spherical aberration coefficient of the objective lens, A is the electron
wavelength, and the constant A depends on the imaging.

Therefore, due to the low associated wavelength of electron (0.04-0.008 A) the electron
microscope resolution is high. The highest resolution features of the specimen are already
affected at electron exposures of 10 e-/A* or less. However, the attainable resolution of

TEM is about 20 A for negatively stained samples.
Experimental scheme

Preparation of specimensfor TEM and obtaining the micrographs

Cooper grid supports coated by a thin, electron-transparent carbon film were used.
Negative staining was done using 2% heavy metal salt uranyl acetate. Electron
micrographs from different samples of the TK peptides in buffer alone, or at different
concentrations of SDS and also in DMPG or DMPC LUVs at neutral pH were collected
either after immediately preparation of the samples or after incubation at room
temperature for different hours.

Carbon grids were fixed on the surface of a Petri dish covered by a piece of Parafilm®.
Usually, a small drop (10 uL) of each sample was deposited on the grid and waited to
settle down for two minutes. Then, the rest of sample was removed from the grid very
gently and carefully. Next, a small drop (10 nL) of 2% uranyl acetate negative stain was
placed on the grid. After one minute, this drop was also blotted dry and the grid replaced

on a single tilt holder to check the sample by microscope.

The TEM models JEOL® 1400 and Hitachi® 7000 were used to obtain micrographs.
Uranyl acetate is toxic and should be kept at 4 °C in dark.
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Table 1. Theoretical net charges of TK peptides at different pH. o

theoretical net charges™

TKs pH 3.8 pH 7.0 pH 8.5 pH 10.7
Substance P (SP) +3 +3 +2.5 +1.6
Neurokinin A (NKA) +2.6 +1 +0.5 -0.45
Scyliorinin I (Scyl) +2.6 +2 +1.5 -0.7

*Theoretical net charges derived from the Henderson-Hasselbalch equation.

Table 2. The absorption photo-physical properties of applied fluorescent dyes.

Fluorescent o ) L
q ADbS Ay (nM) Extinction coefficient (M c¢cm™) Solvent
ye
Pyrene 335" 54 000 methanol
H,O
ThT 412 36 000
(recrystallized)

FPE 490° 36 400 ethanol

* pyrene has eight absorption peaks at 232, 242, 252, 260, 272, 308, 320 and 335 nm
® and 465 nm
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PART |

CHARACTERIZATION OF THE TK PEPTIDES
INTERACTIONSWITH MEMBRANE MIMETIC SYSTEMS

In this chapter of the thesis, we studied the mode of interactions (binding, insertion and
topology of the peptides into bilayer) of the TK peptides with the membrane mimetic
systems. To get insight into the structural details of these interactions, we applied the
following fluorescence approaches:

First, we used two fluorophores: the natural Trp and unnatural Phe-CN amino acids as
environment sensitive probes. These fluorescence dyes exhibit strong changes in their
dipole moments upon electronic excitation. Thus these molecules can provide direct
information for their molecular environment through measuring their fluorescence
characteristics (wavelength maximum, fluorescence intensity, and/or fluorescence life-
time). Second, we used two external probes: i) the membrane potential-sensitive probe
fluorescein phosphatidylethanolamine (FPE) to characterize the peptide binding and the
possible insertion into the membrane bilayer; and, ii) brominated lipids (6,7 and 9,10)
lipids to evaluate depth of the insertion of the peptide (the topology of the Trp residue)

into the membrane bilayer.

Control experiments
3.1.1. Determination of critical micelle concentration (CMC) of SDS

As we have explained in Materials and Methods the measuring the intensity of pyrene
fluorescence peaks has been shown to be very sensitive method for determining the CMC
of SDS. The fluorescence emission spectra of pyrene in buffer (pH 7.0) and in the
presence of different concentrations of SDS are shown in Figure 1. In addition to the five
characteristics monomer vibration peaks (see Material and Methods section), the pyrene

spectra reveals some shoulders at 364 nm and also in the range between 400 and 450 nm,
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with less intensity compared to that of the main vibration peaks. Importantly, no emission
bands were observed between 460 to 500 nm, assigned to the excimer formation of
pyrene, which ruled out some possible interactions between pyrene-pyrene molecules in
the samples. The pyrene emission spectra (Figure 1) show also that the way, in which the
intensities of the dye change depends on the concentration of the surfactant. Two
different patterns can be distinguished with SDS titrations. First, between 0 and 4.5 mM
of SDS, the fluorescence intensities of pyrene (360-450 nm) decreased with increases of
SDS concentration. In contrary, titration of the pyrene with SDS at concentrations above
5 mM causes an increase of the pyrene fluorescence, accompanied with a small shift of
the all peaks to a longer wavelength.

The CMC of SDS in buffer was determined by plotting the ratio of the fluorescence
ntensities of the I335/1374 pyrene peaks as a function of the SDS concentrations (Figure 2,
red curve). Below 4 mM of SDS, the Is35/1374 ratio is close to 0.63, while increases of the
SDS concentration from 4 to 8 mM, results in an increase of the Isg5/1574 ratio to about

0.97.
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In the range below 4 mM, SDS molecules mainly exist as monomers. Most likely the
pyrene and SDS monomers molecules are not associated and remain solubilized in the
aqueous phase, thus giving a ratio around 0.64, very similar to that previously measured
in water (around 0.64). Above some critical concentration CMC (which is usually in
small concentration range) the SDS molecules associate to give micelles. Due to its
hydrophobic nature, the pyrene molecules associate with the SDS molecules penetrating
deeply in the hydrophobic region of formed micelles and cause an increase of the Isgs/1374
ratio. Moreover, the Iss/l374 values do not show any appreciable changes at SDS
concentrations above 8 mM. Above the CMC of SDS, this association is saturated and
become the predominant when all pyrene molecules are solubilized inside the SDS
micelles. The pyrene-SDS associates are in equilibrium giving a I3gs/15374 ratio around 1.
From this plot, we determined a CMC of about 9 mM for SDS in sodium phosphate
buffer (5 mM, pH 7.0), in keeping with published values (Chatterjee, A. et al

2001.Fuguet, Elisabet. et al. 2005.Thévenot, Caroline. et al. 2005).
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3.1.2. Effect of TK peptides on the CMC of SDS

It is well known that the CMC of SDS is a complex parameter, depending on a number
of factors, such as ionic strength, pH and temperature (Fuguet, Elisabet. et al.
2005.Hassan, P.A, et al. 2002.Inayathullah, N. Mohammed. et al. 2003). Taking into
account that all the TKs are cationic peptides (e.g. carry a net positive charge at neutral
pH, see Materials and Methods, we seek to evaluate whether and how TKs would affect
the CMC of SDS. For this reason, we performed the same type of titration experiments of
the pyrene with SDS, but in the presence of each of the TKs peptides. Therefore, the
fluorescence emission spectra of the pyrene upon SDS titration were recorded separately
in the presence of SP, NKA and Scyl peptides. Then, the ratios of the fluorescence
intensity of the Isgs/l374 pyrene monomers peaks were plotted as a function of SDS
concentration (Figure 2). The obtained curves for the ratio of Isgs/I374 intensities of the
pyrene in the presence of TKs as a function of the SDS follow the same sigmoid patterns
as the curve obtained in buffer alone. However, in the presence of the TKs the curves are
shifted to a lower SDS concentration. Moreover, each TK peptide affects the pyrene
intensities in a different way. In the presence of Scyl peptide, the I335/1374 ratio increases
most rapidly (from 0.62 to 0.93) by the addition of the lowest SDS concentrations (below
0.5 mM), and the I3g5/1374 reaches a steady values at about 0.5 mM of the SDS. In the
presence of SP, the Isgs/1574 ratio of pyrene keeps nearly constant (at about 0.61) below
0.4 mM of SDS and increases to about 0.94 in the range of 0.4 to 0.9 mM SDS. In the
presence of NKA and up to 2 mM of SDS, the I345/I374 ratio is about 0.61. It increases to
about 0.85 when SDS concentration rises up to about 6 mM, and finally Isg5/15,4 ratio

keeps invariable above 7 mM of SDS.

From the fitting of the data plots, were determined the apparent CMC of SDS in the
presence of TKs: NKA, SP and Scyl as about 6, 0.9 and 0.5 mM, respectively. These data
show clearly that the CMC of SDS is strongly affected by the three TK peptides, but not
in the same degree. Scyl shows the strongest effect, decreasing at about 10 fold CMC of
the SDS, followed by SP (at about 9 fold) and NKA for (1.8 fold). From other side the

measured values for CMC of SDS in the presence of the peptides show that there is not
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correlation between the net charge of the peptide and the value for the CMC, since (see
the Materials and Methods) Scyl has the strongest effect, but not the highest positive net
charge at pH 8.5. These findings imply for the complex mechanism of micelization of

SDS as shown previously.

3.1.3. Secondary structural characterization of TK analogues, SPW
and NKAW

As we have already described in Material and Methods section, the TKs do not contain
Trp residue in their sequences. Thus, we engineered SPW and NKAW analogues, in
which Phe® and Phe® were substituted for Trp, respectively. Before performing the
binding experiments, we did some control experiments to check whether the residue
substitution changes somehow the secondary structural conformations of the TKs in
studied systems. Figure 3 represents the comparison of NKA with NKAW, and SP with
SPW CD spectra in liposomes. The overall CD spectra of the peptides and their
analogues are similar, indicating that Trp residue substitution do not impair the overall

conformation of the peptides into membrane mimetic systems.

3.1.4. Characterization of the mammalian TK peptides interactions

with the micelles
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Figura 3.4, Titratlan curve abtainad by plotting the Trp flusrescance intensity of SPY
at :1-1:1 a5 a function of the peptide concentration, Inset, Fluorescence spectra of

different concentrations of SPW: 8 (—), 24 (), 54 (—), 84 (—), 112 { ), and
141 pM (—) in the presence of S0OS5 (20 mM) and sodium phosphate buffer
(5 mM, pH 7.0), recorded at 25 C. In all the cases, »__was set at 280 nm

The data points were polynomial fitted, giving a hyperbaolic curve

The Trp fluorescence emission maximum (A..) and the quantum yields of the Trp
fluorescence are very sensitive to the microenvironment (see Materials and Methods
section). A blue shift (movement to a shorter wavelength) of the emission maximum
accompanied by an increase in the quantum yield is generally observed when the Trp
residue is transferred from medium of high polarity to a medium of low polarity. These
properties of the Trp were explored to get a description of the location/environment of

mammalian TKs' Trp residue in the membrane mimetic systems.
3.1.5 Titration of SDS micelles with mammalian TKs

The Trp emission spectra of mammalian TK peptides were recorded upon the titration of
SDS micelles (20 mM highly above the CMC) with SPW (Figure 4, inset) and NKAW
(Figure 5, inset) peptides in. An enhancement of the Trp fluorescence intensity was
observed with an increase of the peptide concentrations from 6 to about 160 uM, but with
no detectible changes of the A, of the fluorophore. The plot of Trp fluorescence
intensities at the Ay, of 339 nm for SPW and at 334 nm for NKAW, as a function of the

TK peptides concentrations is presented in Figure 4 and 5. The titration curves show a
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rapid increase of the Trp intensity by adding low concentrations of peptides (up to about
60 uM). At higher concentrations of peptides, the fluorescence intensities still increased,
but the changes were not appreciable significant and finally above 80 uM SPW and 100
uM NKAW peptides concentrations A, values reached a plateau.

3.1.6 Interactions of the mammalian TK peptides with SDS
surfactant. Evaluation of the TK peptides-SDS interactionsby Trp

fluorescence intensity

Figure 6 and 7 (insets) show the Trp emission spectra of SPW and NKAW peptides upon
titration with SDS (below and above CMC, see also Figure 2). It is well seen that two
fluorescence parameters of the Trp emission spectra, intensity and A, undergo changes
with SDS. To get more insight into these changes, Trp fluorescence intensitics were
plotted at two wavelengths (350 and 339 nm for SPW, and 350 and 334 nm for NKAW)
against SDS concentrations (Figure 6 and 7). The reason of plotting the intensities at two

different wavelengths was because of A..x changes upon the titration with SDS,
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Figura 3.7. Plot of the fluorescence intensities of NKAW at 350 nm
{m)and 334 nm {4 ) as a function of the SDS concentrations.

Inset. Fluorescence spectra of NKAW (5 M} in sodium phosphate
buffer (3 mM, pH 7.0} alone and in different concentrations of SD5:
0.5,08,2 3,4,46,5.5,6,7,9, 10,15, 20 and 25 mM. . was set

at 280 nm and all the specira were collected at 25 °C,
indicating for a displacement of Trp in a different polarity environments. In SPW, the

titration with up to 1 mM SDS, very near to its CMC caused a decrease of Trp
fluorescence at both wavelengths, compared to that in the absence of SDS. However,
above CMC (1 mM SDS), an apparent increase of the intensities was recorded. Similarly
in NKAW, increase of the SDS concentration up to CMC (about 6 mM SDS) caused a
decrease of the intensities of the Trp fluorescence at both wavelengths, while, above this
concentration fluorescence intensities increases.

These data show clearly that the changes in Trp fluorescence intensity correlate closely
with the formation of SDS micelles in the solution. Thus, in both SPW and NKAW,
before the formation the SDS micelles the intensity of Trp fluorescence decreases with
SDS concentration up to some threshold value, which closely reflects the CMC of SDS in
the peptides. At that points Trp intensities reach to a minimum value. Once yet the SDS

reaches this critical concentration, the Trp intensity starts to increases with SDS.
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3.1.7. Interactions of the mammalian TK peptides with SDS
surfactant. Evaluation of the TK peptides-SDS interactions by

studying fluorescence emission maximum (4max) Of Trp residue
Figure 8 shows the plot of A, of Trp against SDS concentrations (below and above

CMC). As can be seen from the plot, below 0.1 mM of SDS, A« is at about 350 nm.
Further titration with the SDS (up to 1 mM) caused a significant steep blue shift of A, to
about 342 nm. Above this SDS concentration A,,,x was not affected significantly. The A«
of Trp of the NKAW follows different behavior with the SDS titration. A, was at 350
nm in the absence of SDS and at concentrations of SDS below 2 mM. A significant blue
shift of A« to a lower wavelength (334 nm) was reached with SDS concentration at
about 6 mM. In general, the maximum blue shift of Trp Ay in NKAW is about 9 nm
over than that of SPW.

Summarizing we can conclude that the significant blue shift of the A, from 350 nm (in
absence of SDS) to 342 nm and 334 nm for SPW and NKAW in presence of SDS
micelles strongly indicates for the insertion of the some peptide segment including Trp
residue into hydrophobic core of the micelles. From other side the detected changes of

both: A, and fluorescence intensity before the micelle formation imply that the peptides
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Figure 3.9, CD spectra of Phe-CN SP (B0 pM) in 12 mM S0DS5 (), and 3P (80 uM}in
10 mk 303 (—). The bufler was sodium phosphate (5 mbd, pH 7.0), All the specira wene

collected iImmeadiately afler sampla preparation. Temperalure was set at 22 G,

also interact with the SDS monomers. The blue shift of A, with an increases of the SDS
monomers concentrations suggests for some movement of Trp side chain to more unpolar
environment, while the decreases of fluorescence intensity reflects the quenching of the
Trp fluorescence. In fact, the rule for the changes of the quantum yield is not always
followed strictly. In some cases even Trp maximum showing movement to hydrophobic
environment the quantum yield (intensity) decreases instead to increase. Quenching of
the Trp intensity before formation of micelles may due to to quenching from acceptor
(Muino, P. L. and P. R. Callis 2009) charged Lys and Arg side chains, placed near toTrp
residue and known as Trp quenchers (Chen, Y., Barkley, M.D 1998). Indeed a structural
information for the peptides in the same conditions is needed to perform deeper analysis

of these observations and we will discuss them again lately in the thesis (see chapter 2)
3.1.8. Characterization of SP-micellesinteractions by Phe-CN
fluorescence

Complementary to characterize the location of the Phe® of SP in membrane bilayer and in
SDS micelles, we used Phe-CN SP in which Phe® was labeled with CN group. Prior to the

fluorescence studies, two control experiments were performed:

56



Redatven Quoresoancs (@00,
1
=

T L] L]
ITh 25 300 ER L] 130 145 i
‘Waralongth (nm)

Figure 3.10. Flucrescence spectra of Phe-CN 5P (2 uM) in H.O {—), methanal (—).
TFE ()., and athanal (—). In alitha cases, __was set at 232 nm. Temparature

was sot at 25 C,

1). As a new peptide was studied, CD experiments were performed to find out whether
the introduced CN group to Phe® would change the secondary structures of the SP peptide
in membrane mimetic systems. Figure 9 shows CD spectra of the SP and Phe-CN SP in
the presence of micelles. Two negative bands at about 208 and 222 nm and a positive
peak at about 198 nm indicate for a dominant alpha helical structure of peptides in
micelles. The similarity of the spectra indicates the absence of significant structural
changes induced by the presence of the label.

2). As a control, the fluorescence spectra of Phe-CN SP in the presence of H,O and a
series of protic solvents (a molecule containing a hydrogen atom bound to an oxygen or a
nitrogen) ethanol, methanol and TFE were recorded to understand how the environmental
factors such as hydrogen binding and polarity affects fluorescence properties of the Phe-
CN SP. In all these media, Phe-CN SP fluorescence spectra show a peak at about 291 nm
with two shoulders at about 284 and 298 nm (Figure 10). Table 1 shows the
solvatochromic parameters of the H,O, ethanol, methanol and TFE. Other than TFE, in
the rest of solvents (H,O, ethanol and methanol), the fluorescence intensity of Phe-CN SP
is related to the solvent's polarity, since a polarity increase causes a decrease of the Phe-

CN fluorescence intensity. Although the hydrogen bonding donating ability («) of TFE is
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Table 1. Solvatochromic properties of the solvents used in Phe-CN SP experiments. The

parameters are adopted from

solvent T § o
water 1.09 0.18 1.17
methanol 0.60 0.62 0.93
ethanol 0.54 0.77 0.83
TFE 0.73 0.00 1.51

m: dipolarity/polarizability; B: hydrogen binding accepting ability; a: hydrogen binding donating
ability

higher than that of other solvents used here (Table 1), the fluorescence of Phe-CN SP in
the presence of TFE is higher than that in distilled water and bulk methanol. This might
relate to variation in the Phe-CN hydrogen binding caused by the structural changes of
the peptide in different environments (Bowie, J. U. .Taskent-Sezgin, H. et al. 2009).
These data show some discrepancy with Gai’s data (Serrano, A. L. et al.)However, it is
important to stress that the both experiments are performed not in the same conditions. In
case of the Gai work was measured the fluorescence of only Phe-CN group, while in our
case we measured the analog of SP, including Phe-CN group in the sequence. Therefore
the different intensity trends in these solvents recoded by us suggest strongly that polarity
is not basic factor defining the fluorescence intensity changes, but include other also
crucial factors like hydrogen bonding. We believe that in our experiment the role of the
Phe-CN SP peptide itself on the fluorescence intensity of the Phe-CN should not be
neglected. The hydrogen bonding of the Phe-CN with peptide side chains (Taskent-
Sezgin, H. et al. 2009.Taskent-Sezgin, H. et al.) may cause an increase of the intensity of
the Phe-CN group and should be considered.

Next to this control, we performed SDS titration. Up to about 1 mM SDS, fluorescence
intensity of Phe-CN decreased, as at concentration close to CMC (1 mM SDS), the
intensity of Phe-CN is the lowest. But above CMC of SDS an increase of the intensity is
observed (Figure 11) and at about 6 mM SDS no significant changes of the Phe-CN
fluorescence were detected. Figure 12 displays the plot of Phe-CN SP fluorescence
intensities (at A,91) as a function of SDS concentrations. From the plot is clearly seen that

fluorescence intensity changes of Phe-CN in presence of SDS follow the same trend as
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Figura 3.11. Flugrescence emission spactra of Phe-CN SP (2 uM} a5 a function of the
SDS fitration; (A} 0 to 1 mM; and (B) 1 to 12 mM. i.__was set al 232 nm,

The buffer was sodium phosphate (5 m, pH 7.0). Temperalure was set at 25 €.

Fluorescence intensity &t 299 nm (a.u.)

iy
T Ll T T T T T
1 132 I B LI

f
SDS concentration (mkd)

Figure 3.12. Plot of the fluorescence intensity changes of Phe-CN 5P
(2 uM) at 291 nm as a function of various SDS concentrations.
k.. Was sel at 232 nm. The buffer was sodium phosphate

{5 mM, pH 7.0) and temperature was sel at 25 C. The dependence
of tha Phe-CN fluorescence on SD5 follows a sigmaoidal pattern.

that observed for the Trp residue. In contrary to the data for A, of Trp, the Ay.x of Phe-
CN SP did not show any changes with SDS concentration (with maximum measured at

291 nm, as in water). These data strongly implies that Phe-CN can serve as a precise
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marker for detecting and monitoring polarity changes in near environment of the group

by only measuring its fluorescence intensity.

Role of the membrane surface charges on mammalian TKs
interactions with LUVs

Experiments using the Trp fluorescence

3.1.9. Binding affinity of the mammalian TKsto the negatively
charged LUVs

The titrations of SPW and NKAW with DMPG LUVs in buffer (pH 7.0) show a blue
shift of the A, (Figure 13 and 14, insets) and changes in fluorescence intensities. Usually
Trp emission spectra are composed and represent the contributions of all Trp molecules

being into different environment. That why the emission spectra of the peptide vary with

respect to A, and intensity showing different spectral shapes and maxima.
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Figure 3.13. Titration curves obtained by piotting the Trp fucrescance intensity of SFW 15, (g ) and
by 1 } 88 8 funclion of the DMPG concentration. Insst. Flusrescence specira of SPW (5 M) as a function

of DMPG titration: @ =), 2 {—, 3 (— L 10 F—h 20— 40—} G0 jand B0 yM [—). & _ was
sed at 280 mm, The buffer was sodium phosphate (S mid, pH 7.0 ard 8l the spectra were recorded at
25 .

Upon titration with DMPG LUVs, we observe distinct shifts of the emission maxima and
two main different groups of emission spectra with significantly different emission peak

maxima can be identified. The peak maxima at 335 nm reflect for relatively nonpolar
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Flﬂlﬂl 3 14 Teraton curves obiained hjr pl-l:.\mn[l the Trp lucmescence intansilias of MNICAW at o (m}ard
i, (#})as a function of the DMPG concentration. Insel. Flusrescence spectra of NKAW (5 uM) as a functior

of DMPG tration: 0 ), 8 ), 20 (), 40 (—], 50¢(  }, 80 ¢—), 80 =), 90—}, 100 —],
120 {==)and 170 uM (=], i wae sel al 280 nm,

The buffer was sodium phosphate (5 mM, pH T.0) and ali the zpectrs wars collecied 8125 ©

environment of the Trp chromophore inside the membrane bilayer, while A, at 350 nm
represent Trp at the membrane surface surrounded by polar water molecules.To quantify
peptide-membrane interaction we follow the fluorescence intensities at dual-
wavelengths of 350 nm and 335 nm for both the SPW (Figure 13) and NKAW (Figure
14). Up to about 6:1 mol:mol DMPG:SPW ratio Trp fluorescence intensity increases at
both wavelengths, as further titration with LUVs did not changed significantly the
intensity. Titration of NKAW with DMPG shows that intensity changes followed at 335
are more significantly than at l35. Both curves cross at 10 uM and 40 uM DMPG for
SPW and NKAW respectively, suggesting that the transition from fully exposed to
inserted Trp molecules occurs differently. The solid curves represent the best fits of the
data and Ky (the parameter should coincide with the fraction of peptide bound versus

unbound).
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Figure 115 Fluorescence spactra of SPW (5 pM) in DMPCIDMPG mixtures (40 M)
as a function of different molar parceniages of DMPG: 0% fe—), 4% (—), 0% (), 16% (—}.
0% {—), 50% (—), B0% {—), BO% (— ) and 100% (— ). 3 _was set &t 280 nm. The butfer

was sodium phosphate (3 mi, pH 7.0} and all the spectra were collecied al 25 C.
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Figure 3.16. Fluorescence specira of NEKAW (5 uM) in CMPCDMPGE mixtures (0.7 mid)
a5 & function of different molar percentages of DMPG: 0% (—1, 30% (), 50% ( —) 60% (— ).
B0, (=), and 100% — ], & was sel at 280 nm, The buffer was sodium phosphate

{5 mM, pH 7.0} and all the spectra wens collecied st 25 'C

3.1.10. TKsinteractions with zwitterionic and negatively charged
LUVs
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The interactions of the TKs with liposomes, composed of mixture of pure DMPC and
DMPG lipids were studied by exploring the changes of Trp Ay of SPW (Figure 15) and
NKAW (Figure 16) peptides. In the presence of zwitterionic LUVs, Trp emission spectra
of SPW and NKAW exhibit a peak at about 350 nm. This maximum implies that the Trp
residues of the two TKs face completely hydrophilic environment. In the presence of
negatively charged LUVs, the Ay, of SPW and NKAW is significantly blue shifted with
Amax at about 333 and 338 nm, respectively, which strongly suggest a movement of the
Trp residues to a hydrophobic environment. Furthermore, in the presence of negatively
charged LUVs, the fluorescence intensity of Trp at Ay, for both SPW and NKAW
peptides, is higher than that in zwitterionic LUVs.
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Figure 3.17. Black curve is the plot of the flucrescence emission & of SPW in 40 M

DMPC/DMPG mixtures as a function of difterent percentages of DMPG: 0%, 4%, 10%,
15%, 30%, 50%, B0%, 80% and 100% (mol:mol). Red curve is the plot of the
fluprescence emission 3. of MKAW in 0.8 mk DMPCIDMPG mixtures as a function of

different percentages of DMPG: 0%, 20%, 50%, B0%, 80%, and 100% (mokmol)
&, was sal at 280 nm. Concentration of peplides was 5 aM.

The buffer was sodivm phosphate (5 md, pH 7.0}, and temperature was at 25 C,

3.1.11. TKs interactions with LUVs composed of the mixed
zwitterionic and negatively charged lipids

To study the role of electrostatic interactions of TKs with membrane surface, Trp

emission spectra of SPW (Figure 15) and NKAW (Figure 16) were studied in the
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presence of LUVs containing different molar ratios of DMPC/DMPG lipids. In both
peptides, increase of the mol fraction of DMPG in the LUVs caused an increase of the
Trp fluorescence intensity, while in the NK AW, these changes are more significant in the
low mol fraction of DMPG (between 30-50 %). On the other hand, the A..x undergo a
significant blue shift with increasing the mol fraction of DMPG in LUVs (Figure 17). In
low mol fraction of DMPG (below about 5%), An.x is at about 350 nm while further
increase of DMPG (to about 45 mol%) causes a blue shift of A, to about 336 nm. In
NKAW, Apax is at 350 nm up to about 50 mol% of DMPG, while increase of the DMPG
lipid to about 80 mol% causes a blue shift of A,,,x to about 339 nm. Moreover, the plots
reveal that A, get to the steady values above about 50 mol% and 80 mol% of DMPG,
for SPW and NKAW, respectively.

These data show that the electrostatic interactions are important for the peptide insertions
into bilayer. The Ay.x of Trp at about 350 nm in DMPC implies that the Trp side chain
faces hydrophilic environment, thus at least a peptide segment including Trp residue is
not inserted inside into bilayer. The blue shift of Trp maximum with increases of the
negative charge density at the membrane surface by higher DMPG molarities present into
mixed DMPG/DMPC liposomes, further supports the importance of the electrostatic
peptides-membrane interactions for the anchoring of the peptides and it insertion into
bilayer. As the data reveal that a maximum insertion of SPW and NKAW peptides is
reached at 50 mol% and 80 mol% fractions of DMPG, into mixed DMPG/DMPC
liposomes. Moreover, these data also revel that for the insertion of NKAW peptide inside
the bilayer needs higher negative charge density of bilayer surface then SPW.
Summarizing the data the electrostatic peptides-membrane interactions assist the
anchoring of the TKs on the membrane surface, thus endorsing the insertion into bilayer

core.

Experiments using the fluorescence of Phe-CN

3.1.12. Phe-CN SP interactions with negatively charged LUVs
The fluorescence emission of Phe-CN SP in negatively charged LUVs shows higher

intensity than in the presence of buffer at pH 7.0 (Figure 18). Moreover, Ay, shows a
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Figune 3.18. Binding curve of Phe-CM SP peplide 1o the negatively charged LUVe, oblained by

plotting of the flucrescence intens&y of Fhe-CN SP (2 uM) at 257 nm as a funclion of various

concenirations of DMPG LUWs: O f—, 40 —. 100 {—3, 200 ), and 400 pM )
Inall the cases, & was set al 232 nm, The buffer was sodism phosphate (5 mM, pH 7.0},

All the specira were colecied at 25 C. Fifting gives a hyperbolie curve
small blue shift in the DMPG LUVs. As the molar ratio of the LUVs:Phe-CN SP

increased, the fluorescence emission of Phe-CN increases in a hyperbolic curve behavior.
These data are consistent with the SDS experiment as the titration with SDS above it

CMC causes increases of Phe-CN SP fluorescence intensity.

3.1.13. Phe-CN SP interactions with LUVs composed of the mixed

zwitterionic and negatively charged lipids

Comparison of the Phe-CN emission intensities mixtures of pure DMPC and DMPG
LUVs (Figure 19, inset) reveals two main trends. First, in any DMPC/DMPG ratios of
LUVs, Anax did not change and kept at about 291 nm. Second, increase of the DMPG mol
fractions results an increase of the Phe-CN SP fluorescence intensity, following a

hyperbolic behavior (Figure 19).
3.1.14. Characterization of the TK peptides interactionswith LUVs

by electrostatic surface potential changes
Negatively charged LUVs
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Figure 3.19. Fiat of the Nuorescencs intensity of Fhe-Cn SF at 201 nm and comesponding fucrescence
spacira (insat) in 0.4 mA DMPGIOMPC miciures 58 8 functian of dflarent percemages of DMPG: 0%
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(5 mb pH 700 Temperalue was sof o1 25 G, Fifting wos made by fast order cxponential decay using
cammarcial saftware peckags Ongin. The kinding curve shows Ryperboke model

SP. The FPE fluorescence intensity variation upon SP titration of FPE labeled negatively
charged LUVs is shown in Figure 20 (panel A and B). Panel A indicates the experiment
in which the initial ratio of LUVs:SP (mol:mol), in the first addition of peptide, was
about 1500, while in panel B, the experiment starting with initial ratio of LUVs:SP about
500 is presented (see the Figure 20 legend). In general, the titration with SP up to about
20 puM caused an increase of the FPE fluorescence intensity, regardless of the initial
molar ratio of LUVs to the peptide.

1). Observations related to the experiment with higher initial ratio of liposomes to peptide
(Figure 20, panel A) are as the followings: i). After the titration with relatively low
concentrations of SP, in the range below about 5 uM (shown by arrows), FPE
fluorescence intensity increases very rapidly (less than few seconds) then it reaches to a
constant value; ii). Further titrations of SP caused more increase of the FPE fluorescence
intensity, while, after some peptide additions the fluorescence intensity first increases
rapidly and then decreases to a constant level. It should be mentioned that in different
experiment repetitions, increasing and consequent decreasing of the intensity occurred in

different concentrations of peptide.
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This experiment was used to study the binding affinity of the SP to negatively charged
LUVs (Figure 24) and determination of K.

2). In the experiment with the lower initial ratio of liposomes to peptide (Figure 20, panel
B), the FPE intensity changes rapidly after the titration of SP (from around 0.1 to 5 uM),
however it decays slowly and in a variable time span between about 20 to 160 minutes.
By this experiment, we obtained the SP insertion curve to the negatively charged LUVs
(Figure 21). The plot of AF as a function of different SP concentrations shows that as the
SP concentration was increased, the AF was decreased in which AF changes were bigger
in lower concentrations of peptide.

NKA. Slight increase of the FPE fluorescence intensity to a constant level occurred
suddenly, just a few seconds after titration of NKA (up to about 27 uM) to the FPE
labeled negatively charged LUVs (Figure 22). Increase of the NKA concentration to
about 58 pM caused a slight decrease of the FPE fluorescence intensity.

Scyl. Titration of Scyl (to about 26 pM) to the FPE labeled negatively charged LUVs
caused an increase of the FPE fluorescence intensity (Figure 23). After titration of a small
aliquots of the Scyl (below about 6 pM) and before the next titration, FPE fluorescence
intensity increased just for a few seconds and then was stabilized immediately. Although,
additional titration of Scyl (above about 6 uM) caused some increase of the FPE
fluorescence intensity, yet these changes occurred slowly (in contrast to the beginning of
titration) in a time of several minutes (Figure 23).

In regards to these findings the fooling conclusions can be presented: the interaction of
TKs with negatively membrane mimetic systems occurs at two steps. First the TKs bind
to the surface of the membrane and subsequently they insert into the hydrophobic core.

In low peptides:LUVs ratio, we detected mainly the binding which might due to low
signal of inserted fraction of the peptide

At higher of peptide:LUVs ratios, a decrease of the FPE signal imply for peptide
insertion .These data coloborate with the Trp experiments, representing the binding and

insertion of mammalian TKs to negatively charged LUVs.
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Figure 3.22. Binding curmas of SP (e), Scyl { ) and NEA (e ) to the FPE labelled DM PG
LUV's obiained by platiing the amplitudas of fugrescence intensity vanabions of FPE af
518 nm as & funchion of TKs concantrations. Lipsd concenration was 150 gM and L—

sal al 498 nm, The buffer was sodium phosphate (5 mi, pH 8 5) and temparaiure was

sol @l 25 C. The ampliiudes of Nuorescance varation wore measered whon (he noes
shown in Figure 321 reached to a plateau. Fitling was made by the first order exponantiia
decay using commarcial software packsge Crigin, Al the binding curves s hyperbolic,

3.1.15. Binding affinity of the TK peptides to negatively charged
LUVs, determination of Ky

The plot of AF as a function of different TKs concentrations, obtained by titration of FPE
labeled negatively charged LUVs, is presented in Figure 24. Summarizing the data from
these experiments, the following observations can be made: i). The overall changes of AF
was positive for all the TKs; ii). In the lower concentrations of TKs, AF was changed
more significantly, while, higher peptide concentrations caused only small changes of
AF; iii). The hyperbolic behavior of the binding curves indicate no cooperativity upon the
interaction of the TK peptides to negatively charged LUVs (Moreno, M. R. et al. 2007);
iiv). The maximum AF at which the TKs binding curves reach to a plateau is in an order
of SP>ScyI>NKA; v). The Ky of TK peptides to the negatively charged LUVs calculated
on the basis of the affinity binding curves are 0.8+0.02, 0.9+0.03 and 4.5+0.3 (uM) for
SP, Scyl and NKA, respectively.

These data show the relation between the affinities of the TKs to negatively charged
LUVs with their net charges, as the net charges of peptide increases the binding affinity is

also increases.
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Figure 3.23, Time course siudies of the THs interactions with Dabenonic LS.
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was sat al 25 'S, Arrows indicate the time at aach tiration and numbers comespans

18 the cancentration of paptdes (M),
[1) Zwitterionic LUVs. In general, the fluorescence intensity of FPE was increased after
titration with a small aliquots of TK peptides (up to about 251, 290 and 87 uM of SP,
NKA and Scyl, respectively) to FPE labeled DMPC LUVs (Figures 25-27). FPE intensity

changes occurred very rapidly in a few seconds (about 10-20 sec.) after TKs titrations. In
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Figura 3.24. Binding curnves of SP (=), Scyl (=) and NKA { ) 1o he FPE laballed DMPG
LUVs; oblained by plotting the changes of FPE fluorescence intensity at 518 nm as
a function of TKs concentrations. Lipid concentration was 50 M and & wae zel al

496 nm. The buffer was sodium phosphate (5 mM, pH 8.5) and the temperature was
setat 25 C, The amplitude of fluorescence variation was measurad when the Iraces
shown in Figure 3,23, reached to a plateau, Filling was made by first order exponantial
decay using commarcial software packagae Origin, &0 the binding curves are hyperbolic

contrast to the FPE experiments in the presence of negatively charged LUVs, no decay of
the FPE fluorescence was detected when the zwitterionic LUVs were titrated with
peptides. These data show that TKs are not free in the solution and some peptide segment
bind to zwitterionic surface, however further insertion into the hydrophobic core do not
take part. These finding are consistent with the Trp fluorescence studies. Comparing the
FPE and Trp experiments we belive that most likely binding to zwitterionic membrane
surface is through N-terminal part of the peptides and Trp segment is not involved in

binding.

3.1.16. Binding affinity of the TK peptides to zwitterionic LUVs
The binding curves of the TK peptides to the zwitterionic LUV (Figure 28) show that: i).

All the binding curves of TKs follow a hyperbolic profile, suggesting no cooperative
interactions of the peptides with the membrane; ii). AF changes were always positive in
the used concentration range of the TKs; iii). The maximum AF in which the TKs binding

curves reached to a plateau are in following order of NKA, Scyl and SP; iiv). The
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calculated Ky from the binding curves for the TK peptides in zwitterionic LUVs gives
38.04£0.4, 20.6+0.3 and 57.31+0.7 (uM) for SP, Scyl and NKA, respectively.

In conclusion, the affinities of the TKs to zwitterionic membrane are not related to the
peptides' net charge. Moreover, the TKs affinities to zwitterionic membrane are much
lower (about 13-47 times, depending on the peptide) than those to negatively charged

membrane.

3.1.17. Study of the mammalian TKsinsertion into the lipid bilayer
by Trp residue quenching

Next to distinguish between TK peptides insertion into lipid vesicles and binding to the
lipid surface, we applied the quenching of the Trp fluorescence by brominated lipids,
using PC lipids brominated at two different positions along the acyl chain (6,7 and 9,10
Br,-PCs). Since both the SP and NKA peptides lack the intrinsic Trp in their sequences,
we applied this approach to the TKs analogues, NKAW and SPW. As have been already
described in this thesis, the substitution of Phe for Trp did not perturb significantly the
secondary structure of the peptides as seen by CD data (Figure 3). We chose Br,-PCs as a
suitable collisional quenchers of Trp fluorescence because they act over a short distance
(see Materials and Methods) and are thought to perturb the lipid bilayer minimally (Zhao,
H. and P. K. Kinnunen 2002). A collisonal quenching between the Trp fluorophore and
brominated phospholipids leads to a distance-dependent decrease in the fluorescence
signal in which it can readily be observed by using steady-state fluorescence (Bolen, E. J.
and P. W. Holloway 1990).

3.1.18. Mammalian TKsinsertion to the negatively charged LUVs
The Trp fluorescence of SPW and NKAW peptides in the LUVs composed of either (6,7)
Br,-PC or (9,10) Br,-PC and DMPG lipids were quenched related to that in the presence
of DMPC/DMPG LUVs (Figure 29). In both peptides, and compared to the Trp
fluorescence of the TKs in the control liposomes (only composed of DMPC/DMPG), the
Trp fluorescence quenched more effectively from (6,7) bromine atoms placed closer to
the polar head groups in (6,7) Br,-PC/DMPG liposomes than from the bromide atoms,
which located near in the middle of the hydrocarbon tail (9,10) Br,. Moreover the
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Figure 3.25. Colisional quenching of Trp by brominated lipide.
Fluorescence amission spactra of 3PW in the presence of 35:85 mal¥s:
DMPC:DMPG (—, (6,7) Br-PC:DMPG £ ); and (9,10) Br_-PC.DMPG (*)
LUVs.
Fluorescence emission specira of NEKAW in the presence of 35:65 mol%:
DMPC.DMPG (—); (B,7T) Er? PC.OMPG ( ), and (8,10) EIr?-PC',:Dh'IPG
{ ) LUVs. The concentrations of peplides and total lipids were 4.5 and 450 M _
respectively. All the spactra were recorded in sadium phosphate buffer (5 mbd,

pH 7.0), at 25 C. The ko, was setat 280 nm. The spectra of NEAW were
narmalized 1o that of SPW in DMPCIDMPG liposameas,

fluorescence of Trp residue of SPW was more quenched by the two bromine lipids than
that of NKAW.

In regards to DMPC/DMPG LUVs, the Trp Ay, of SPW undergoes a blue shift of about 3
nm in the presence of (6,7) Br-PC/DMPG LUVs, while A« did not show any shift in the
presence of the LUVs composed of (9,10) Br-PC/DMPG (Figure 29). In NKAW, the Trp
Amax Undergoes a red shift of about 9 and 13 nm in the presence of (9,10) Br,-PC/DMPG
and (6,7) Br,-PC/DMPG, respectively.

Prior to perform fluorescence quenching experiments and as a control, the fluorescence
of L-Trp was recorded in the presence of Br,-PC/DMPG and DMPC/DMPG LUVs
(Figure 30). The fluorescence intensity of L-Trp was not changed neither in the presence
of (6,7) nor (9,10) Br,-PC/DMPG LUVs, compared to that in DMPC/DMPG LUVs. In

all these control experiments, the Trp Ay Was at about 350 nm.
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Flaure 3, 26. Fluoressense amission spestra of L-Trp in the prasance of
35:65 mol%: DMPC:DMPG (); (8.7)Br-PC:DMPC (—); and

(2,10)8r,-PC:IODMPL {(—) LUVs. The concentrations of Trp and total lipids
were 4.5 and 430 pb. respectively. All the spectra were recorded in sodium
phosphate buffer (S mM, pH 7.0) al 25 C. The A was sel al 280 nm.
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Figure 3,27, Fluorescance emission spactra of SPWin the presence of pure
DMPC (=}, 35:63 male (86,7181 -PCDMPC (—) and (3, 10)8r -PCDMPC (—)
LUVs. The concentrations of pephide and fofal kpids were 4.5 and 450 pl, respeciively_

All tha gpactra wera recorded in sadivm phasphate buffer (5 md, pH 7.0) 8t 25 C.
The i, was set at 280 nm.

Since quenching is distance dependent, fluorescence quenching data obtained from LUVs
composed of lipids brominated at two different depths were further used to estimate the
depth of membrane penetration using parallax method. In regard to the fluorescence
quenching data and applying the Eq. 9, we determined the Z, (the depth of Trp residue
as measured from the center of the bilayer) for NKAW and SPW as 7.8 and 9.1 A,
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Figure 3.28. Flucrescence emission spectra of NKAW in the presence of pure
DMPC (—); 35:65 mol% (6.7)Br-PC:DMPC (—); and (9,10)Br -PC:OMPC

LUWVs. The concenirations of peplide and total lipids were 4.5 and 450 gM,
respectively. All the spectra were recorded in sodium phosphate buffer (5 mid,

pH 7.0) at 25 C. The &, was set at 280 nm.
respectively (Figure 33), assuming that the lipid motions (such as transverse fluctuations,
lateral diffusion, wobbling) and the alteration of bromide position by the presence of the
peptides are negligible.
3.1.19. Mammalian TKsinsertion to the zwitterionic LUVs
For both SPW (Figure 31) and NKAW (Figure 32) peptides, fluorescence emission of
Trp was not quenched in the presence of Br,-PC/DMPC LUVs compare to that in pure
DMPC LUVs, as in all these cases, Amax Was at about 350 nm.
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Lilaywrs.
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RESULTSAND DISCUSSION

PART I
CHARACTERIZATION OF THE SECONDARY
STRUCTURESOF TKs

In this chapter, we characterized the role of different factors (such as environment,
peptides net charges and membrane surface charges) on the secondary structures of TK
peptides and their analogues in non aggregated, monomer state (for a reference see
transmission electron microscopy data, Tables 1-4, part III Results and Discussion).
Moreover, we estimated the different secondary structural components of SP, such as
unordered, alpha helical and extended polyproline (PPII) conformation, in different

membrane mimetic environments.

3.2.1. TKs conformationsin aqueous solutions; identification of the

polyproline |l (PPIl) conformation

The CD spectra of TKs in aqueous solutions (at 5 °C) contain a weak positive peak at
about 222 nm and a strong negative peak at about 196 nm (Figure 1, panel A). Moreover,
the CD spectra of TKs display a weak negative band at about 238, 230 and 239 nm for
SP, NKA and Scyl respectively. The spectral features of these spectra resemble
unordered or PPII conformation or might arise from the superposition of PPII, unordered
(Rucker, A. L. and T. P. Creamer 2002) and beta turns presence. Because of the spectral
similarity of the random coil and PPII structures (Shi, Zhengshuang. et al. 2006), we
analyzed the CD spectra of TKs in aqueous solutions at various temperatures, as a
relevant approach (Bochicchio, B. and A. M. Tamburro 2002.Woody, R. W. 2009), to
discern between unordered and PPII conformations (Figure 1, panel B). For all the TK
peptides, increases of the temperature from 5 to 80 °C caused a significant decrease of the
negative band at about 198 nm, and the positive band at about 222 nm. For all the TKs,
variation of the CD spectra upon the heating is completely reversible, by cooling down
the temperature from 80 to 5 °C. An isoelliptic point at about 210, 206 and 205 nm for

SP, NKA and Scyl respectively is clearly seen, indicative for a two-state unordered-PPII
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structural equilibrium. Isoelliptic point (also named isosbestic or isodichroic point) is a
term applied for a fixed wavelength of a set of spectra in which the absorptions of all the
components are equal, and consequently, addressing the equilibration of the components'
concentrations.

The histograms of difference CD molar ellipticities (A[0], see Figure 2 legend) at 222 and
197 nm as a function of increasing (Figure 2, left panel) and decreasing temperatures
(Figure 2, right panel), obtained for the TK peptides in aqueous solutions, show that:

a). Upon increasing the temperature to 70 °C, the A[0],,, and A[0]97 are strongest for SP,
and smallest for NKA (Figure 2, left panel).

b). Upon cooling down the temperature from 80 to 5 °C (Figure 2, right panel), the A[0]
of SP (at both 222 and 197 nm) is higher than that of NKA and Scyl. The A[0]5,, of NKA
and Scyl are very similar and A[0],9; of NKA is higher than that of Scyl.

78



CHAPTER III RESULTS AND DISCUSSION

[
1 o [ ]
L :
Tarryueianite| |

-
= & ¥ " .-..ﬂ—u;ﬁm—-ﬁ.-
=
"Ba :
i !
T
-

= L~

B e L]
T ee—r— T I
1 e t— N
17 ] H—_——
W et
£ ol
|

Faggra 313 (&) Mistagrem and (0 ) piol of the dSomeca T molar plpscey o)) ol 5P f==] NK& [—|. arad oyl

f= i1 phepephss Gagfier (5 b, o T 0) an 8 funcion of decrsaeng ismparmiss. OO nessies o1 227 e (Dot
wendmn | aied 18T Bm (Segi e oo 5 asch iemperatuors weie ulirecied ion Boss o B O sssusng et he

D Yy AN il Of P o Oy wiiiebaied ol 80 T 16 Gl Tl O leied e O OF 0@ TR &7 Deeriaie Wi

100 Wi,
g
@ N
| =]
= | ,._..ﬂ
A
!,ﬂ - - -~ o =
i |
o |
B
g,
=8
- -
&g
ad I:E-l T
.t " QT S,
T ., e S
l .. E L Ii.ﬁ.u-l'.i-ll.l
] R |
39 e
KE . ———
Figuen 333, ja) stogram and (K] piol of the dify =l T ] et 8P f—), NKA |—), and

Byl 4—1 in ptoschate buler {5 mdd, o4 7,00 o @ konclien of noreeng temperatores, T0 miansdeos al 222
{postren wakmos] and 197 nm (rogeive values ) ol cach iesmpemivs wens subiracood fom ihose o 80 C,

| o o4 o I i d 8180 C In al Ihe Cases This
soncortrabon of pephdes was 100 jiM

The plots of the A[0] indicate that in all cases, the PPII structure is reversible upon
cooling the temperature. Moreover, the temperature trend of (Figure 2 plot B) reveals,
that the formation and the disruption of PPII is a non-cooperative process. These findings
further support the presence of PPII conformational in TKs in aqueous solutions. It is
known that PPII conformation is deficient of intermolecular hydrogen bonding, but can

make intermolecular hydrogen bonds with the solvent (Bienkiewicz, E. A. et al. 2000)-
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3.2.2. Determination of the PPI I fraction of TKsin aqueous solution

There are various models to calculate the PPII fraction of TKs (Bienkiewicz, E. A. et al.
2000.Kelly, M. A. et al. 2001). We used the model of Creamer €. al, as described in
Materials and Methods. The positive band at 220 nm, assignable to n-n* electronic
transition, was used to determine quantitatively the PPII fraction of TKs. The calculated
values for PPII contents in the TKs in aqueous solution as a function of the temperature
are presented in Table 2. The data show that at 5 °C, the temperature at which PPII
presence is highest, it constitutes at about 50% of total structural conformations of the

peptides.

3.2.3. TKs conformationsin TFE; intrinsic propensity of TKsto

adopt helical structure

TFE is known to induce helical structure in peptides by providing a low dielectric
environment around the peptides that favors the formation of intra-hydrogen
bindingwithout disruption of the hydrophobic interactions (Jaravine, V. A. et al.
2001.Roccatano, D. et al. 2002).

To determine the intrinsic helical propensity of the TKs, we carried out experiments in
the presence of different mixtures of TFE/H,O (v:v). In the case of SP (Figure 3), below
15% TFE, the CD spectra exhibit a strong negative peak around 196 nm, a weak negative
band at about 237 nm, and a weak positive band at about 222 nm, representative of PPII
structure. As the concentration of TFE was increased, the intensities of the positive and
strong negative band decreased, while the intensity of the negative band at about 237 nm
slightly increased. Above 30% TFE, SP CD spectra show a positive band at about 196
nm and two negative peaks at about 208 and 222 nm, indicating the dominant alpha
helical structure of peptide, in which the intensity of the peak at 208 nm is higher than
that of 222 nm. Moreover, the isoelliptic point at about 212 nm indicates for a two state
structural transition of peptide.

In the presence of different mixtures of TFE/H,0O, CD spectral features of NKA undergo

smaller changes than in case of SP (Figure 4). The overall features of the CD spectrum in
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Figure 3.2.5. CD spectra of 100 uM NKA in various percentages of TFE/H_ O mixtures

(v:v). The spectra were collected in distilled water (— and in 5% (—, 15% (—), 30%
), 40% (), 70% (), and 100% {—) TFE. All the spectra were recorded immediately
after preparation of samples at 22 C.

the presence of 5% TFE are very similar to that in H,O, while in 15% TFE, the shoulder
at 220 nm disappears and the intensity of negative peak at 198 nm decreases. In 30% TFE
and above, the positive ellipticity about 191 nm indicates for a band in which its peak is
few nm lower than the range of the measured wavelength. Moreover, as the TFE
percentages increases, the strong negative peak shifts about 4 nm to a lower wavelength,
and the intensity of the peak at 222 nm increases.

The CD spectrum of Scyl in the presence of 5% TFE shows a weak shoulder around 225
nm and a strong negative band at about 193 nm (Figure 5), indicating PPII secondary
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structure. By increasing the TFE to 50%, the shoulder at 225 nm disappeared and the
negative peak shift to about 205 nm. CD spectrum of the Scyl in pure TFE indicates two
negative peaks at about 207 and 222 nm. Moreover, the positive CD ellipticity below 196
nm indicates for a peak slightly below the measured wavelength. Based on this
experiment, Scyl peptides adopt alpha helix as a dominant secondary structure in TFE.

The CD spectra indicate an isoelliptic point at about 204 nm.

3.2.4. Study of the secondary structures of TK peptidesin the
presence of SDS

i). SP. In the absence and in low (0.2 mM) SDS concentration, below CMC, CD spectra

of SP indicate a strong negative peak at about 195 nm and a small positive peak at about
222 nm (Figure 6A), indicative for a PPII structure. A further increase of SDS (between
0.8 and 1.3 mM) results in a decrease and blue shift of the negative peak and appearance
of a broad and variable positive peak in the range of 205-213 nm. A shift of the CD
spectral bands to a longer or lower wavelengths has been attributed to differences
between secondary and tertiary amides of PPII and/or contribution of other structures
(Woody, R. W. 2009). To examine the shape diversities of the CD spectra in SDS
concentrations close to CMC, we calculated the CD difference spectrum (Figure 6, inset).

In all cases, the difference spectra obtained by subtracting the CD spectrum of SP in the
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Figure 3.2 8. CD specira of NKA (80 pM), recorded upon SOS tiration:

0. 08325 3= 4(). 6 and 8 mM 505 (—L

The buffer was sedium phosphate (3 mM, pH 7.0), All the specira were collacted

immadiately after preparation of samples at 22 C; Insal. Plot of the CD HT voRages

presented as a function of wavelengih, comesponding io the C0 spectra.
presence of 10 mM SDS (highly above CMC) from those measured in lower SDS
concentrations (close to CMC) exhibit a negative band below 200 nm and a positive one
at about 217 nm indicative of PPII structure.
These findings imply that in the presence of SDS, below and near the CMC, SP forms
complex secondary conformations of largely PPII admixed with alpha helical. Moreover,
the enhancement of these bands with an increase of SDS concentration strongly suggests

a rise of the fractional population of SP residues involved in PPII structure formation.
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immediately afler preparation of samples at 22 C; Insel. Plot of the CD HT voltages
presenied as & function of wavelength, corresponding to the CD specira.

Above 1.4 mM SDS (above CMC) CD spectra show a positive peak at about 197 nm and
two negative peaks at about 208 and 222 nm, indicative for alpha helical structure of
peptide. Increases of the SDS concentration from 1.4 to 10 mM causes an increase of the
intensity of the positive band at 197 nm, while, the intensities of the two other bands at
208 and 222 nm increase only in SDS concentration range from 1.4 to 1.6 mM and
further increasing of the SDS concentration results only in a minor variations of the bands
magnitude, indicating that the SDS-dependent folding of SP is completed. Above 1.6 mM
SDS, the intensities of the bands at 208 and 222 nm are almost equal (R,=1).

ii). NKA. The CD spectra of NKA in different SDS concentrations show different
features than those of SP. In the range between 0 and 0.8 mM SDS, the CD spectra of
NKA display a strong negative peak at about 199 nm, a negative band at 233 nm, and a
shoulder around 222 nm, indicative of PPII structure of peptides (Figure 8A). By
increasing of the SDS concentration to 2.5 mM, the intensity of the strong negative band
decreases and undergoes a red shift to about 202 nm. Moreover, the shoulder at 222 nm
disappears. In the range of 3 to 8 mM SDS, a positive peak about 191 nm appears and the
negative peak undergoes a red shift which in 8 mM SDS is at about 204 nm. Furthermore,

a negative band appears at about 220 nm. These spectra suggest for a superposition of the

84



spectra corresponding to unordered and alpha helical structures. Above 4 mM SDS, the
intensities of 208 and 222 nm bands did not change significantly. Moreover, the plot of
HT voltages at 222 nm against different SDS concentrations did not change significantly,
suggesting the absence of aggregation (Figure 8, inset).

iii). Scyl. Below 0.2 mM SDS (which is below CMC), the CD spectra of Scyl contain a
strong negative peak around 195 nm, a weak positive band at about 222 nm, and a weak
negative band at about 238 nm, representing a dominant PPII structure for the peptide
(Figure 10A). By increasing of the SDS concentration to 0.4 mM (close but still below
CMC), the intensity of the strong negative band at 195 nm decreases, the shoulder
disappears and the intensity of the band at 238 nm increases. In 0.6 mM SDS and above
(above CMC), the CD spectra show a positive band around 195 nm and two negative
peaks at about 209 and 217 nm (characteristic of dominant alpha helical structure) in
which their intensities increase slightly as the SDS concentration increases. In SDS
concentrations above 0.8 mM, the intensities of the bands at 209 and 217 nm are almost
equal (R,=1). CD spectra of Scyl in different concentrations of SDS show an isoelliptic
point at about 206 nm.

In the presence of Scyl, the plot of HT voltages at 222 nm against different SDS
concentrations did not change significantly, implying for the absence of aggregation
(Figure 10, inset).

In conclusion, in SDS monomers, PPII helical structure is the most populated
conformation in all the TKs, while upon formation of micelles, they undergo a structural

transition to dominant a-helical structure.

Role of the membrane surface charges on secondary structures of
the TK peptides

3.2.5. TKs conformationsin zwitterionic LUVs
The CD spectra of TK peptides in zwitterionic LUVs (at 22 °C) display the same features
as in aqueous solutions seen by a strong negative peak at about 200 nm and a shoulder

around 222 nm (Figures 11A). For all the TKSs, increase of the temperature from 5 to 80
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The buffer was sodium phosphate (5 mM, pH 7.0}

All the samples were incubated for a bew min to reach a themal eguilbration

then specira were ecorded mmedsaticly,

°C causes a decrease of the both bands (Figure 11B). In zwitterionic LUVs, the CD
spectra of all the TK peptides at different temperatures are reversible. The CD spectra of

SP recorded at increasing the temperature indicate an isoelliptic point at about 207 nm
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while for those recorded at decreasing the temperature is at about 212 nm, implying of
two-state conformational equilibration.

The histograms of difference CD molar ellipticities (A[0]) at 222 and 202 nm as a
function of increasing and decreasing temperatures, obtained for the TK peptides in
DMPC LUVs, are shown in Figure 12. Regardless of the heating or cooling, the
histograms reveal that:

a). The A[0] at both 202 and 222 nm are strongest in SP than those of the other peptides.
b). The value of A[8]5,, in case of Scyl is slightly stronger or equal to that of NKA.

C). In contrast to A[0],2, the value of A[0],, in NKA is stronger or equal to that of Scyl.
In conclusion, in the presence of zwitterionic LUVs, the formation of PPII structure is
reversible process with temperature changes. Moreover for all the TKsPPII formation and

disruption occurs in non-cooperative manner, like in the aqueous solutions

3.2.6. TKsS conformations in LUVs composed of the mixed

zwitterionic and negatively charged lipids

a). SP. Compared to the zwitterionic LUVs, the CD spectra of SP undergo significant
changes as the mol percentage of DMPG increases in the mixture of the DMPC/DMPG
(mol/mol) LUVs (Figure 13). The presence of DMPG up to 25 mol% of the mixed
DMPG/DMPC liposomes causes a decrease of the band intensity at 196 nm,
concomitantly with a red shift of the band to 205-208 nm. Moreover, the small positive
shoulder at about 222 nm disappears, and a negative band appears at about 220 nm. In 40
mol% DMPG, the CD spectra show a helical structure with a positive band at 196 nm and
two negative bands at 208 and 222 nm. As the DMPG increases to above 40 mol%, the
intensity of the positive band increases, while the intensities of the negative peaks
decrease. It is worth mentioning that the intensities of the bands at 208 and 222 nm are
almost equal (R,=1).

In a search to identify the structural origin of these spectral changes, we calculated the
difference spectra by subtracting the CD spectrum of SP in pure DMPG, with dominant
alpha helical structure from those in DMPG/DMPC vesicles. The difference spectra
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Figure 3213, CD spactra of 100 uM 5P in 10 ml DMPCIDMPG LUVE, prepared at
different malar ratios: pure DMPC (=), 10% DMPG (—), 15% DMPG (), 25% DMPG
(=3, 40% DMPG (), 50% DMPG —), T5% DMPG (—), and pure DMPG (—)

All the spectra were coliecied immediately alter preparation of samples al 22 °C.,

The buffer was sodium phosphate (5 mdd, pH T.0).
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L
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Figure 3.2.14. Difference CD spectra calculated by subtraction of the spectrum of

100 uM SP in 10 mM pure DMPG LUVs from that in 10 mM DMPC/DMPG LUVs

with 10 &, 15 (), and 25 (—) mol% of DMPG (pH 7.0).
display a strong negative peak at about 195 nm and a small positive peak at about 225 nm
(Figure 14), representative of a PPII structure. In addition, the intensities of the negative
and positive bands decrease as the DMPG percentage increases.
b). NKA. In the case of NKA, as the DMPG increases to 40 mol% of DMPC/DMPG
LUVs, the intensity of the shoulder at about 222 nm decreases (Figure 15). Moreover, the
strong negative band at about 199 nm undergoes a red shift to about 203 nm. In pure

DMPG LUVs, the CD spectrum of NKA contains two negative peaks at 204 and 222 nm,
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VAnOUS molar ralios: pure DMPC =), 10% DMPG (=), 15% DMPG [—), 25% DMPG
—, 40% DMPG (), and pure DMPG (—). The buffer was sodium phosphate (3 m.
pH 7.00, All the specira warne collected at 22 “C, immadiabely after preparation of
samples.
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Figure 3.2.16, CD spacira of 80 gM Scyl in & mM DMPC/IOMPG LUYS, prapared al
varigus madar ratios; pure DMPC —), 10% DMPG (—), 15% DMPG (—). 25% DMPG
(—), #0% DMPG (), 50% DMPG [—), T5% DMPG (—), and pure DMPG (—)

All the specira were collecied immediaiely after preparation of samples at 22 °C.

Tha buffer was sodium phosphate (5 mM, pH 7.0)

as the intensity of peak at 204 nm is about three times stronger than the peak at 222 nm.
Moreover, the positive ellipiticity below 196 nm indicates for a positive peak which is
slightly below the measured wavelength range.

C). Scyl. Compared to zwitterionic LUVs, even a low amount of DMPG (10 mol%) in the
mixture of DMPC/DMPG LUVs, results in a significant changes of the CD spectral
features of the Scyl peptide (Figure 16). In 10 mol% DMPG, the CD spectra show a
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positive peak at about 198 nm, and three negative bands at 206, 217, and 227 nm,
suggesting a dominant alpha helical structure. Further increases of DMPG to 15 mol%
causes an increase of the band intensities at 206 and 217 nm, while the peak at 227 nm
disappears, which are the characteristics of a typical spectrum of an alpha helix. The
intensity of the negative band at 206 nm is slightly more than that at 217 nm. The CD
spectra did not change significantly above 15 mol% of DMPG. Moreover, the spectral
changes go through isoelliptic point implying a two-state structural equilibration.

These data demonstrate clearly that the alpha helical fold of TKs strongly depends on the
relative amount of anionic DMPG in the vesicles, since zwitterionic DMPC alone did not
induce any alpha helix formation. Moreover, conformational preference for the alpha
helical structure in mixed DMPG/DMPC liposomes reflects the favorable electrostatic

interaction of the SP with the headgroups of the lipid matrix.

3.2.7. Analysis of the secondary structures of SP, evaluated by the

CD experiments
The method of Chen’s and co-workers (Chen, Y. H. et al. 1972) has been widely used for

quantitative evaluation of the alpha helical content of peptides, and in particular, it has
been employed in previous CD studies of SP (Williams, R. W. and J. L. Weaver 1990).
The CD spectra of SP recorded in TFE solvent, SDS micelles, or DMPG and mixed
DMPG/DMPC liposomes are distinct from the spectral signatures for unordered or beta
sheet conformations. They represent clearly alpha helical conformation, and applying
Chen’s equation.

Using the method of Chen et al., we determined the alpha helical content of SP in the
presence of membrane mimetic systems (Table 1). These calculations show that:

a). The alpha helical content of SP varies depending on the environment of the peptide,
suggesting genuine differences in the intrinsic helical propensity of SP in different
membrane mimic systems. b). In negatively charged LUVs and in micelles, the alpha

helical content of SP is slightly higher at pH 10.7 compare to that at pH 7.0.
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C). The Ry (0,95/0503) parameter, in all studied cases, is negative, while R, (021,/0,05) is
positive and close to 1 in SDS micelles and in DMPG liposomes. Furthermore, in 70%
(v:v) TFE/H,0O mixture, R, value is much less than 1.

In conclusion, the calculated MRE values are in good agreement with a 10-30% alpha
helical content of SP, previously estimated by CD and Raman spectroscopy
measurements (Williams, R. W. and J. L. Weaver 1990). From the other side, however,
the relatively low MRE values obtained by us and others stress the presence of other
conformations being overlooked by Chen’s method. We should keep in mind that in any
CD spectrum the signal from the alpha helical structure usually predominates over the
beta turn and unordered ones (Yang, J. T. et al. 1986), resulting in an inability to
distinguish between very short helical segments and B-turns. Additionally, any inaccuracy
in the determination of peptide concentration could also add some error in estimation of
the mean residue ellipticity (Greenfield, Norma J. 2004). Altogether, these considerations
reinforce our assumption that the CD spectra of SP most likely represent a superposition
of different local conformations, dominated by the most visible and best predicted by CD

spectroscopy, the alpha helical conformation.

3.2.8. Role of the peptides net charge on the secondary structures of
TKs

I). Aqueous solutions. The overall features of the CD spectra of TK peptides at different
pH, from acidic to alkaline, are very similar, although, the intensities of the bands may
show minor changes (Figure 17-19). In buffer solutions at pH of 3.8, 7.0 and 10.7, the
CD spectra of SP, NKA and Scyl show a strong negative peak at about 195, 199, and 193
nm, respectively. CD spectra of SP and NKA indicate a weak negative band at about 235
and 230 nm, respectively. Moreover, the CD spectra of TKs have a shoulder in which in
the case of SP and Scyl is around 224 nm, and for NKA is at about 220 nm.

These data show that in aqueous at various pH the TKs have a dominantly PPII helical

structure.

92



CHAPTER III RESULTS AND DISCUSSION

Warrkmgm |
B - 'Jfl: _'I'. :Eﬂ .":' '.II: I ~am
NK

< =

2 -

= -
__: =

H £+
_: ' 8

g i

1 2,

=134 2

¥ =

4o 12
-]

- Scyl

E

E

-

£ Figure 3.2.17, ©0 spectra ol [A) S8, (B] MKA, and [S) Scyl in vanowus buffer sclutions

7 3 mt sodurm cirabe (pH 3.8, —) 5§ mM sodium phosphate (pH 7 00—, and 3 mbd

E sodium carbonale {pH 10T, —) Peptide concantrabon was 80 uM_ Al the spacirn wens
i_,,_ callessd immadiglely AMET preparatian of Ehmpae o 25°C

I1). Micelles. The CD spectra of the TK peptides in SDS (20 mM), highly above CMC,
were recorded at various pH of 3.8, 7.0, and 10.7. Prior to that and to evaluate a some
possible effect of the pH on the micelle formation of SDS, the fluorescence spectra of the
pyrene were recorded at various pH of 3.8, 7.0 and 10.7 in the presence of 20 mM SDS
(Figure 20). In all these cases, the ratio of Isgs/I374 vibronic bands was about 0.83, thus

discarding any pH effect on the SDS micelles formation.
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i). SP. In the presence of micelles at pH 3.8, the CD spectrum of SP exhibits a helical
structure, with a positive band at about 198 nm and two negative peaks at about 208 and
222 nm (Figure 21). Change of the pH from acidic (3.8) to alkaline (10.7) had a small
effect on the negative peak intensities of the SP CD spectra, while caused an intensity
increases. In all the pH, the intensities of the negative peaks were almost equal (R,=1).

ii). NKA. In contrast to SP, the CD spectrum of NKA in 20 mM SDS at pH 3.8 presents
a strong negative peak at about 201 nm, a negative band at about 230 nm and a weak
shoulder at about 217 nm (Figure 22). By changing the pH from acidic (3.8) to alkaline
(10.7), a positive peak at about 192 nm appears and the intensity of the band at 217 nm
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Figure 3.2.19. CD spectra of (A) SP (100 uM), (B) NKA (80 uM), and (C) Scyl (80 uM) in
SDS (20 mM) at various buffer solutions: 3 mM sodium citrate (pH 3.8,—), 5 mM
sodium phosphate (pH 7.0—), and 3 mM sodium carbonate (pH 10.7,—).

All the spectra were collected immediately after preparation of samples at 22 °C.
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increases. Moreover, intensity of the strong negative peak decreases and undergoes a red
shift to 205 nm.

To get more knowledge about these findings, we performed the following complementary
experiments.

a). The CD spectrum of NKA in micelles at pH 3.8 (Figure 22) shows a high similarity to
the CD spectra of NKA in aqueous solution at low temperatures (see Figure 1). Since the
peptide adopts PPII structure in these conditions, we examined whether increases of the
temperature would induce some changes in the CD spectrum of NKA in the presence of
micelles with acidic pH. As presented in Figure 23, increase of the temperature up to 85
°C caused minor changes of the CD spectrum of NKA, compared to the spectral changes
observed upon PPII to unordered structural transitions by heating (see Figure 1). This

finding indicates dominant unordered structure of NKA in micelles at pH 3.8.

Wavelength (nmj
0 3

200 20 20 5 Pt M0

8] (desem’.dmal j 0™

Figure 3.2 20. CD spectra of NKA (80 uM) in SDS (20 mM) at buffer pH 2.8

{3 mM sodium citrate) and vanous temperalures:; 10 (=}, 37 ), and B5 C
{—1}. All the spectra ware recorded immediately afler preparation of samplas.

b). To get some knowledge about the Trp environment, we analyzed the Trp fluorescence
spectra of NKAW in SDS (20 mM) at various pH of 3.8, 7.0 and 10.7 (Figure 24).
Comparison of the spectra show that changes of the pH from acidic to alkaline, caused an

increases of the fluorescence intensity about 1.6 times, accompanied by about 2 nm red

shifts of the Trp A..x. These data indicate that, although, the Trp environment is mainly
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Figuie 3.2.21. Fluoréscance spacifa of MEAW (5 M) in the présanca of 20 mM SDS

and at various bulfer salutions: 3 mM sodium cirate (pH 3.8 —), 5 mM sadium phosphala
(pH 7.0~} and 3 mM sedium carbonate (pH 10.7,—. All the specira were collecied
immediately after preparation of samples at 25+C.

hydrophobic in all the pH values, while, there is a clear quenching of the Trp
fluorescence in the acidic pH.

c). To check whether the substitution of Phe® residue for Trp impairs the secondary
structures of NKA, we recorded the CD spectra of NKAW in SDS micelles at pH 3.8, 7.0
and 10.7 (Figure 25). The CD spectra contain two negative peaks at about 220 nm and
204 nm. Moreover, the positive CD ellipticities below about 195 nm indicate for a peak
slightly below the recorded wavelength.

The overall features of spectra at pH 7.0 and 10.7 are highly similar to those of NKA (see
Figure 23), while the spectra of NKA and NKAW are different at pH 3.8.

iii). Scyl. Similarly to SP , the CD spectrum of Scyl in 20 mM SDS at pH 3.8 shows
alpha helical structure with a positive peak at about 192 nm and two negative peaks at
about 207 and 217 nm (Figure 26). In neutral (7.0) and alkaline (10.7) pH, the peak
intensities increase and undergo a red shift of about 3 nm. Moreover, the intensity of the
negative peak at about 220 nm is slightly lower (R, = 0.78) than that at 210 nm.

In conclusion, pH has no significant effect on the alpha helical content of SP and Scyl,
while causes a structural changes in NKA in the presence of micelles.

Since the secondary structures of NKA and NKAW are similar only above pH 7.0, the
resulting Trp fluorescence data at pH 7.0 and 10.7 apply for both peptides, showing the
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Figure 3,2,22. CD spectra of MKAVW (B0 pM) in SDS (20 mM) at various
buffer solutions: 3 mM sodium citrate (pH 3.8,—), 5 mM sodium phosphate
fpH 7.0, ), and 3 mM sodium carbonate (pH 10.7 —), All the spectra were

recorded immediately after preparation of samples at 25°C.
hydrophobic environment of Trp in both cases. At pH 3.8, due to the structural changes,

the Trp fluorescence data of NKAW is not applicable for NKA.
Complementary characterization of the secondary structures of

mammalian TK peptides analogues
SPW, Phe-CN SP and NKAW peptides were applied to study the interactions of TKs

with the membrane mimetic systems by using fluorescence spectroscopy (part 1 of the
Results and Discussions). As a control, we characterized the secondary structures of these
peptides.

3.2.9. Aqueous solutions

a). [Trp]®SP (SPW). In aqueous solutions with low temperature (15 °C), the CD
spectrum of SPW show a strong negative band around 199 nm, a weak negative band at
about 237 nm, and a weak positive band at about 226 nm (Figure 27A). To discern
whether this spectrum indicate for unordered or PPII secondary structures, we performed
CD experiments in various temperatures. Increases of the temperature, up to 85C ,
caused a decrease of the negative band and a shift to about 202 nm. Moreover, the
intensity of the positive band decreases as the temperature increases. Similar to SP (see
Figure 1), temperature induced changes of CD spectra of SPW, suggests for the PPII

structure as dominant conformation of peptide in aqueous solutions. Cooling down the
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Figure 3.2 23 (A) CD spectra of SPW (100 pM) in sodium phosphate butfer (5 mM, pH 7.0},
recorded at the following increasing temperatures: 15 {—j, 22 (—), 30 (—), 37 (—), 50 (—).
60 {—), 70 (—), and 85 C (—).

(B) CD specla of SPW (100 M) in sodium phosphale buffer [5 mM, pH 7.0),
recorded al the followsng decreasing temperatures: 85 (—), 70 (—), 80—},

50 (—), 37 (), 30 (—), 22 (—}, and 15 'C (—).

temperature to 15°C, caused an increase of the negative and positive bands, to the same
intensities as the starting temperature of 15C, and shift of the negative band to about
198 nm (Figure 27B). Moreover, the negative band at about 226 nm appeared again upon
cooling down the temperature. CD spectra of SPW at various temperatures show an
isoelliptic point at about 210 nm, indicating for a two-state structural transition of
peptide.

b). Phe®-CN SP. Similar to SP, the CD spectrum of Phe-CN SP in aqueous solutions
contains a negative peak at about 197 nm, a shoulder at about 224 nm and a weak
positive band at 240 nm (Figure 28). Increase of the temperature (up to 60 °C) caused a
decrease of the negative band and disappearing of the shoulder, in which is the
representative of dominant PPII secondary structure. The CD spectra of Phe-CN SP show
complete reversibility upon cooling down the temperature to 15 °C. The CD spectra
indicate an isoelliptic point around 211 nm.

c). [Trp]°Neurokinin A (NKAW). In aqueous solutions, the CD spectrum of NKAW has
two negative bands at about 199 and 230 nm, and a weak shoulder around 220 nm
(Figure 29A). As the temperature increases the intensity of the negative band at 199 nm
decreases, while, the intensity of the band at about 230 nm increases and the shoulder at
220 nm disappears. Like NKA in the same conditions, these data are indicative for the

PPII structure of NKAW in aqueous solutions. Upon cooling down the temperature to 5

99



CHAPTER III RESULTS AND DISCUSSION

&
i

(0] iddegcm’ oo 'j= 00"

Figure 3.2 24. CD spectra of Phe-CHN SP (100 uM) in distilled water,
recorded at the following increasing temperatures; 15 (—), 30 (),

45 (—), 80 (—); and cooling down to 15 C (—).
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Figure 3,225, (A) CD spectra of NEAMW (100 M) in sodium phosphate bufler (5 mM, pH 7.0

recorded af the following increasing lemperatures: § (—), 22 (=), 3T (). 60 (=), and
80 +C ),

{B) CD spectra of NKAW (100 uM) in sodium phosphate buffer (5 mM, pH 7.0),

recorded at the following decreasing temperatures: 80 (—), 60 (—), 37 (),

22(—),and5 C ().
°C, the intensity of the negative band at 199 nm increases, while the intensity of the band
at 230 nm decreases and the shoulder at 220 nm appears, which shows the complete
reversibility of the peptide's secondary structure (Figure 29B). The CD spectra show an

isoelliptic point at about 207 nm, indicative of a two-state structural changes of peptide.

3.2.10. Hydrophobic environment

a). SPW. In the absence of SDS, the CD spectrum of SPW shows a positive band at 226
nm, and a strong negative band around 199 nm (Figure 30A). Upon addition of 0.4 mM

100



SDS, a weak positive peak appeared at about 242 nm and both the positive and negative
bands undergo a blue shift about 7 nm. Further titration of SDS caused more blue shifts
of the peaks, in which in the presence of 1.4 mM SDS, the positive band is at about 206
nm and the negative ellipticity below about 197 nm indicates for a peak slightly lower
than recorded wavelengths. Moreover, the intensity of the bands increased as the SDS
concentration increased. However, the intensity of the negative band, in all cases, is about
2-2.5 times more than that of positive peak. We calculated the CD difference spectra by
subtracting the CD spectrum of SPW in the presence of 10 mM SDS (highly above
CMC) from that in 1.4 mM SDS (Figure 30A, inset). The CD difference spectrum is a
representative of PPII structure. Similar to SP, in 10 mM SDS micelles, the CD spectrum
shows a positive peak around 196 nm and two negative peaks at 206 and 222 nm (Figure
30B), which are typical characteristics of an alpha helical structure. For SPW in micelles
(Figure 30), the intensity of the peak at 208 nm is more than that in 222 nm (R,=0.59),
while in SP is about one.

b). Phe-CN SP. In low concentration of SDS (0.2 mM), the CD spectrum of Phe-CN SP
has a weak shoulder around 226 nm, a weak positive band at 240 nm, and a negative
band at about 196 nm with less intensity compared to that in buffer (Figure 31),
suggesting dominant PPII structure of peptide. In the presence of 0.4 mM SDS, the CD
spectrum indicates two positive bands at about 239 nm and 218 nm. Moreover, the
negative ellipticities below about 206 nm indicate for a negative peak slightly lower than
the collected wavelengths. Further increase of the SDS to 1 mM caused an increase of the
intensities of the positive and negative bands, and the blue shift of the positive peak to
about 208 nm. Noteworthy, the intensity of the negative band is about 2-3 times more
than that of the positive peak at 208-218 nm. The difference CD spectrum obtained by
subtraction of CD spectrum of Phe-CN SP in 12 mM SDS (highly above CMC) from that
in 1 mM SDS, is a representative of PPII structure (Figure 31, inset). In 2 mM SDS, the
CD spectrum shows two negative peaks at 207 and 222 nm and a positive band at 197
nm, indicative of the alpha helical structure of peptide. Increase of the SDS concentration
to 12 mM only caused an increase of the negative and positive bands. Similar to that of

SP, the R, value is about one.

101



LE I."I‘I'I [1i1]
|
1 I |
- - 1 1
= = I ]
-y _ai\. EE |I |
= W 3k nafth [rired = | |
E E e |
o = Wasslangth farm)
B E"_ :ir o R . .'1-"- - "r-;
7] : £ | =
;. ’ = | A~
= A Wivisbisagth (i s | —
g 1 5 | gl
i H \ ,."r
- '] W,
|/
L/
i

Figure 3.2 28 CD spectra of SPW {100 M) in vanous concenirations of S0S:
(A} 0 =), 0.4 (=), 0.6 (—), 1.4 mM SDS (—) and (B) 10 mM 5DS )
The bufler was sodium phosphale (5 mi, pH 7.0)

Inset, Dfference SO spectrum calculated by subtraction of the spectum of SPW
(100 Myin 10 mM SDS fram thal in 1.4 mM SDS.

All the specira warne collecied immadiately after preparation of samples at 22 C
c). NKAW. In general, the CD spectrum of NKAW in micelles (Figure 32) has similar
characteristics to that of NKA, indicating a positive band at about 192 nm and two
negative bands at about 203 and 220 nm, while, the CD spectrum between 225 and 240
nm is about 2.4 times less intense in NKAW than NKA. Like NKA, the CD spectrum of

NKAW implies for a superposition of the spectra representative of unordered and alpha
helical secondary structures of peptide.

3.2.11. Zwitterionic and negatively charged LUVs
a). SPW. Similarly to SP in DMPC LUVs, the CD spectrum of SPW has a strong

negative band at 198 nm, a shoulder at about 226 nm (Figure 33), characteristics of
dominant PPII structure. In the DMPC/DMPG LUVs mixtures composed of 10 mol%
DMPQG, the negative peak shifts to 203 nm. Further increase of DMPG (to 25 mol%),
caused more red shift of the strong negative peak to 206 nm and decreases of its intensity.
Moreover, the CD spectra show low positive ellipticity below 195 nm. Above 40 mol%
DMPG, CD spectrum represents dominant alpha helical structure of peptide, indicated by
two negative peaks at 206 and 220 nm, and a positive band at 197 nm. Increase of the
mol fractions of DMPG to above 40 mol% causes an increase of the positive band and a

decrease of the negative peaks at 206 and 222 nm. It is worth mentioning that, in contrast
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Figure 3.2.27 CO spacira of Phe-CH 5P (80 pM) in various concentrations of 505:
) 3 = 0.2 ), 0 3, 08 =, 0.8 (- 1 mM 505 &= and (B} 2 . and 12 mM
SDE . Inset, Diferenca CO Spacirum calculated by sublraction of the specirum of
Phe-CM (&0 sM) in 12 mkd SDE from that in 1 mi SDE. All the specira were coleclad
immesdEataly after proparation of sarmples, Tha buffer was sodium phesphate (5 mM,

pH 7.0} and tha lemparabure was sat at 22 C

to DMPC, a weak negative band appears at about 237 nm in the presence of LUVs
composed of DMPC and DMPG.

b). Phe-CN SP. The CD spectrum of Phe-CN SP in DMPC LUVs shows a strong
negative peak at 197 nm and a shoulder at 222 nm (Figure 34), the similar characteristics
as the CD spectrum of SP in the same condition. Small mol fraction of DMPG (4 mol%)
in the LUVs composed of the mixed DMPC and DMPG, caused a decrease of the
intensity of the strong negative peak at 198 nm and the shoulder disappears. By
increasing of DMPG to 10 mol%, the intensity of the negative peak at 197 nm decreases
and undergoes a red shift to 203 nm, while the intensity of the negative band at 225 nm
did not change significantly. Above 25 mol% DMPG, a positive peak at 197 nm and two
negative peaks at 207 and 224 nm appear (indicative of dominant alpha helical structure
of the peptide) and R, is about 1. The CD spectra show an isoelliptic point at about 216
nm.

c). NKAW. In DMPC LUVs, the CD spectrum of NKAW has similar features with that
of NKA and reproduces well the characteristic features of a stable PPII helix (Figure 35).
In contrast to NKA in which small mol fractions of DMPG (up to 25 mol%) in the
DMPC/DMPG LUVs caused some changes of CD spectra (see Figure 15), while in the
case of NKAW, increase of the mol fractions of DMPG up to 30 mol% of the LUVs, did
not change the CD spectrum of the peptide compared to that in DMPC LUVs (Figure 35).
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Figure 3.2.28, CD specira of NEKAW (—, and NKA (3, raspactivaly, in 12 and 8 mM
505, Concentration of peplides wasg 80 uM. The buffer was sodium phesphale (S mM
pH 7.0), Both the spectra wone reconded immediately after preparation of samgles at
2

Figure 3.2 28 CD spectra of 80 pM SPW in DMPCIDMPG LUVs (6 mM), prepared at
various molar ratios: pure DMPC (—), 10% DMPG (—), 15% DMPG [(—), 25% DMPG
{—. 40% DMPG (), 50% DMPG (—), 75% DMPG (—), and pure DMPG (—). All
the spectra were collected al 22 *C. The buffer was sodium phosphate (5 mM, pH 7.0}

18] ideg om  dmel =0’

Figura 3.2 .30, CO spectra of 80 yM Phe-CH SP in DMPC/DMPG LUVS (B mM ), prepanea
at various malar ralies: pure DMPC ), 4% DMPG (—), 10% DMPG (—), 15% DMPG
i—, 29% DMPG {—), 69% DMPG (—), 83% DMPG (—), and pure DMPG [(—, All the

gpectra were collected immediataly atter preparation of samples, at 22 °C. The buffer was
sodium phoaphate (5 mbd, pH 7,00,
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In 50 mol% DMPG, the CD spectrum of NKAW has two negative peaks at 204 and 221
nm, a weak shoulder at about 235 nm, and a positive band around 191 nm (Figure 35)
and further increasing of DMPG caused no significant changes of the spectra. The
atypical characteristics of the CD spectra of NKAW in above 50 mol% DMPG suggest
for a superposition of the spectra representative of unordered and alpha helical secondary
structures.

In conclusion, in spite of some insignificant changes, the dominant secondary structures
of all TKs' analogues in aqueous solution, micelles and LUVs (at pH 7.0) were very

similar to those of TKs.

Wawelengibh (nm)
& 53 E

3 k-
i i
'-.7’_
-
e

1) tubo o b " 108"

Figure 3.2 31, CD specira of 80 M NEAW in DMPC/DMPG LUVS (8 mM ). prepared al
various molar ratios: pure OMPC —), 4% DMPG [—), 10% DMPG (), 15% DMPG

—), 30% DMPG (—), 50% DMPG [—), 60% DMPG (—), 80% DMPG [—), and pura
DMPG —). All the specira were collecied immediately afier preparation of samples at
22 °C. The buffer was sodium phosphate (5 mM, pH 7.0).

3.2.12. Small angle X-ray scattering (SAXS) patterns of the overall
shape of NKA peptides in aqueous solutions

The overall dimensions of the NKA peptide in aqueous solutions were studied by SAXS
patterns at different temperatures. The SAXS curves of NKA as a function of temperature
show that as the temperature increases (from 5 to 40 °C), the intensity of the scattering
decreases (Figure 36). Furthermore, the intensity of the scattering is reversible by cooling
down the temperature from 40 to 5°C. In all the measured temperatures, the SAXS

curves represent a plateau at low angles (s< 0.5 nm™") indicating for the absence of
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Figure 3.2 32 Temparature-induced changes in the ensambbe dimensions of NEA,
sludied by SAXS_ (A) Plol of the absolute intensities of the scatlering for NKA (2 mb )
in sodium phosphate buffer (5 mM, pH 7.0} against the momenum ransfer and as a
function of different emperatures: 3C (o), 23C (), 40 C (o}, and cooling down fo
5'C (o) The scattering pattem below 0.1 nm’" 18 nol presented due to the presance
of the primary beam.

(B) Overall SAXS profiles represented as Kratky plots of NKA (2 mM) in sodium
phosphate buffer (5 mM, pH 7.0) 8t increasing temperatures: 5C (o), 25C ().
40°C (o) and cooling down to S5 C (o)

aggregation and inter-particle interactions (Jacques, D. A. and J. Trewhella). The average
R, was determined as 0.71£1% nm. Figure 37 shows that at 5 and 25°C, the distance

distribution function consists of two broad peaks at about 0.4 and 1.2 nm, the peak at
about 0.4 nm being more intense compared to that in 1.2 nm. At 40°C, a small peak at
about 2.2 nm appears and the width of the main peaks gets narrower. Cooling down the
temperature to 5 °C caused the band widening of the main peaks and the band at 2.2 nm
appears as a shoulder. The P(r) plot characteristics indicate for a two-domain geometric
shapes. Considering the P(r) when it returns to zero at large values of r, Dy, was
determined as about 2.4 nm. The Kratky plots were used to study the peptide
folded/unfolded states upon heating. The overall features of Kratky plots at different
temperatures are very similar (Figure 38) and show a continuous increase of I's” with s,
as a remarkable characteristic of unordered structures (Mertens, H. D. and D. 1. Svergun),
but on the other hand, they lack a plateau over the specific range of momentum transfer
(s), as normally observed experimentally in unfolded proteins. Moreover, the increases of
the temperature from 5 to 40C, caused a shift of the Kratky plots to a higher s. The
temperature induced changes in Kratky plots are reversible upon cooling down the

temperature to 5 °C. Using SAXS patterns, we applied DAMMIF software to obtain 4b
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Figure 3.2.32. (C) Distance distribution functions of NKA (2 mM)
in sodium phosphate buffer (S mM, pH 7.0) and at increasing
temperatures: 5. 25. 40 °C: and cooling down to 5 °C.

initio models of an overall shape of the peptide (see Materials and Methods). At all
temperatures, the Ab initio models show a side-tailed dumbbell shape (Figure 39).

In conclusion, although the atypical Kratky plots of NKA in aqueous solution are mostly
indicative of unordered structures while they imply for the presence of non-dominant
conformations. This is consistent with two-domain geometric shape of the peptide

revealed by P(r) plots.
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Figure...Ab initio shape reconstructions, calculated from the SAXS
scattering profiles of NKA (2 mM) in sodium phosphate buffer (5 mM,
pH 7.0) at various increasing temperatures: (A) 5C. (B) 25 °C. (C) 40

6 g5 g

Table 1. Evaluation of the alpha helical content of SP in different membrane

mimetic environments.

DM PG Liposomes SDS micelles

70%
40:60 mol%
TFE/water pH70 pH107 pH7.0 pH10.7 b
DMPG:DMPC
(V/v)
a_
helix 10.50+1.4 11.5£1.0 13.5+1.5 13.3£0.8 15.3+0.02 16.7+1.4
%
Ry 2.5+0.5  -2.84+0.4 ) ) -0.56£0.04
-1.05+0.12 4.09+0.8 4.50+0.02
R, 0.90+0.2 1.00+£0.02 1.15+0.2 1.20+0.02 0.86+0.04
0.41+0.02
a R1=9195/9208 and R2=9222/9208 (SCC Materials and Methods)
®at pH 7.0.
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Table 2. PPII helical contents of TKs peptidesin aqueous solution and as a function
of increasing temperature.
% PPI | content

temperature (°C)

SP NKA Scyl
5 52.44 41.88 51.31
15 49.13 38.92 46.64
22 45.82 35.86 43.84
30 40.87 33.81 4291
37 40.60 31.77 41.04
50 32.60 28.70 36.36
70 25.98 25.63 32.63
80 24.33 22.56 29.83
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RESULTSAND DISCUSSION

PART |11
Study of thefibrillar state of the TK peptides

The questions we addressed in this chapter are: Do the TKs have ability to self-associate in
aggregates and importantly do these aggregates form fibrillar structures? Secondly, do the
fibrils have an amyloid structure?

Numerous previous studies have led to the conclusion that various factors can promote or
inhibit the formation of fibrils in peptides in vitro. Among these different factors, the
concentration, the ionic strength, and solutions composition (Gorbenko, G. P. and P. K.
Kinnunen 2006) are considered as basic factors. Therefore we initially focused on the
concentration and on the solution composition. TKs were incubated under a range of
different solution conditions, as the varied solution parameters included: aqueous,
liposomes and surfactants, known to affect or induce amyloid fibril formation in other
protein/peptides systems.

Next to find out whether TKs self-associate in aggregates in above conditions and more
importantly to find out whether these aggregates have fibrillar ultrastructural morphology
we examined the samples by transmission electron microscopy (TEM).

A summary of all conditions examined is presented in Table 1-4 and the morphologies of
the formed structures are shown on Figures 1-5 and 9.

In aqueous solutions as jugged by TEM, at a concentration of 3 mM, TKs show formation
of fibrils immediately after sample preparation (Figure 1). However, at a half
concentration (1.5 mM), no fibrils were detected. At even lower concentrations in the pM
range (at about 100 pM) no formation of any aggregate was detected even for overnight
incubation (Table 1-3, Figure 1).

Analysis of TEM micrographs reveals the presence of various fibrillar morphologies. For
example for SP, there are both: long twisted fibrils and straight single filaments in a width
of about 15 nm, while in NKA and Scyl, fibrils are only single-straight with a width of
about 9 and 12 nm, respectively, which are characteristics of the amyloid-like fibrils. In

any of the TKs, no branched fibrils were detected (see Figure 1).
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Figure 3.3.1. Morphology of the fibrils formed by TKs. TEM images
of the negatively stained:

3mM (A-1) SP, (B-1) NKA, and (C-1) Scyl;

1.5mM (A-2) SP, (B-2) NKA, and (C-2) Scyl;

100 uM (A-3) SP, (B-3) NKA, and (C-3) Scyl;

in buffer (5 mM sodium phosphate, pH 7.0), without performing
agitation. Non of the samples

were incubated before preparation of the microscopy grids. Fibrils of
SP consist of several long

twisted filaments, while those of NKA and Scyl are short straight
ribbons.
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From TEM micrographs of TKs incubated in the presence of LUVs two main species can
be distinguished:

1). In DMPG, at high concentration (above 1.5 mM) of TKs, the fibrils were formed
immediately (Figure 2).

All the TKs fibrils are straight, and some fibrils in Scyl may be twisted (in a width of
about 21 nm), while in SP and NKA because of their huge amount, some of the fibrils
overlaid and the width of each single strand can not be evaluated. It is worth mentioning
that although the amount of the fibrils in SP and NKA in each grid seems higher than that
of Scyl, further complementary techniques are required to determine exactly the fibrils
production.

ii). When the concentration was 0.75 mM, SP formed fibrils in DMPG immediately, but
no fibrils were detected in DMPC for any of the TKs (Figure 2).

In SP, a huge amount of straight fibrils are stuck together like a "hank". Due to the
presence of several sticking filaments, the detection of each single strand (and
subsequently its width) was not possible.

Incubation of the TKs in low concentration (100 uM) with the anionic surfactant SDS at
concentrations highly above CMC does not initiate neither favor (even on overnight
incubation time) the formation of aggregates or fibrils (Figure 3). In contrary the
incubation with the surfactant at 2 mM TKs results in an immediate formation of fibrils
(Figure 3).

In the presence of 10 mM SDS, fibrils of SP are straight in a width of about 22 nm with
two or more single strands stacked each other. In NKA different morphologies were
detected as some fibrils consist of several straight bundles, sticking each other side by side
in a width of about 19-25 nm; while other fibrils consist of several filaments twisted each
other in a form like "hank", in which single strands can not be detected. In the case of
Scyl, single straight fibrils are about 20 nm width. They look separate (not sticked), and no
twisting were detected.

Interestingly the incubation of the TKs in a low concentration range (80-100 pM,
depending on the peptide) in SDS solutions at concentrations close to CMC 1 mM (for
SP), and 4 mM (for NKA) causes the formation of fibrils. In SP fibrils form after

overnight incubation (Figure 4), while for NKA they form immediately or in a few
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Figure 3.3.2 Negatively stained TEM images of the TKs in DMPG
and DMPC vesicles.

In all the cases, electron micrographs were obtained immediately after
samples preparation. The buffer was sodium phosphate (5 mM, pH
7.0). Arrows indicate for fibrils. Electron micrograph image in inset
shows the fibrils of Scy I at higher resolution.
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Figure 3.3.3 Negatively stained TEM images of the TKs in 10 mM
SDS. Upper panel shows TKs in 100 uM. Lower panel shows TKs in 2
mM.

In all the cases, electron micrographs were obtained immediately after
samples preparation. The buffer was sodium phosphate (5 mM, pH 7.0).
Electron micrograph image in inset shows the polymorphic fibrils of
NKA.
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Figure 3.3.4. Morphology of the SP fibrils in the presence of the SDS (1 mM,
close to CMC). No fibrils were detected by TEM immediately after sample
preparation (1), while fibrils formed after incubation for overnight at room
temperature with no agitation (2 and 3). Fibrils of SP show polymorphism
(straight and twisted ribbons). Peptide concentration was 100 uM.

No fibrils were detected by TEM immediately and after over night incubation
of SPW (4 and 5).
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Figure 3.3.5. Polymorphism of the amyloid fibrils of NKA observed by
TEM. Negatively stained electron micrograph images of the NKA (80 pM)
in the SDS (4 mM) incubated for 24 h at room temperature: upper panel
with agitation, and lower panel with no agitation.

A-1: short-length fibrillar clumps aligned laterally

A-2: periodically twisted ribbon with two or more protofilaments. Arrows
indicate for crossover distance about 400 nm and width of about 65 nm.
B-1: long straight ribbons

B-2: flat ribbons of laterally aligned protofilaments parallel to the axis of
the fibrils.

minutes. The resulting fibrils were polymorphic, twisting around each other or straight,

with heterogeneity (details are indicated in Figure 5).
3.3.1. Structural characterization of TKsby FTIR

As is known, the CD is a powerful spectroscopic method to characterize secondary
structures of peptides/proteins, although it is mostly sensitive to the alpha and beta

structures.
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In addition, some CD spectra present superposition of different structural conformations.
In superimposed CD spectra, beta sheet structures can be masked due to the smaller molar
extinction coefficients for beta structures relative to alpha helical structures.

On the other hand, FTIR spectroscopy has the advantage to detect distinctly the presence
of different secondary components; moreover the aggregation is not obstacle like in CD.
IR spectroscopy is weaker in the prediction of alpha helical structure but superior in the
estimation of the beta sheet content of proteins. Therefore, CD and FTIR are two
complementary techniques in the study of the secondary structure of peptides and proteins.
To characterize the secondary structural components and conformational transitions of the
TKs peptides, the FTIR spectra were recorded in amide I' and amide II' in D,O solutions in
the equivalent conditions as the TEM (Figure 6 and 7). The IR spectra were analyzed in
amide I' (D,0) wavenumber range (1700 cm™' to 1600 cm '), which arises primarily from

stretching vibrations of main-chain carbonyl groups.
3.3.2. TKs secondary structures in agueous solution

In aqueous solution the IR absorption spectra of the TK peptides are similar having a
broad amide I' band with a maximum at about 1643-1647 cm™ (Figure 6), attributed to an
unordered structure , as the maximum of the band remains essentially unchanged within
+3 cm’,

To resolve the overlapping secondary components and to identify the “hidden” bands in
the amide I' range we performed second derivative (SD) and Fourier deconvolution (FD)
analysis (Figure 6, for FD parameters, see the legend). For SP peptide, apart from the main
band centered at 1643 cm™, FD and SD resolved a low intense band at 1672 cm™ ,which
can be attributed to beta turns structure, and a shoulder at 1611 cm™, which most likely
arise from beta sheet and/or side chain vibration of Arg residue (Barth, Andreas and
Christian Zscherp 2002). FD and SD spectra of NKA did not show any additional band
apart from the major absorption band at 1644 cm™. FD and SD spectra of Scyl displays the
main band centered at 1645 cm™, and a shoulder at about 1628 cm™ and a peak at 1611
cm™. Both bands can be assigned to the extended beta sheet structure; however it cannot
be ruled out that the side chain vibration of Asp residue also may contribute to the small

intensity peak resolved at 1611 cm™.
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codipcting the specira, FD parameters wene K=1.5, FWHH=14 Lomnisian
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Summarizing we can conclude that the major and intense band at 1643-48 cm™ indicates
for dominantly presence of the unordered structure of TKs in aqueous solutions, however
it cannot be discarded the presence of other “hidden” secondary components which

contribute to the intensity of this broad band.
3.3.3. TKs secondary structuresin phospholipid bilayers

Figure 7 represents the IR absorption spectra of the TK peptides in the presence of the
DMPG LUVs. SP and Scyl in DMPG produce IR absorption spectra with a narrower
amide I' band and most intense band at 1626 cm™, while in NKA, IR absorption spectra
the intensity of the band at 1611 cm™ is more intense than the band at 1627 cm™.

The SD sand FD spectra of amide I' and II' of the SP reveals bands at 1625 cm™, 1670 cm',
1650 cm™ and at 1584 cm™. The most intense band at 1625 cm™ can be attributed to beta
sheet component, while the band at 1670 cm™ represent beta turn structural component
(Juszezyk, P. et al. 2009). Assignment of the peak resolved at 1650 cm™ can be attributed
to helical or unordered structures (see below).

Using FD and SD analysis of NKA, the IR absorption spectra determine peaks at 1658,
1627 and 1615 cm™ in amide I' and an small peak at 1584 cm™ in amide II'. The peak at
1627 cm™ can be assigned to beta sheet component, the broad peak at 1658 cm™ can be
attributed to helical structural component or unordered, while the peak at 1615 cm™ can
be assigned to that the beta strands, which may also have infrared bands at wavenumbers
below 1620 cm’. In NKA, similarly to SP, beta sheet remains the dominant
conformational arrangement with the presence of both parallel (at 1627 cm™) and
antiparallel (at 1615 cm™) beta sheet components.

In Scyl, amide I' resolved peaks by FD and SD are placed at 1660 cm™, 1625 cm™ and
1611 cm™ in amide I' and at 1584 cm™ and 1516 cm™ in amide II'. Similarly to SP and
NKA strong intense peak at 1625 cm™ implies that beta sheet remains the dominant
conformational motive and following the above assignment, the broad peak at 1660 cm™
was assigned to unordered or helical segments.

Summarizing: in the three TK peptides, SD and FD analysis resolve a most significant
beta sheet presence. The second strong band in the three peptides resolved by SD and FD

is the band 1650 cm™; although there are controversial assignments of this band to helical



or unordered structures, we believe it indicates the presence of a helical structure in the
peptides.

The vibration bands observed below 1628 cm™ (at 1610-1628 cm™) usually are assigned to
intermolecular hydrogen bonded extended beta sheets chains (Barth, Andreas and
Christian Zscherp 2002). From the other side, care must be taken in interpreting the peaks
at 1618-1620 cm™ due to the contribution of vibration of some residues' side chains. Thus,
the low wavenumber vibration at 1615 cm™ (for NKA) and 1611 cm™ (for SP and Scyl)
indicates for beta sheets, however the relatively high intensity of these bands (especially in
NKA) may reflect the contribution of the side chain vibrations of Arg for SP, His for
NKA, and Tyr for Scyl (Barth, Andreas and Christian Zscherp 2002).

In all the TK peptides and in both solutions and DMPG, in the amide II (which is localized
near 1550 cm™ and reflects the presence of unexchanged amide hydrogens) a band at
about 1584 cm™ is resolved, which is most likely due to an overlap of vibrations from side
chains of Asp, V,i(COO"); and Arg, V,(CN3H5") (Barth, Andreas and Christian Zscherp
2002).

Finally, the band at 1515 cm™ in Scyl can be assigned to Tyr ring vibration.

Considering the TEM and FTIR experiments, the results reveal that fibrillogenesis of the
peptides occurs by conformational changes of the TKs after addition of the DMPG LUV,
with an increase of the B sheet content of the peptides and decreased helical contributions.

The structural information from the CD spectra is in agreement with the FTIR results.

3.3.4. Effect of SDS on the formation of fibrils and structural
transitionsin SP and its analogue SPW. Conformational switch

between dominant PPI | to beta sheet conformations

i). Fibrillization of SP. Time course studies of SP (100 uM) by TEM in the presence of
SDS at concentration highly above CMC (10 mM) reveals no fibril formation for one
week incubation at room temperature (see Table 1). In contrast, the equivalent sample, but
in lower concentration of SDS, close to CMC (1 mM), shows the formation of fibrils after
incubation overnight (Figure 4). The resulting fibrils were polymorphic, twisting around
each other or straight. Twisted fibrils have a width of about 34 nm, consisting with the

presence of several single strands. The crossovers are about 82 nm (see Figure 4, legend).
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To characterize the conformational changes of SP during the incubation time, the CD
spectra of the corresponding samples as in TEM were recorded (Figure 8). The initial CD
spectrum of SP in 1 mM SDS at zero incubation time shows a broad positive band at about
215 nm and a negative band at about 192 nm and is consistent with a prior aggregation
state. As we already demonstrated in part II of this thesis, the CD spectrum related to this
sample indicates for a mixture of PPII and o helical structures (see page..., Figure...).
Consistent with a monomeric state of the peptide as seen by the CD experiments, no
fibrillar state was detected by TEM (see Table 1 and Figure 9). Throughout an incubation
time up to 180 min, only the intensities of the peaks slightly decrease but the overall
features of the spectra stay very similar (Figure 8). However at 270 min incubation time

the CD spectrum undergoes significant changes, seen by the appearance of three negative
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bands at about 196, 206 and 230 nm, suggesting for a superposition of different secondary
components and intermediate structures. A further incubation to 360 min results in further
changes as revealed by the appearance of a positive peak at about 191 nm and two distinct
negative peaks at about 206 nm and 230 nm. Moreover the peak at 206 nm is about twice
more intense than that of 230 nm. There is an isoelliptic point at about 200 nm, implying
for a two-state structural transition. Over night incubation of sample only causes an
increase of the intensities of the spectral bands, but overall spectrum features remain the
same. From the other side the overall features of some of CD spectra recorded throughout
different incubation time strongly suggest for superposition of different secondary
structural components.

To understand more about these structural transitions, we calculated some difference CD
spectra (Figure 8, inset), by subtracting the spectra recorded at different times from that
with overnight incubation. The difference spectra show a negative band at about 210 nm
and a positive peak at about 192 nm, suggesting for a B sheet structure, which increases by
time. Considering both TEM and CD data, an increase of the 8 sheet content of the peptide
with time occurred coherently with the fibrils formation.

ii). There are various beliefs about the possible roles of the aromatic residues in amyloid
fibrillogenesis , on the fibrils morphology and the rate of fibrils formation. All TKs
contain Phe residues (see Materials and Methods, Table 1). Moreover in SP the Phe*Phe’
form a motif. In regard to this, we wonder if the Phe-Phe motif in the SP would have some
impact on the fibrillization process. As we have explained in the part II of the Results and
Discussion, in order to study the interactions of the TKs with the membrane, we used SPW
and NKAW analogues, in which Phe’ or Phe® were substituted for Trp, respectively. As
was detected by TEM we found that in contrast to SP, which forms fibrils in high
concentration (3 mM) in aqueous solution (Figure 1), no fibrils are formed in SPW in the
same condition as SP of (see Table 1). Moreover, an incubation of low concentration of
SPW (100 uM) in 1 mM SDS (close to CMC) did not show any fibrils even after about
three months (see Table 1 and Figure ). This finding is also in contrast to the fibril
formation of the SP in equivalent condition (compared to Figure 4).

To understand the possible conformational changes of SPW in the SDS, the CD spectra of

the peptide in equivalent conditions as TEM experiments were recorded (Figure 10). CD
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Figure 3.3.11. CD spectra of 100 1M SPW in SDS (1 mM), recorded immadiately after
preparalion of samgle (=}, aller overmight (—), and after 3 months (—)

spectrum of the peptide immediately after sample preparation shows two positive bands at
about 207 nm and 235 nm, and a strong negative band at about 191 nm. This spectrum
suggests for a dominant contribution of the PPII extended structure. The origin of the
second positive band at 235 nm is more difficult for an assignment. Interestingly this peak
is not seen in the corresponding spectrum of SP, and most likely is to assign it to aromatic
Trp side chain. This has been suggested from studies of contribution of the Trp residues to
CD spectra, which have demonstrated that peaks due to the aromatic side chain are usually
at 230 nm. Incubation for about 24 hours did not cause significant changes of the
spectrum. After a long incubation time of about three months, CD spectrum was recorded
again and we observed mainly the decrease of the intensities of the positive and negative
bands accompanied with wideness of the positive band. These findings clearly show that
the substitution of Phe® for Trp® in SP completely abolishes the switch from PPII to beta
sheet structure; as well it abolishes the formation of the fibrils. These finding are the first
report about significance of the Phe® for structural conformational switch and fibrillization
process in SP. Moreover, they demonstrate that nearly identical peptides have drastically
different amyloid propensities, likely as previously reported for amyloidogenic peptide
from human amylin, NFGAILSS, and its variants where Phe is substituted with Tyr and
Trp and recently reported for AS16-22.



The crucial effect of the Phe® substituted Trp on the fibril formation of SP is highlighted
when considering the fact that both substituted amino acids are aromatic and the peptide

still has an intrinsic aromatic Phe® residue.

3.3.5. Polymorphism within the amyloid fibrils of NKA

It has been shown previously that an stirring during the incubation of some amyloid
peptides can be critical for the morphology of the formed fibrils. To test these observations
on NKA peptide we incubated NKA for 24 hours with and without stirring.

The electron micrograph images obtained from the NKA peptides (80 uM) in SDS (4 mM)
incubated with strong stirring and with no stirring for 24 hours show clearly polymorphic
fibrils within these samples (Figure 5, for details see the legend), indicating that formation
of the polymorphic fibrils is independent of stirring in this case.

To understand whether stirring causes structural variations of peptides, we studied the CD
spectra of the equivalent samples as the TEM. The CD spectrum of the sample with
stirring has a minimum at about 221 nm and a positive band at 192 nm, suggesting the beta
sheet structure as dominant conformation (Figure 11). In contrast, the spectrum of the
sample with no stirring show overlap of the bands, as it has a negative peak at 202 nm and
a shoulder at about 214 nm. Moreover, the ellipticity below about 192 nm is slightly
positive indicating for a band slightly below the recorded wavelengths. Importantly for
the samples incubated with the stirring we observed a strong increase of the HT voltages
of these samples, compared to that of not incubated and no agitated, showing clearly that
the sample aggregates due to the fibrils formation (Figure 11, inset, see the TEM).
Although the CD spectra undergo some changes after incubation for about 4 months
(compared to those which recorded after 24 hours), the overall features of the spectra
remain completely different, (see Figure 11 and 12). After incubation for about 4 months,
CD spectra of both samples show strong decreases in the amplitude of the signal as
virtually the spectrum of the sample with stirring shows more significant conformational
changes than the sample with no stirring. The CD spectrum of agitated sample shows
appearance of a negative peak at 228 nm and a positive peak at 204 nm, suggesting for a
beta turn conformation. This transition from dominant beta sheet to beta turn conformation

strongly implies for polymorphism of formed fibrils. On the other hand, the CD spectrum
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of the sample with no stirring reveals a similar overall feature (a negative peak at about

210 nm, a shoulder at about 225 nm and the positive band below 198 nm), but with less

intensities.

Using the fluorescence spectroscopy, ThT assay was applied in the same condition as

TEM to monitor the formation of beta sheet amyloid fibrils. Increase of the ThT

fluorescence at 486 nm was observed in both agitated and no agitated samples (Figure 13).
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The ThT intensity was increased after about 4 min and 7 hours for agitated and no agitated
samples, respectively, and reflects much decrease of the lag time in the presence of the
stirring. Changes of the ThT intensity in the case of stirring occurred very fast (in about 12
min), while for no agitated sample it was much slower (about 14 hours), showing the
necessity of the longer time for amyloid fibril elongation in the absence of stirring.
Moreover, increase of the ThT intensity was about 5 times more in the case of agitated
sample than that of no agitated, which may be related to the higher amount of beta sheet

amyloid fibrils due to the stirring.
3.3.6. Conformational transition of TKsin SDS micelles detected by

CD. Peptide dilution experiments

As we have discussed in part II of Results and Discussion, in SDS micelles SP and Scyl in
low concentrations (about 100 uM) form dominantly helical conformation, while in the
case of NKA this conformation is partially helical structure (mixture of helical and

unordered structures).
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However, the CD spectra of TKs in high concentrations (between 2-3 mM depending on
peptide) in SDS micelles (highly above CMC at about 20 mM) show a negative peak at
about 229 nm, suggesting presence of a beta sheet conformation (Figure 14-16).

In case of SP, decrease of the peptide concentration to 2 mM caused a blue shift of the
negative band to 224 nm (Figure 14). Further decreases of the concentration to 1 mM
caused a dramatically change of the spectrum as a positive peak appear at 198 nm, and two
negative peaks at 208 nm and 224 nm, representative of alpha helical structure. More
dilution of the peptide only caused small changes of the band intensity.

In the case of NKA, the dilution of peptide concentration to 0.75 mM caused a blue shift
of negative band and a small positive band appeared (Figure 15). Further dilution of the
peptide caused some spectral changes as in 98 uM a positive peak at 198 nm and two
negative bands at about 207 nm and 226 nm appeared, suggesting for a helical
conformation.

In case of Scyl the dilution of the peptide to 1.25 mM dramatically changes the overall
features of the spectrum, as a positive band appeared at 210 nm and a negative band get
more intense at about 225 nm (Figure 16). Further dilution of the peptide caused shifts of
the spectral bands to a lower wavelengths in the spectra, as in 156 pM peptide the
spectrum has a broad negative band at about 225 nm and a positive band at 205 nm,
implying some superposition of spectral bands.

In all cases, the CD HT voltages curves show a decrease of the HT voltage signal with the
peptide dilution, indicating changes in the size of the particles in samples (Figures 14-16,
insets).

Altogether these data imply that upon increases of the peptide concentration above some
threshold range (depending of the peptide) TKs undergo conformational transitions from
dominant helical (in low concentration) to beta sheets (in high concentration) structures
and these transitions are reversible. Obviously at some level of the TKs peptide
concentration in SDS micelles solution, a competition between the interaction of the
monomer peptides with SDS micelles and it self-association exists. This process results in
the formation of peptide aggregates visibly detected by the increase of the HT voltage. At
the present, these conformational transitions can be only related to aggregation

phenomena. To identify the morphology of these aggregates further TEM assays is
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required. Furthermore at the present, we can not address these observations to stability of

the morphological fibrillization in these samples.

3.3.7. Effects of the pH on amyloidogenesis of NKA and NKAW

CD measurements of the TKs in SDS micelles at different pH have shown that only NKA
peptide undergo structural changes on pH. To get some information on how the pH affects
the fibrillization of NKA we study the time course amyloidogenesis of NKA at different
pH by ThT fluorescence and CD spectroscopy.

NKA
At acidic pH (3.8), CD spectrum of 80 uM NKA in 4 mM SDS micelles (immediately

recorded after preparation of sample) has a shoulder at about 218 nm and a negative band
at about 200 nm, implying for the dominant PPII structure of peptide (Figure 17A). After
an incubation of the sample for 75 min with strong stirring, the CD spectrum shows a
negative peak at about 220 nm and a positive band at about 199 nm, suggesting for the
formation of some beta sheet structure (Figure 17A). Equivalent experiment with ThT
shows that immediately after addition of low concentration of NKA (80 uM), the intensity
of ThT at 486 nm increases significantly, indicating formation of amyloid fibrils (Figure
18). After about 75 min the intensity of ThT did not change significantly. These findings
demonstrate clearly that the spectral transition from a PPII to beta sheet conformation
correlates with the formation of the amyloid fibrils.

At neutral pH (7.0), the CD spectrum of 80 puM NKA in 4 mM SDS (recorded
immediately after preparation of sample) indicates intermediate structure of PPII transition
to partially alpha helix Figure 17B (see also part II of Results and Discussion, Figure...).
The CD spectrum of this sample after incubation for about 30 min with strong stirring
shows a strong positive band at about 208 nm and a weak negative peak at about 236 nm
(Figure 17B). Moreover the negative ellipticity slightly below 195 nm indicates for a
negative peak slightly below the recorded wavelengths. Altogether, these spectral features
suggest that this spectrum may relate to the presence of some beta turn structures
formation. ThT experiment in the same condition as CD shows that at pH 7.0, the intensity

of ThT increased few min after the addition of NKA in a sigmoidal shape and the signal
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reaches to a plateau after about 30 min, which represents the formation of amyloid fibrils
(Figure 18).

At alkaline pH 10.7, the CD spectrum of NKA (80 pM) in 4 mM SDS, recorded
immediately after preparation of the sample, has a shoulder at about 215 nm and a
negative peak at about 200 nm, implying for a dominant PPII structure of peptide (Figure
17C). After the incubation of the sample for about 14 h no significant changes were seen

in the spectrum, although a small decrease of the intensity of the negative peak occurred
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(Figure 17C). ThT experiment of the equivalent sample shows a small (10% compare to
similar conditions but at pH 3.8 and 7.0) increase of the ThT intensity after addition of
peptide (Figure 18). Compare to pH 3.8 and 7.0, ThT assay indicate for a few amyloid
formation of the peptide at pH 10.7 after incubation.
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NKAW
At acidic pH (3.8), the CD spectrum of the NKAW (80 uM) in SDS (4 mM) (immediately

recorded after sample preparation) shows two negative peaks at about 220 nm and 205 nm,
and positive ellipticity below about 195 nm (Figure 19A). The spectrum suggests an
overlapping of spectra, most probably related to the intermediate structures of PPII and
alpha helical. Atypical CD spectrum of incubated sample (after overnight, with stirring)
indicates a broad negative band at about 220 nm and a positive peak at about 198 nm
(Figure 19A). The ThT assay of the equivalent sample (Figure 20) shows no changes of
the intensity for about 6 h after addition of peptide (lag time). Then, the intensity increases
for about 8 h (elongation time) and reaches to a plateau. ThT assay indicates formation of
the amyloid fibrils for NKAW at pH 3.8.

At neutral pH (7.0), overall features of the CD spectrum of the NKAW, immediately
recorded after preparation of sample, is very similar to that at pH 3.8, containing two
negative peaks at about 205 nm and 220 nm and positive ellipticity below about 195 nm
(Figure 19B). However in contrast to acidic pH (3.8), the CD spectrum of the NKAW at
pH 7.0 did not change significantly after overnight incubation (Figure 19B). ThT assay of
the equivalent sample implies no formation of the amyloid fibrils, since ThT intensity did
not change compared to the control (Figure 20).

At alkaline pH (10.7), the CD spectrum of NKAW, immediately recorded after preparation
of sample in low concentration of SDS (below CMC) has a shoulder at about 220 nm and
a negative band at about 198 nm, suggesting for a PPII structure of the peptides (Figure
19C). The CD spectrum of the sample after overnight incubation with strong stirring
shows a negative peak at about 220 nm and a positive peak at about 204 nm, suggesting
for a beta sheet structure of peptides (Figure 19C). ThT assay of equivalent sample (Figure
20) indicate no changes of the ThT intensity in about 15 h after addition of the peptide (lag
time). Then, intensity increases following a sigmoidal shape and after about 10 h
(elongation time) reaches to a plateau. ThT assay reveals the formation of the amyloid

fibrils in this case.
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3.3.9. Effects of the TKs on the cell metabolic activity

MTT test was applied to study the effects of the TKs on the metabolic activity of PC12
cells. TKs were added at a concentrations of 2.5, 25 and 250 uM to the cells and incubated
for 24 h (Figure 21). The results indicate that in the presence of 2.5 to 250 uM SP and
Scyl, metabolic activity of the cells did not change significantly after 24 h. Similarly,
incubation of 2.5 NKA with the cells did not change the metabolic activity of the cells
while in contrast, 25 and 250 uM of NKA was toxic for the cells and caused a decrease of

about 30+4% of the cells' metabolic activities.

134



Table 1. Summary of the fibrillar state of SP in the conditions studied in this research.

Media Peptide concentrations Incubation period® Fibril formation
buffer® 80 uM one week -
buffer” 100 uM immediately :
10 mM SDS* 100 uM one week B
20 mM SDS 100 yM one week B
0.75 mM DMPC 1.5 mM immediately -
buffer” 3 mM immediately +
1 mM SDS 2 mM immediately +
10 mM SDS 2 mM immediately +
10 mM DMPG 1.5 mM immediately +
5 mM DMPG 0.75 mM immediately +

* phosphate buffer (5mM, pH 7.0)
®at the room-temperature

Table 2. Summary of the fibrillar state of NKA in the conditions studied in this research.

Media Peptide concentrations Incubation period® Fibril formation
buffer” 30uM overnight -
buffer” 2mM immediately -
10mM SDS 100pM immediately -
20mM SDS 100pM overnight -
0.75 mM DMPC 1.5 mM immediately -
buffer” 3mM immediately +
4mM SDS 30uM immediately® +
4mM SDS 80uM overnight +
10mM SDS 2mM immediately +
10mM DMPG 1.5mM immediately +

 sodium phosphate buffer (5SmM, pH 7.0)
®at the room-temperature

¢ In this condition, the amount of fibrils observed in each grid was much less compare to the other conditions
of fibrillar states of the peptide.
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Table 3. Summary of the fibrillar state of Scyl in the conditions studied in this research.

Fibril formation

Media Peptide concentrations Incubation period®
buffer” 30uM overnight -
8mM SDS 80uM immediately -
8mM SDS 80uM overnight -
20mM SDS 100uM immediately -
20mM SDS 100pM overnight -
0.75 mM DMPC 1.5 mM immediately -
buffer” 3mM immediately +
8mM SDS 80uM after one week +
10mM SDS 2mM immediately +
10mM DMPG 1.5mM immediately +
SmM DMPG 0.75mM overnight +

 sodium phosphate buffer (5SmM, pH 7.0)
®at the room-temperature

Table 4. Comparison of the fibrillar state of SP and SPW in 1 mM SDS?. In all

cases, peptide concentration was 100pM.

Fibril formation

peptide Incubation period®
SP immediately B
SP overnight +
SPW immediately -
SPW overnight -

# in sodium phosphate buffer (5mM, pH 7.0)
®at the room-temperature
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GENERAL DISCUSSION

Tachykinins are ligands for Neurokinin (NK) receptors belonging to the G-protein
coupled receptor (GPCRs) family. By binding to the NK receptors they transfer
numerous signals between the cells of an organism. Defects in ligand-receptor
interactions have been shown to affect inter- and intra-cellular signaling process and are
considered as one of the main reasons for many human diseases. In this line, knowledge
about molecular mechanism of ligand- receptor interactions is basic for understanding
how these proteins perform their function.

One of the basic questions in studying molecular mechanism of the mechanism of ligand-
receptor interactions relates to the role of the cell surface. Like the other members of
GPCRs family, the NK receptors, as membrane proteins are imbedded into membrane by
7 trans-membrane domains, connected by EC and CP loops segments floating above the
membrane surface. Moreover the cell surface is the place where the signal comes from
and further is transferred to the receptor.

According to the membrane-compartment theory, the target cell surface has an important
role in the biological activity of TKs by increasing the peptide concentration at the
membrane surface and by inducing preferred conformations and orientations. Other
authors, however, believe that membrane surface is not directly involved into the binding
of TKs to its receptor, but is only a place for the neuropeptide storage. Both theories most
likely cooperate in catalyzing ligand-receptor interactions .

Studies of ligands and neuropeptides in membrane mimic systems have been proposed to
adopt conformations that are relevant for receptor recognition, and that might more
closely resemble the receptor-bound state. Furthermore it has been shown that membrane
mimetic systems are quite capable of inducing structures in small neuropeptides, which
may hold some biological relevance. Moreover, mimicking the conformations of other
bound ligands in membrane mimic environment has been proven to be a successful
approach for drug designs of inhibitors.

Therefore, the study of conformations and binding properties of the TKs in membrane

mimetic systems is a relevant approach for understanding the factors which govern these
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conformations, in particular what is the role of the membrane bilayer for adopting
different conformations.

The TKs share common C-terminal segment, considered as a “address” segment and
differ in their N-segment, so called the “message” segment. The idea of a message-
address model for the tachykinins and their receptors is attractive in ligand-receptor
recognition process, but the assumption that the ligands are selective for the receptors
based solely on their primary sequence is oversimplified. The conformation factor is a
critical aspect essential for understanding why homology peptides have different
activities as agonists for NK receptors.

In this research we investigated the TKs peptides at two levels: in non aggregate
monomeric state and in self-associated fiblilar state. In normal physiological conditions,
TKs concentration in the body has been estimated to be relatively low, about 10 uM for
SP (Choo, L. P. et al. 1994). However in some neurodegenerative diseases, over
expression and increase of SP and NKA content has been found. Therefore knowledge
about self-aggregation ability, the morphology of the aggregates and their structure as
well as the factors that promote or inhibit the self assembling is an important factor when
considering the role of TKs in neurodegenerative diseases. Applying FTIR and CD
spectroscopy, we understood that TKs in some special conditions adopt beta sheet
structure. This finding raises the question about the origin of this structure. By using
electron transmission microscopy, we found a formation of fibrils in the same conditions
as we observed beta sheet structure.

In respect to the mentioned levels of TKs, we discuss our data and compare them with

previously published data.

Considering TKs as ligands of the NK GPCR receptors
| dentification of the polyproline Il (PPIl) conformation in

Tachykinins
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Previous studies on SP, NKA and Scyl have reported structural data, basically based on
spectroscopic and MD data (Dike, A. and S. M. Cowsik 2005.Prabhu, A. et al. 2005.Qi,
X. F. et al. 2000.Williams, R. W. and J. L. Weaver 1990). However, in these reports,
whatever solutions or membrane mimic systems the peptides had been studied, the PPII
extended structure was not reported as conformational segment of the TKs. In fact, CD
spectra of SP in aqueous solutions and in zwitterionic lysophosphatidylcholine micelles
in the show spectral features very similar to those reported here, but the authors assigned
them to the random coil structures (Chassaing, G. et al. 1986.Seelig, A. et al.
1996.Woolley, G. A. and C. M. Deber 1987.Wu, C. S. et al. 1982).

In this thesis we presented solid experimental evidences that PPII extended helical
structure forms in the TKs and moreover is a predominant structural conformation of the
peptides in solutions, sub-micellar concentrations of SDS and DMPC vesicles.

Both unordered and PPII structures share very similar spectral features, but they differ
into their properties .The PPII structure lacks intermolecular hydrogen bonds, which
make it flexible, but it can form intermolecular hydrogen bonds with the solution or other
peptide protein. Having into mind that the PPII structure conformation is temperature
dependent, we have performed CD experiments to distinguish it from unordered. Based
on CD data analysis we have demonstrated that the formation and stabilization of the
spectral form observed in the TKSs in solutions at sub-micellar concentrations of SDS and
DMPC vesicles is a temperature-dependent reversible process. The PPII conformation of
TKs occurs as a dominant conformation in these conditions as in aqueous solutions at 5
°C was estimated to be 50% of overall secondary structure of the peptides. Moreover both
the formation and disruption of PPII conformation in aqueous solutions is a non-
cooperative process, indicating that the conformation is deficient of intramolecular
hydrogen bonds, which further strengths its assignment. Formation of PPII structure in
aqueous suggest that its formation might depend on the primary sequence properties.
However PPII conformation was identified as a conformational motif of TKs also in SDS
in concentrations below CMC of the surfactant and in zwitterionic DMPC. From the
other side, binding studies of the peptides (Trp fluorescence, Figures X, Y; and FPE
experiments, Figure...) have revealed interaction and binding of the TKs. Although the
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binding experiments do not give direct evidence on which residues are involved into
binding in all conditions where CD spectra reported a dominant PPII conformation in the
TKs, the fluorescence experiments demonstrated that Trp side chain faces the hydrophilic
environment, thus ruling out that the peptide segments of SPW or NKAW including Trp,
partition into the hydrophobic core of the micelle. These data are consistent with previous
data reporting that peptide segments forming PPII conformation were well exposed to the
solvent (Rucker, A. L. and T. P. Creamer 2002). Altogether these data can be interpreted
in the light that the electrostatic interactions between the peptide and negatively charged
SDS monomers or zwiterionic DMPC might stabilize it formation. This interpretation is
consistent with the hypothesis of Arunkumar and coworkers (1997) about an important
role of the electrostatic interactions in stabilization of the PPII helical structure.

On the basis of our CD and fluorescence data we found that the interaction between TKs
and the membrane mimetics and formation of stable secondary conformations strongly
depends on peptide environment. It is worth comparing the fluorescence with CD data,
reporting the conformation of SP and NKA in these conditions. While in aqueous
solutions, sub-micellar concentrations of SDS and DMPC liposomes the extended PPII
helical structure appears to be the most preferred and dominant conformation for SP and
NKA, in SDS micelles and DMPG liposomes the alpha helical conformation is stabilized
and appears as the dominant conformation for SP. We found that in the process of
conformation switch between PPII and unordered in non membrane mimic systems to
helical structure in micelles and liposomes, the membrane surface charge density is an
important factor not only for the formation but for its stabilization and the amount of
helical component. As the CD data demonstrate, an increase of DMPC percentage in
DMPG/DMPC liposomes leads to a decrease of helicity of TKs; in pure DMPC
liposomes the extended PPII helical structure appears to be the most preferred and
dominant conformation. This indicates that hydrophobic interactions between the
peptides and the zwitterionic DMPC liposomes are not sufficient to promote alpha helical
conformation even though DMPC has the same hydrophobic potential, 12-carbon

hydrophobic tail, as DMPG. On the contrary, the negatively charged SDS micelles and
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DMPG liposomes are able to induce alpha helical folding of TKs. CD spectra of TKs in
SDS surfactant below the CMC represent mainly the extended PPII helical conformation.
Sub-micellar SDS is a mixed solvent system, providing a partially organic (low
dielectric) and a partially aqueous environment.

With increase of SDS concentration the dominant presence of PPII conformation is lost,
and when SDS concentration reaches the CMC, the secondary structure of TKs is
dominated by the alpha helical conformation. These findings point out that electrostatic
interactions between membrane-mimetic and the charged residues of SP are essential
prerequisites for efficient alpha helical fold. The electrostatic interactions between
peptides and negatively charged lipids have been proposed as driving forces for binding

of some peptides to membranes (Bordag, N. and S. Keller.Lazarova, T. et al. 2004).

Factors governing the secondary structures of Tachykinin peptides
Hydrophobic environment

To determine the TKs conformation(s) in a membrane-mimetic environment, we first
analyzed the CD spectra of the peptides in the presence of SDS micelles, a system widely
used in previously structural studies of membrane active peptides (Lazarova, T. et al.
2004).

Micellar systems have been used extensively in spectroscopic studies of peptide-
membrane interaction as membrane mimics and their ability to induce conformations in
neuropeptides that are biologically relevant have been studied. Among them, SDS
micelles have been widely adopted to study peptide- and protein-lipid interactions.

In the presence of SDS micelles (pH 7.0), the CD spectra of SP and Scyl indicate
dominant alpha helical conformation, and the CD spectrum of NKA shows a mixture of
alpha and unordered structures. The structural transition from extended PPII helical
structure in aqueous solutions to alpha helical in SDS micelles raises the question of how
the peptide environment controls and stabilizes these two different conformations. To
address this question, we recorded CD spectra of TKs in SDS solutions below and above

the CMC. On the other hand, we determined the CMC of SDS in the presence of SP,
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NKA and Scyl, respectively, as 0.9, 7 and 0.6 mM. In the presence of the SDS
monomers, TKs are in PPII structures while upon micelles formation the dominant
secondary structure is alpha helical. On the other hand, in aqueous solution A, is at
about 350 nm, indicates that Trp is totally exposed to the media solution. Upon micelles
formation, A, undergo a significant blue shift to about 339 and 334 nm, respectively, for
SPW and NKAW, point out the insertion of Trp side chain into the hydrophobic core of
this membrane mimetic. This is in agreement with NMR studies reporting the insertion of
Phe residue of SP into the micelles (Beard, D. J. et al. 2007). Based on thermodynamic
considerations, CD and Infrared spectroscopy, Schwyzer (1986) proposed an alpha
helical conformation of the residues Pro* to Met'', while there are some reports indicating
the helical content of SP in the region from Pro* to Phe®. Qi and coworkers (2000) used
CD, NMR and molecular modeling to study SP conformation. They show that SP is
capable of adopting a helical structure involving in particularly, residues Phe’ to Met'".
NMR studies indicate that replacement of Phe® in SP by Tyr alters the helical
conformation of the peptide to beta turn in lipid bilayers, while two-dimensional NMR
and restrained simulated annealing calculations indicate that there is not major difference
in the structures of SP and [Tyr']SP in zwitterionic and negatively charged micellar
media.

Based on NMR studies, it is shown that in SDS micelles, NKA adopts helical structure
from residues 6 to 9 with an extended N-terminus (Chandrashekar, I. R. and S. M.
Cowsik 2003.Whitehead, T. L. et al. 1998). Other report indicates the extended
conformation of NKA in aqueous solution while it has a helical conformation in the
central core and the C-terminal region (Asp*-Met'®) and possible turn structures in N-
terminus in the presence of perdeuterated DPC micelles (Chandrashekar, I. R. and S. M.
Cowsik 2003).

Membrane charges

The TKs-membrane interactions appear to be rather complex, involving hydrophobic and

electrostatic interactions and charge density on the membrane surface (Keire, D. A. and

142



T. G. Fletcher 1996). To attest to the impact on each of these components for promotion
of a stable peptide conformation, we performed experiments in solvents and in two
membrane-mimetic environments, liposomes and micelles, varying the head-lipid charge
and the concentration of SDS surfactant. TKs are amphipathic peptides, and it is
reasonable to assume that the positively charged N-terminal would have a strong impact
on the peptide binding through electrostatic interactions with the anionic components of
the membrane. Indeed, our experiments support this assumption, demonstrating that the
Trp side chain of SPW and NKAW are inserted into the hydrophobic environment of the
negatively charged SDS micelles or DMPG liposomes, but it faces the hydrophilic
aqueous region in the zwitterionic DMPC liposomes. The red shift of the Trp emission
maximum upon an increase of DMPC percentage in mixed DMPG/DMPC liposomes
reflects the transfer of Trp to a more hydrophilic environment and its full exposure to
water in pure DMPC. These findings are in agreement with NMR data reporting that SP
amides are not protected from solvent exchange in zwitterionic dodecylphosphocholine
(Auge, S. et al. 2000).

Moreover, increase of the Phe-CN SP fluorescence intensity in this study is consistent
with the previous reports indicating increase of Phe-CN intensity upon formation of alpha
helix in proteins in TFE.

The mechanism by which neuropeptides bind to micelles has been previously studied by
several research groups, however, the findings are contradictory in several cases. Our
results, indicating the binding of TKs to zwitterionic and negatively charged lipid
membranes-mimetics is in agreement with the experimental data for SP revealed from
NMR (Keire, D. A. and M. Kobayashi 1998). Moreover, they proposed the insertion of
Phe’, Phe® and Gly’ into the interfacial region of the SDS micelle headgroups. In contrast,
insertion of SP to both zwitterionic and anionic phospholipid bilayers was proposed by
neutron diffraction (Bradshaw, J. P. et al. 1998). Nevertheless, it has been indicated that
more of the peptide is at the surface compare to the anionic bilayers.

Our data with SDS micelles and LUVs contradict the suggestions that the interaction with
a membrane surface does not play an important role in the stabilization of the active

conformation. In contrary, as our data show, the electrostatic interactions are essential for
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the insertion of the peptide. Keire & Fletcher (1996) studied the conformation of SP in
SDS and zwitterionic DPC micelles. Our results are in agreement with Keire & Fletcher
(1996) hypothesis that hydrophobic forces play the primary role in determining the
conformation of SP at micelle surfaces, and that electrostatic interactions between the
positively charged peptide and the different lipid head-groups determine the amount of
time SP spends bound in the lipid environment. Based on the observed membrane
structures of substance P and compared with pharmacologic and selective binding data
taken from the literature, Schwyzer (1986, 1987 and 1995) proposed that when SP and
other members of the Tachykinin family interact with a micelle or lipid vesicle they adopt
a helical structure as they insert themselves into the hydrophobic core of the micelle or
vesicle. The author proposed that SP inserts with its long axis parallel to the long axis of
the hydrocarbon tails of the detergent molecules in the micelles. This orientation is very
similar to that observed for transmembrane proteins. In contrast, Duplaa and coworkers
(1992) performed *C-NMR experiments and reported that in the interaction between SP
and lipid vesicles (phosphatidylcholine or phosphatidylserine) the long axis of the peptide
lies parallel to the surface of the vesicle. Though these reports agree that only the
hydrophobic side chains of SP are inserted into the hydrophobic core of the vesicle but
there is not agreement about the orientation of the peptide. They proposed equilibrium
between insertion of the peptide into the lipid layer and adsorption on the lipid surface.
Based on monolayer expansion measurements, Seelig & Macdonald (1989) concluded
that SP does insert into monolayers containing negatively charged lipids but does not
insert into zwitterionic monolayers. In contrast, neutron diffraction studies indicate that
SP insert into zwitterionic bilayers, but a larger proportion of the peptide is found at the

surface when compared to the anionic bilayers (Bradshaw, J. P. et al. 1998).

Hypothesis about TKsinteraction with NK receptors
The structural conformations and molecular bases in which TK ligands are recognized by
the NK receptors are important for rational drug design. Thus, it is interesting to interpret

our findings in this context. SP is known to act as a ligand for different NK receptors with
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different potent activities (Harrison, Selena and Pierangelo Geppetti 2001). On the basis
of our data, we hypothesized that the molecular basis for the multiple receptors
recognition of TKs may be closely related to formation and stability of two major
conformations adopted by the peptides: extended PPII helical and alpha helical structure.
It is proposed that PPII is a favorable polypeptide conformation for molecular recognition
and binding to proteins (Blanch, E. W. et al. 2000) Formation of PPII structure seems an
essential structural feature of the TKs ligand in targeting different receptors, while the
alpha helical structure most likely provides the correct conformation of the peptide for
receptor signal activation. In the different NK receptors, the segment forming PPII in
TKs will address the peptide to different binding pockets, due to PPII flexibility, and
consequently, the agonist will attain a new conformation that would activate the receptor.
Extended left-handed PPII helical structures have been neglected for years, and only in
the last several years growing evidence has accumulated that the PPII conformation is
essential for several biological activities, such as molecular recognition, signal
transduction, transcription, cell motility, and immune response processes (Kelly, M. A. et
al. 2001.Rath, A. et al. 2005.Shi, Zhengshuang. et al. 2006). In general, the PPII
conformation forms in polypeptides rich in proline, yet even sequences lacking Pro
residue can adopt this structure (Kelly, M. A. et al. 2001). Pro-rich sequences are known
as very common recognition sites involved in signal transduction (Chen, Y. and B. A.
Wallace 1997.Choo, L. P. et al. 1994.Convert, O. et al. 1991). Furthermore, the ligands
are found mostly in an extended conformation, when bound to their receptors, as revealed
by X-ray and NMR data. Actually, the N-terminus of SP contains two Pro residues
forming two short (XP), motifs, known to promote PPII helix formation (Rath, A. et al.
2005). An additional reason to assume the involvement of the PPII structure in the
recognition processes of TKs by NK receptors lies in the fact that this regular, periodic
structure is very flexible. By adapting the PPII structure TKs may easily behave as an
“adaptable glove”, addressing the TKs to the binding pocket in the different NK
receptors. Unlike alpha helix secondary structure, the PPII helix precludes formation of
intramolecular hydrogen bonds (Bochicchio, B. and A. M. Tamburro 2002), leaving the

backbone carbonyl oxygens (and the N-H protons of non-Pro residues) free to participate
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in hydrogen bonding with interacting receptors at the interface of the peptide-protein
complex. As we have shown here, PPII helix conformation is preformed in the unbound
peptide before interacting with the membrane, which presumably guarantees rapid
formation of specific peptide-protein complexes.

Based on the modeling, Regoli et al., (1994) proposed that NKA adopt an extended
structure upon binding to receptor as the N-terminus of NKA is exposed and accessible to
the extracellular medium (Zoffmann, S. et al. 2007). Moreover, they proposed that C-
terminal parts of NKA and SP do not contribute identically to signaling on their
respective receptors. Other report indicates the importance of the NKA folded

conformation under hydrophobic conditions in order to bind to the NKA2 receptor .

Considering TKsin aggregation state

Few researches have been studied TKs (mainly SP) aggregation states, especially in a
form of morphous-aggregates (fibrils) (Perry, E. K. et al. 1981.Singh, P. K. and S. K.
Maji). In these studies, mostly the morphology of the fibrils and the effects of TKs on the
fibrillization of f amyloid peptides have been discussed (Flashner, E. et al.).

By performing comprehensive morphological and structural analysis we present here
solid evidence that TKs self associate to form fibrillar structures. Formation of TKs
fibrils in aqueous solutions is concentration dependent. Moreover we show that higher
concentrations may facilitate the nucleation process among fibrilization, as shown for
other proteins and peptides (Rochet, J. C. and P. T. Lansbury, Jr. 2000). Side chains
hydrogen bonding may also affect generation of TKs fibrils in aqueous solutions.
Acceleration effect of aromatic residues on fibrillization is proposed, while some study
demonstrated that n-m stacking is not a prerequisite for formation of fibrillar structures
(Shtainfeld, A. et al.). On the other hand, our study show that Phe® replaced Trp SP
abolishes fibrils formation. Considering the presence of the other Phe residue in the
peptide, it suggests different possibilities. Since the fibrils structure is highly organized,
any perturbation in the hydrogen binding or orientation provided by the specific patter of

stacking may cause disruption of the fibril formation. The second possibility is the
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energetic contribution that stems from the stacking itself, such a contribution can
thermodynamically drive the self-assembly process (Gazit, E. 2002).

It is claimed that negatively charged lipids make cationic peptides aggregation. Rapid
formation of fibrils by negatively charged lipids are discussed for several proteins and
peptides (Zhao, H. et al. 2004). Our data show that the interaction of TKs with the
negatively charged liposomes is a complex process and depends on the ratio of the
peptides and lipids. In ratios of DMPG LUVs:TKs about 100:1, fluorescence quenching
of Trp shows the insertion of SPW and NKAW into the membrane, and CD spectroscopy
indicates the formation of alpha helical structures in these peptides. Moreover, TEM and
HT CD voltages support the absence of TKs aggregations in these conditions. In contrast,
in a ratios of DMPG LUVs:TKs about 7:1, the peptides immediately form fibrils.

The main bands of interest in the amide I region for the detection of amyloidogenic
protein regions in fibrils are at 1626 and 1632 cm ' for parallel beta sheet structure and at
1690 cm ' for antiparallel beta sheet. The FTIR data of the TKs at mM concentration in
DMPG LUVs reveals the presence of 1626 and 1632 cm' bands assigned to the
intermolecular beta sheet conformation (Figure...). In the same conditions TEM data
show fibrils, but the lack of ThT test make impossible their assignment to amyloid fibrils.
Using the CD spectroscopy, we showed that a dominant PPII structure is SP transits to
beta sheet fibrils. PPII structure may be favorable for beta fibril formation, due to
dehydration of extended polypeptide chains (Blanch, E. W. et al. 2000). Subsequently,
formation of beta sheet hydrogen bonds in this condition is a highly favorable process
entropically (Blanch, E. W. et al. 2000). On the other hand, since strands of PPII helix are
close in conformation to beta-strands, they would be expected to readily undergo this
type of aggregation with each other and also with established beta sheet (Blanch, E. W. et
al. 2000). Based on the Raman optical activity, it is proposed that PPII is relevance for
the initial phase of the amyloid plaque formation of various proteins (Eker, F. et al.
2004). Some report indicate the self-association of SP in a concentration range of 5-10
mM, while they did not assigned any fibril formation in this case (Beard, D. J. et al.
2007).
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To attempt the role of surfactant on TKs fibrilization, we showed that low concentrations
of SP and NKA (80-100 uM) form fibrils in SDS concentrations below CMC. Since the
initial nucleation is essential for fibril formation (Gorbenko, G. P. and P. K. Kinnunen
20006), the accelerating effect of SDS on fibril formation may promote the seeded fibril
growth in a concentration-dependent manner (Ahmad, M. F. et al. 2006). In contrary,
some reports indicate the inhibition effect of SDS on fibrillogenesis (Pertinhez, T. A. et
al. 2002).

The toxicity test for the three peptides showed that only NKA in concentrations of 25 and
250 puM is toxic, while in agreement with recent report the fibrils of SP are not toxic.
Furthermore, some studies have suggested that oligomers formed in the pathways of
amyloid formation are more cytotoxic compared to the mature amyloids. There is a
hypothesis indicating that different aggregate sizes can induce different degeneration
pathways (Di Carlo, M.). Our CD data show the aggregation state of TKs in the
micelle:peptide ratio of about 7:1. Although at the moment, we do not have evident
about the structure and toxicity of these aggregates, but reversibility of this aggregations
to non-aggregate states and the presence of the intermediate structures in this process,
reveals the importance of this sort of aggregation on neurodegenerative diseases in the

case of toxic behavior of them.
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CONCLUSIONS

1. Substance P (SP), Neurokinin A (NKA) and Scyliorhinin I (Scyl) bind to both
zwitterionic DMPC and negatively charged DMPG liposomes. However, binding
affinities of the peptides to DMPC liposomes are in the range of 20 to 40 times lower
compared to the affinities to DMPG. Moreover, the binding affinities of SP, NKA and
Scyl correlate with their net charges when they bind to DMPG, but not when bind to
DMPC.

2. An insertion of the C-domain segment of SP, NKA and Scyl peptides into the
hydrophobic core was detected only for negatively charged SDS micelles and DMPG
liposomes. The negative charge distribution on the membrane surface is indispensible for
the insertion process to occur and for peptides to form stable helical segments.

3. In aqueous solutions, sub-micellar concentrations of SDS and in zwitterionic
liposomes, SP, NKA and Scyl form dominant polyproline II (PPII) extended helical
structure. Formation of PPII structure is non-cooperative, is reversible upon heating and
cooling, and may be crucial for the recognition processes of the Tachykinin peptides by
neurokinin receptors.

4. In non fibrillar conditions in SDS micelles and DMPG liposomes, SP and Scyl
peptides have dominant alpha helical structure, while NKA presents admixed unordered
and alpha helical conformations.

5. Under some conditions, mainly at high (mM) concentrations of the peptides, SP, NKA
and Scyl self-associate in a form of fibrillar ordered structures.

6. The fibrils present different morphology. SP forms fibrils that are long twisted and
straight single filaments, while NKA and Scyl form fibrils that are only single-straight.
The widths of the fibrils vary among the peptides. For SP, NKA and Scyl, it was about
15, 9 and 12 nm, respectively.

7. The infrared spectra of the SP, NKA and Scyl in DMPG liposomes and in fibrillar state
present bands attributed to helical, B sheets and B turn (only for SP and NKA)

conformations.



8. Upon an overnight incubation in SDS under certain conditions, SP undergoes self-
association and transit from monomer to a fibrillar structure. During the fibrillization
process, the SP conformation show structural transition from dominant PPII (in the
monomer state) to P sheet conformation (in the fibrillar sate). Substitution of the Phe®
residue of SP for Trp® abolishes both the formation of fibrils and the conformational
changes.

9. Incubation of NKA and its analogue NKAW in sub-micellar concentration of SDS and
acid, neutral and alkaline pH causes fibrils formation. At low and neutral pH, during the
fibrillization process, NKA undergoes structural changes from PPII to 3 sheet and § turn
conformations. The formed fibrills are amyloid. In the same conditions in NKAW with
Phe® substituted for Trp amyloid fibrils were detected only in the peptide incubated at
acid and alkaline pH. No amyloid fibril formation was detected at pH 7.0.
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ABSTRACT: We study the conformation of substance P (SP), a ligand of neurokinin 1
receptor, and its analogue [Trp8]SP in membrane-mimetic media to provide further
insights into membrane—ligand interactions and the factors determining and modulating
the peptide structure. CD data revealed that the neuropeptide attains (t-helical fold in
negatively charged SDS micelles and DMPG liposomes but not in zwitterionic DMPC.
The fluorescence experiments reported that the Trp side chain of [Trp8]SP inserts into
the hydrophobic core of the SDS micelles and DMPG liposomes but faces the DMPC
hydrophilic region, indicating that electrostatic interactions between membrane and SP
are essential for the a-helical fold. Formation of extended polyproline II (PPII) helical
structure in aqueous solutions and in submicellar concentrations of SDS and DMPC
liposomes was confirmed by comparing CD spectra at increasing temperatures. Moreover,
in all conditions where PPII conformation was detected, the Trp was totally exposed to the
bulk. The PPII structure may be vital for recognition processes of SP by neurokinin

receptors.

B INTRODUCTION

Ligand binding is an essential step for the functioning of the
most diverse and largest protein family of G-protein coupled
receptors (GPCRs). After agonist binding GPCRs activate,
allowing the cytoplasmatic domain of the receptor to interact
with a specific G-protein and to transmit the signal." Defects in
ligand—GPCR interactions affect inter- and intracellular signal-
ing communications and are considered as one of the main
reasons for many human diseases.”> Consequently, the molec-
ular basis of ligand recognition by GPCRs is a topic of primary
interest in cellular recognition studies and for understanding how
these proteins do work. Despite the biological importance of
GPCR proteins, knowledge about the forces and mechanisms
governing ligand—receptor interactions is still on the infancy
level.* Recent determination of the high-resolved structures of
three members of the GPCR family including rhodopsin, 2-
adrenergic, and adenosine A, receptors advanced notably our
understanding on how these proteins work as signaling
molecules.>® However, considering the substantial evidence
that GPCR exist in numbers of flexible active conformations,
these structures offer only a static view of a single-protein con-
formation."” Indeed, for the ligand—receptor studies the high-
resolution structure of the ligand bound to the receptor is one of
the most desirable. Yet, because of the ligand—receptor complex-
ity, other strategies attempting the structural characterization of
the active biological form of the ligand are desirable.

Among the tachykinin family, substance P (SP) is the most
potent natural ligand of neurokinin 1 (NK1) GPCR receptor.®”
It is a positively charged neuropeptide, composed by 11 amino
acids (Argl-Pro2-Lys3-Pro4-GInS-Gln6-Phe7-Phe8-Gly9-Leu-

v ACS Publications ©2011 american chemical Society

10-Met11-NH,), and is believed to be involved in several
physiological processes in the central and peripheral nervous
system.'’"* The implication of SP agonist in stress mechanisms,
mood/anxiety regulation, and some neurodegenerative disorders
makes it a therapeutically relevant agent. An understanding of
how the SP ligand interacts with the NK receptors is essential to
permit a rational design of compounds acting selectively at the
receptor level."

As suggested by mutagenesis and heterologous expression
studies, the binding site of SP is close to the extracellular mem-
brane interface of NK1 receptor, involving residues of the first
and second extracellular loop and the second and seventh
transmembrane domain."*”'® Despite the fact that in the several
past years SP and NK1 receptor have been extensively studied,
the mechanism by which the neuropeptide recognizes its recep-
tor remains elusive. Some authors have proposed that the target
cell surface has an important role in the biological activity of SP,
either by increasing the ligand concentration at the membrane
surface or by inducing and stabilizing its active conformation.'”*°
On the contrary, some other authors believe that lipids may play
an important role for the SP storage but most likely are not
directly involved in the binding of SP to its receptor.”’ Indeed,
membrane-mimetic environments are suitable milieu to obtain
insight into the mechanism by which the SP recognizes the
receptor. A number of previous reports on the SP structural
properties come from molecular dynamics, circular dichroism
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(CD), and nuclear magnetic resonance (NMR) studies. How-
ever, most of the molecular dynamics and NMR studies have
been performed using methanol, dimethyl sulfoxide, or 2,2,2-
trifluoroethanol (TFE) as solvents to mimic the membrane
milieu.””” % The conformation of SP in micelles and liposomes,
two common model systems to mimic the membrane environ-
ment, has been more extensively explored by CD, Fourier
transform infrared, and recently NMR experiments.”* >° NMR
studies of the micelle-associated structure of SP proposed that
the C-terminal tripeptide (Gly-Leu-Met-NH,) adopts an ex-
tended structure while the N-terminal is quite flexible.>" In the
midregion of SP, a conformational equilibrium between a-helical
and 3 structures has been Froposed,m’zs’32 while other authors
have suggested o-helical®*”" or turn-like structures.”*** More
recent characterization of SP in phosphatidylcholine vesicles by
2D trNOE NMR spectroscopy reported a well-defined confor-
mation in the last seven C-terminal amino acids consisting of
nonstandard turns followed each other in a helix-like manner.*”

The role of peptide—lipid interactions for the insertion and
conformation of SP in the membrane matrix is another area of
debate. Using the monolayer technique it was reported that SP
inserts into negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol but not into zwitterionic 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine.***® The role of the electro-
static interaction for the insertion of SP into bilayer has been
questioned by analysis of the binding isotherms, suggesting
binding of SP to neutral lipids.>” CD experiments reported
unordered SP structure in phosphatidylcholine but a partially
o-helical structure in negatively charged liposomes as well as in
sodium dodecyl sulfate (SDS) micelles.”® Contrary to these
reports, an earlier CD work claimed that the conformation of
SP is independent of the lipid headgroup type.”> This view has
been lately supported by CD and 'H NMR studies.*® Although
these studies clearly recognize the essentiality of the lipid matrix
for insertion, they also reveal that the modes of neuropeptide—
receptor interactions and the mechanisms controlling the ligand
binding are yet not entirely understood.

In the present work, we study the conformation of SP and its
analogue [Trp8]SP (abbreviated SPW) in SDS micelles and
liposomes to understand better membrane/neuropeptide inter-
actions and the factors determining and modulating the peptide
structure in membrane-mimetic environments. CD experiments
were performed to address the questions concerning the SP
conformation, while fluorescence spectroscopy was carried out
to obtain information about peptide binding and insertion.

B MATERIALS AND METHODS

Materials. Monosodium phosphate dihydrate (=99%), dis-
odium phosphate dehydrate (=98%), sodium carbonate
(299%), and sodium hydrogen carbonate (=99%) were pur-
chased from Merck & Co., Inc. 2,2,2-Trifluoroethanol (TFE)
(299%), sodium dodecyl sulfate (SDS) (99%), and pyrene
(99%) were purchased from Sigma-Aldrich, Inc. 1,2-Dimyris-
toyl-sn-glycero-3-[phospho-rac-(1-glycerol)]  (sodium  salt)
(DMPG) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) were purchased from Avanti Polar Lipids, Inc. SP
and SPW were purchased from AnaSpec, Inc. The purity of the
peptides was >98% as judged by HPLC and further confirmed by
mass spectrometry. The lyophilized peptides were stored at —
20 °C as solid powders.

Peptides Concentration. The concentration of the peptide
solutions was calculated using UV absorption spectroscopy. The
molar extinction coefficient (in L mol ™ 'em ™ ") of the peptides
was determined on the basis of the number of aromatic amino
acid residues present in the peptides and considering a molar
extinction coefficient of Trp and Phe of 5600 (at 280 nm) and
200 M ' em™ ! (at 258 nm), respectively.”® Thus, the molar
extinction coefficient calculated for SP and SPW is 400 and 5800
M 'em !, respectively. The absorption spectra of the peptides
were recorded in a 1 cm length quartz cuvette using a UV—vis
spectrometer (Varian Cary3 Bio). For all UV spectra an appro-
priate correction for a nonzero baseline was done. Prior to the
measurements, peptide stock solutions (at about 6.7 mg/mL)
were dissolved in distilled water.

Evaluation of Critical Micelle Concentration. The critical
micelle concentration (CMC) of SDS was evaluated using
fluorescence emission spectra of polarity-sensitive dye pyrene,
as described previously.* The methodology is based on the well-
established experimental fact that the fluorescence emission
spectrum of monomeric pyrene reflects the polarity experi-
enced by the probe, as smaller values of the intensities ratio of
the third and first vibrational (I3/I;) peaks correspond to
greater polarity of the probe environment and vice versa.*'
Briefly, a stock solution of 1 mM pyrene in ethanol was made
and added to the samples to a final concentration of 2 uM.
Fluorescence emission spectra of pyrene were measured in the
presence of increasing concentrations of SDS micelles (from
S0 uM to 10.0 mM) using a 335 nm excitation wavelength.
The CMC of the SDS surfactant alone and in the presence of
SP was determined by plotting the ratio of fluorescence
emission intensities of I3g5/I374 vibronic bands vs surfactant
concentration.

Preparation of Large Unilamellar Vesicles (LUVs). First, a
thin lipid film was prepared by dissolving an appropriate amount
of lipid in chloroform/methanol (2:1 v/v) and drying it by a
rotary evaporation system purged continuously with a steam of
N,. To avoid any presence of some residual organic solvents, the
lipid film was kept under high vacuum overnight. Further, the
dried lipid film was hydrated in S mM phosphate buffer (pH 7.0),
keeping it above the phase-transition temperature with vigorous
vortexing for at least 30 min. The resulting multilamellar vesicles
(MLVs) were freeze—thawed in liquid nitrogen for at least seven
cycles. To get LUVs, MLVs were extruded repeatedly 10 times
through stacked polycarbonate membrane with a pore size of
100 nm using a Mini Extruder (Lipofast, Avestin, Ottawa,
Canada). All liposomes were used immediately after preparation.
The size distribution of LUVs was evaluated by an Ultrafine
Particle Analyzer (UPA) 150 spectrometer (Microtrac, Montgo-
meryville, PA).

Fluorescence Emission Measurements. The fluorescence
emission measurements were performed on a SLM 8000 spectro-
fluorimeter operating in the photon-counting mode. In the
peptide—micelle binding experiments, fluorescence emission
spectra of SPW were monitored from 300 to 480 nm using a
280 nm excitation wavelength. All spectra were measured at
22 °C with the following parameters: 10 nm/min scanning
speed, 4 and 8 nm bandwidth for excitation and emission slits,
respectively, and 1 cm path length quartz cuvette. Typically, to
increase the signal-to-noise ratio, at least 6 scans were accumu-
lated and averaged. All spectra were corrected by subtracting
blank spectra of the corresponding solutions without peptide and
for dilution.
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CD Measurements. The far-UV CD spectra (190—260 nm)
of the peptides were recorded on a Jasco (Tokyo, Japan) J-715
spectropolarimeter. The instrument was calibrated prior to each
measurement. All measurements were carried out at 22 °C using
a 1 mm path length quartz cuvette. Each spectrum was obtained
after an averaging of at least four scans. Dynode voltage values
were simultaneously recorded with CD spectra, and only the CD
spectra being in the linear range of the dynode values were
further considered for analysis of the data. The usual peptide
concentration used in all experiments was 100 uM unless
otherwise mentioned. Before final ellipticity calculation, all
spectra were corrected by subtraction of the respective spectra
obtained from peptide-free samples (containing only membrane
mimicking environments). The instrument parameters applied
were 2.0 nm bandwidth for all the slits, 10 nm/min scanning
speed, 1 data point per nanometer, and 2 s response time. The
CD intensity of the peptides is expressed in terms of the mean
residue molar ellipticity (MRE) according to the following
equation (in deg cm” dmol ')

[0] = b /10 X Len

where 0, is the observed circular dichroism (in mdeg), L is the
optical path length (in cm), cis the peptide concentration (in M),
and n is the number of residues.

The percentage of O-helix was calculated according to the
method of Chen et al,,** assuming that the residue ellipticity at
222 nm is exclusively due to 0-helix (in deg cm” dmol ')

k
percentage of o-helix = [6],,,/[6]5, (1 - —)
n

where [6],,, is the observed mean residue ellipticity at 222 nm,
[60]%5 is the theoretical mean residue ellipticity for a helix of
infinite length (—39 500 at 222 nm), n is the number of residues,
and k is a wavelength-dependent constant (2.57 for 222 nm).

Since this method is extremely sensitive to the peptide
concentration, complementary estimation of SP secondary struc-
tural conformation was done using R1 (0,95/6503) and R2
(0122/0408) parameters. These R1 and R2 parameters are
independent of peptide concentration and have been shown to
be useful in comparing relative helicity for closely related
peptides when a two-state O-helix/random-coil equilibrium
exists.” It has been shown that for a random structure, Rl
should be positive and R2 close to zero, while in a highly helical
state, R1 should be close to —2 and R2 approach 1.**** The CD
spectra of SP and SPW peptides were independent of the peptide
concentration (60—100 uM), supporting the idea that the
peptides are inserted as monomers into the micelles and
liposomes.

B RESULTS

SP Conformation in Aqueous Solution. Identification of
the Polyproline Il (PPIl) Conformation. Consistent with earlier
reported data, the CD spectrum of SP in water displays a single
negative peak at 195 nm, assigned to a random coiled con-
formation of the peptide.”® When SP was dissolved in neutral
(phosphate pH 7.0) or alkaline (carbonate pH 10.7) buffers, the
shape of the spectrum did not change much compared to that in
water, presenting a strong negative peak at about 195 nm and a
small positive peak at about 222 nm (Figure 1A). The overall
features of these spectra and, in particular, the presence of the
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Figure 1. (A) Representative far-UV CD spectra of 100 #M SP in S mM
Pi buffer pH 7.0 (black line), 3 mM carbonate buffer pH 10.7 (red line),
and distilled water (blue line). (B) CD spectra of 100 #M SP in S mM Pi
buffer pH 7.0 at the following temperatures: 5, 10, 15, 22, 30, 37, 50, 70,
and 80 °C.

weak positive band in the near UV range reproduces closely the
features of a left-handed helical PPII structure, characterized by a
strong negative band around 206 nm (amide 77—sr* transition)
and a weak positive band near 225 nm (n—z* transition).*>~*’
Because of the spectral similarity of random coil and PPII
structures the latter one can be easily mistaken for random coil,
and as a result its presence has been often neglected.*” A typical
characteristic of the extended helical PPII structure is its defi-
ciency in intramolecular hydrogen bonds, distinctive for other
regular secondary conformations such as o-helix or 3-sheets.*®
This makes PPII indistinguishable from an irregular backbone
structure using '"H NMR spectroscopy, an otherwise powerful
method for conformational analysis.”” On the other hand, CD
spectroscopy so far is widely recognized as the most reliable
methodology for identification of this conformation.***° In
particular, since PPII helical conformation is more populated at
low temperatures, analysis of CD spectra at different tempera-
tures is a relevant apfroach to discern between unordered and
PPII conformations.”®*® The CD spectra of SP in phosphate
buffer, pH 7.0, as a function of the temperature presented in
Figure 1B show that the positive band at 208 nm greatly
decreases with increasing temperature, thus providing strong
evidence for the existence of PPII conformation. Importantly,
the changes of both bands are completely reversible upon
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Figure 2. CD spectra of 100 #M SP in TFE/H,O mixtures of different
ratios. The spectra were recorded in distilled water and in 5%, 10%, 15%,
20%, 30%, 40%, 70%, and 100% TFE (v/v). All spectra were collected at
22 °C.

temperature decrease. In addition, the temperature-induced
changes in the ellipticity of both bands generate an isoelliptic
point at about 211 nm, indicating an equilibrium between
unordered and PPII conformations.

Secondary Structure Characterization of SP in the Pre-
sence of TFE. To determine the intrinsic helical propensity of SP
we carried out experiments in the presence of different concen-
trations of TFE, known to stabilize a-helical structure in
peptides.®' ~>* In water and in the presence of less than 15%
(v/v) TFE the far-UV CD spectra of SP exhibit a negative peak
around 196 nm (Figure 2). Above 30% (v/v) TFE the spectra
undergo significant changes and two negative peaks around 208
and 222 nm and a positive peak around 195 nm showed up,
indicative of formation of -helical structure. A further increase
of the TFE amount in the mixture results in enhancement of .-
helical fold of the peptide, and finally, at concentrations higher
than 30% (v/v) TFE it reaches a plateau. The presence of an
isodichroic point at about 212 nm implies that the neuropeptide
adopts mainly two conformational states. SP follows the same
pattern of secondary structural changes with increasing TFE in
TFE/phosphate buffer mixtures, pH 7.0. A slightly lower helicity
was observed in pure TFE solution than in the TFE/phos-
phate mixture (data not shown), due to the effect of the salts
present in the buffer, as confirmed by comparison with TFE/
water experiments.

Secondary Structure Characterization of SP in SDS. To
determine the SP conformation(s) in a membrane-mimetic
environment, we first analyzed the CD spectra of the neuropep-
tide in the presence of SDS micelles, a system widely used in
structural studies of membrane active peptides.>*** In particular,
the SDS surfactant was chosen because of 2 reasons: the low
turbidity and light scattering of SDS micelles***” and to corro-
borate our results with previous NMR studies of SP, which
generally have been carried out in organic and SDS micelles.”**"

In the presence of 10 mM SDS micelles, pH 7.0, highly above
the critical micelle concentration (CMC) determined in the
buffer (see Figure 4), the CD spectra of SP consist of two
negative peaks at 208 and 222 nm, indicating an Q-helical
conformation (Figure 3A). The structural transition from ex-
tended PPII helical structure in aqueous solutions to ®t-helical in
SDS micelles raises the question of how the peptide environment
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Figure 3. CD spectra of 80 #M SP in (A) S mM Pi buffer pH 7.0 (black
line) and with 0.2 (blue line) or 10 mM (red line) SDS added. (B) Using
0.4 (black line), 0.6 (blue line), and 0.8 mM (aqua line) SDS. (C)
Difference spectrum (green line) calculated by subtraction of the CD
spectrum of 80 M SP in 10 mM SDS (red line) from that in 0.8 mM
SDS (aqua line). (D) Using 1.4 (black line), 1.6 (blue line), and 3 mM
(red line) SDS. All spectra were collected at 22 °C.

controls and stabilizes these two different conformations. To
address this question, we measured CD spectra of SP in SDS
solutions below and above the CMC (Figure 3). In the absence
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Figure 4. Fluorescence intensity ratio of the third (385 nm) and first
(374 nm) vibronic peaks of 2 uM pyrene (I3s5/I574) in S mM Pi buffer
pH 7.0, alone (red circles) and in the presence of 25 uM SP (blue
triangles) as a function of increasing concentration of SDS from 0 to
10 mM. A was set at 335 nm, and each sample was recorded as an
average of 3 emission scans.

and at low (0.2 mM) SDS concentrations the peptide adopts
mainly PPII conformation, as judged by the strong negative peak
at about 195 nm and a small positive peak at about 222 nm and
confirmed by recording the spectra at different temperatures
(Figure 1B). A further increase of SDS but still in the submicellar
range (between 0.4 and 0.8 mM) results in a decrease and blue
shift of the negative peak (of about S nm) and appearance of a
weak and variable positive peak in the range of 205—208 nm
(Figure 3B). A shift of the CD spectral bands to higher or lower
wavelengths has been attributed to differences between second-
ary and tertiary amides of PPII and/or contribution of other
secondary structures.*® To examine the shape diversities of the
CD spectra with varying SDS concentrations we calculated the
CD difference spectra. In all cases, the difference spectra obtained
by subtracting the CD spectra of SP in the presence of 10 mM
SDS (highly above CMC) from that measured in SDS concen-
trations below CMC exhibit a negative band below 200 nm and a
positive one at about 217 nm, indicative of formation of PPII
structure (Figure 3C). The temperature-dependent intensity of
the spectra shown in Figure 3B further confirmed the presence of
extended PPII conformation (data not shown). These findings
imply that in the presence of SDS, below and near the CMC, SP
forms complex secondary conformations of largely PPII admixed
with a-helical. Moreover, the enhancement of these bands with
an increase of SDS concentration strongly suggests a rise of the
fractional population of SP residues involved in PPII structure
formation (Figure 3B). At about 1.4 mM SDS the CD spectrum
shows Ot-helical conformation. Further concentration increases
results only in a minor changes in the magnitude of the signal,
indicating that the SDS-dependent folding of SP is completed
(Figure 3D). This SDS concentration roughly corresponds to a
peptide/SDS molar ratio of 0.05/1. Assuming 62 molecules of
SDS per micelle®® it seems unlikely that this structure is
influenced by possible peptide—peptide interactions. However,
the O-helical fold of the peptide observed in SDS at concentra-
tions below the CMC in buffer makes these results somehow
unexpected. It is well known that the CMC values of SDS
strons%ly depend on the ionic strength and on the presence of
ions.”” Taking into account the amphipathic character of the
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Figure S. (A) CD spectra of 100 4M SP in phosphate buffer pH 7.0 and
10 mM DMPG/DMPC, prepared at different molar ratios: pure DMPC,
10% DMPG, 15% DMPG, 25% DMPG, 40% DMPG, 50% DMPG, 75%
DMPG, and pure DMPG. All spectra were collected at 22 °C. (Inset)
CD spectrum of 100 #M SP in 10 mM DMPC. (B) CD spectra of 60 uM
SP in DMPC (6 mM) and phosphate buffer pH 7.0, recorded at
increasing temperatures: 22, 37, 50, 60, and 70 °C. (C) Difference
spectra calculated by subtraction of the CD spectrum of 100 #M SP in
10 mM pure DMPG from that in 10 mM DMPG/DMPC with 10 (black
line), 15 (red line), and 25 (green line) mol % of DMPG, pH 7.0.

peptide, we further checked whether the apparent CMC of the
surfactant is affected by SP. The plot of the I3g5/I374 ratio of
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pyrene bands as a function of SDS concentration (Figure 4) gives
an apparent CMC that is about 9-fold lower in the presence of
SP, compared to that measured only in buffer. These findings
give arationale for the formation of the O-helical conformation of
SP at concentrations above 1.4 mM SDS, as revealed by the CD
spectra.

In summary, we conclude that the extended PPII structure is
the most populated conformation in SDS monomers. At
concentrations near but still below the CMC formation of
two fractional conformations, PPII and a-helical, gives rise
to distorted CD spectra. Finally, in SDS micelles the a-helical
conformation dominates among the other secondary
structures.

Lipid-Dependent Folding of SP in Vesicles. Both DMPC
and DMPG are structurally similar to the lipid composition in the
postsynaptic membranes where NK1 receptor and SP ligand
are expressed and functioning.60 Therefore, LUVs prepared with
these lipids mimic most closely phospholipids bilayer in vivo and
were used to monitor the membrane-bound conformations of
SP.

In zwitterionic DMPC vesicles, the CD spectrum of SP shows
the same features as in aqueous solutions, displaying a negative
peak around 195 nm and a small shoulder at about 222 nm,
suggesting formation of PPII structure (Figure SA, inset). The
temperature-induced changes in the CD spectra of SP in DMPC
vesicles unambiguously confirm our assignment to PPII
(Figure SB). Unlikely in DMPC, the CD spectrum of SP in the
presence of negatively charged DMPG liposomes exhibits two
negative bands at 208 and 222 nm, diagnostic of a dominant o.-
helical conformation of SP (Figure SA). Both DMPC and
DMPG lipids share a similar length of the acyl chains but differ
in their lipid headgroups. To explore the effect of the electrostatic
interactions on peptide conformation we measured the spectra of
SP in DMPG/DMPC liposomes, prepared with different molar
ratios of both lipids (Figure SA). The presence of DMPG up to
25 mol % in mixed DMPG/DMPC liposomes causes a decrease
of the 196 nm band intensity and its shift to 205—208 nm. These
alterations are most likely caused by the superposition of CD
spectra from different conformations (Figure SA). Moreover, the
small positive shoulder at about 222 nm, seen in pure DMPC,
disappears. In the search to identify the structural origin of these
spectral changes, we calculated the difference spectra by sub-
tracting the CD spectra of SP in pure DMPG from those in
DMPG/DMPC vesicles (Figure SC). The difference spectra
display a strong negative peak at about 195 nm and a small
positive peak at about 222 nm, suggesting the presence of PPII
conformation. In addition, the intensities of the negative and
positive bands illustrate a decrease of PPII content as the DMPG
percentage increases. At above 40% (mol/mol) DMPG in
DMPG/DMPC liposomes, the CD spectra show «-helical
structure, as visualized by the positive band at 196 nm and two
negative bands at 208 and 22 nm (Figure SA). These data
demonstrate clearly that the o-helical fold of SP strongly
depends on the relative amount of anionic DMPG in the vesicles,
since zwitterionic DMPC alone did not induce any «-helix
formation, as shown above. Moreover, conformational prefer-
ence for the O-helical structure in mixed DMPG/DMPC lipo-
somes reflects the favorable electrostatic interaction of the SP
with the headgroups of the lipid matrix.

Characterization of the SP Interaction with the Mem-
brane-Mimetic Systems by Fluorescence Spectroscopy.
The CD spectra of peptides/membrane-mimetic systems reflect
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Figure 6. CD spectra of 100 #M SPW in 10 mM SDS (blue line) and in
10 mM DMPG (red line), in phosphate buffer pH 7.0. Spectra were
collected at 22 °C.

primarily the secondary structural conformation adopted by the
peptide, rather than their interactions with the membrane. To
seek SP—membrane interactions, we used Trp intrinsic fluores-
cence, which is highly sensitive to the solvent environment and
can serve as a probe to monitor these interactions.>* In all
fluorescence experiments we used SPW, an analogue of SP, in
which Phe8 was substituted by Trp. Before using SPW, we tested
whether Phe8 substitution for Trp affects the secondary structure
of the peptide. Comparison of the CD spectra of SP with those of
SPW shows very similar spectral features for both peptides in
SDS micelles and DMPG liposomes, except for some subtle
differences (Figures SA, 34, and 6). Importantly, we found also
that SDS in concentrations below the CMC and DMPC
above 85% (mol/mol) in DMPG/DMPC vesicles induce con-
formational changes in SPW similar to those observed in SP,
namely, formation of PPII (data not shown). The same structural
conformations adopted by SPW and SP allowed us to use
the former peptide as a probe for assessing SP—membrane
interactions.

Figure 7A shows the fluorescence emission spectra of SPW in
four different media: aqueous solutions, SDS micelles, and
DMPC and DMPG vesicles. In aqueous solutions and DMPC
vesicles the fluorescence maximum is located at about 350 nm,
indicating that the Trp is totally exposed to the media solution. A
significantly blue-shifted maximum to 342 and 337 nm in SDS
micelles and DMPG vesicles, respectively, point out the insertion
of SPW into the hydrophobic core of these membrane mimetics.
Moreover, a larger blue shift and higher Trp intensity of SPW in
DMPG liposomes compared to that in SDS micelles suggest a
more rigid, hydrophobic environment of Trp side chain in the
former environment. The interaction of SPW with SDS surfac-
tant below and above the CMC was monitored by Trp flores-
cence emission measurements (Figure 7B). The plot of the
titration experiments shows a highly hydrophilic environment of
the Trp (with a maximum around 350 nm) in the absence and
low SDS concentration range, where the CD spectra revealed an
extended PPII-like conformation (Figure 3B). At above 1.2 mM
SDS the Trp maximum undergoes a significant blue shift (up to
10 nm), implying insertion of the peptide into the hydrophobic
core, which strongly correlates with induction of the a-helical

fold observed by CD (Figure 3D).
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Figure 7. (A) Fluorescence emission spectra of S 4M SPW in S mM Pi
buffer (black line) pH 7.0, 10 mM SDS (blue line), 0.5 mM DMPG (red
line), and 0.5 mM DMPC (green line). (B) Fluorescence emission A,
of SPW (5 uM) as a function of SDS concentration (pH 7.0).
(C) Fluorescence emission A, of SPW (10 uM) in 1 mM DMPG/
DMPC mixtures as a function of different percentages of DMPG: 0%,
4%, 10%, 15%, 25%, 50%, and 100% (mol/mol). (Inset) Fluorescence
emission spectra of SPW (10 M) in DMPG/DMPC mixtures (1 mM)
as a function of different molar percentages of DMPG: 0% (black line),
4% (redline), 10% (blue line), 15% (green line), 25% (yellow line), 50%
(purple line), and 100% (aqua line). In all cases, A, was set at 280 nm.

To evaluate the binding affinity of SPW for the lipid, we
measured the Trp fluorescence maximum in liposomes, formed

at different DMPG and DMPC molar ratios (Figure 7C). Addi-
tion of DMPG up to 15% (mol/mol) results in conformational
changes of the peptide segment, involving the Trp residue, as
revealed by the blue-shifted Trp maximum (about 10 nm). These
data suggest transfer of Trp side chain from a highly hydrophilic
in pure DMPC to a more hydrophobic environment in the
presence of the anionic DMPG lipid. Above 40% DMPG, the
neuropeptide is inserted into the hydrophobic core of the
liposomes, as judged by the intensity increase (Figure 7C inset)
and strongly blue-shifted Trp maximum (about 15 nm). There-
fore, the fluorescence data correlate nicely with formation of the
a-helical structure due to the increase of DMPG, as observed by
CD measurements (Figure SA).

It is worth mentioning that in all conditions where CD spectra
reported a dominant PPII conformation in the neuropeptide, the
fluorescence experiments demonstrated that Trp side chain faces
the hydrophilic environment, thus ruling out SPW partition into
the hydrophobic core of the micelle or the lipid bilayer. These
data are consistent with previous data reporting that peptide
segments forming PPII conformation were well exposed to the
solvent.®!

Analysis of the Secondary Structures of SP, Evaluated by
CD Experiments. The method of Chen’s and co-workers** has
been widely used for quantitative evaluation of the o-helical
content of peptides, and in particular, it has been employed in
previous CD studies of SP.>**%*° The CD spectra of SP recorded
in TFE solvent (Figure 2), SDS micelles (Figure 3), or DMPG
and mixed DMPG/DMPC liposomes (Figure S) are distinct
from the spectral signatures for unordered or 3-sheet conforma-
tions. They represent clearly at-helical conformation, and apply-
ing Chen’s equation,** we calculated the at-helical content of the
peptide in these membrane mimetics (Table 1). The a-helical
content varies depending on the environment, suggesting gen-
uine differences in the intrinsic helical propensity of SP in
different media. The calculated MRE values are in good agree-
ment with a 10—30% «-helical content of SP, previously
estimated by CD and Raman spectroscopy measurements.>>>¢
From the other side, however, the relatively low MRE values
obtained by us and others stress the presence of other conforma-
tions being overlooked by Chen’s method. We should keep in
mind that in any CD spectrum the signal from the a-helical
structure usually predominates over the S-turn and unordered
ones,* resulting in an inability to distinguish between very short
helical segments and 3-turns.”®> Additionally, any inaccuracy in
the determination of peptide concentration could also add some
error in estimation of the mean residue ellipticity.*> Altogether,
these considerations reinforce our assumption that the CD
spectra of SP most likely represent a superposition of different
local conformations, dominated by the most visible and best
predicted by CD spectroscopy, the 0-helical conformation.

In an attempt to provide further insight into conformations of
SP in different membrane-mimetic environments, we calculated
R1 (019s/0208) and R2 (6,55/0,505) parameters, known to be
independent of the peptide concentration (Table 1). It is readily
seen that R1 is negative in all cases, while R2 is near 1 or >1 in
SDS micelles and in DMPG and DMPG/DMPC liposomes.
Furthermore, at any TFE concentration in TFE/water mixtures,
R2 values are much less than 1. R2 < 1 is believed to be
diagnostic for short helical segments,64 the so-called 3,4-helical
structure, commonly found in short peptides. Thus, we can
speculate that the peptide adopts some 3;¢-helical conformation
in the TFE. 3;¢-Helical structure has been proposed as an
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Table 1. Evaluation of o helical content of SP in different membrane-mimetic environments

DMPG liposomes SDS micelles
70% TFE/water (v/v) pH 7.0 pH 10.7 pH 7.0 pH 10.7 40% mol DMPG/60% mol DMPC
a-helix % 10.50 = 1.4 11.5£1.0 135+ 1.5 13.3+£0.8 15.3£0.02 167 £ 1.4
R1¢ —1.05£0.12 —18+1.0 —2.84+£04 —4.09+£0.8 —4.50£0.02 —0.56 £ 0.04
R2* 0.41 £0.02 0.90£0.2 1.00 £ 0.02 1.15+02 120+ 0.02 0.86 £0.04

“ Definitions of R1 and R2 parameters are given in the experimental section.

intermediate in -helical formation,®® though some authors
argued that the CD appearance of a 3;q-helix is very close to
that of an o-helix®®” and that the R method to differentiate
between both does not work always.® Thus, discrimination
between 3;y and O-helical and quantitative evaluation of ex-
tended PPII conformation and [-turn types structures in SP
remains a question to be further tested by more sensitive Fourier
transform infrared spectroscopy (work in progress in our lab).

M DISCUSSION AND CONCLUSIONS

To date, random coil and 0-helical conformations have been
proposed as the two ma';or types of secondary structures of the
neuropeptide SP.>**%%7® In the present work we present CD
evidence that O-helical and extended PPII helical structures are
the predominant conformations adopted by SP.

On the basis of our CD and fluorescence data we found that
the interaction between SP and the membrane mimetics and
formation of stable secondary conformations depends strongly
on peptide environment. The SP—membrane interactions ap-
pear to be rather complex, involving hydrophobic and electro-
static interactions and charge density on the membrane surface.>®
To attest to the impact on each of these components for
promotion of a stable peptide conformation we performed
experiments in solvents and in two membrane-mimetic environ-
ments, liposomes and micelles, varying the head—lipid charge
and the concentration of SDS surfactant.

SP is an amphipathic peptide, and it is reasonable to assume
that the positively charged N-terminal (involving Arg1 and Lys3)
would have a strong impact on the peptide binding through
electrostatic interactions with the anionic components of the
membrane. Indeed, our experiments support this assumption,
demonstrating that the Trp side chain of SPW is inserted into the
hydrophobic environment of the negatively charged SDS mi-
celles or DMPG liposomes, but it faces the hydrophilic aqueous
region in the zwitterionic DMPC liposomes (Figure 7). The red
shift of the Trp emission maximum upon an increase of DMPC
percentage in mixed DMPG/DMPC liposomes reflects the
transfer of Trp to a more hydrophilic environment and its full
exposure to water in pure DMPC. These findings are in agree-
ment with NMR data reporting that SP amides are not protected
from solvent exchange in zwitterionic dodecylphosphocholine.*”

It is worth comparing the fluorescence results with CD data,
reporting the conformation of SP in these conditions. As CD data
demonstrate, an increase of DMPC percentage in DMPG/
DMPC liposomes leads to a decrease of a helicity of SP and in
pure DMPC liposomes the extended PPII helical structure
appears to be the most preferred and dominant conformation.
This indicates that hydrophobic interactions between the peptide
and the zwitterionic DMPC liposomes are not sufficient to
promote Q-helical conformation even though DMPC has the

same hydrophobic potential, 12-carbon hydrophobic tail, as
DMPG. On the contrary, the negatively charged SDS micelles
and DMPG liposomes are able to induce (t-helical folding of SP.
CD spectra of SP in SDS surfactant below the CMC represent
mainly the extended PPII helical conformation (Figure 3).
Submicellar SDS is a mixed solvent system, providing a partially
organic (low dielectric) and a partially aqueous environment.
With increases of SDS concentration the dominant presence of
PPII conformation is lost, and when SDS concentration reaches
the CMC, the secondary structure of SP is dominated by the a.-
helical conformation (Figure 3). These findings point out that
electrostatic interactions between membrane-mimetic and the
charged residues of SP are essential prerequisites for efficient .-
helical fold. The electrostatic interactions between peptides and
negatively charged lipids have been proposed as driving forces for
binding of some peptides to membranes.>*>*> Most likely, the
electrostatic interactions are needed to anchor the basic SP to
micelle and vesicle interfaces and promote its insertion into the
hydrophobic core, thus enabling the hydrophobic interactions
required for initiation of the helical formation and stabilization of
the a-helix hydrogen-bond network.

Another question addressed in this work was the formation of
the extended PPII helix conformation in SP and its biological
relevance. CD spectral features of SP in aqueous solutions,
submicellar SDS concentrations, and DMPC liposomes defi-
nitely show formation of PPII structure, as confirmed by plotting
CD spectra over a temperature range (Figures 1B, 3B, and SB).
Actually, CD spectra of SP in aqueous solutions and in zwitter-
ionic lysophosphatidylcholine micelles published previously
show spectral features very similar to those reported here,
but the authors assigned them to the random coil struc-
tures.*>>>263%3638 [mportantly, in all conditions where the CD
spectra reported formation of the PPII conformation, the
florescence experiments indicate that the Trp side chain has a
hydrophilic environment, thus excluding SP partition into the
hydrophobic core of the micelles or the lipid bilayer. These
results are in accordance with the recognized tendency of PPII
helix to form on the surfaces of proteins.*’

Previously, based on the CD data of SP interaction with SDS
and zwitterionic lysophosphatidylcholine micelles, it was claimed
that the charge has a pronounced effect on the strength of
bindin§ interactions but did not affect the induced conformation
of SP.** However, the CD spectra presented in Figure 2 of ref 33
clearly show two different peptide conformations, namely, the .-
helical structure in SDS micelles and PPII helix in lysopho-
sphatidylcholine micelles. Therefore, a clear influence of the
electrical charge can be assumed. On the other hand, NMR
experiments reported in the same work show a strong binding of
SP with SDS (with some residues inserted) and a weaker binding
with the neutral lysophosphatidylcholine (with unaffected Lys
NH resonance by the lipid and C-terminal involved in a specific
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interaction). These data strongly suggest that the positively
charged N-terminal assures a particular spatial topology of the
peptide needed for the consequent proper ot-helical fold. There-
fore, reinterpreting the CD assignments reported in that work,>
both CD and NMR data strongly support our proposal that
electrostatic interactions between the membrane and SP are
essential for promoting the a-helical fold. Furthermore, contrary
to the at-helical conformation, induction of PPII structure does
not need the interaction of the peptide with the membrane,
pointing out that PPII formation presumably is dictated by the
specific amino acid sequence of SP.

Finally, it is interesting to interpret our findings in the context
of SP ligand—NKI receptor interactions. SP is known to act as a
ligand for different NK receptors with different potent
activities.”" On the basis of our data, we hypothesized that the
molecular basis for the multiple receptors recognition of SP may
be closely related to formation and stability of two major
conformations adopted by the peptide: extended PPII helical
and O-helical structure. Formation of PPII structure seems an
essential structural feature of the SP ligand in targeting different
receptors, while the ot-helical structure most likely provides the
correct conformation of the peptide for receptor signal activa-
tion. In the different NK receptors, the segment forming PPII in
SP will address the peptide to different binding pockets, due to
PPII flexibility, and consequently, the agonist will attain a new
conformation that would activate the receptor.

Extended left-handed PPII helical structures have been ne-
glected for years, and only in the last several years growing
evidence has accumulated that the PPII conformation is essential
for several biological activities, such as molecular recognition,
signal transduction, transcription, cell motility, and immune
response processes.”*” In general, the PPII conformation forms
in polypeptides rich in proline, gret even sequences lacking Pro
residue can adopt this structure.®’ Pro-rich sequences are known
as very common recognition sites involved in signal trans-
duction.**”>”"* Furthermore, the ligands are found mostly in
an extended conformation, when bound to their receptors, as
revealed by X-ray and NMR data. Actually, the N-terminus of SP
contains two Pro residues forming two short (XP), motifs, known
to promote PPII helix formation.*” An additional reason to
assume the involvement of the PPII structure in the recognition
processes of SP by NK receptors lies in the fact that this regular,
periodic structure is very flexible. By adapting the PPII structure
SP may easily behave as an “adaptable glove”, addressing the SP to
the binding pocket in the different NK receptors. Unlike O-helix
secondary structure, the PPII helix precludes formation of in-
tramolecular hydrogen bonds,>® leaving the backbone carbonyl
oxygens (and the N—H protons of non-Pro residues) free to
participate in hydrogen bonding with interacting receptors at the
interface of the peptide—protein complex. As we show here, PPII
helix conformation is preformed in the unbound peptide before
interacting with the membrane, which presumably guarantees
rapid formation of specific peptide—protein complexes.
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Il ABBREVIATIONS

CD, circular dichroism; CMC, critical micelle concentration;
DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG,
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol) ];

GPCR, G-protein coupled receptor; LUV, large unilamellar
vesicle; MLV, multilamellar vesicle; MRE, mean residue molar
ellipticity; NK, neurokinin; NMR, nuclear magnetic resonance;
PPII, polyproline II;SDS, sodium dodecyl sulfate; SP,
substance P; SPW or [Trp8]SP, [Trp8]-substance P;TFE,
2,2,2-trifluoroethanol.
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