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Supervisor’s Foreword

Membranes are fundamental elements of the cell, and their properties are dictated
by the amphiphilic character of the lipid molecules composing them. Membranes
form by self-assembly: in water, phospholipids spontaneously arrange into a
bilayer, in order to shield their aliphatic tails from the polar solvent. The hydro-
phobic effect holds lipids together, but at the same time allows a high degree of
mobility, so that a lipid bilayer is a highly dynamic environment. Membrane
fluidity is essential for vital cellular functions, such as mobility, exo- and endo-
cytosis, fusion, etc. Finally, due to their hydrophobic core, lipid bilayers exhibit
selective permeability to solutes, thus regulating the contents of the cell. Any
breach in the barrier properties of the membrane inevitably leads to cell death.

Thanks to the self-assembly properties of lipids (and phospholipids in parti-
cular), artificial membranes are easily formed. One of the most popular model
system used to mimic biological membranes are unilamellar liposomes, i.e.
vesicles constituted by a single lipid bilayer. In these very controlled and repro-
ducible systems lipid composition can be varied at will.

In her thesis, Dr. Sara Bobone exploited liposomes both as mimics of cellular
membranes, to understand the mechanism of action of a class of bioactive
molecules called antimicrobial peptides, and as nanocontainers for the synthesis of
nanoparticles for enzyme-replacement therapy.

Antimicrobial peptides (AMPs) are natural oligopeptides endowed with strong
antibacterial activity, exerted principally by perturbing the permeability of
microbial membranes, thus leading to the dissipation of transmembrane gradients
and to the loss of cellular contents. Thanks to their relatively aspecific target, and
to their fast bactericidal action, AMPs represent a promising source of lead
compounds to address the global problem of bacterial resistance to presently
available antibiotic drugs. Unfortunately, their mechanism of membrane pertur-
bation, and the peptide properties responsible for their activity and selectivity, are
still a matter of debate. This lack of detailed knowledge presently limits the
development and clinical applicability of AMPs-derived molecules.

The same fluidity, which is essential for the vital membrane functions, makes
the structural characterization of peptide-membrane systems by the most powerful
approaches (X-ray crystallography and NMR) particularly difficult. In this thesis,
by employing alternative techniques (fluorescence spectroscopy and neutron
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reflectivity, coupled to MD simulations), Dr. Sara Bobone tackled several
conundrums regarding AMPs that had been debated in the literature for years.

First, she showed that the fluidity of membranes allows them to adapt to peptide
insertion in the bilayer, so that even a peptide much shorter than the normal
membrane thickness can be able to reach from one side of the bilayer to the other,
thus forming pores.

Then, she addressed the issue of AMPs selectivity, i.e., the ability of these
molecules to discriminate between prokaryotic and eukaryotic membranes, thanks
to their different composition. Peptide charge was long considered as the most
important property under this respect, due to the much higher concentration of
anionic lipids present in the outer layer of the bacterial plasma membrane.
However, the work presented in this thesis shows that this is not enough, and that
conformational effects on peptide hydrophobicity play a very important role, too.

Finally, she showed that subtle modifications to peptide sequence and proper-
ties can profoundly change activity (e.g., from antimicrobial to cell-penetrating).
Her findings indicate that different bioactive peptide classes are just different
manifestations of the same membrane-active behavior.

Overall, these findings provide an important starting point for the rational
design of a new generation of AMPs-inspired antibiotic molecules.

In the second part of the thesis, liposomes were used for a completely different
purpose. Several diseases are caused by the loss of function of a particular enzyme, and
therefore exogenous supplement of that protein would be an obvious therapeutic
approach. However, direct application of proteins as drugs is complicated by their
susceptibility to degradation and immunogenicity. Dr. Bobone synthesized novel
nanodevices, in which an enzyme is entrapped inside hydrogel nanoparticles, whose
mesh size prevents the protein from being released, but allows diffusion of substrate
and products. Liposomes were used as nanotemplates for the synthesis of mono-
disperse polyacrylamide hydrogel nanoparticles under nondenaturing conditions. This
system protects the protein from antibodies and degradation, while allowing it to exert
its catalytic function. Biocompatible, size-tunable nanoparticles have been obtained,
with a good entrapping efficiency, and conservation of enzyme activity.

In my opinion, this thesis presents several novel and relevant findings, with
important applications to the rational design of new antibacterial drugs, and for the
realization of nanoparticles for the delivery of proteins in therapeutic applications.
Apparently, this view was shared by the Italian Chemical Society, which awarded
to Dr. Bobone the Semerano Prize for the best physical chemistry thesis in the
years 2012-2013.

The introductory sections and the extensive reference list also represent a good
starting point for novices to the fields of artificial membranes, antimicrobial
peptides, and protein drug delivery.

Rome, March 2014 Prof. Lorenzo Stella



Preface

The plasma membrane is a fundamental element of the cell, constituted mainly by
phospholipids, sterols, and membrane proteins.

Biological membranes carry out the function of a barrier between the living cell
and the environment and between intracellular compartments and the cytosol.
The lipid bilayer regulates the transport of molecules and their concentration
inside cells. It is a semipermeable structure, which allows the entry of small
hydrophobic molecules, like oxygen and carbon dioxide. Small polar molecules,
like water and ethanol, can cross the bilayer, but they do it more slowly. By
contrast, the diffusion of charged ions, water-soluble molecules, or large molecules
is avoided. The passage of these substances is regulated by specific transport
proteins, selective channels for ions and molecules, or pumps capable to actively
transfer molecules across the bilayer. Other transmembrane proteins are receptors
for extracellular signaling molecules, which are critical for controlling cellular
properties and behavior, like hormones, neurotransmitters, growth factors. Other
receptors are enzymes, whose role is to start a metabolic cascade of intracellular
reactions when stimulated. Furthermore, some proteins, or protein groups, are
disposed in the membrane in a definite order, to create a system of electron transfer
and energy accumulation in the form of ATP.

When the structure of the lipid membrane is damaged, the intracellular content
is released outside the cell, causing rapidly its death. This can be exploited to kill
bacterial cells using membrane-damaging agents. A possibility is represented by
antimicrobial peptides (AMPs), which are able to perturb bacterial membranes,
altering their selective permeability and leading bacteria to death.

In this thesis, the study of peptide-membrane interactions has been carried out
using model membranes. It has been shown, indeed, that peptides feature the same
activity on these systems. The most common membrane model is represented by
lipid vesicles (liposomes), a simple but realistic system for physical and chemical
studies of a variety of phenomena. The lipid assembling process that leads to
vesicle formation is completely spontaneous; thus, liposomes are easy and fast to
obtain.

The main advantages in the use of AMPs are that they are not toxic for
eukaryotic cells, and that, with the membrane as their principal target, the raise of
bacterial resistance against them seems unlikely. In the first part of this thesis,
studies on the mechanism of membrane perturbation by AMPs will be presented.

vii
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The problem of AMPs selectivity will be also analyzed in detail. Selectivity is the
capability of AMPs to distinguish between bacterial and mammalian cells, and to
be toxic only for the former. The structural features that are essential for selectivity
have not been clarified, yet; they will be investigated in Sect. 4.2 of Chap. 4 of this
work.

The cell membranes represent a barrier also to the diffusion of drugs. In many
cases, their internalization can be enhanced with the help of a carrier. Some
peptides, called cell-penetrating peptides (CPPs), have the capability to cross-
biological membranes, without damaging them, even when they are conjugated
with a large cargo, i.e., constituted by a drug molecule. Section 4.3 of Chap. 4 will
be dedicated to the possibility to modulate the biological activity of a CPP, to
obtain a peptide with both penetrating and bactericidal functions.

The study of biological membranes is a fundamental topic of biology and
biophysics. However, the particular characteristics of this system make it inter-
esting also in different fields, like polymer science and nanoscience.

Due to its impermeability, the lipid membrane represents the envelope of a
segregated environment. A chemical reaction can be carried out in this closed
compartment, without occurring in the outer solution. In the second part of this
thesis, liposomes will be exploited as nanotemplates for the photopolymerization
of a hydrogel, allowing the formation of nanometric particles that can be used as
drug delivery nanodevices for enzymatic therapies. The novelty of this approach
resides in the fact that these nanoparticles have not been designed for the release of
the enzyme in the organism, but to keep it within the gel, protecting it against
inactivating factors, but allowing at the same time its catalytic function.
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Chapter 1
Introduction

1.1 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are oligopeptides produced by the innate immune
system of a large variety of organisms, as a first defense mechanism against
bacteria. They were first discovered and isolated in the early 1980s, and nowadays
about 1,000 different AMPs’ sequences have been identified, in plants, animals,
and bacteria [3, 16, 24, 33]. In humans, AMPs are mainly present on skin and in
the oral and gastric mucous membranes [37].

AMPs exhibit a broad spectrum of antibacterial activity against both Gram (+)
and Gram (—) microbes; some of them are also active against fungi, yeasts, and
against biofilms generated by bacteria [7, 16]; more recently, an interesting anti-
cancer activity of some AMPs has been observed [11, 23, 24, 25, 29]. AMPs are
also investigated for the development of new antimicrobial strategies for plant
protection [4]. In addition to their direct antimicrobial activity, AMPs play also a
key role as regulators of the innate immune system and modulators of the of the
immune response, being responsible for processes like chemokine production,
angiogenesis, and acting as coadjuvants in promoting adaptive immunity [7].

AMPs are very diverse with respect to structural features such as length, charge,
secondary structure, presence of disulfide bridges, etc. However, most AMPs are
short, comprising 10-30 residues [24, 26, 38], and are characterized by a positive
net charge, amphipathicity, and a helical structure when bound to the membrane,
while they are very often unstructured in water.

The main target of AMPs is the bacterial cell membrane: they have the capa-
bility to perturb the lipid bilayer, altering its permeability and leading bacteria to
death (Fig. 1.1).
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Fig. 1.1 Effects of AMPs on
bacterial membranes:
electron microscopy images
of two different bacterial
strains, before and after
treatment with an AMP. The
images show peptide-induced
leakage of cell contents.
Reproduced with permission
from [28]
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1.2 The Raising Problem of Multidrug Bacterial
Resistance

The study of AMPs and of their characteristics is of great relevance because of the
phenomenon of bacterial resistance. The discovery of penicillin and of the other
antibiotic drugs marked a dramatic change in life expectancy and quality. How-
ever, since the first years of use of these “miracle drugs”, bacterial resistance
started to raise. The widespread use of antibiotics, not only for human therapy, but
also in animal husbandry and agriculture, made this phenomenon even worse. In
the last years, infections like tuberculosis or pneumonia became lethal again,
bringing to an increasing number of deaths. In the past years multidrug resistant
bacterial strains have been responsible for the so-called “hospital-acquired
infections”, but recently the contraction of drug-resistant infections became more
common also outside the health centers. The Infectious Disease Society of
America recently launched the 10 x 20 initiative, to support the development of
ten new systemic antibacterial drugs, by 2020, trying to reverse the severe decline
in the discovery of new antibacterial principles caused by the low profitability of
these drugs for pharmaceutical companies [8].

In this scenario, it is easy to understand the importance of AMPs: due to their
aspecific, “mechanic” effect on cell membranes, the occurrence of resistance is
very unlikely. In fact, the mechanism of bacterial resistance often is given by
alteration of the drug binding site or expulsion from the cell of the antibiotic drugs,
or even by the modification of metabolic pathways. Thus, AMPs can bypass all
these phenomena, because their binding to bacterial membranes is mainly driven
by electrostatic interactions and by the hydrophobic effect.
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1.3 Models for AMPs Activity

Several different models have been proposed in the literature to describe the mode
of membrane permeabilization by AMPs. However, most AMPs have been found
to act according to either one of the so called “barrel-stave” and “carpet” models
(Fig. 1.2) [1, 2, 15, 20, 27, 34].

In the barrel-stave model, peptide molecules initially bind on the membrane
surface, parallel to it. When the membrane-bound peptide concentration increases,
reaching a certain threshold, peptides insert within the bilayer, forming trans-
membrane pores constituted by aggregated helices, in which the molecules interact
laterally, and are arranged like the staves of a barrel. These structures are favored
by the amphiphilic character of the peptide helices: in the aggregate, the hydro-
philic side of the helix points towards the aqueous lumen of the pore, while the
hydrophobic side interacts with the hydrophobic core of the membrane. The
overall structure of the cylindrical, water-filled pore, resembles that of protein ion
channels (Fig. 1.2). In this mechanism, the formation of the pore is a cooperative
process: after the insertion of one peptide molecule inside the bilayer, other
monomers are recruited to form the aggregates. Since the barrel-stave mechanism
foresees peptide insertion in the hydrophobic core of the bilayer, and peptide
aggregation, AMPs acting according to this model are usually highly hydrophobic
and electrically neutral. One of the most studied pore-forming peptides acting
according to this mechanism is alamethicin [1].

The carpet model is typical of cationic peptides in anionic bilayers: in this case,
peptides interact strongly with the phospholipids polar headgroups by electrostatic
attraction, covering the membrane surface like a carpet, causing a perturbation to
the surface tension of the bilayer that leads to the formation of defects and
eventually to membrane micellization. In contrast to the barrel-stave mechanism,
the peptide interacts with the phospholipid headgroups throughout the entire
process. In some cases it has been proposed a very specific structure for the
peptide-generated membrane defects, which have been called “toroidal pores”
[13, 19, 21]: in these structures, characterized by a toroidal shape, the lipid bilayer
bends back onto itself and the two leaflets connect.

A physico-chemical interpretation of the mechanism of pore formation by
AMPs, which can explain the driving forces for both the barrel-stave and the
carpet models, is the two-state mechanism, proposed by Huang [12]. It suggests
that, for low peptide/lipid (P/L) ratios, peptides bind to the membrane lying par-
allel to its surface. Above a certain P/L threshold value (P/L*), which depends both
on the specific peptide and on the lipid composition of the bilayer, peptides attain a
transmembrane helical orientation. The surface-parallel orientation is called S
state, while the transmembrane, inserted orientation is called I state. The I state is
associated with the formation of both toroidal pores or barrel-stave pores, while
the S state is considered “functionally inactive”.

When peptides bind to the membrane surface, they cause a stretching of the
membrane area. This distortion has a cost in terms of energy. Thus, the free energy
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Fig. 1.2 Representation of barrel-stave pores formed by AMPs (left side) and of carpet model
(right side)

of adsorption on the membrane surface is composed by a negative term of binding
energy and a positive term of bilayer deformation energy. The bilayer deformation
is proportional to P/L and the energy cost to (P/L)? according to the elasticity
theory. Thus, the energy of the S state increases with the (P/L)* term. At low
concentration, the energy level of S state is lower than the one of the I state, but at
sufficiently high concentrations the energy for S state exceeds the energy of the I
state, and the S-to-I transition occurs [12].

These models can provide an explanation to the bactericidal activity of some
AMPs, but they cannot be easily applied to all of them. For many AMPs s the
mechanism of pore formation has not been established. In Sect. 2.4 of Chap. 2 this
goal has been reached for the peptide trichogin GAIV. This is an example of a
widely studied, well-characterized peptide, whose mechanism is still debated,
despite the large number of available data. Several studies have been carried out to
characterize its pore-forming activity, with apparently ambiguous results. Using a
combination of spectroscopic techniques, and molecular dynamics simulations, the
behavior of this peptide has been completely clarified and the apparent con-
tradictions have been solved.

1.4 Selectivity

Selectivity is one of the most fundamental qualities of AMPs, in view of their
clinical application. Therefore a thorough understanding of the features deter-
mining this attribute is essential. Since the cell membrane is the main target of
AMPs, selectivity must be dictated by differences between the membrane prop-
erties of bacteria and eukaryotes, and indeed these bilayers exhibit three relevant
differences: the bacterial membrane contains a high fraction of negatively charged
lipids (such as such as phosphatidylglycerol or cardiolipin), while eukaryotic
bilayers don’t; transmembrane potential is much more negative inside in bacterial
than in eukaryotic membranes; bacterial membranes are essentially free of sterols,
while eukaryotic bilayers contain a high fraction of cholesterol [18, 35]
(Tables 1.1 and 1.2).
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Table 1.1 Lipid composition of bacterial membranes. OM outer membrane, CM cytoplasmic
membrane, PG phosphatidyl glycerol, CL cardiolipin, PE phosphatidyl ethanolamine [14]

Bacterial strain \ PG CL PE ‘

Gram-negative

Eschericha coli oM 3 6 91

CM 6 12 82

Salmonella typhimurium OM 17 2 81
CM 33 7 60

Pseudomonas cepacia OM 13 0 87
CM 18 0 82

Gram-positive

Bacillus megaterium ™M 40 5 40
Bacillus subtilis CcM 29 47 10
Micrococcus luteus CcM 26 67 0
Staphylococcus aureus CM 57 5 0

Table 1.2 Lipid composition of eukaryotic red blood cells. PC phosphatidyl choline, SM
sphingomyelin, PS phosphatidyl serine [14]

Organism PC SM PE PS
Rabbit 33.9 19.0 31.9 12.2

Man 34.7 20.1 28.0 14.3

Pig 233 26.5 29.7 17.8

Sheep - 51.0 26.2 14.1

NMR studies have demonstrated that the inclusion of cholesterol within lipid
membranes causes a reduction in the disrupting activity of a lytic peptide [17].
Ergosterol has the same effect but to a minor extent. Cholesterol usually causes an
increment in the lipid chain order [32], and this might explain why it inhibits the
membrane-perturbing activity of AMPs.
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A different interpretation of similar results, obtained with different peptides, has
also been proposed [30], indicating that the presence of sterols reduces the pos-
sibility for the peptide to intercalate within the bilayer, and consequently the
fraction of membrane-bound peptide in the water-partition equilibrium is lower.
The phenomenon has been interpreted using the two state model: in the presence
of sterols, the threshold P/L* value increases.

An increase in peptide charge causes an enhanced binding to anionic mem-
branes and therefore improves antibacterial activity [18, 35]. Since binding to
neutral membranes and toxicity are not significantly affected by this parameter,
increasing peptide charge usually leads also to a higher selectivity. However,
several studies have shown that charge can increase peptide activity only up to a
certain point, because after it has reached a value of about 410 e, further increases
do not lead to any advantage in peptide properties [18, 35, 36].

Hydrophobicity, on the other hand, contributes to peptide affinity for both
charged and neutral membranes. It has been shown that, by increasing peptide
hydrophobicity by keeping all other properties constant, two thresholds are
observed [6, 10, 22, 31]: the first, at lower hydrophobicity values, must be reached
to have antimicrobial activity. The second threshold is at significantly higher
hydrophobicity values, and must be reached to observe toxicity. The difference
between the two hydrophobicity values is due to the fact that electrostatic inter-
actions contribute to peptide binding to bacterial membranes but not to those of the
host organism. In some cases, at very high hydrophobicity values, loss of activity
is observed [6], probably due to aggregation [9]. Therefore, an optimal range of
hydrophobicity values exists, in which peptides exhibit antimicrobial activity, but
no significant toxicity.

Helicity is an important structural characteristic for membrane association, and
it also plays a role in selectivity: the introduction of amino acids that promote the
helix formation, or removal of helix-breaking amino acids, usually have the effect
to increase the antimicrobial activity, but also to dramatically enhance peptide’s
hemolytic and cytotoxic activity, with the result of a loss of selectivity. An
increased peptide helicity, as well as hydrophobic moment, is responsible for
higher hydrophobic interactions, and thus, for an enhanced binding and lytic
activity to neutral or weakly charged membranes.

Notwithstanding all these considerations, the design of AMPs with enhanced
activity, which at the same time maintain a high selectivity, is still a challenge. In
particular, the role of AMPs structure in determining their selectivity is still
unclear. For this reason a detailed study of all the structural characteristics that
play a role in selectivity is fundamental. In Sect. 4.2 of Chap. 4 of this thesis, the
role of an important feature, will be illustrated, i.e. the presence of a proline
residue in the center of the amino acidic sequence, that is common to several
selective peptides.
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1.5 Relationship Between Function and Structure

The structural characteristics of AMPs play a very important role in their selectivity
and biological activity. It is possible to modulate the biological activity of a peptide
by operating only a few substitutions into the amino acidic sequence. This is true
not only for AMPs, but also for other classes of membrane-active peptides, one of
which is represented by cell-penetrating peptides (CPPs). These molecules are able
to translocate across biological membranes and carry large cargoes inside cells,
without damaging the bilayer. In many cases, CPPs and AMPs share some common
characteristics, like positive net charge, amphipathicity, and a helical structure after
membrane association. Thus, it is possible to hypothesize that a CPP can be turned
into an AMP with a small number of substitutions in its amino acidic sequence.

In Sect. 2.4, it will be shown that a CPP, through a few amino acid substitution
can become an AMP, with a strong antibacterial activity, without losing its ability
to translocate across lipid bilayers.
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Chapter 2
Techniques

In this chapter the rudiments of the two main experimental techniques exploited in
this work, i.e. fluorescence spectroscopy and neutron reflectivity, will be briefly
discussed.

2.1 Fluorescence Spectroscopy

Molecular fluorescence is the emission of light from a molecule—the fluorophore—
after being excited by the absorption of a photon. Fluorescence spectroscopy is a
powerful technique, which provides information on the structure and dynamics of
biomolecules, and for this reason it is one of the most widely used methodologies in
biophysical studies. Proteins and peptides are often endowed with intrinsic fluo-
rescence, due to the presence of Trp or Tyr residues. A great advantage of this
technique is its sensitivity, which gives the possibility to work at low concentration
of fluorophores.

A fluorescent molecule can be excited by light absorption from the ground state
(So) to a higher electronic state (S; or S, in Fig. 2.1) using appropriate wave-
lengths (4; or 4,) [9], corresponding to the maxima of absorption. In each elec-
tronic state, the fluorophore can occupy different vibrational energy levels, but it
usually rapidly relaxes to the lower vibrational level of S;, transferring the excess
of its vibrational energy to the solvent by molecular collisions. If the fluorophore is
excited to the second singlet state S,, it rapidly decays to S;. This process is called
internal conversion.

From this level, the molecule spontaneously returns to the ground state. The
relaxation to the ground state is in this case a spin-allowed transition, and occurs in
107°-10~* s, with the emission of a photon. If an intersystem crossing takes place,
leading to a triplet excited state, the phenomenon of phosphorescence occurs.

The radiative decay is in competition with all other nonradiative relaxation
pathways; a quantitative way to characterize the importance of the radiative

S. Bobone, Peptide and Protein Interaction with Membrane Systems, 11
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process with respect to the others is the quantum yield, defined as the ratio between
emitted and absorbed photons:

_I”lf_ kr

ng  ky+ky

in which k; is the rate constant of radiative processes, while k,,, is the rate constant
of nonradiative processes. Therefore, this parameter represents the probability that
an excited molecule returns to the ground sate by emitting a photon. It can be close
to unit if k,,, is much smaller than &, [7].

2.1.1 Steady-State Fluorescence

In steady-state measurements, the sample is illuminated with a continuous light
beam and the intensity of emission is recorded as a function of wavelength. The
steady-state condition is reached in few ns; thus, a constant fraction of fluorophores
is excited during the collection of the emission spectrum [7]. This spectrum rep-
resents the probability distribution of all the transitions from the lower vibrational
state of S; to each vibrational state of S,. The emission spectrum is characteristic
for each fluorophore; the shape and position of spectral peaks are extremely
sensitive to the molecular properties of the medium. This is due to the perturbation
of fluorophore’s energy levels caused by electrostatic or dipole-dipole interactions,
which are stronger in polar solvents. The effects of solvent polarity are the main
origin of the difference between absorption and emission wavelengths (the Stoke’s
shift) [1, 7].

Most of the peptides investigated in this work have one or more Trp residues in
their sequence, and therefore are intrinsically fluorescent. The intensity and the
position of the maximum in the emission spectrum can give information about the
position of a peptide in the lipid membrane. When the peptide is inserted within
the membrane, its intensity usually increases, because the more viscous nature of
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the lipid bilayer reduces the rate of nonradiative decays with respect to the aqueous
phase. Furthermore, the position of the maximum emission is shifted to lower
wavelengths, because of the lower polarity of the membrane environment.

A measurement of the blue shift that occurs when a peptide binds to a lipid
bilayer can be provided by the average wavelength of the spectrum, which is
defined as [1]

</1> = Ziiili/EiIi

where 4; represents each wavelength of the emission spectrum and I is the cor-
responding intensity. Therefore, the variation of emission intensity and of the
wavelength of maximum emission (or of the average wavelength) represents an
evidence of peptide—membrane association.

2.1.2 Time-Resolved Fluorescence

Time-resolved fluorescence provides a characterization of the excited state life-
time. When a homogeneous population of fluorescent molecules is excited with a
short light pulse, the decay of the emitted intensity can be described by a
monoexponential law:

F(t) = Foexp(—t/7)

where F is the fluorescence intensity immediately after the pulse and 7 is the
fluorescence lifetime, i.e. The average time that a molecule spends in the excited
state before the relaxation to the ground state. t is related to the rate constants of
radiative and nonradiative processes by the following equation:

1

T Tk

The steady-state emission intensity is related to the fluorescence lifetime by the
following equation:

s
I, = / F()eit/fdl = Fyt
0

Time-resolved fluorescence is particularly useful to characterize heterogeneous
systems in which the fluorophore exists in different states (different conformations,
aggregation states, phases). In this case, each population of molecules is charac-
terized by a different lifetime, due to the fact that their k,, values are different
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(while k, is quite similar, being independent from the environment of the fluoro-
phore). The lifetime decay is given by the contribution of all the present species:

F(r) = F(0) ) _oe™

Here the pre-exponential parameters o; correspond to the molar fractions of the
different species present in the sample.

A further advantage of lifetime measurements is that they are much less
affected by experimental artifacts than steady-state experiments. For instance, they
are independent on fluorophore concentration and do not suffer from inner-filter
effect (apparent reduction in steady-state intensity due to absorption of the exciting
or emitted light by the sample itself).

2.1.3 FRET

The phenomenon called Forster Resonance Energy Transfer (FRET) is a very
useful tool to determine intermolecular or intramolecular distances. This process
consists in the transfer of energy from a donor, in its excited state, to an acceptor,
in its ground state [7]. It is a resonance process due to the dipolar interaction
between the two fluorophores, and it does not involve the emission of photons. The
necessary condition for FRET to occur is that the donor’s emission spectrum
overlaps, at least partially, to the acceptor’s absorption. The time constant of the
FRET phenomenon is described by the following equation

1%2€g6

kp=—-—0. =

T 2 r

where 7, is the donor’s lifetime in the absence of acceptors, «? is a factor describing
the relative orientation of the transition dipoles of the two molecules, assumed equal
to 2/3 if they are moving rapidly during the fluorescence lifetime; r is the distance
between the two fluorophores; R, is called the Forster radius, that is, the distance
occurring between donor and acceptor when the transfer efficiency is 0.5. Forster
distances are typically in a range between 15 and 60 A, which is a very interesting
range, since it includes for example the typical size of proteins, or the thickness of a
lipid bilayer. From an experimental point of view, the observed phenomenon is a
decrease in the fluorescence intensity in the donor’s spectrum, due to the decrease in
its fluorescence lifetime and in its quantum yield, and an increase in that of the
acceptor. Indeed, the rate constant of the excited state decay of the donor is

kP = kb + kP + kr
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where kI,) and kf,), are the rate constants of radiative and of all other nonradiative
processes of the unperturbed donor and k;r is the rate constant of the energy
transfer process.

FRET efficiency is defined as the probability that an excited donor relaxes to the
ground state by energy transfer

[ S—
kKD + KD

It is strictly related to the distance between donor and acceptor molecules, as
shown by the following equation

I
1+ (gk2)*1(R—r0)6

This result indicates that FRET can be exploited to investigate the relative
position of two fluorophores in a biological environment, and also to explore
interactions occurring in the range of several Angstroms. The range of distances in
which FRET can be detected is comprised approximately between Ry/2 and 2R,

In our case, FRET experiments are suitable to establish the interaction of a
peptide with the lipid bilayer, exploiting the energy transfer occurring between the
peptide Trp residues and a membrane-bound acceptor [1].

E:

2.1.4 Fluorescence Anisotropy

Fluorescence anisotropy is used to determine the rotational dynamics of a fluo-
rophore. Since molecular motions are significantly slower inside a lipid bilayer
than in water, this technique can be used also to assess peptide-membrane
association.

In a fluorescence anisotropy experiment the sample is excited with polarized
light. The molecules in the sample are randomly oriented before the excitation, but
the probability for a molecule to be excited is dependent on the factor cos?d, where
0 is the angle between the directions of the polarization of the exciting light and of
the transition dipole of the fluorophore. Thus, the molecules having the transition
dipole oriented in the same direction of the exciting light have the highest prob-
ability of excitation. This phenomenon is called photoselection. The light emitted
from the photoselected fluorophores is also polarized preferentially along the
direction of the emission transition dipole, again according to a cos’0 law. By
measuring the degree of polarization of the emitted light it is therefore possible to
assess the degree of molecular motions that take place during the fluorophore’s
excited state lifetime.
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If the molecular motions are very fast with respect to 7, the preferential ori-
entation is lost during the lifetime decay, and the emitted light is unpolarized, due
to the random orientation of the transition dipoles. By contrast, if the motions are
slow, the emitted light is anisotropic (i.e. exhibits a preferential polarization).
Thus, anisotropy measurements can provide information about the rotational
motions of a fluorophore in the nanoseconds time scale, and about the viscosity of
its environment.

Experimentally, the anisotropy is measured as

— IVV(t) — leh(t)
0= 1000 + 261y, (0

where the subscripted indexes indicate the vertical (v) or horizontal (h) orientation
of excitation and emission polarizers with respect to the instrumental plane, and G
is an instrumental parameter, defined as

G =TIy /Thn

2.2 Neutron Reflectivity

Neutron spectroscopy techniques are a powerful tool for the study and charac-
terization of biological systems and soft matter, like lipid membranes, rich in light
atoms C, H, N and O, whose nuclei are good neutron scatterers. [3, 4, 6].

Since neutrons interact with atomic nuclei only weakly, they can penetrate
deeply within samples, and provide information about complex structures and
buried interfaces [3].

Neutron reflectivity allows the characterization of the composition and of the
irregularities of biological materials, in a length scale between 10 and 5000 A.

In the specular neutron reflectivity technique, the reflected intensity is measured
as a function of the incident angle [2]. Experiments are performed at a grazing
angle, usually varying from 0.01 to 5° [3]; sample and detector are moved in order
to keep the incident and reflected angles equal.

Specular reflectivity is defined as the ratio between the reflected and the
incoming beam intensities, and it is measured as a function of the scattering vector,
Q, perpendicular to the surface plane:

_ 1672

R="0

p(0)|
where Q, is defined as

0 :ﬁsenﬂ
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and p(Q) is the Fourier transform of p(z), the scattering length density (SLD), that
is the parameter providing informations about the structure along the normal axis
to the surface. Thus, there is a direct relationship between reflectivity and struc-
ture. The SLD is formally defined as p(z) = X, v;b;, where v; is the number of
nuclei of type i per volume unit and b; is the neutron scattering length of those
nuclei. During the experiments, a profile of the reflectivity R as a function of Q is
acquired.

An important characteristic of neutron spectroscopy is its extreme and unique
sensitivity to the substitution of hydrogen by deuterium, due to the fact that
neutrons are scattered very differently from these two nuclei. Indeed, the scattering
lengths values are —0.37 for hydrogen and 0.67 for deuterium [5]. Thus, it is
possible to perform experiments in different H,O/D,O mixtures, to enhance the
signal of some atoms and minimize that of other ones. This technique is known as
the contrast variation method; all the profiles obtained in different media are
simultaneously fitted. This method is used to have enough constrains to exactly
define the physically meaningful model.

The data fitting procedure is based on the Parratt’s recursion relation [8], and it
often involves the construction of a model of the interface that can be represented
by a series of parallel layers of homogeneous material. In the present case, the lipid
bilayer has been divided into three sublayers, i.e. the outer headgroups region, the
tails region, and the inner headgroups region.

References

1. Bocchinfuso G, Bobone S Palleschi A, Stella L (2011) Fluorescence spectroscopy and
molecular dynamics simulations in studies on the mechanism of membrane destabilization by
antimicrobial peptides. Cell Mol Life Sci 68:2281-2301

2. Dabowska AP, Fragneto G, Hughes AV, Quinn PJ, Lawrence MJ (2009) Specular neutron
reflectivity studies on the interaction of Cytochrome ¢ with supported phosphatidylcholine
bilayers doped with phosphotidylserine. Langmuir 25:4203—-4210

3. Fragneto, G. and Rheinstaedter (2007) Structural and dynamical studies from bio-mimetic
systems: an overview. C R Phys 8:865-883

4. Fragneto G, Graner F, Charitat T, Dubos P, Bellet-Amalric EB (2000) Interaction of the third
helix of antennapedia homeodomain with a deposited phospholipid bilayer: a neutron
reflectivity structural study. Langmuir 16:4581-4588

5. Jacrot B (1976) The study of biological structures by neutron scattering from solution. Rep
Prog Phys 39:911

6. Krueger S (2001) Neutron reflection from interfaces with biological and biomimetic materials.
Curr Op in Coll Interface Sci 6:111-117

7. Lakowicz JR (2006) Principles of Fluorescence Spectroscopy, 3rd edn. Springer, berlin

. Parrat LG (1954) Surface studies of solids by total reflection of X-rays. Phys Rev 95:359-369

9. Skoog DA, Leary JJ (1992) Principles of instrumental analysis. Saunders College Pub, New
York

[ee]



Chapter 3
Materials and Methods

3.1 Materials

All phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Spectroscopic grade methanol, ethanol and chloroform were purchased from
Carlo Erba Reagenti (Milano, Italy). Carboxyfluorescein (CF), Triton-X 100,
Sephadex-G50 and 1,6-Diphenyl-1,3,5-hexatriene (DPH) were purchased from a
Sigma Aldrich (Germany).
The fluorophore sodium-binding benzofuran isophthalate (SBFI) was purchased
from Invitrogen (Eugene, USA).

3.2 Peptide Synthesis

All peptides used for this study were prepared by the standard Fmoc-based solid-
phase method [14]. Pep-1, Pep-1-K, P5 and P5 analogues were synthesized by the
Research Center for Proteinous Materials (Chosun University, Korea). Trichogin
GA IV and alamethicin were synthesized in the laboratory of prof. C. Toniolo,
University of Padova. The peptide purity was checked by MALDI-TOF MS
(matrix-assisted laser-desorption ionization-time-of-flight mass spectrometry)
(Shimadzu, Japan) in the former case and by Electrospray ionization (ESI)-MS,
performed on a PerSeptive Biosystem Mariner instrument (Framingham, MA), in
the latter case.

Peptides used for all the experiments were dissolved in spectroscopic-grade
methanol, except for Pep-1-K, which was solubilized in phosphate buffer 10 mM
at pH 7.4.

All the concentrations of Pep-1-K and P5 analogues stock solutions were
determined by measuring Trp absorbance at 280 nm. Trichogin GA IV and ala-
methicin concentrations were determined by measuring the absorbance of peptide
bonds at 214 nm [12].

S. Bobone, Peptide and Protein Interaction with Membrane Systems, 19
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3.3 Liposomes Preparation

Phospholipid vesicles composed of egg yolk phosphatidylcholine (ePC)/phos-
phatidylglycerol (ePG) (2:1 molar ratio), ePC/cholesterol (1:1 molar ratio), 1,2-
Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), or I-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) were prepared with the lipid film method [20],
by dissolving lipids in a methanol-chloroform 1:1 mixture, in a lipid amount such
to obtain a 10 mM stock solution. The solvent was then gently evaporated in a
rotary vacuum system, until a homogeneous, thin film was formed. Complete
solvent evaporation was ensured by applying a rotary vacuum pump for at least
2 h. Successively, the film was hydrated with a physiological buffer (phosphate
buffer 10 mM, NaCl 140 mM, pH 7.4). After 10 freeze-thaw cycles, liposomes
were extruded with a LiposoFast Extruder (Avestin GMBH, Mannheim, Germany)
through two stacked polycarbonate membranes with pores 50, 100 or 200 nm in
diameter. The final lipid concentration was estimated using Stewart’s phospholipid
assay [22].

For DPH fluorescence anisotropy experiments, liposomes were prepared adding
1 % DPH to the lipid mixture from a stock methanolic solution before film
formation.

For depth-dependent quenching experiments, nitroxide-labeled liposomes were
produced by adding the labeled lipids to the initial chloroform solution (7 % molar
fraction). The final mixture was ePC/ePG/doxyl-PC in 60:33:7 molar ratios. Spin
label content was controlled directly on the final liposomes by double integration
of the EPR spectra of an aliquot of the liposomes dissolved in isopropanol [3]. All
liposome preparations contained the same amount of spin labels, within a 10 %
error.

For ion-leakage experiments, ePC/ePG lipids (2:1 molar ratio) were hydrated
with a solution containing Tris buffer (10 mM), pH 7.4, KCI (150 mM), and the
SBFI probe (0.5 mM), and extruded through pores of 200 nm diameter. The
vesicles were then eluted on a Sephadex G-50 column, in the same buffer, to
remove the unencapsulated probe. Finally, liposomes were diluted (to a 30 pM
lipid concentration) in a Na® containing buffer (10 mM Tris, pH 7.4, 150 mM
NaCl).

For CF leakage experiments, the lipid film was obtained as already described,
and then hydrated with a 30 mM CF solution, prepared in 10 mM phosphate
buffer, pH 7.4, and titrated with 85 mM NaOH to make CF water-soluble, con-
taining 80 mM NacCl to make it isotonic to the dilution buffer (phosphate buffer
10 mM, NaCl 140 mM, pH 7.4, 270 mOsm). Liposomes were then eluted on a
40 cm Sephadex G-50 column to remove all the unentrapped dye.

The percentage of leakage induced by the peptide was determined as

F—-F

100—Fp

% Leakage =
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where F is the fluorescence signal recorded 20 or 15 minutes after peptide
addition, Fy is the initial fluorescence of the vesicles, and F¢ is the fluorescence
obtained adding a detergent, Triton-X, to the vesicles solution, to allow their
complete solubilization.

Giant unilamellar vesicles (GUVs) were prepared by the electroformation
method [1, 21]. The lipid film was obtained by the spin-coating technique, using
250 pl of a 5 mM lipid solution in a chloroform/acetonitrile (95:5) mixture. The
solution was spread on the charged side of an ITO-coated glass slide, using a speed
of 600 rpm for 5 min. The solvent was then completely removed under vacuum for
at least 1 h. After lipid film formation, the electroformation chamber was
assembled using a second ITO-coated glass slide and a 1.5 mm thick silicon spacer
(Fig. 3.1). The chamber was then filled with a 0.30 M sucrose solution, and a
1.5 V (peak to peak), 10 Hz potential was applied for 1 h, and then switched to
4V, 4 Hz for 15 min to favor detachment of GUVs from the electrode. The
solution contained in the electroformation chamber was gently removed, and
diluted 300 times in buffer (pH 7.4, 10 mM phosphate, 140 mM NaCl, 0.1 mM
EDTA). The lipid composition of GUVs was 66 % ePC, 33 % ePG and 1 %
rhodamine-labeled phosphatidylethanolamine (Rho-PE). Glass slides employed
during fluorescence imaging were previously treated with Sigmacote (Sigma
Aldrich). The FITC-labeled peptide Pep-1-K (0.7 pM) and the lipid membrane
could be observed independently by imaging the green fluorescein emission and
the red Rho-PE fluorescence in a Nikon Ti Eclipse confocal laser scanning
microscope (Nikon, Tokyo, Japan).

3.4 Spectroscopic Measurements

UV-visible spectra were acquired using a Cary 100 Scan UV-visible spectropho-
tometer (Varian). Fluorescence spectra were collected with a Fluoromax-2 spec-
trofluorimeter (Horiba). The temperature of the sample was controlled within
0.1 °C with a thermostatted cuvette holder. CD spectra were collected using a
Jasco J 600 spectropolarimeter in the wavelength range between 195 and 250 nm.
Experiments were performed in 0.1 cm pathlength cells, in phosphate buffer
(10 mM, pH 7.4), in 30 mM SDS, in 50 % TFE and in the presence of ePC/ePG
(2:1) liposomes with a nominal diameter of 50 nm at a lipid concentration of
250 puM. Peptide concentration was between 10 and 30 pM.

3.5 Turbidity Measurements

Peptide-induced vesicle aggregation was followed by measuring sample turbidity
at 400 nm, after adding increasing lipid amounts to a 1 pM peptide solution for all
investigated peptides (100 nm vesicles).
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Fig. 3.1 Schematic representation of the spin-coating process (left panel) and of the GUVs
formation chamber (right panel)

3.6 Osmolarity Measurements

The osmolarity of the liposomes hydration and dilution solutions were checked
with a freezing-point depression FISKE 210 osmometer (Advanced Instruments,
Norwood, USA). The calibration was carried out using 50 and 850 mOsm/Kg
standard solutions.

3.7 Membrane-Perturbing Activity Experiments

For CF-leakage experiments with peptides P5 and P5Del, 0.03 uM peptide was
added to a solution of 200 nm CF loaded-liposomes, at different peptide to lipid
ratios. The CF fluorescence signal of liposomes was followed at /Jey.. = 490 nm
and A¢,. = 520 nm. Total leakage was obtained by adding 1 mM Triton X-100.
The fraction of peptide-induced leakage was determined 15 min after peptide
addition to the liposomes solution, by the increase in the fluorescence signal [13,
20]. For trichogin GA IV and alamethicin, the same experiments were performed
by adding the peptide to a 200 uM solution of 200 nm CF loaded-liposomes.
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Peptide effects on membrane order and dynamics were determined by mea-
suring the fluorescence anisotropy of 100 nm DPH labeled-DMPC liposomes, at a
Aexe. = 350 nm and A, = 450 nm, at different temperatures or at different pep-
tide concentrations.

3.8 Water-Membrane Partition Experiments

For water-membrane partition experiments the Trp fluorescence signal of each
peptide was followed titrating 1 uM peptide solutions with increasing amounts of
100 nm ePC/ePG or ePC/cholesterol liposomes. Spectra were collected between
300 and 450 nm using Aex.. = 280 nm and a 295 nm cutoff filter ina 1 x 1 cm
quartz cell. The average wavelength (1) was calculated after background sub-
traction between 320 and 420 nm [2]. Anisotropy was measured for each peptide
titrating a 1 uM peptide solution in the presence of increasing amounts of lipo-
somes, using a Ae,.. = 280 nm and collecting the signal at 350 nm. No spectral
corrections were needed in addition to blank subtraction in the lipid concentration
range investigated, as checked by control experiments [2].

3.9 Molecular Dynamics Simulations of P5 and P5Del

MD simulations of peptides in water were performed in the laboratory where this
thesis work was carried out, and are reported in this thesis for comparison with the
experimental results. Trajectories started with the peptides in a helical confor-
mation. The MD conditions were set as previously reported [8, 9], except for the
pressure coupling that was applied isotropically. Five simulations, each 120 ns
long, were performed for each peptide. Clustering was performed by considering
the last 50 ns of each simulation (sampled with a 250 ps time step) by means of
the g_cluster application available in the GROMACS software package [7], with
default conditions. Molecular Lipophilicity Potential (MLP) [24] was calculated
by using the Vega program [17] MD simulations of P5 in the presence of lipids
was performed according to the “minimum bias” method [8, 9]. This simulation
was 120 ns long, and a perfect bilayer formed in about 85 ns, after which the
peptide position in the membrane remained stable. Molecular graphics were
obtained using the UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, or
with the program VMD [23].
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3.10 Molecular Dynamics Simulations of GAIV

The systems were simulated for 100 ns, adopting the conditions previously
described [3, 15], except that in the present study semi-isotropic pressure coupling
was used. Molecular graphics were obtained with the program VMD [9]. SLD
profiles were calculated from the last 10 ns of the MD simulations, as follows: the
density profile along the axis normal to the bilayer was calculated for each element
of the system by using the g_density utility of the GROMACS package. These
density values were multiplied by the coherent scattering length of the corre-
sponding element [19] and then summed together to obtain the overall SLD. When
multiple simulations were performed at the same peptide/lipid ratio, the SLD
profiles were averaged over all available trajectories. These calculated SLD pro-
files cannot be compared directly to the experimental ones, since the latter have
silicon on one side of the membrane, while in the simulations the bilayer faced a
water phase on both sides. To overcome this issue, the experimental profiles were
made symmetrical by reflecting the water-facing side with respect to the center of
the hydrophobic region.

Order parameters for the for the C—C bonds of the palmitic chains were cal-
culated with respect to the bilayer normal, according to standard definitions [3,
15], on the last 10 ns of the trajectories.

3.11 Neutron Reflectometry Experiments

Silicon single crystals (5 x 5x1 cm®) cut along the (111) plane were cleaned by
rinsing, under sonication, in chloroform, acetone, and ethanol. A 30 min UV/
ozone treatment was used to make the polished surface more hydrophilic. Sample
holders were laminar flow cells that allowed the injection of lipids and peptides
and the exchange of the solvent to apply the well-known contrast variation method
[5]. To this aim, high purity D,O (ILL) and Milli-Q water were used with the
following ratios 1:0, 0:1 or 38:62 (for silicon-matched water or SMW) in order to
obtain media with scattering length density (SLD or p) 6.35 x 107° A2, —
0.56 x 107 A2 and 2.07 x 107® A2, respectively. Neutron reflectivity
experiments were performed at the silicon/water interface on the D17 reflectom-
eter at ILL [6].

Two silicon monocrystalline solid supports were used and characterized before
the injection of lipid vesicles. Solid supported POPC and (d5;) POPC lipid bilayers
were obtained by the vesicle fusion method, which relies on spontaneous adhesion
of the lipids to the surface following a vesicles spreading process [11]. Small
unilamellar vesicles were formed sonicating a vesicle suspension (prepared as
described in Sect. 3.3) by immersion of a titanium tip for three periods 10 min
long at a power of 70 W, with suitable pauses between them to avoid excessive
sample heating. Five mL of the vesicle suspension were injected in the sample



3.11 Neutron Reflectometry Experiments 25

flow cell. Excess of lipids not bound to the surface was removed by flushing water
in the flow cell. To enhance the signal arising from the peptide molecules, addition
of partially deuterated peptide was used in combination with hydrogenated POPC,
while hydrogenous peptides were added to the partially deuterated lipid bilayer.

3.12 NR Data Analysis

The measured specular reflectivity data are connected to the arrangement of the
material within the sample along the normal to the deposition interface. The
relation can be summarized by the master formula [18]

16n2| [d P
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where the compositional information is described by the SLD along the
z direction, p(z).

A limitation in the analysis of Neutron Reflectometry (NR) data is the impos-
sibility of a direct Fourier transform of the reflectivity R(Q,) that would result in the
SLD profile, as evident from the equation above. This limitation, known as phase-
loss problem, can be overcome using the contrast variation method, i.e. modeling
data originated from the same sample with different isotopic substitutions. The
more are the contrasts available, the higher is the accuracy in the data modeling. For
example, in the present experiment, all of the data available for a given concen-
tration were modeled simultaneously to exploit this peculiarity of NR.

The data fitting procedure was based on the Parratt’s recursion relation [16],
originally derived for reflection of X-rays but nowadays widely used also for
neutron scattering data. The simultaneous fit of the data was performed using an
homemade software written in Matlab. The minimization routine was Fminuit, a ;(2
fitting program for Matlab based on the MINUIT minimization engine of the
CERN program library [10]. The system was modeled as a stack of four layers,
each of them described by a triplet of parameters [thickness ¢, p(f;) and interfacial
roughness ¢]. The parameter f; is the volume fraction of the kX component within
the selected layer (see the equation reported below).

The first layer was used to describe the SiO, layer together with its hydration
water. The sets of parameters, for both blocks, were obtained during the pre-
liminary characterization of the bare silicon supports and kept fixed during the
subsequent analysis. The remaining layers were respectively used to model: (i) the
inner hydrophilic headgroup region (ii) the hydrophobic tail region and (iii) the
outer headgroup layer. All of the information available about the sample com-
ponents was introduced in the model as constraints.
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3 Materials and Methods

If the composition of a layer is not uniform, i.e. in presence of more than one

component, the SLD representing the layer can be expressed as a linear combi-
nation of the SLDs of the components, where the weighting factors are the
component volume fractions. In general, for the ith layer the SLD was expressed as

o .
pi =100+ L + o0

where f', fi, f, are respectively the volume fractions of the lipid, water, and

peptide components in the ith layer, and their sum is normalized to unity.
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Chapter 4
Results and Discussion

4.1 Membrane Thickness and the Mechanism of Action
of Trichogin GAIV

4.1.1 Trichogin GAIV

In this chapter the mechanism of action of the peptide trichogin GAIV (GAIV
henceforth) will be investigated.

GAIV belongs to the family of peptaibols (or peptaibiotics), i.e. AMPs produced
by the Trichoderma fungi. This class of pore-forming, bactericidal peptides, was
actually discovered well before cationic AMPs [136]. They are produced non-rib-
osomally by fungi, are characterized by a C-terminal 1, 2-amino alcohol and a high
content of non proteinogenic residues, most notably a-aminoisobutyric acid (Aib),
and are usually acetylated or acylated at the N-terminus. Peptaibiotics are usually
helical both in solution and when membrane-bound, and, unlike cationic AMPs, their
content of charged residues is very low or even absent altogether. The best charac-
terized member of this family (and the second to be identified, in 1967) is alamethicin
(Alm) [76]. For this peptide it has been conclusively demonstrated through a com-
bination of a large set of biophysical techniques that it forms pores through the
“barrel-stave” mechanism [8, 19, 22, 36,42, 74, 126]. This model was first proposed
in 1974, but until now it has been convincingly demonstrated only for Alm.

Alm comprises 19 amino acids and its helix has a length corresponding almost
exactly to the thickness of biological membranes (Fig. 4.1). However, it is also one
of the longest members of the peptaibiotic family, which contains peptides going
from 21 amino acids (SCH 643432) to just 4 (peptaibolin) [136]. Considering the
closely related amino acid composition and physico-chemical properties of all
members of the peptaibiotic family, it is conceivable that they could form pores in
a similar way. However, an important drawback seems to preclude the formation
of transmembrane pores to shorter peptides: how could such short helices form
channels spanning through the whole bilayer?

S. Bobone, Peptide and Protein Interaction with Membrane Systems, 29
Springer Theses, DOI: 10.1007/978-3-319-06434-5_4,
© Springer International Publishing Switzerland 2014
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Fig. 4.1 Comparison of the length of the Alm and GAIV helices with the thickness of a POPC
bilayer. Phosphorus, nitrogen and oxygen atoms of phospholipids are shown as gold, blue and red
spheres, respectively, while water oxygen atoms are colored in pink. The acyl chains of the
phospholipids are omitted for the sake of clarity. Peptides are represented as ribbons. The
N-terminal acyl and C-terminal amino alcohol groups are shown in a “stick” representation
[Reproduced from [15] with permission]

A well characterized, medium-length peptaibiotic is GAIV, whose sequence is

nOct - Aib! - Gly? - Leu® - Aib* - Gly’ - Gly® - Leu’ - Aib® - Gly® - 11e'° - Lol,

where nOct is n-octanoyl, and Lol is leucinol. This 10-mer peptide was isolated
from Trichoderma longibrachiatum in 1992 [6] and since then it was studied both
in solution and in model membranes by a number of physico-chemical techniques
[108] including NMR [6, 54], X-ray crystallography [137], EPR [88-90, 114, 130,
131] fluorescence [45, 86, 126, 140—142] electrochemistry [10, 123], and molec-
ular dynamics (MD) simulations [17]. Its 3D-structure is helical, with a flexible
hinge in the central part, formed by two consecutive Gly residues [6, 137, 138,
141]. In this conformation, its length is only about half the normal thickness of a
biological membrane (Fig. 4.1).

For this reason, different models were proposed to explain its pore-forming
activity, including the SMH mechanism [38, 54, 90] and a carrier function [88, 89].
However, several evidences would favor a barrel-stave structure for its pores, just
like Alm. In this connection, by combining several different fluorescence experi-
ments it has been shown that, above a threshold concentration, GAIV inserts deeply
into the hydrophobic core of the membrane and forms aggregates. These inserted,
aggregated species are responsible for membrane leakage [45, 85, 126] Later on,
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these findings were confirmed by EPR measurements [114, 129, 130]. Other studies
established that GAIV-induced membrane permeability is ion-selective and depends
on the sign and magnitude of the transmembrane potential, exactly like that of Alm
channels [10, 68, 122].

One hypothesis that was put forward to solve the apparent contradiction
between these data and the short length of the GAIV helix is formation of head-to-
head dimers able to span the entire bilayer [130, 137]. However, this hypothesis
seems not to be supported by the voltage dependence of GAIV-induced membrane
permeability, which would require a co-linear alignment of the helices forming the
channel, to generate an overall dipole that could sense the transbilayer potential
[10, 68] In a previous study [17] GAIV location inside a lipid bilayer was
investigated by MD simulations using a self-assembling approach [20, 39] that has
been defined as “minimum bias” [18, 99]. In this method, the simulation starts
from a random mixture of lipids and water, containing one peptide molecule.
During the simulation, a lipid bilayer self-assembles spontaneously, but in the
initially highly fluid environment the peptide is able to attain its most favorable
position in the membrane. This study [17] indicated a possible solution to the
problem of the mismatch between membrane thickness and peptide length. In two
out of three such simulations with GAIV, the peptide positioned close to the
membrane surface, parallel to it, without significantly perturbing the membrane.
However, in a third simulation it inserted into the bilayer in a transmembrane
orientation. This simulation showed a bilayer that, near the peptide, was signifi-
cantly thinned, so that the short GAIV helix was able to span completely the
membrane. Nevertheless, this preliminary result could not rule out the possibility
that the observed effect was an artifact of the way the bilayer formed, since in this
simulation GAIV was initially inserted in a local defect of the membrane, which
healed only after an extensive simulation. The short length of the equilibrated
segment of that simulation (10 ns) left open the possibility that the observed
bilayer structure was just a transient, metastable state, which would eventually
relax. More importantly, this purely computational but intriguing indication nee-
ded an experimental verification.

In this chapter, combined experimental and simulative data will be reported,
supporting the possibility for GAIV to form barrel-stave channels. Neutron
reflectivity studies were used to experimentally verify the effects of GAIV on
bilayer thickness. Moreover, vesicle leakage experiments were exploited to
determine the influence of membrane thickness on GAIV activity. In addition,
previous MD simulation studies were significantly extended, to confirm the sta-
bility of the transmembrane orientation, even when starting from a preformed
bilayer, and to verify the cumulative effects of multiple membrane-inserted peptide
chains. Overall, these data indicate that GAIV might be able to form barrel-stave
channels by causing a significant thinning of the bilayer to a thickness comparable
with the length of its helix (Fig. 4.1).
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Fig. 4.2 Schematic
representation of the bilayer Bufer edugraaps i [
model used for data analysis
Tails 3
Inner headgroups 2 &R&&&

Silicon oxide+water 1

4.1.2 Neutron Reflectivity Experiments

Specular neutron reflectivity measurements were carried out on planar POPC
bilayers supported by a silicon crystal and submerged in a water phase, to which
increasing GAIV concentrations were added. To increase the reflectivity contrast, in
a first set of experiments, fully hydrogenated peptide was added to a chain-deuter-
ated POPC bilayer (Fig. 4.3), while in a second set, partially deuterated GAIV
(Fig. 4.4) was added to a normal POPC bilayer (Fig. 4.3) (See Table 4.1). Four
different concentrations of peptide were used, namely C, (bare lipid bilayer), C,
4.5 M), C, (15 puM), and C; (30 uM). All of the peptide-lipids-solvent combi-
nations exploited are reported in Table 4.1. The data analysis has been carried out
dividing the membrane into three sublayers, i.e. the outer headgroups region, the
tails region, and the inner headgroup region. A further region is represented by the
thin SiO; layer that covers the silicon support, with its hydration water (Fig. 4.2).

Each layer is characterized by defined values of SLD, thickness (d), and
roughness (o). The SLD of each layer will provide information about the species
present in the considered region.

The cited parameters are used to calculate a model for reflectivity profile. The
theoretical profile obtained by this model is then compared to the experimental
one, and the quality of the fit is assessed calculating the %> parameter in the least-
squares method (as described in Sects. 3.11 and 3.12). The SLD and d for each
layer can be varied until the optimum fit is found. All the reflectivity profiles
obtained for the same peptide concentration under different contrast conditions
were fitted simultaneously.

4.1.2.1 Bare Substrates Characterization

Two different Si substrates were used for the POPC and (d;;)POPC bilayers. Before
membrane deposition, these substrates were characterized using three different
water compositions (Table 4.1). For that used in combination with hydrogenated
POPC, the dioxide layer was characterized by a thickness 7,, = 15.8 & 0.1 A,
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Fig. 4.4 Structure of the deuterated GAIV

Table 4.1 Datasets collected in the neutron reflectivity experiments

‘ Lipids Peptide Concentration ‘DZO SMW HZO‘
POPC -- Co X X X
(d31)POPC -- Cy X X X
POPC deuterated C, X X
POPC deuterated C, X X
POPC deuterated Cs X X
(d31)POPC | hydrogenated C X X
(d31))POPC | hydrogenated C X X
(d31)POPC | hydrogenated Cs X X

a volume fraction of hydrating water f,, = 0.15 £ 0.05 and a roughness
o = 2.2 + 0.2 A. The block used for supporting deuterated lipids was characterized
by the parameters t,, = 15.5 + 0.1 A, for = 0.12 £ 0.05, and ¢ = 2.4 £ 0.3 A.
These values were kept fixed during the modeling of the sample data.

4.1.2.2 Bare POPC Bilayer Characterization

The simultaneous fits on all of the available datasets for a pure lipid bilayer are
shown in Fig. 4.5. The parameters obtained are in complete agreement with those
already reported in the literature [69]. In both cases, the parameters of the pure lipid
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Fig. 4.5 Panel A: neutron (a)

reflectivity profiles for POPC

and (d3;)POPC bilayers in 10°! ‘\-.‘___.““
different media. From fop to T

bottom POPC in H20
(violet), D20 (red), SMW
(green) and (d3;)POPC in
H20 (violet), D20 (red) and
SMW (green). Global fits to
these data are reported as
solid or dotted lines, for
(d31)POPC and POPC data,
respectively. The curves have
been rescaled to improve the
visibility. Panel B: SLD
profiles for POPC and (d3;)
POPC bilayers in different
media. The color code is the
same as in panel A
[Reproduced from [15] with
permission] QA"
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bilayer were indicative of a symmetric bilayer, with a total thickness of 48 + 3 A.
The inner and outer headgroup regions were 10 A thick (7, = 10 + 1 A), with a
volume fraction of water f;, = 0.5 £ 0.1. The hydrophobic core of the bilayer was
28 A thick (2xt, = 28 £ 1 A) with no water penetration, which suggests an almost
perfect coverage of the substrate surface [28]. The roughness of all interfaces was
similar and close to 2 A. From these values the SLD profiles along the normal of the
bilayer were evaluated (Fig. 4.5, bottom panel).
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Fig. 4.6 Reflectivity profiles 1o WAL L L
of POPC in D,O. Violet no
peptide; Blue Cy; Green C,, A
Red C; [Reproduced from 10
[15] with permission]
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4.1.2.3 Peptide Effects

In Fig. 4.6 the curves of the POPC bilayer in D,O at the different concentrations of
deuterated peptide investigated are compared. Two main features are visible. From
the pure lipid bilayer to the C; sample a decrease in reflectivity in the mid-Q
region (0.05-0.15 A™") is observed that could be interpreted as a change of
contrast between the sample and the solvent. Indeed, the addition of deuterated
peptide molecules into a hydrogenated bilayer would lead to a total SLD closer to
that of D,O. It has to be reminded that the contrast is the difference between the
SLD of the sample and that of the medium. The lower is this value, the weaker is
the reflectivity (or scattering) signal.

The second feature clearly visible is a shift of the main minimum of the profiles
towards higher Q, values. For the pure POPC bilayer it was located around
Q, = 0.20 A~! and it shifted to higher values after peptide insertion. This is a
clear indication of thinning of the overall thickness of the deposition.

From the simultaneous fits according to the Parrat’s recursive formula, the
sample at the four different peptide concentrations was characterized in a clear and
unambiguous way. The resulting parameters are listed in Table 4.2. From these
parameters we were able to determine the main structural changes induced by the
peptide inclusion into the lipid bilayer. First of all, the peptide is present only in
the hydrophobic layer, as described by the volume fractions f,, and f,,, repre-
senting the volume fraction of peptide molecules occurring in the headgroup and
tail regions, respectively. £, is zero for all of the investigated samples. Instead, the
quantity of peptide inserting into the hydrophobic layer is clearly concentration
dependent. From the peptide volume fraction f,,,, and from the molecular volumes
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Table 4.2 Parameters obtained from data analysis of the lipid-peptide system at the four con-
centrations. #, = thickness of headgroups region, #, = thickness of tail region, f, = volume
fraction of water in the headgroup region, f, = volume fraction of water in the tails region,
g, = roughness of headgroups region, ¢, = roughness of tails region, f,;, = fraction of peptide in
the headgroups region, f,, = fraction N,/N; = peptide to lipid ratio

Co C] C2 C3

tn (A) 10£1 9+1 8+ 1 9+1
2xt,(A) 28+ 1 26+ 1 23+ 1 21+ 1
fi 0.5+0.1 0.4+0.1 0.4+0.1 0.4+0.1
fi 0.00+0.05 0.00+0.05 0.05+0.05 0.05=+0.05
oy inner (A) 2+1 2+1 2+1 2+1
oy outer (A) 2+1 2+1 2+1 2+1
6/(A) 2+1 2+1 2+1 2+1
JSon n.a. 0 0 0

St n.a. 0.09+0.02 0.11+£0.03 0.13+0.05
N,/N; n.a. 0.07+0.02 0.09+0.02 0.10 +0.04

of GAIV and of the lipid tails the inserted peptide to lipid ratio at the different
concentrations (N,/N;) has been evaluated. Unfortunately, within the experimental
accuracy, it was not possible to distinguish whether the peptide molecules are
located in a specific part of the tail region or with a specific orientation with
respect to the bilayer normal z.

The second important information arising from the modeling is that the
inclusion of the peptide produces a thinning of the bilayer, especially because of a
thickness decrease of the tail region. Actually, within the experimental accuracy,
the headgroup thickness #, is stable at all concentrations, while a decrease is
observed in the #, parameter (7, is the thickness of the hydrophobic region of a
single leaflet). The overall hydrophobic region is “compressed” by ~7 A going
from the pure lipid system to that with the highest amount of peptide included.
This thinning affects the overall bilayer thickness, decreasing form 48 £ 3 to
39 4+ 3 A (Fig. 4.7). All of these structural changes are detectable also from a
comparison of the SLD profiles, as shown in Fig. 4.8.

4.1.3 Molecular Dynamics Simulations

In order to understand at the molecular level the structural changes observed in the
bilayer in the NR experiments, MD simulations of GAIV-membrane systems were
performed in the research group where this thesis was carried out. In a previous
computational study [17] it has been shown that when the peptide is associated to
the membrane parallel to its surface it does not cause any significant bilayer
perturbation. Therefore, in the present study the stability of a transmembrane
peptide orientation and its effects on the bilayer has been investigated.
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The peptide was inserted in the bilayer according to a protocol developed
specifically for this purpose [15, 16]. After GAIV insertion and an appropriate
10 ns equilibration period (during which the peptide was position-restrained), the
simulations were continued for 100 ns more. A total of 7 simulations was per-
formed: in one of them, only one peptide molecule was inserted in the bilayer
(comprising 128 POPC lipid molecules), in three other simulations 4 peptide
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Fig. 4.9 Snapshots showing the evolution of the structures during the simulation with four
GAIV molecules [Reproduced from [15] with permission]

molecules were inserted, and in further three simulations the peptides in the bilayer
were 8. In most cases, the peptide molecules maintained a transmembrane ori-
entation for the whole trajectory, and quickly (i.e. in about 10-30 ns) some lipid
headgroups in the region above and below the peptide were drawn deeper in the
membrane, due to the interaction with the free peptide NH and CO groups at the
two termini of the helices. A few structures representative of the time-evolution of
the simulations are shown in Fig. 4.9, and the structures at the end of the simu-
lations are illustrated in Fig. 4.10.

To better define the interactions responsible for the observed bilayer defor-
mation an analysis was carried out of the interactions of the peptide NH and CO
groups not involved in intramolecular H-bonds, and of the OH group of the C-
terminal amino alcohol, with different parts of the lipid molecules or with water.
This analysis was limited to the trajectory segment following the formation of the
bilayer thinning, i.e. from 30 ns onward (Fig. 4.11). As expected, the NH groups at
the N-terminus interact mainly with the oxygen atoms of the phosphate and
glycerol groups, while the C-terminal CO groups were almost invariably associ-
ated with the quaternary ammonium of the lipid choline group. The OH group of
Lol interacts mostly with the glycerol moiety. All three peptide groups (NH, CO
and OH) also interact with water molecules. These data indicate that the bilayer
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Fig. 4.10 Final structures obtained from simulation with, 1, 4 or 8 peptide molecules
[Reproduced from [15] with permission]
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Fig. 4.11 Statistics of the
interactions of selected
peptide groups during the
equilibrated segments of the
MD trajectories with 4 GAIV
molecules (30-110 ns). For
each trajectory frame, the
lipid or water atom closest to
the different peptide groups
(N-terminal NH, C-terminal
CO and amino alcohol OH)
was identified [Reproduced
from [15] with permission]

Fig. 4.12 Order parameters
for the C—C bonds of the
palmitic chains, calculated
with respect to the bilayer
normal, on the last 10 ns of
the trajectories. Black: no
peptide (black), blue:1,
green: 4, red: 8 peptide
molecules [Reproduced from
[15] with permission]
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deformation is driven by electrostatic and H-bonding interactions, which are
enhanced in the low-dielectric constant environment of the hydrophobic mem-
brane core. These interactions lead to thinning by drawing phospholipid head-
groups deep into the membrane, thus inducing an increase in the number of gauche
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Fig. 4.13 Comparison i i i T
between the neutron SLD
profiles calculated from the
MD trajectories of a peptide-
free POPC bilayer (pink
dotted line) and in the
presence of 8 trichogin
molecules (violet dotted line,
peptide to lipid ratio 0.0625)
with the symmetrical profiles
obtained from the
experimental neutron data of
the peptide-free bilayer (pink
solid line) and in the presence
of deuterated GAIV at
concentration C1 (violet solid
line, estimated inserted
peptide to lipid ratio

0.07 £ 0.02) [Reproduced
from [15] with permission]

conformations in the lipid tails, as shown by a progressive decrease in their order
parameters, as the number of peptides in the bilayer increases (Fig. 4.12).

To further confirm the stability of the transmembrane state, the simulation
previously obtained by using the “minimum bias approach”, whose equilibrated
segment was initially just 10 ns long, was extended by further 40 ns. During this
time, no significant modification in the peptide location, nor in the bilayer structure
in its surroundings was observed (data not shown). The same system was simu-
lated at 350 K for 65 ns without any evidence of destabilization of the trans-
membrane conformation.

Overall, these simulations strongly support the possibility of a transmembrane
orientation for GAIV and a significant thinning effect on the bilayer, so that the
short peptide helix could span it from one side to the other. However, in order to
assess the reliability of the MD results, it was essential to evaluate their agreement
with the experimental data.

4.1.3.1 Comparison with the NR Data

Neutron SLD profiles can be calculated from the MD trajectory and compared
with the experimental data (Sect. 3.9). However, in order to perform a mean-
ingful comparison, it was necessary to take into account the fact that in our
experiments the lipid bilayer was supported on a silicon crystal, while it was
free-standing in water in the simulations. It was previously demonstrated that
GAIV very quickly partitions in both layers of the membrane [85] and this should
lead to a symmetrical SLD profile for a trichogin-containing bilayer in water.
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Therefore, the SLD profile of a free-standing membrane was obtained from the
experimental profiles by reflecting the section of the profile corresponding to the
water-facing side of the bilayer with respect to the center of the hydrophobic
region. The comparison of the resulting profiles, reported in Fig. 4.13, shows a
good qualitative agreement, regarding both the thickness of the bilayer and the
increase in SLD due to peptide insertion in the membrane. This comparison
confers a good confidence to the atomic-level picture provided by the MD
simulations.

4.1.4 Vesicles Leakage Experiments

Both the simulations and the neutron reflectivity experiments indicate the possi-
bility for GAIV to span the bilayer entirely, by causing a significant thinning of the
membrane. However, this bilayer deformation requires a free energy cost.
Therefore, if a transmembrane orientation is involved in the GAIV pore-formation
process, the membrane-perturbing activity of this peptide should increase signif-
icantly in thinner membranes, which require a smaller deformation or no thinning
at all. To verify this point, peptide-induced vesicle leakage experiments have
performed with liposomes formed by lipids with different chain lengths and bilayer
thicknesses [55] (Figs. 4.14 and 4.15). For comparison, the same experiments were
carried out also with the much longer peptaibol Alm (Fig. 4.16). As shown in
Figs. 4.15 and 4.16, the activity of GAIV increases dramatically with decreasing
the bilayer thickness, while that of Alm is affected only marginally. In bilayers
with a thickness comparable to that of biological membranes (i.e. with a number of
carbon atoms of 16-18) the activity of GAIV is much lower than that of Alm.
However, in the thinner membranes (whose hydrophobic core has a size compa-
rable to that of the GAIV helix), the activity of the two peptides becomes com-
parable (Fig. 4.17). It is also worth mentioning that the curves of peptide-induced
leakage as a function of GAIV concentration (Fig. 4.15) are steeply sigmoidal in
membranes with high thickness, indicating a strong cooperativity of the pore
formation process, but this cooperativity decreases drastically in thinner
membranes.

4.1.5 Discussion

Both NR data and MD simulations show a peptide-induced thinning of the
membrane. The effect of the insertion of a peptide/protein in a bilayer with an
equilibrium hydrophobic thickness differing from that of the inclusion has been
rationalized in terms of hydrophobic mismatch [63, 92]. The free energy cost of
exposing to water hydrophobic groups of the protein or lipids, due to their different
thickness, is higher than that of distorting the lipids from their equilibrium
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conformation. As a consequence, the membrane thickness locally adapts to the size
of the inclusion, although other effects are also possible [64]. The case of trichogin
falls under the category termed negative mismatch, where the inclusion is shorter
than the membrane thickness. A systematic study on model peptides demonstrated
that hydrophobic mismatch is sufficient to drive membrane thickness adjustments
comparable to those that would be necessary for barrel-stave pore formation by
trichogin [67]. However, the MD results indicate that, in the case of trichogin,
membrane thinning might be driven also by specific interactions between the
peptide N- and C-termini and the phospholipid headgroups. In this respect, it is
important to note that we have previously shown that in solvents of low polarity
trichogin binds cations with a very high affinity [142]. This result might reflect
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Fig. 4.16 Leakage curves of
Alm (B) in vesicles with a
different hydrophobic
thickness: The color code is
the same than Fig. 4.15
[Reproduced from [15] with
permission]

Fig. 4.17 Membrane-
permeabilizing peptide
activity as a function of the
hydrophobic thickness of the
bilayer. The peptide
concentration is required to
induce the leakage of 50 % of
liposome contents is reported
on y axis [15]
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what is happening in the interaction between the peptide and lipid headgroups in
the low dielectric environment of the bilayer core.

A completely different interpretation for peptide-induced membrane thinning
has been provided by Huang [58] and used to describe the mechanism of action of
both cationic AMPs and peptaibiotics. According to his model, binding of an
amphipathic molecule to the bilayer surface at the water-lipid chain interface leads
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to an increase in the interfacial area, and thus to a decrease in the hydrocarbon
thickness, due to the very low volume compressibility of the lipid chains. This
deformation has an elastic energy penalty, and thus, at a threshold bound peptide
concentration, a transmembrane orientation becomes favored. In this model,
membrane thinning is due to the surface-bound peptide, rather than to the trans-
membrane-inserted molecules. Unfortunately, previous works showed that in both
orientations the peptide is located essentially in the hydrophobic core of the
membrane [17, 85, 126] and therefore the NR data do not allow us to discriminate
between the Huang hypothesis and thinning due to transmembrane inserted pep-
tides. However, several indications suggest that the Huang mechanism is unlikely
for trichogin: insertion of this highly hydrophobic peptide in the phospholipid tail
region, parallel to the membrane surface, can be easily accommodated, without
causing a significant increase in the interfacial area nor a perturbation of mem-
brane order, as also shown by previous simulations and experiments performed by
our research group [17].

Whatever the driving force of the trichogin-induced membrane thinning might
be, this effect makes possible for the peptide to span the bilayer from one side to
the other, and also provides a rationalization to a previous observation regarding
this peptaibol. Fluorescence experiments demonstrated that membrane-inserted
trichogin exists essentially in an aggregate state [85, 126]. Clearly, the free energy
cost of membrane deformation can be significantly reduced by peptide aggregation
(just like in the hydrophobic effect aggregation of apolar molecules in water
reduces the entropic cost of water structuring around them). Therefore, a mono-
meric transmembrane mismatched inclusion is significantly unstable [64]. This is
probably the main driving force for the highly cooperative oligomerization in
membrane-permeabilizing channels. This interpretation would also explain the
observation that curves of membrane-perturbing activity as a function of peptide
concentration are highly cooperative in thick membranes, while this cooperativity
decreases significantly in thinner membranes (Fig. 4.15).

Alm is one of the longest peptaibiotics, but many “medium”- or “short”-length
peptides of this class do exist [30, 136]. Therefore, the present findings might be
relevant for a rather wide class of peptides. Longer peptaibols are much more
active than shorter ones [46], but barrel-stave channel formation has been
hypothesized for some of the latter, like the 16 residue long antiamoebin [37].
Solid-state NMR measurements have also shown that such relatively short pep-
tides, like the 14 residue ampullosporin or the 15 residue zervamicin II, attain a
predominantly transmembrane orientation when the membrane thickness is com-
parable to their length, while they are largely parallel to the surface in thicker
bilayers [9, 115]. Therefore, it has been proposed that all peptaibiotics might act
according to the barrel-stave mechanism, the lower activity of the shorter ones
being due to the lowest fraction of peptide molecules in a transmembrane orien-
tation [115].

Some other findings reported in the literature further support the possibility for
a peptaibiotic to form barrel-stave channels in a membrane thicker than its length.
For instance, Alm is able to form pores even in artificial membranes formed by



46 4 Results and Discussion

diblock copolymers whose hydrophobic region is much thicker than the peptide
length [143], thus paralleling the situation of trichogin in biological membranes. In
addition, our findings regarding the membrane thickness dependence of peptide’s
activity nicely parallel the observation that in a series of short-chain trichogin
analogs the activity significantly and progressively decreased with the shortening
of the peptide chain [41].

No electrophysiology measurements of the conductance of single trichogin
channels in planar membranes, which would provide a conclusive confirmation of
a barrel-stave mechanism, have been reported to date. However, experiments on
liposomes have shown that the pores formed by this peptide are ion selective and
that their conductance is voltage-dependent, as it would be expected for Alm-like
barrel-stave pores [68]. The voltage-gated nature of the trichogin channels was
recently confirmed also by electrochemical measurements on Hg-supported teth-
ered bilayer lipid membranes [10]. Overall, the present data indicate that formation
of transmembrane barrel-stave channels might indeed be possible even for short
peptaibiotics.

4.2 Selectivity
4.2.1 Role of Pro Residues in AMPs Sequences

In order to be able to design new peptide-based antibiotic drugs, it is essential to
define the peptide characteristics that are responsible for AMPs selectivity.

The importance for selectivity of some AMPs molecular characteristics, such as
charge and amphiphilicity, for their selectivity has been discussed in the Chap. 1.
In the present chapter the role of another feature, common to many AMPs, will be
discussed, i.e. the presence of a Pro or Gly residue in the amino acidic sequence. It
is a conserved feature, present in several peptides [138, 157]. A statistical analysis
quantitatively demonstrated the frequent presence of Gly residues close to the
peptide center [138], but a similar statistical evaluation has not been reported for
Pro. Nevertheless, several examples of Pro-containing helical AMPs or mem-
brane-active toxins are described in the literature: Alm [127], BMAP-27 and
BMAP-28 [147, 151], caerin [147], cecropin [156], fowlicidin [148], gaegurin
[129], indolicin [151, 152], maculatin [26], melittin [31], pardaxin [146], pin2
[113], PMAP-23 [99], SMAP-29 [132], temporin A [23], tripticin [149], XT-7
[128], and an antimicrobial lysozyme fragment [60], among others. For many of
these a Pro-induced kink in the helical structure has been demonstrated by NMR
studies in solution or in membrane-mimicking media.

An analysis carried out using the AMPs database APD2 (http://aps.unmc.edu/
AP/main.php), showed that in AMPs with less than 25 residues, and a single Pro
residue, this amino acid is mainly found in proximity of the sequence center, with
a preference for position closer to the N-terminus (Fig. 4.18).
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The possible role of Pro in AMPs activity or selectivity is less easy to under-
stand, with respect to the positive charge, or amphipaticity, which can be imme-
diately related to the association to the lipid membranes. To study the effect of the
presence and of the position of Pro in AMPs sequences, the P5 peptide was chosen.

4.2.2 The P5 Peptide

PS5 is a model peptide, designed with the aim to obtain new synthetic peptides with
a strong antibacterial activity. It was first derived from an hybrid parent peptide,
CA-MA [104]. It is a Leu-Lys rich peptide, with a strong antibacterial activity and
high selectivity, being nontoxic for erythrocytes up to the maximum investigated
concentration, corresponding to 100 uM, i.e. 100-fold higher than the one required
to kill bacteria [104]. The sequence of PS5 is the following:

KWKKLLKKPLLKKLLKKL — NH,

The peptide sequence clearly shows some of AMPs characteristics, like the
positive net charge. If a helical structure is assumed for PS5, we can notice how the
amphipathic sequence has been designed to obtain two portions of a perfect
amphipathic helix.
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Fig. 4.19 Helical wheel projections of P5 and P5Del [16]

4.2.3 Pro Presence and Function in Proteins

The conformational effects induced by Pro in helical conformations are due to its
particular structure: Pro is the only N-substituted residue, with a cyclic side chain.
Due to this characteristics, Pro has a restricted torsional space, and its backbone
amide, lacking a proton, cannot act as a donor in H-bond; thus, a Pro in i position
will break the i to i + 4 H-bond usually formed in alpha-helices, and also the
i+ 1toi — 3, for steric reasons [111]. Furthermore, it has been shown that Pro
perturbs the conformational space of the preceding residue [59, 70, 118]. For all
these reasons, it can dramatically affect the stability of helical structures, when
located in the middle of the amino acidic sequence.

As a consequence, in soluble proteins Pro can often be found in proximity of the
termini, but rarely in the helix interior [70, 111]. It has been estimated that only
5 % of total Pro residues are found inside helices, and that in this case they induce
a kink [7, 80], conferring high flexibility to the protein structure.

Since in helical regions of soluble proteins Pro is extremely rare, and it is often
located in hydrophilic regions, it would not be expected to be found in trans-
membrane helices. By contrast it surprisingly represents about 3—4 % of TM
helical residues [77, 116], and, in addition, it is preferentially located close to the
center of the helix [27, 117, 139]. Like in soluble proteins, also in the membrane
environment Pro induces a kink [135] and indeed about 64 % of TM helices are
kinked. Pro is usually 2 or 3 residues in the C-terminal direction with respect to the
bend [73]. Pro residues are usually rather conserved in TM helices, hinting to a
possible functional role [21, 117, 139]: it has been hypothesized that the Pro-
induced kink could be needed to have free CO groups inside membrane channels,
that could participate in ligand binding, or to gate channels with cis/trans isom-
erization or Pro-induced flexibility [21, 35, 78].

In the case of AMPs, no clear explanation has been proposed for the presence of
the central kink. P5 is an excellent model system to study the role of Pro residues
in AMPs.
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Table 4.3 Amino acidic sequences of P5 and its analogues

PS (Pro9) KWKKLLKKPLLKKLLKKL-NH;

P5Pro5S KWKKPLLKKLLKKLLKKL-NH,
PS5Pro7 KWKKLLPKKLLKKLLKKL-NH,
P5Pro1l KWKKLLKKLLPKKLLKKL-NH;
P5Pro13 KWKKLLKKLLKKPLLKKL-NH,
P5Pro1S KWKKLLKKLLKKLLPKKL-NH;
PSDel KWKKLLKK-LLKKLLKKL-NH;

4.2.4 P5 Analogues

In order to perform a systematic and complete study, a series of analogues were
designed and synthesized starting from P5. In every analogue, Pro was moved
towards the peptide termini, in positions which would keep the amphipathic
character of the two helix portions, or removed altogether. In this case, a perfect
amphipathic helix was obtained (Fig. 4.19).

The structures of P5 analogues are summarized in Table 4.3.

4.2.5 Antimicrobial and Hemolytic Activity

The antimicrobial activity of P5 and its analogues was tested against different
Gram-positive and Gram-negative bacteria. The bactericidal activity is expressed
as minimum inhibitory concentration, or MIC, defined as “the lowest concentra-
tion of an antimicrobial that will inhibit the visible growth of a microorganism
after overnight incubation” [4].

All analogues featured a good antimicrobial activity, even though the Pro
displacement caused a slight increase in MIC values, that are shown in Fig. 4.20.

The hemolytic activities of the analogues, instead, are dramatically affected by
the modification of Pro position: the results show a strong increase in the peptides’
toxicity as Pro is shifted from the sequence center or removed altogether. PS5 is not
hemolytic up to the higher tested concentration, 100 uM [104]. By contrast,
analogues have an increasing toxicity, which becomes stronger as the Pro residue
is shifted along the sequence. The most toxic analogue is P5Del, which has a
hemolytic activity comparable to that of melittin (a potent bactericidal peptide
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Fig. 4.21 Hemolytic activity of the analogues

derived from the bee venom, which is also dramatically hemolytic) as shown in
Fig. 4.21.

The dramatic differences in peptides selectivity could depend by a different
affinity for membranes of different composition, or by a different perturbing
activity towards different membranes. Studies on model membranes were per-
formed to clarify this point.

PS5, the parent peptide, and P5Del, the Pro-lacking peptide. show the greatest
differences in hemolytic activity. Therefore, these two AMPs have been chosen to
perform experiments on model membranes.
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4.2.6 Membrane-Perturbing Activity of P5 and P5Del

4.2.6.1 Peptide-Induced CF Leakage

To perform carboxyfluorescein leakage, to investigate the membrane-perturbing
ability of P5 and P5Del [18], 0.03 M peptide was added to various liposome
solutions of different lipid concentrations.

In ePC/ePG (2:1 molar ratio) liposomes P5 and P5Del show a very similar
activity (Fig. 4.22), causing a strong membrane perturbation and both reaching a
value close to 100 % of leakage in a similar range of P/L values.

In ePC/cholesterol (1:1 molar ratio), on the other hand, P5Del resulted to be
dramatically more active than P5 (Fig. 4.23).

To investigate the role of cholesterol, which has been suggested as a possible
cause for the low activity of AMPs towards eukaryotic membranes, as discussed in
Sect. 1.4 of Chap. 1 [84], the same experiments were performed also using vesi-
cles composed only by ePC: also in this case the activity of P5 was significantly
lower than that of P5Del (Fig. 4.24). This result proved that the differences in
activities are due to the bilayer negative charge, given by ePG phospholipids, and
not to the presence of cholesterol, which has only a slight influence on P5
behavior. The leakage data are in good agreement with the findings obtained by the
hemolytic and antibacterial activity assays, in which the two peptides showed a
similar bactericidal power, but only P5Del resulted to have hemolytic properties.

These experiments also allowed to point out that the distinct biological activ-
ities of the two analogues derive from their different ability to perturb membranes
of different composition.
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The effect of cholesterol resulted to be negligible; for this reason, all the fol-
lowing experiments on peptide-induced membrane-perturbation were performed
using PC/PG and PC/cholesterol liposomes only.

4.2.6.2 Vesicles Aggregation

Liposomes-induced aggregation was investigated measuring the light scattering
increment at 400 nm. The experiments were performed titrating P5 or P5Del
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(at 1 pM concentration) with increasing lipid amounts. If liposomes start to
aggregate, an increase in the turbidity of the suspension occurs. PS and P5Del
are able to induce vesicle aggregation, as measured by the turbidity of liposome
suspensions. For both P5 and P5Del, the turbidity of a peptide-containing sus-
pension of charged vesicles is significantly higher than that of peptide-free lip-
osomes, indicating peptide-induced aggregation (Fig. 4.25). Interestingly, this
phenomenon is largely reversible after a given lipid to peptide ratio is reached,
indicating that association, rather than fusion, of vesicles is taking place. The
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maximum in vesicle aggregation takes place at a peptide to lipid ratio that
corresponds approximately to membrane neutrality. This behavior is consistent
with what has been reported for other peptides [14, 83, 109, 161]. With neutral
membranes, on the other hand, significant aggregation is induced only by P5Del,
while the effect of P5 is negligible (Fig. 4.26).

Fig. 4.27 DPH structure

4.2.6.3 Effect of the Peptide in the Thermotropic Phase Transition
of Liposomes

For this experiment DPH-labeled DMPC vesicles in a 10 uM concentration were
used, in the presence of 5 pM peptide. DPH (Fig. 4.27) inserts into the hydro-
phobic core of the membrane, essentially parallel to the lipid chains. For this
reason, its fluorescence anisotropy reports on the membrane order and dynamics,
and represents a measure of the membrane fluidity. Above the phase transition
temperature, when the lipids are in the liquid-crystalline state, DPH anisotropy is
very low, due to the fact that the probe is quite free to rotate around its axis [18].
Under the transition temperature, on the other hand, DPH anisotropy reaches a
value around 0.35, because its mobility is largely inhibited when the lipids are in
the ordered gel phase. The solution temperature was varied between 10 and 45 °C;
DMPC vesicles showed the very nice liquid-to-gel phase transition at 24 °C. P5
had only a very slight effect on the membrane order and dynamics, even though it
was present in a large excess (Fig. 4.28); P5SDel, on the other hand, had a dramatic
effect on the vesicles fluidity, with a strong broadening of the transition curve; in
the presence of P5Del, indeed, the anisotropy values of DPH in the liquid and in
the gel phase are much more similar than in the curve obtained without the peptide
(Fig. 4.28).

The effects of the peptides on DPH anisotropy were investigated also in ePC
vesicles at 25 °C; in these conditions, ePC lipids are in the physiological fluid
state. A 10 uM solution of liposomes was titrated with increasing amounts of
peptide, showing that also in this case P5Del has a stronger effect on DPH
anisotropy, which increases in a concentration-related manner (Fig. 4.29).

Overall, these data concur to show that P5Del strongly perturbs both charged
and neutral membranes, while P5S has a much higher activity on anionic vesicles
than on neutral ones.
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Fig. 4.28 Thermotropic gel
to liquid crystalline phase
transition in DMPC vesicles.
[Lipid] = 10 puM;

[peptide] = 5 pM. Red: PS5,
blue, P5Del, grey: no peptide
[16]

Fig. 4.29 peptide
concentration dependence of
DPH anisotropy in ePC
vesicles. [Lipid] = 10 puM;
T = 25 °C. Grey symbols:
peptide-free vesicles; red
symbols: vesicles with P5;
blue symbols: vesicles with
P5Del
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4.2.7 Water-Membrane Partition Experiments

The different perturbing activity of P5 and P5Del on neutral membranes could be
due to a different affinity for them, or to a different behavior of the peptides once
bound to membranes with a similar affinity. To answer to this question, experiments
were performed to investigate the peptide water-membrane partition equilibria.
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The peptide intrinsic fluorescence, due to the presence of a Trp residue in the
sequence, allowed us to perform fluorescence experiments.

4.2.7.1 Average Wavelength and Anisotropy Measurements

Peptide emission spectra were collected titrating a 1 pM solution of P5 or P5Del
with increasing amounts of liposomes.

When the peptide is bound to the membrane, the Trp emission maximum is
shifted towards lower wavelengths (i.e. the so-called blue shift happens), because
the fluorophore is located in a less polar environment [18]. The extent of spectral
changes was obtained calculating the average wavelength parameter

=y lili/zi L

in the spectral interval between 320 and 420 nm.

In ePC/ePG liposomes, both PS5 and P5Del exhibit a significant change in their
emission spectrum, that is an evidence that the association is taking place
(Fig. 4.30). In ePC/cholesterol liposomes, instead, only P5SDel showed a spectral
shift in its Trp maximum, while no significant change is shown by P5 (Fig. 4.31).

This result does not necessarily mean that PS5 does not bind to neutral mem-
branes, because there is the possibility for the peptide to attain a membrane-bound
conformation which leaves the Trp residue exposed to the aqueous phase, so that
its spectrum is not affected by the binding to the bilayer. To exclude this possi-
bility, fluorescence anisotropy experiments have been performed. When free in
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solution, the peptide rotational diffusion is very fast, and in this case Trp anisot-
ropy is very low. When the peptide is associated to the membrane, on the other
hand, its mobility is inhibited, and the anisotropy value increases [18]. These
experiments were carried out with the same peptide and lipid concentrations used
for the fluorescence spectra and showed very similar results: both peptides
revealed affinity for negatively charged membranes (Fig. 4.32), while P5 does not
bind to neutral bilayers (Fig. 4.33).
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Fig. 4.33 Peptide water-
membrane partition as
measured from the peptide
fluorescence anisotropy in the
presence of ePC/cholesterol
(1:1) liposomes.
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Fig. 4.34 Peptide water-
membrane partition as
measured from the peptide
fluorescence anisotropy in the
presence of ePC liposomes.
[Peptide] = 1 uM. Red
symbols: P5; blue symbols:
P5Del [16]
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Fluorescence anisotropy measurements were also performed with pure ePC
vesicles, to find out if cholesterol plays a role also in the association phenomenon:
PS5, even in this case, did not show any evidence of binding (Fig. 4.34), proving
that the lack of positive charge is the main factor inhibiting P5’s binding, rather

than cholesterol presence.

From these measurements it was also evident that the binding of P5 and P5Del

with charged membranes occurs at relatively low peptide to lipid ratio, indicating a

strong affinity of the two peptides for this kind of bilayers. The apparent partition
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Table 4.4 Partition constants for P5 and P5Del in lipid vesicles of different composition

P5 P5Del ‘
ePC/ePG vesicles 1210° 6.6 10°
ePC/chol vesicles n.d. 5510°
ePC vesicles n.d. 1.310°

constants K, were calculated from the fluorescence anisotropy data according to
the following equation:
(Kp * [L])
re4 (rp —rp) k——————
A ST Ay
where ryand r,, are the Trp anisotropy values related to the free and membrane-
bound peptide.

The resulting K, are summarized in Table 4.4.

4.2.7.2 FRET Measurements-NBD

FRET (Sect. 2.1) of Chap. 2 can be used to determine the association of a peptide
to a membrane. In the case of P5 and P5Del, the first fluorophore, the donor, is the
Trp of our peptide. The second fluorophore, the acceptor, will be located within the
membrane. FRET occurs, and can be detected, when the distance between the two
fluorophores is comparable with the Forster radius. Under these conditions, the
intensity of the donor fluorescence spectrum (Trp in this case) decreases, while the
acceptor intensity increases.

A first set of experiments was performed using the fluorescent lipid NBD-PC. A
peptide solution (1 pM) was titrated with ePC liposomes, labelled with NBD-PC
(5 %) and the Trp and NBD fluorescence was detected. If FRET occurs, the
intensity of NBD signal, located around 525 nm, increases. For P5Del, FRET
occurs both in neutral and charged membranes, while for P5 a significant change in
the NBD signal was observed only with ePC/ePG liposomes (Figs. 4.35 and 4.36).

4.2.7.3 FRET Measurements-DPH

Further FRET experiments were performed with DPH as acceptor; the Forster
distance of the pair Trp-DPH is longer than that for Trp-NBD (Forster distances
for the pairs are 40 and 16 A, respectively) [71]. In this case it is possible to
determine a peptide-membrane association even if the fluorophore of the peptide
remains exposed to the aqueous phase, and thus the binding is not detectable with
the experiments illustrated until now. This further experiment has been carried out
to determine whether P5 actually does not bind to neutral membranes.


http://dx.doi.org/10.1007/978-3-319-06434-5_2
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60 4 Results and Discussion
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In this case, DPH excitation spectra are reported: if FRET occurs, the Trp band
appears in the spectrum. Once again, in neutral vesicles there is evidence of FRET
only for P5Del, and for both peptides in neutral membranes (Figs. 4.37 and 4.38).

All the experiments indicate that PS5 and P5Del exhibit a similar affinity for
anionic model membranes. On the other hand, only P5Del significantly interacts
with neutral membranes. Thus, the different peptides’ activities are due to their
different degree of interaction with lipid bilayers of different composition.
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Fig. 4.37 DPH excitation 1.5 T T T
spectra of ePC/cholesterol
liposomes in the absence
(green) or in the presence of
P5 (red) or P5Del (blue).
[Peptide] = 1 uM,

[Lipid] = 10 pM

0.5

normalized fluorescence

no peptide
300 350 400

nm

Fig. 4.38 DPH excitation 1.5
spectra of ePC/ePG
liposomes in the absence
(green) or in the presence of
P5 (red) or P5Del (blue).
[Peptide] = 1 uM,

[Lipid] = 10 pM

o
&)

normalized fluorescence

no peptide
1 1
300 350 400

nm
4.2.8 Peptide Structures in Water and Membranes

The affinity of the peptides for neutral membranes resulted dramatically affected
by Pro removal. The explanation for this result is not obvious. Indeed, in practi-
cally all hydrophobicity scales, Pro contribution to the peptide preference for water
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Fig. 4.39 CD spectra of P5
and P5Del in phosphate
buffer 10 mM, 140 mM
NaCl, pH 7.4;

[peptide] = 10 uM. Red: P5;
Blue: P5Del [16]

Fig. 4.40 CD spectra of P5
and P5Del in 50 % TFE.
[Peptide] = 30 uM; Red: PS;
Blue: P5Del [16]
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or apolar phases is substantially negligible. For instance, in the Wimley-White
water-octanol partition scale [145] the Pro contribution to the free energy of
partition is just 0.14 £ 0.11 kcal/mol, to be compared with 2.80 £ 0.11 kcal/mol
for Lys, —1.25 £ 0.11 kcal/mol for Leu and —2.09 £ 0.11 kcal/mol for Trp.
Therefore, Pro omission per se cannot be responsible for the different behavior of
the two analogues. However, these calculations do not take into account peptide
conformation. CD spectra showed that P5 and P5Del attain different conformations
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Fig. 4.41 CD spectra of P5
and P5Del in 30 mM SDS.
[Peptide] = 30 = uM. Red:
P5; Blue: P5Del [16]
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Fig. 4.42 Average T T T
wavelength of the peptide
emission spectrum, as a
function of peptide
concentration. The error bars
have been calculated
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in water: P5 is essentially unstructured, while P5Del features a significant amount
of helical structure (Fig. 4.39). This result is consistent with the helix-breaking
character of Pro in water. In a membrane-like environment, i.e. SDS or TFE both
peptides showed a predominantly helical conformation (Figs. 4.40 and 4.41).
The relatively high helicity content in water of a quite short peptide such as
P5Del might seem surprising. One possibility is that this structure is induced by
aggregation. Incidentally, differences in aggregation have been sometimes invoked
to explain differences in selectivity among AMP analogues [5, 66, 151, 152],
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although without providing a clear mechanistic explanation of the link between
these two properties. To investigate this possibility, several concentration-depen-
dent studies were performed. The fluorescence spectra did not show any significant
variation (Fig. 4.42); thus, the hypothesis of aggregation can be excluded, at least
in the low micromolar concentration range used in this study.

Probably, the lack of aggregation at relatively low concentrations is due to
electrostatic repulsion caused by the high overall peptide net charge. At the same
time, the helix stabilization of monomeric P5Del is provided by interactions
between its hydrophobic residues, which in a helical conformation stack one on
top of the other. Quantitative studies indicate that hydrophobic interactions
between side chains located four residues apart in a helical peptide account for a
stabilizing free energy difference that is 3—4 times the destabilizing effect due to
the repulsion between two Lys residues [34]. Consequently, it is an established
strategy in the design of helical peptides to integrate both charged and hydro-
phobic residues (but located on two different faces of the helix), to increase water
solubility and secondary structure stability, respectively [2, 158].

The different conformations the two peptides attain in water have a dramatic
effect on their effective hydrophobicity. A reliable measurement of this property is
provided by the retention time in RP-HPLC. Several studies concur to show that this
parameter is a good measure of peptide hydrophobicity, and takes into account also
conformational effects [29, 47, 56, 82, 106, 153, 154, 159]. The observed retention
time was 19 min for P5 and 25 min for P5Del. Based on the range of retention times
observed for peptides of varying hydrophobicities [47, 106, 153], this is a very large
difference, indicating that the P5Del is much more hydrophobic than P5.

4.2.9 Molecular Dynamics Simulations

In order to better elucidate the conformational effects of the Pro residue, MD
simulations were performed for P5 and P5Del in the research group where this
thesis was carried out. Five simulations, each 120 ns long, were performed for the
two peptides in water, starting from a helical structure. In the initial stages of the
simulations a conformational transition took place for both peptides, and equili-
bration was reached after simulation times ranging from about 5 to 70 ns, as
judged from the matrixes of root mean square distances (RMSD) between tra-
jectory structures [125]. The final, equilibrated 50 ns of the 5 trajectories of the
two peptides were subjected to a cluster analysis, to find the predominant con-
formations, as reported in Table 4.5, and in Fig. 4.43. In the case of P5Del, all
structures were very similar: one cluster (Fig. 4.43e) contained about 60 % of the
structures, and the first 3 clusters contained almost 100 % of them (Fig. 4.43e-g).
In all these structures P5Del maintained an essentially helical conformation, with
some fraying at the termini. By contrast, simulations of P5 indicated a much higher
conformational flexibility: in this case the first cluster represented only 40 % of the
structures (Fig. 4.43a), and the first three only 76 % (Fig. 4.43a—c). In these
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Table 4.5 Cluster analysis of the MD simulations in water

P5 P5Del
Fraction of MLP Fraction of MLP
structures in the structures in the
cluster cluster
39.0% -27.424+0.05 59.6% -
26.52+0.04
19.8% -27.55+0.05 19.8% -
28.12+0.06
17.2% -27.81+£0.07 19.3% -
26.98+0.07
Unclustered 24.0% -28.33+0.08 Unclustered 1.3% -26.8 £0.4

(g)

Fig. 4.43 Cluster analysis of MD simulations in water. Overlap of 50 structures, reported as a
ribbon representation of the backbone, belonging to the clusters of the MD simulations of P5 (left,
a—d) and P5Del (right, e-g) in water. The clusters are reported in order of relative population,
from fop to bottom. The last image for P5 (d) represents the unclustered structures. For the most
populated cluster (fop, a and e) the most representative structure (i.e. the structure with the
smallest RMSD distance to the others) is also shown: the backbone is reported as a green ribbon,
and side chains are shown as sticks (red: Lys; blue: Leu; yellow: Trp; cyan: Pro) [Reproduced
from [16] with permission]
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structures the peptide attained a compact conformation, allowed by a break in the
helix caused by the Pro residue, where the hydrophobic residues were partially
shielded from the solvent. In addition, the remaining 24 % of the PS5 structures
were not included in any cluster of significant size, and correspond to largely
disordered conformations (Fig. 4.43d).

Conformational clusters obtained analyzing the C, coordinates sampled each
250 ps in the last 50 ns of 5 independent 120 ns long simulations of P5 and P5Del
in water. Only clusters containing more than 10 % structures are reported in the
table. MLP values are reported with their standard errors.

These findings are in qualitative agreement with the CD spectra, which indi-
cated a much higher helicity for P5Del, although the simulations overestimate the
degree of structuring of PS5, possibly as a result of biasing from the starting
conformation. Anyway, the MD results provide an explanation for the different
hydrophobicities and RP-HPLC retention times of the two analogues: the compact
or bent conformations favored by the presence of Pro in P5 allow a partial
shielding of the hydrophobic residues from the water phase. A rough but con-
formation-dependent assessment of peptide hydrophobicity in the simulated
structures can be obtained with the molecular lipophilicity potential (MLP) [44].
The values reported in Table 4.5. confirm that the conformations sampled by P5
during the simulations are less hydrophobic than those of P5Del. This is partic-
ularly true for the unstructured P5 conformations, which, based on the CD data, are
probably more populated than what our simulations show.

In principle, in addition to the peptide conformation in water, another property
possibly causing the lack of P5 binding to neutral membranes could be its inability
to attain a correct amphiphilic conformation in this membrane. Indeed, CD shows
that P5 is largely helical once membrane bound, and, as shown in Fig. 4.19, a
perfectly helical conformation would not give rise to the amphiphilic arrangement
of the side chains needed for binding with high affinity to the bilayer. Obviously
the free energy change associated with P5 binding to neutral membranes depends
both on the starting and final states (P5 in water and in a PC bilayer, respectively).
However, the latter condition is not attainable experimentally. Fortunately, MD
simulations are particularly suited to investigate complex systems under experi-
mentally inaccessible conditions. A simulation of P5 in the presence of POPC
lipids was performed by using the so-called “minimum bias” approach [39, 99] in
which the simulation starts from a random mixture of peptide, lipids and water
(Fig. 4.44). In this way, a bilayer forms spontaneously during the simulation, but
the peptide is free to find its minimum free energy position with respect to the
lipids in the very dynamic environment of the initial stages of the simulation. As
the starting structure for the peptide, a representative conformation of the most
populated cluster obtained from the simulations in water was used. The lipid and
water molecules present in the simulation were 128 and 7500, respectively, in a
volume of about 390 nm® and this would correspond to a lipid concentration of
about 0.55 M, i.e. probably high enough to ensure partition into the neutral
membrane even for a peptide with a very low affinity such as P5. This is indeed
what was observed: as shown in Fig. 4.44, P5 inserted into the membrane, lying
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Fig. 4.44 MD simulations of P5 in the membrane. Structures at the beginning and end of the
simulation of P5 are shown in the left and right panel, respectively. The peptide backbone is
reported as a green ribbon, and side chains are shown as sticks (red: Lys; blue: Leu; yellow: Trp;
cyan: Pro). For phospholipids, phosphorus and nitrogen atoms are represented as spheres (grey
and blue, respectively), while the bonds as sticks. Water molecules are not shown, to simplify the
image [Reproduced from [16] with permission]

parallel to the plane of the bilayer, just below the polar headgroups, in a position
similar to that previously observed for other analogous peptides [99]. Notwith-
standing the presence of the Pro residue, and in agreement with the CD findings, in
the membrane P35 attained a helical conformation, although partially distorted with
respect to the ideal geometry. The arrangement of intramolecular hydrogen-bonds
was the canonical i to i 4 4 for the N-terminal segment, then switched toitoi + 5
starting from the CO of residue 5, so that it was engaged in an H-bond notwith-
standing the missing NH of Pro9. Eventually the H-bond pattern changed again to
itoi + 3 at the N-terminus. This last shift left the CO groups of residues 12 and 13
lacking an intramolecular partner. However, their position in the membrane was
rather superficial, thus allowing them to form H-bonds with water molecules, and
to interact electrostatically with the headgroups of phospholipids. An important
consequence of these deviations of the backbone dihedrals from the ideal helical
angles (and probably the main driving force for these distortions of the helix) was
the achievement of a perfect amphiphilic arrangement of the side-chains, with
those of the hydrophobic residues embedded in the apolar core of the membrane.
These findings suggest that the conformational properties of P5 in the membrane
probably do not contribute to its low affinity for neutral bilayers.
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4.2.10 Discussion

All the data clearly demonstrate a dramatic difference in the affinity of P5 and
P5Del for neutral membranes. The main origin of this difference seems to be the
peptides conformation in water.

In order to bind efficiently to membranes, AMPs have a sequence that allows
them to attain an amphiphilic helical structure, with the hydrophobic residues on
the same side of the helix. This alignment of hydrophobic residues is reminiscent
of “Leu zippers” [1, 5, 101], and this structure is also present in these peptides.
Hydrophobic interactions between Leu residues can stabilize helical conforma-
tions even in water, leaving a large exposed apolar surface, and favoring inter-
action with neutral membranes and toxicity. The data presented here indicate that
the role of Pro residues in the sequence of AMPs is to destabilize these helical
conformations, thus reducing the hydrophobic driving force for membrane bind-
ing. It is important to note that, on the other hand, peptide structure in the
membrane is not very sensitive to amino acidic substitutions, and is usually helical
[155]. Even peptides with a high content of Pro [99] or D-residues [97], or cyclized
peptides [98] have been shown to be largely helical when bound to membranes,
due to the lack of competition between intramolecular and intermolecular H-
bonds, and to the free-energy cost of introducing a non-H-bonded amide bond in
the membrane environment [145, 153, 154]. This is also what has been observed
in the present study for the Pro-containing P5. Therefore, the most relevant factor
in determining peptide toxicity is the helix stability in the water phase [138].
Destabilization of the helical structure in water reduces peptide affinity for neutral
membranes by allowing a reduction in peptide hydrophobicity, due to the shielding
of apolar residues, and also by introducing an entropic penalty for the membrane-
binding process, due to the membrane-induced coil to helix transition. Indeed, a
general correlation between peptide helicity and toxicity has been observed [25,
62, 81, 107, 138, 153—155] and some selective AMPs are imperfectly amphipathic
[99, 107]. These findings were tentatively explained by proposing that helicity
influences the peptide propensity to aggregate, or to interact with other compo-
nents of the medium, which can reduce its activity by sequestering it [66].
However, aggregation was not relevant in the present instance. Therefore, it can be
supposed, that a higher hydrophobicity, amphipathicity, affinity for neutral
membranes, toxicity and tendency to aggregate are all possible consequences of a
stable helical structure in water.

Several studies investigated the effect of substituting or inserting Pro residue on
the activity and selectivity of specific AMPs, and provide further support to the
present findings, and to the proposed interpretation. In most cases, substitution of
Pro with another amino acid led to increased toxicity. For instance, this was
observed for melittin [31], pardaxin [122, 134], tripticin [150], PMAP-23 [151,
152], temporin A [23] and model peptides [121]. By contrast, insertion of a Pro in
peptides that did not contain it, usually led to the opposite effect, reducing peptide
toxicity [12, 23, 124, 126, 157]. For instance, toxic peptides pisicidin [12], temporin
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L [23] and the scorpion toxin IsCT [75] became selective once a Pro residue was
inserted close to the center of their sequence. In some instances, it was shown that
the Pro-induced changes in toxicity were mediated by an effect on the peptide
affinity for neutral membranes [75, 124, 126, 151, 152]. Some exceptions to these
general rules do exist: in some cases Pro insertions/substitution did not have an
effect on hemolytic activity [13, 57], while in other cases they also affected sig-
nificantly peptide activity against bacteria [3, 26, 110, 112, 157]. However, gen-
erally speaking, Pro insertion can be considered an effective method to reduce
peptide toxicity, usually without perturbing significantly the antimicrobial activity.
As a consequence of this, other similar approaches aiming at the destabilization of
helical structures have been tested with success. Effects similar to those caused by
Pro insertion/substitution were observed for Gly [24], another helix-destabilizing
residue often found at the center of AMPs sequences. In addition, Shai and co-
workers showed clearly that insertion of D-amino acids is a promising strategy to
decrease peptide toxicity, and this approach was successfully applied to melittin,
pardaxin, and model peptides [96, 102, 120]. Other investigators employed peptoid
residues with the same goal [65]. However, peptides comprising D-residues or
peptoids can be more immunogenic than sequences containing natural amino acids
only, and are problematic for biotechnological production [11, 84]. Therefore Pro
or Gly residues might be preferable to these alternatives.

In conclusion, these data provide a clear hypothesis for the role of Pro residues
usually present in the sequence of AMPs: they are essential for peptide selectivity,
by destabilizing helical conformations in the water phase, thus allowing confor-
mations in which the apolar side-chains are partially buried, and reducing the
hydrophobic driving force for binding to neutral membranes. These findings will
be critical in the design of artificial molecules with a selectivity comparable to that
of natural AMPs.

4.3 Tuning the Biological Activity
4.3.1 Cell-Penetrating Peptides

In this Chapter the possibility will be explored, to tune the biological activity of a
peptide by limited modifications to its sequence. A case will be presented in which
an AMP will be obtained from a cell-penetrating peptide (CPP).

CPPs are molecules endowed with the capability to cross eukaryotic cell
membranes, and to deliver hydrophilic and macromolecular cargoes without
causing membrane leakage [48, 72]. In some cases, it is possible for a CPP to
deliver a molecule 100 fold bigger than its own weight [52, 79]. Therefore, they
reveal a huge potential for gene and drug delivery applications [40], since in the
last years protein or peptide-based drugs have been developed, but these molecules
still feature important limitations, such as poor stability and low capability to
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reach their targets [48]: CPPs could represent a good solution to the problem of
drug delivery.

CPPs have been firstly derived from proteins. In 1988 it was shown that the
HIV-Tat protein is able to permeate the cell membrane, and to be internalized into
the nucleus [43]; 10 years later, the Lebleu group demonstrated that that the
minimal sequence needed for translocation was a 1l-mer peptide
(YGRKKRRQRRR) [144]. In 1991, Joliot et al. demonstrated that the Drosophila
Antennapedia transcription factor [61] was also internalized by cells. The isolated
domain, a 16-mer peptide (RQIKIYFQNRRMKWKK), was called penetratin, and
it is now referred as pAntp [32, 79]. In the last twenty years, many chimeric or
synthetic CPPs were obtained, also using unnatural amino acids to improve their
systemic stability [48].

The mechanism of CPP internalization in many cases remains to be clarified.
One of the most interesting hypotheses is that different mechanisms can compete
for the uptake, also depending on the structural features of the peptide [48].

CPPs and AMPs have been designed, tested and analyzed as two distinct classes
of peptides, due to their very different origin, and biological activities [51].
However, in many cases they share some common characteristics: many CPPs are
short, amphiphilic and cationic, and they often attain a helical structure when
associated to membranes, just like AMPs. The antibacterial activity of AMPs is
strictly correlated with their structural features; thus, it is not a surprise, if some
CPPs were shown also to be able to penetrate bacterial membranes [94, 100], and
resulted to be, in this case, membranolytic.

For instance, the CPP pVEC was shown to kill bacteria by permeabilizing their
membranes [100], and also transportan 10 (TP10) induces permeabilization of
model membranes [149] and is bactericidal [94]. Both penetratin and Tat peptide
were shown to be antimicrobial, with a MIC in the micromolar range. Similar
results were obtained for the artificial peptide MAP [100]. On the other hand,
while most AMPs exert their activity by perturbing the bacterial membrane, some
of them are known to penetrate inside bacterial cells and to act on intracellular
targets. The most prominent example of these AMPs is buforin [103], but many
other exist [95]. However, even membrane-perturbing AMPs, such as magainin,
were shown to penetrate into eukaryotic cells [133].

For these reasons, it is possible to ask which characteristics are responsible for
different activities, or if there is really an effective separation between CPPs and
AMPs. Since the activity of both CPPs and AMPs is strictly related to their
structure, it is possible to hypothesize that it can be finely tuned with appropriate
substitutions in the amino acidic sequence to switch between the two classes, i.e. it
might be possible to obtain an AMP from a CPP, and vice versa. Such a result
could be of great importance, because in this case the bactericidal activity could
also be coupled with the ability to deliver a cargo in the cell compartment.

To clarify at least some of these points, the CPP called Pep-1 was chosen as a test
case. Pep-1 (KETWWETWWTEWSQPKKKRKYV), also called “Chariot” for its
ability to transport cargoes inside cells, was designed by combining three domains
[91]. The first is a hydrophobic, Trp-rich segment, KETWWETWWTEW, which is
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Table 4.6 Comparison of Pep-1, Pep-1-K and melittin MICs against different bacterial strains.
(MRSA = methicillin-resistant S. aureus. MDRPA = multidrug-resistant P. aeruginosa). From
[160]

Bacterial strain MIC (uM) ’

Pep-1 Pep-1-K Melittin
Gram-(-) bacteria
E.coli 32 2 2
S. typhimurium >64 1
P. aeruginosa >64 2 4
Gram-(+) bacteria
B. Subtilis 8 2 2
S. aureus 64 2 1
S- epidermidis 64 1 1
Antibiotic-resistant
bacteria
MRSA1 >64 2 1
MRSA2 >64 2 2
MRSA3 >64 1 1
MDRPA1 32 8 16
MDRPA2 >64 8 8
MDRPA3 32 8 8

mainly responsible for peptide-protein interactions, that play a key role in the
peptide carrier function. The second domain is constituted by a Pro-containing
spacer, SQP, which gives flexibility to the peptide structure. Finally, a hydrophylic
domain, crucial for the membrane translocation, is present (KKKRKV). The
amphiphilic composition of Pep-1 allows it to interact with lipid bilayers [53], and to
form non-covalent aggregates with cargo molecules, stabilized by both hydrophobic
and electrostatic interactions [93].

Pep-1 exhibits a strong cell-permeating capability, but its translocation mech-
anism is still debated. The most promising hypothesis seems to involve a non-
endocytotic pathway; furthermore, it has been proved that Pep-1 is able to perturb
membrane permeability to translocate across the bilayer, and that a transmembrane
potential is needed for activity [33, 50, 105, 160]. On the other hand, Pep-1 shows
only a slight antimicrobial activity, at very high concentrations, for which it
becomes also toxic for erythrocytes.
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A Pep-1 analogue, called Pep-1-K, was designed, in which all negatively
charged residues where replaced by Lys, with the aim to obtain a peptide more
similar to AMPs, with a higher cationic charge [160]:

KKTWWKTWWTKWSQPKKKRKYV

Indeed, Pep-1-K exhibited a strong antimicrobial activity, with MICs in the low
UM range [160], as reported in Table 4.6. Pep-1-K has a bactericidal activity
similar to that of melittin, without being toxic for erythrocytes.

Studies on Staphylococcus aureus cultures have shown that the antibiotic activity
of Pep-1-K is related to its capability to cause the cell depolarization, reaching
almost 100 % of depolarization at a peptide concentration of 64 pM [160].

These intriguing results raise a number of questions: do the sequence differ-
ences between Pep-1 and Pep-1-K influence only the antimicrobial activity of the
two peptides or also their cell penetrating properties? What is the mechanism of
the antibacterial activity of Pep-1-K? More specifically, is membrane depolar-
ization caused directly by Pep-1-K association to the bacterial surface or is it just a
consequence of some other effect of the peptide on the cell metabolism? Last, but
not least, what are the causes of the switch in activity between Pep-1 and Pep-1-K?

To address these issues, the interaction of Pep-1 and Pep-1-K with cells and
model membranes has been characterized.

4.3.2 Membrane-Perturbing Effects

4.3.2.1 Peptide-Induced Vesicle Leakage Assay

The membrane-perturbing activity of a peptide can be measured by its capability
to cause the leakage from dye-loaded vesicles. For this purpose, ePC/ePG CF-
loaded liposomes were used (200 puM, as described in Sect. 3.7) of Chap. 3 with
the addition of several peptide concentrations.

The peptide was not able to cause the CF release, even at high concentration
(Fig. 4.45).

4.3.2.2 Peptide-Induced Ion Leakage

The ability of Pep-1-K to cause the depolarization of bacterial membranes could
be due to the formation of defects or pores in the membrane, too small to cause the
leakage of a molecule like CF, but sufficiently large to allow the release of ions. To
clarify this point, a sodium-sensing dye (SBFI, Fig. 4.46) was entrapped inside
ePC/ePG lipid vesicles, which were then diluted them in a NaCl-containing buffer,
while only KCI was present inside the vesicles. SBFI is a fluorescence probe,
which excitation spectrum changes in the presence of sodium, due to the complex
formation. The liposomes solution was titrated with increasing amounts of Pep-1-
K, up to 10 pM.


http://dx.doi.org/10.1007/978-3-319-06434-5_3

4.3 Tuning the Biological Activity

Fig. 4.45 Peptide-induced
release from CF-loaded
liposomes. Peptide
concentration = 10 pM; lipid
concentration: 200 pM [14]
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Fig. 4.46 SBFI probe
structure

0.5

73

f

Pep-1-K 10 uM

Triton-X
|

0

500 1000
Time (s)

1500

ﬁ (o]
COCH_,OCCH

2 3



74 4 Results and Discussion
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The addition of Pep-1-K to a liposome solution caused Na' entry into the
vesicles, as shown by the change in the SBFI excitation spectrum. The intensity of
the signal increased (Fig. 4.47), and the maximum was blue-shifted (Fig. 4.48). By
contrast, Pep-1 was not able to cause such leakage at any concentration tested (up
to 10 uM).
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Fig. 4.49 Peptide-induced 0.2
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4.3.2.3 Peptide-Induced Vesicle Aggregation

Another important evidence of the membrane-perturbing activity of Pep-1-K is its
ability to induce vesicles aggregation, which was detected by measuring the light
scattering at 400 nm of a peptide solution, which was titrated with increasing
amounts of ePC/ePG liposomes. Pep-1-K induced aggregation was reversible: the
apparent absorbance reached a maximum around a lipid to peptide ratio of about
80, and then decreased (Fig. 4.49). No aggregation effect was detectable in the
presence of Pep-1 (Fig. 4.49).

The phenomenon can be explained in terms of electrostatic attraction: when the
peptide is bound to the anionic membranes, its positive charges progressively
neutralize the negative charges of the lipids, favoring the formation of aggregates.
When more liposomes are added, the peptide molecules are distributed over more
vesicles, and therefore the total negative charge in each liposome increases again,
causing a repulsion between vesicles, and a reduction in the aggregation. The
reversibility of the increase in light scattering indicates that Pep-1-K causes vesicle
aggregation rather than fusion, and therefore this process is probably not the origin
of Pep-1-K induced ion leakage.

4.3.2.4 Effect of the Peptide in the Thermotropic Phase Transition
of Liposomes

Another evidence of the peptide perturbing effect was obtained by measuring the
phase transition temperature of the membrane. The experiment was carried out as
described in Sect. 4.2.6.3).
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As shown in Fig. 4.50, Pep-1-K binding significantly modifies the dynamics of
a DMPC/DMPG bilayer both above and below the thermotropic phase transition,
while no peptide-induced membrane perturbation was observed for Pep-1 in the
physiologically relevant fluid state. Therefore peptide-induced membrane pertur-
bation could be the basis of the Pep-1-K induced ion leakage.

4.3.3 Water-Membrane Peptide Partition

4.3.3.1 Steady-State Fluorescence

The origin of the increased membrane-perturbing activity of Pep-1-K, as compared
to Pep-1, might be related to a different affinity of Pep-1-K for anionic lipid
bilayers. To study the water-membrane partition equilibria, liposomes mimicking
the composition of bacterial membranes (ePC/ePG in 2:1 molar ratio) were used.
The intrinsic fluorescence of the peptide, which features 5 Trp residues in its
structure, can be exploited to perform static or dynamic fluorescence studies. From
the fluorescence spectra, it is possible to evaluate the affinity of the peptide
towards lipid vesicles, from the calculation of the average wavelength for every
lipid concentration, as already illustrated for P5. The average wavelength shift for
both Pep-1-K and Pep.1 is shown in Fig. 4.51.

In the case of Pep-1-K and Pep-1, membrane binding caused a significant blue-
shift in the emission spectrum of both peptides, but Pep-1-K exhibited a signifi-
cantly higher affinity than Pep-1 for this kind of membranes. On the other hand, the
spectral shift caused by membrane association was similar for both peptides,
suggesting that they have a similar position and orientation in the membrane.
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These findings indicate that the higher antibacterial activity of Pep-1-K is likely
due, at least in part, to its higher membrane affinity.

4.3.3.2 Time-Resolved Fluorescence

The same peptide titration was performed also measuring the fluorescence decay
lifetimes of Pep-1-K. The Trp decay profile in the presence of increasing amounts
of liposomes was fitted with a triple-exponential function; from the data analysis it
was possible to obtain the average lifetime value, (t) (Fig. 4.52).

From the dynamic fluorescence data the partition constant can be derived,
according to the equation

LA
K,

(1) = (D=0 +<<T>[L]:oo—<f>[q:o) m

where (1) [ — o1 € (T)[L = o are the values of the average lifetimes for the
peptide alone and in the presence of lipids in saturation conditions, respectively.
This equation has been used in the hypothesis that only two species are present, the
free and the bound peptide. The partition constant derived from this expression
resulted to be K, = 5.0 x 10°.

The partition constant has been derived from time-resolved measurements and
not from steady-state measurements because the former are not affected by
experimental problems, like the tendency of the peptide to attach to the cuvette
quartz walls.
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4.3.3.3 Giant Unilamellar Vesicles

Direct observation of Pep-1-K association to membranes was possible using a
fluorescein-labeled analogue and giant unilamellar vesicles (GUVs), labelled with
Rho-PE (1 %). The peptide was added to a GUVs solution in 3 pM concentration.

Pep-1-K is located almost exclusively on the membrane surface, with negligible
peptide fluorescence in the water phase both outside and inside GUVs, indicating
that translocation does not occur (Fig. 4.53). This is probably due to the absence of a
transmembrane potential, which was needed also for Pep-1 cell internalization [49].

Surprisingly, Pep-1-K did not associate homogeneously to all vesicles, and its
fluorescence is concentrated only on certain GUVs, while does not appear on
others. Anyway, this could be due to the impossibility of stirring the sample when
the peptide was added in the observation chamber.

4.3.4 Peptide Location Inside the Bilayer

Depth-dependent quenching experiments were carried out to determine the posi-
tion of Pep-1-K inside the lipid membrane. For this purpose, liposomes labelled
with the nitroxyl group at different position of their acyl chain, or on the polar
headgroups, were used. More precisely, 5-, 7-, 10-, 12-, 14-, 16-doxyl-PC and
TEMPO-PC were used. Pep-1-K fluorescence spectra were collected in the pres-
ence of each type of liposomes, and also in a solution of unlabelled vesicles. All
these experiments were performed at the same peptide and lipid concentration.
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Fig. 4.53 Giant unilamellar vesicles images in the presence of Pep-1-K: panel A, vesicels
fluorescence; panel B, peptide fluorescence; panel C, merge of the two signals. A and B. Image
size 37.5 x 75 pm. GUV composition: ePC/ePG/Rho-PE 66:33:1 (molar ratios) [Reproduced
from [14] with permission]
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Fig. 4.54 Depth-dependent quenching experiment to determine the position of Pep-1-K in the
membrane. [Peptide] = 1 pM (full symbols) or 10 uM (empty symbols), [lipid] = 200 uM. F and
F, are the fluorescence intensities measured for the peptide associated to doxyl-labeled and
unlabeled membranes, respectively. (Aexe. = 280 nm (Ao, = 320420 nm. ePC/ePG (2:1 mol/
mol) vesicles, doxyl labeled lipid content 7 % [14]
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Fig. 4.55 Confocal laser-scanning and differential interference contrast (DIC) microscopy
images (left and right panels, respectively) of E. coli treated with FITC-labeled peptides. Cells
were treated with 10 pg/ml of FITC-labeled Pep-1 (a, b and c, representative images of different
samples) or FITC-labeled Pep-1-K (d, e and f, representative images of different samples)
[Reproduced from [14] with permission]

The nitroxyl moiety acts as a quencher of Trp fluorescence; thus, when the
fluorophore is located at the same depth of the quencher group, its fluorescence
will decrease. This is a short-range effect, so the quenching efficiency will rapidly
decrease with the distance. From these experiments a quenching profile as a
function of the distance from the bilayer center was obtained [99].

The quenching profile (Fig. 4.54) showed that Pep-1-K is located next to the
membrane surface, right beneath the polar headgroups. The profile was rather well-
defined, indicating that all the 5 Trp residues present in the peptide sequence are
located at the same depth in the bilayer: the peptide lies parallel to the membrane
surface, and its orientation does not change with peptide concentration (within the
range investigated). This position and orientation suggest a mechanism of mem-
brane perturbation that could be described according to the “carpet” model [119].

4.3.5 Cell-Penetrating Properties

To determine whether the cell-penetrating properties are retained by Pep-1-K,
FITC-labeled analogues of Pep-1 and Pep-1-K were synthesized. The two peptides



4.3 Tuning the Biological Activity 81

Spg/ml

2.5ng/ml

Fig. 4.56 Confocal laser-scanning and DIC microscopy images (left and right panels,
respectively) of HeLa cells treated with FITC-labeled peptides. Cells were treated with FITC-
labeled Pep-1 (a, b and c; 10, 5 and 2.5 pg/ml peptide concentration, respectively) and FITC-
labeled Pep-1-K (d, e and f; 10, 5 and 2.5 pg/ml peptide concentration, respectively) [Reproduced
from [14] with permission]

were then incubated with both bacterial and eukaryotic cells, and cell cultures were
thereafter visualized by confocal microscopy. The collected images (Figs. 4.55
and 4.56) showed that both peptides were internalized in the cells, indicating that
the Glu to Lys substitutions in Pep-1-K do not abolish the cell-penetrating activity.

4.3.6 Discussion

The data reported here indicate that the main difference between Pep-1 and Pep-1-K
is in their relative affinities towards bacterial membranes: Pep-1-K binds to anionic
bilayers more strongly, due to its higher cationic charge, and this appears to be the
main reason for its strong bactericidal activity. This conclusion is in agreement with
the correlation recently shown between water-membrane partition constants and
MIC values of AMPs [87]. In the “carpet” model of peptide-induced membrane
perturbation, AMPs need to reach a threshold of membrane-bound peptide con-
centration before they can cause the formation of defects or pores resulting in
membrane leakage [119]. Therefore, it is evident that the higher the peptide affinity
towards bacterial membranes, the lower is the concentration needed to reach this
threshold. The reported data are consistent with a “carpet” model of membrane
perturbation by Pep-1-K: it binds to the membrane surface, and perturbs the order of
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the bilayer. This leads to the leakage of ions, but not of larger molecules, at least in
the concentration range investigated.

Apparently the change in membrane affinity caused by the Glu to Lys substi-
tutions in Pep-1-K, while increasing its membrane-perturbing activity, does not
inhibit its cell-penetrating properties. This is not surprising, since also the high
translocation efficiency of Pep-1 itself has been shown to be linked to its strong
affinity towards cellular membranes [53].

In conclusion, the example of Pep-1 and Pep-1-K clearly illustrates that cell-
penetrating and antimicrobial peptides are not two separate classes, since subtle
modifications can determine which of the two activities predominates.
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Chapter 5
Introduction

5.1 Enzymes as Drugs

Enzymes and proteins represent a very interesting class of therapeutics. They are
widely used in different fields, i.e. as catalyzers in industrial processes (mainly
drug synthesis) [43], as reagents in clinical and immunological chemistry [15], or
in biosensors production [38], but their most important potential application is
obviously related to therapeutic purposes [12, 23, 39, 58, 59].

Several diseases are related to the lack or to the defective activity of a particular
enzyme. Among them, an example is represented by the so-called lysosomial
storage diseases (LSD). Lysosomes are organelles involved in the storage and
degradation of metabolites. LSD involve the lack of an enzyme in the lysosome
compartment, leading to an accumulation of metabolites within cells, and include
about 40 relatively rare different pathologies. Each of these diseases is related to
the lack of a different enzyme [11, 23].

The study of LSDs has been fundamental for the development of enzyme
replacement therapy (ERT) and in some cases, it has been possible to successfully
administrate the lacking enzyme [39, 52, 53, 56]. In particular, the Gaucher disease
Type 1 was the first intracellular enzymatic disease to be successfully treated using
ERT in the 1990s. In the 2000s, it was followed by other LSDs, like mucopoly-
saccharidosis Type 1 and Pompe syndromes. In particular, the drug for the treat-
ment of Gaucher disease, Ceredase®, obtained with recombinant DNA technology
[57], was the first example of a successful ERT with an exogenous enzyme. These
positive results have opened new frontiers in the development of ERT, supported by
the molecular revolution of biotechnologies, which allowed the production of fully
functional enzymes in large quantities from different species [23].

Nowadays several enzyme-based pharmacological formulations are available.
For example, Adagen® is used to treat patients with a severe combined immu-
nodeficiency disease, due to the lack of the adenosine deaminase enzyme. This
example of ERT is particularly important, because it was the first enzyme
approved under the so-called Orphan Drug Act, a fund created with the intent to
encourage the research for treatment of diseases which affect a relatively small
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number of patients, and that are often excluded from the research plans of big
pharmaceutical companies. All the reported examples involve the intravenous
administration of an enzyme of human origin, but there are also several cases of
oral formulations, mainly targeted to gastrointestinal diseases.

On the other hand, ERT is still affected by severe problems, such as the
immunologic response: several clinical studies [23] showed that enzyme admin-
istration often causes the development of antienzyme antibodies. Although this
does not necessarily affect the therapeutic efficacy of protein-based drugs, this
serious side-effect must be taken into account. Stability and administration of
protein drugs are other complex challenges.

5.2 Stability and Administration

The activity of proteins is affected by different factors, such as pH, temperature,
and by the maintenance of the correct structure. Therefore proteins often undergo a
rapid degradation, not only within the body, but also during storage, if optimal
conditions are not continuously maintained [13]. Furthermore, proteins are large
molecules with a limited ability to cross biological membranes and reach the inner
cell compartment [27, 33]. The oral route has obviously a great importance, since
it is the most common way to deliver a drug to a patient, but in the case of protein-
based drugs it involves several issues, such as the poor lipid solubility of many
proteins, their low stability, and the rapid inactivation or enzymatic degradation in
the gastrointestinal tract. Many strategies have been proposed to overcome these
problems, like the addition of absorption enhancers, peptidase inhibitors, or of
mucoadhesive delivery systems to the drug formulation. Enzymes used in drug
formulations both for oral and intravenous administration very often need to be
modified, to increase their stability and half-life, with the aim to cause an increase
in their bioavailability, at the same time maintaining their therapeutic properties.
One of the most common derivatization strategy is enzyme PEGylation (like in
Oncaspar®, and Adagen®) [18, 48]. The PEGylation strategy can be very useful in
case of oral administration, because the protein termini are protected from pep-
tidase digestion, and the immunogenic response is reduced. On the other hand, this
approach is not useful against some denaturing conditions, like low pH. Another
strategy to improve protein stability is sequence modification, with the inclusion of
unnatural amino acids (as for insulin by Eli Lilly or Proleukin by Chiron).

Hyperglycosilation is another common derivatization, as well as other conju-
gations with polysaccharide molecules [48]. An example of this kind of formu-
lations is given by Ceredase®, a drug formulation of glucocerebrosidase. In this
case, mannose moieties were attached to the enzyme. The mannose-terminated
enzyme is efficiently delivered to the target cells, with a 100-fold increase of
activity [5] with respect to the native one.
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Another problem is the delivery to a specific tissue, like for all other drugs. The
most promising approaches involve controlled-release formulations, in which the
drug is entrapped within a scaffold structure, the carrier. In this way, the bio-
availability of the molecule increases, because the half life depends on the carrier
characteristics, and it can be released in the target tissue; furthermore, in many
cases, the immunogenic response is avoided. Several types of carrier structures
have been developed: among them, the most important ones are liposomes,
polymeric micro- and nanoparticles, emulsions, and micelles. The mechanism of
drug assimilation depends, in this case, on the composition of nanocarriers: the
main uptake processes are mucoadhesion, cell internalization, or absorption from
the gut lumen: For example, hydrophilic nanoparticles are mainly uptaken from
the gut lymphoid tissue, while hydrophobic ones are mainly transported by en-
terocytes [21].

The most promising approaches are represented by emulsions, micro- and
nanoparticles, and liposomes [35, 51, 54].

Microemulsions are composed by water, a lipophilic solvent, a surfactant and a
co-surfactant, and are often used to enhance the oral bioavailability of drugs,
including proteins and peptides [33]. Hydrophilic drugs can be easily internalized
within microemulsions droplets, which also provide protection against proteolytic
and chemical degradation in the intestinal lumen, when administrated orally. On
the other hand, the synthesis of micro-and nanoemulsions presents also several
disadvantages: it involves harsh conditions and denaturing agents, which can lead
to processes like protein aggregation, denaturation, and oxidation at aqueous-
organic solvent interfaces and cause a loss of activity for the encapsulated protein;
to partially avoid these problems, some excipients or stabilizers can be added [33,
48].

Another important delivery tool is represented by microspheres, and, in par-
ticular, by microparticles constituted by poly-lactic and glycolic acid, joined by
ester bonds (PLGA), which can protect the drugs from enzymatic or acidic deg-
radation [10, 48, 54]. The size of these spheres can be tuned between 10 nm and
250 pm. Their biodegradation time can be varied with the lactic acid percentage,
so that drug release takes place in weeks or months. In addition, they can be
administrated both orally and via injection. Microspheres, like emulsions, are
formed in harsh conditions, which include the presence of organic solvents, needed
for the dissolution of polymers, and high-speed homogenization that can also
cause protein denaturation. Another problem concerning PGLA microspheres is
their degradation during the shelf life, which brings to the accumulation of lactic
and glycolic acids in the storage solutions.

Several other polymeric micro-and nanoparticles have been developed for drug
delivery, and in particular for protein delivery, such as polyglutamic acid (PGA),
hybrid modified PEG polymers, and Medusa® polymers composed by glutamic
acid and vitamin E, which have been applied to the delivery of insulin and growth
hormone, among others.

Lipid drug delivery is another great promise for enzyme and protein therapies.
In this field a large number of different carriers can be found, i.e. liposomes, solid
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lipid nanoparticles, micelles, lipid emulsions, microtubules, etc. Lipid-based
vehicles exhibit a great versatility, and their characteristics can be tuned with the
appropriate choice of the molecular characteristics of lipids [2, 33, 48].

The most important structures for protein delivery are liposomes and solid lipid
nanoparticles. Liposomes present various advantages: they are biocompatible and
they offer the possibility to deliver the drug directly within cells, or even inside
cell compartments [55]. Liposomes are nowadays widely used in pharmaceutical
formulations of great relevance, like Doxyl® for the delivery of the anticancer drug
doxorubicin [29]. On the other hand, the clearance values of liposomes are strictly
dependent on their size, and there is also the possibility of a rapid elimination from
the blood. For instance, the delivery of enzymes entrapped within liposomes for
ERT has been reported for beta-glucuronidase, showing a very rapid clearance
from blood (4 min); on the other hand, the enzyme resulted active inside the
lysosomes of liver and kidney cells after several days [53], suggesting a possible
application for diseases involving these tissues, but not a specific delivery to other
targets.

To conclude, all the most important protein delivery methods offer the possi-
bility to enhance the drug bioavailability and the specific delivery, but also present
important disadvantages, like the requirement for denaturing conditions during the
synthesis, the use of organic solvents, and the need to use modified proteins, which
implies a further synthetic step to obtain the final formulation, with a consequent
increase in costs. In this section an alternative method will be presented, which
does not present any of these issues. This method has also another peculiarity that
makes it different from all the others, i.e. it has been designed to keep the drug
active inside the scaffold, and not to deliver it to the tissues. The enzyme function
is not inhibited by the presence of the vehicle, as will be illustrated in Chap. 7. In
addition to protecting the enzyme from degradation, this approach avoids also its
antigenicity.

5.3 Hydrogel Nanoparticles

An important class of nanoparticles is represented by those constituted by
hydrogels.

Hydrogels were first introduced in the 1960s by Wichterle and Lim [61] and
they have several pharmaceutical and biotechnology applications. Their unique
ability to contain a large quantity of water within their structure, in addition to
their low (or null) toxicity, tunable adhesion properties, and injectability makes
them particularly suitable for biomedical and bioengineering applications.

The hydrogel structure is constituted by a polymeric cross-linked network,
characterized by the presence of hyrophilic functional groups like hydroxyl or
aminic moieties. Hydrogels for drug delivery systems can be constituted by natural
polymers, like chitosan, hyaluronan, dextran or alginate, as well as synthetic ones,
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like polyacryamide, N-isoporopylacrylamide (NIPAAM), polyvinyl alcohol
(PVA) or PEG [24, 40, 41, 44].

In the case of natural polymers, the biocompatibility can be higher, but the use
of a synthetic polymer presents several advantages, i.e. the mechanical and
structural properties (mesh size, molecular weight, viscosity, etc.) are more
homogeneous and more easily tunable. Furthermore, synthetic polymers are in
many cases biocompatible [24].

In most cases, hydrogels can be easily synthesized in relatively mild conditions,
at room temperature and without the use of organic solvents [30], and this is
particularly important to avoid protein denaturation.

The fundamental characteristic of hydrogels is that they are highly hydrophilic,
and that they usually have the capability to swell in water; their physical and
chemical characteristics, thus, are very similar to those of living tissues [4, 20, 45].
The swelling behavior is strictly related to the structural gel characteristics, and, in
particular, is regulated by the degree of crosslinking, which determines the mesh
size of the polymeric network. This parameter is therefore of fundamental
importance in the release of a drug entrapped inside the gel structure.

Due to their sensitivity to external stimuli, hydrogels are excellent devices for
controlled release: physically-induced release systems, for example, are sensitive
to temperature, light, pressure, electric or magnetic fields, etc.; chemically-induced
release gels, on the other hand, feature a response to changes of pH, solvent, ions,
or to the presence of a specific molecule [6, 32, 49, 51].

All these characteristics make hydrogels extremely versatile tools. They are
hydrophilic, water-absorbing devices with a tunable half-life, and with the pos-
sibility to be opportunely modified to interact with a specific target site. Fur-
thermore, the nanoparticle accumulation is size-dependent [1, 31], and this
property can be used to deliver the entrapped drug to a specific tissue. The bio-
distribution obviously depends also on the polymer composition, so different
particles with the same size can be differently accumulated inside tissues, but
generally small nanoparticles with 10-100 nm diameter have the longest blood
permanence, while large nanoparticles, in the range of 500 nm, are accumulated in
the liver.

5.4 Aim of the Work

A novel approach for protein-based drug formulations is presented here. The idea
is to develop a nanometric cage formed by a hydrophilic polymeric network with a
mesh size that blocks an enzyme, but allows diffusion of its substrates and
products. In this way, the enzyme is entrapped in the nanoparticle (NP), and thus
protected from degradation and antibodies, and at the same time can exert its
catalytic activity. This approach requires the use of a biocompatible, but not
biodegradable, polymer, and is different from the widely used methodology in
which the enzyme is entrapped inside a device which is degraded inside the
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organisms, and exerts its activity only after it is released. Although the proposed
principle is rather general, the enzyme chosen as a test case for this study is Cu, Zn
superoxide dismutase (SOD) not only for its clinical relevance, that will be dis-
cussed in the next paragraph, but also for the small size of its substrates and
products.

The second innovation of the proposed approach is aimed to solve the problem
of protein denaturation under the conditions commonly employed to synthesize
polymeric micro- or nano-particles. In order to synthesize the NPs under physi-
ological conditions, liposomes will be exploited as nanotemplates. Phospholipid
vesicles self-assemble spontaneously in water, and their dimension can be easily
tuned by extrusion through filters with pores of appropriate size. The aqueous inner
volume of liposomes represents a segregated environment, in which a chemical
reaction can occur separately from the bulk solution. In our case, the reaction is the
gel photopolymerization and leads to the formation of hydrogel nanoparticles
(NPs) inside the lipid vesicles. Acrylamide (AA) was used as monomer for the
realization of the hydrogel, with N, N’-methylene-bisacrylamide (MBA) as a
crosslinker [3, 26]. Acrylamide-based hydrogels are widely used for drug delivery,
thanks to their high biocompatibility and to the possibility to finely tune the mesh
size, allowing the development of different types of applications [19, 41, 42, 46,
50].

The final product after the polymerization and purification processes is a device
constituted by a hydrogel core, coated with a phospholipid bilayer.

5.5 Superoxide Dismutase and Disease

Superoxide dismutases (SOD) are a group of ubiquitous proteins, which catalyze
the reaction of superoxide dismutation into water and hydrogen peroxide,
according to the following equation [17, 34]:

20,7 + 2Ht — 0, + H,0O,

The catalytic center of the enzyme includes a metal ion, which takes part to the
oxidation/reduction process.

The SOD family includes Cu, Zn SOD (used in this work), a cytosolic enzyme
that is mostly present in eukaryotes, Fe-SOD, that is found in E. coli and other
prokaryotes, Mn-SOD, a mitochondrial enzyme in eukaryotes, and Ni-SOD, that is
found again in prokaryiotc organisms [47].

SOD is an enzyme of great biological relevance: superoxide is produced by the
most important life processes, like aerobic metabolism, oxidative phosphorylation,
mitochondrial electron flux, and photosynthesis. ROS are also generated by ion-
izing radiations. Unfortunately, the superoxide anion and the other oxygen reactive
species, or ROS, are highly toxic for the organism: they are responsible for cell
ageing and for a huge number of diseases. The ROS-mediated cellular damage
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includes ischaemic reperfusion injury, cancer, and DNA damage [37, 47]. Further
studies have shown the relationship between oxidative stress and neurodegener-
ative disorders; a SOD mutation is often involved in the rise of amyotrophic lateral
sclerosis (ALS) [37, 47] and the deficiency of mitochondrial SOD is associated
with heart failure. In addition, deficiency of Cu, Zn SOD can lead to hepatocar-
cinogenesis and to an acceleration of skeletal muscle atrophy [16, 36]. Another
important observation is that superoxide production increases in chronic or acute
inflammation states. In this case, ROS can be secreted by activated neutrophils; if
the endogenous SOD is not able to remove the excess of superoxide, ROS-med-
iated damage occurs. Thus, SOD has a great therapeutic potential for the treatment
of neutrophil-mediated inflammation, also because it is involved in the mechanism
of neutrophil apoptosis [62].

Preclinical studies on animal models revealed that SOD treatment has a pro-
tective effect against ischaemia-reperfusion injury, asthma, respiratory infections.
Furthermore, SOD is involved in other regulation processes inside cells, and the
increase of enzyme levels in all tissues could lead to metabolic alterations [25, 37].
Thus, it is very important to develop a tool to deliver the enzyme only to the
diseased tissue. Human experimentation, with the use of the Orgotein formulation,
i.e. bovine Cu,Zn SOD, has been carried out on inflammation-associated diseases
like rheumatoid arthritis and osteoarthritis. For this purpose, SOD has also been
encapsulated within liposomes [9]. However, after the clinical trials of the 1980s,
the drug was retired from the market, mainly because of the immunological
response against the enzyme, which was not human. To this end, various SOD-
based formulations have been proposed, i.e. thermosensitive NiPAAM-HEMA
hydrogels [28], biodegradable microspheres constituted by a PLGA-alginate-
chitosan copolymer [22, 60], topical formulations [14], SOD-entrapping liposomes
[7, 8]. Nevertheless, these systems have not been considered for clinical trials yet
[23], and since they are all based on enzyme release they do not solve the
immunogenicity problems. The same situation is observed for catalase, which
converts the hydrogen peroxide produced by SOD to water and oxygen, con-
cluding the process of superoxide degradation.
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Chapter 6
Materials and Methods

6.1 Materials

AA, MBA and sodium dodecyl sulphate (SDS) were purchased from Fluka. Di-
etoxyacetophenone (DEAP), ovalbumin, and pyrogallol were purchased from
Sigma-Aldrich.

Egg phosphatidyl choline was purchased from Sigma-Aldrich. All the other
phospholipids were purchased from Avanti Polar Lipids.

Bovine Cu, Zn-superoxide dismutase was a kind gift by Prof. Giorgio Ricci.

6.2 Nanoparticles Synthesis

Egg-PC lipids were dissolved in a chloroform:methanol 1:1 mixture, in a lipid
amount such to obtain a such to obtain a 100 mM concentration in the final
liposome stock solution. The solvent was then gently evaporated in a rotary
vacuum system, until a homogeneous, thin film was formed. Complete solvent
evaporation was ensured by applying a rotary vacuum pump for at least 2 h. The
lipid film was then hydrated with a 10 mM phosphate buffer (pH 7.4) solution
containing AA (190.1 mg/ml), MBA (10.4 mg/ml) (DEAP, 0.0022 mg/ml), and
eventually SOD (4 mg/ml). After 10 freeze/thaw cycles liposomes were extruded
through two stacked polycarbonate membranes with a nominal pore diameter of
400 or 200 nm, using a LiposoFast extruder (Avestin, Mannheim, Germany). After
extrusion, the sample was diluted 20-fold with a glucose solution of the same
osmolarity of the hydration solution. Since the inner aqueous volume of the ves-
icles is unperturbed by this dilution, this procedure avoids polymerization in the
outer solution only [6]. The sample was then irradiated for 10 min in a photore-
actor equipped with 10 lamps at 367 nm, for a total power of 1,500 W. When the
enzyme was included into the formulation, the irradiation process was carried out
placing the sample on an ice bath, to limit the temperature increase and thus avoid
enzyme denaturation.
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After irradiation, the sample was purified by dialysis using 300,000 MWCO
SpectraPor® membranes (Spectrum Europe, The Netherlands), which are perme-
able to the unentrapped protein, whose MW is 32,000. Before the purification
process, the lipid membrane was removed by the addition of the detergent SDS at a
detergent to lipid ratio of 5 to 1 [5, 8]. For SOD containing NPs, dialysis was
carried out at 4 °C.

6.3 Light Scattering Measurements

To characterize the NPs size, light scattering measurements were performed using
a Horiba LA 300 instrument, equipped with a laser diode of Ao, = 650 nm, of
5 mW potency. Experiments were performed before and after membrane
solubilization.

6.4 AFM Measurements

For AFM experiments, an amount of NPs stock solution was deposed on mica
supports into a clean room and dried overnight. The same process was carried out
using 1:10 and 1:100 diluted solutions. Measurements were carried out using a
Nanoscope IITA microscope (Bruker), in tapping mode, using Silicon PPP-NCH
tips (height 10-15 um, Kel 42 N/M, curvature radius <7 nm).

6.5 Enzymatic Activity Assay

SOD activity was determined using the pyrogallol assay [3, 7].

Pyrogallol is a molecule that rapidly auto-oxidizes in an alkaline environment,
becoming yellow. The auto-oxidation rate can be measured by following the
increase in absorbance at 420 nm. The oxidation process, is inhibited by the
presence of SOD; therefore, this reaction can be exploited to measure SOD
activity.

For the activity assay, a TRIS-HCI buffer (20 mM) at pH 8.2 was used. The
blank solution was constituted by 990 pl of buffer and 10 pl of a 20 mM pyro-
gallol solution (pH = 3). The absorbance variation of this sample (solution A) was
followed for 3 min immediately after pyrogallol addition.

The sample of interest (solution B) was prepared adding to the TRIS buffer an
appropriate amount of NPs-containing solution, to reach a final volume of 990 pl.
Then, 10 pl of the pyrogallol solution were added and the absorbance variation
was followed as for solution A. An example of absorbance variation obtained with
and without SOD is shown in Fig. 6.1.
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In both cases the curve slope was calculated between 60 and 120 s (S5 and Sg).
An enzyme unit is defined as the quantity of protein inhibiting the reaction down to
50 % of its spontaneous rate (Sg = Sa/2). The condition 0.35 Sg < S5 < 0.65 Sg
must be verified to obtain a value in the linear range, to extrapolate the number of

enzyme units in the solution B. Under these conditions, SOD units are calculated
SA

from the ratio S”;B.

6.6 Protein Labeling

Ovalbumin was incubated with FITC at pH 9.3 for 12 h and then separated from the
free dye on a Sephadex-G25 column. The labeling ratio was calculated from the UV-
visible spectrum maxima at 490 and 280 nm according to the following equation

Aexp(280) — A exp(495
Acr(280 nm) — 2EXP r;IT . p(493)

where rFITC = 3 [2] and considering that for ovalbumin &5g9 ,,, = 32,000 M~ 'em™.

FITC concentration in the sample was calculated from its absorption at 495 nm
(6495 nm = 63,000 M~ ecm™1).

6.7 Fluorescence Measurements

Fluorescence spectra were performed with a SPEX Fluoromax-2 spectrofluorom-
eter. SOD spectra were collected using A.,. = 270 nm in a spectral range between
290 and 400 nm, using a cutoff emission filter at 295 nm.
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Spectra of Rho-labeled lipid vesicles were collected using Aex. = 560 nm in a
spectral range between 570 and 640 nm in a 10 x 10 mm cell (bandwidth: 1 nm
excitation, 3 nm emission).

Fluorescence anisotropy measurements of SOD were carried out, at
Aexe = 270 nm and A, = 322 nm in a 10 x 10 mm cell (bandwidth: 15 nm
excitation, 20 nm emission).

FRET excitation spectra were collected between 270 and 400 nm using
Jem = 480 nm, in a 5 x 10 mm cell (bandwidth: 5 nm excitation, 5 nm
emission).

6.8 Fluorescence Recovery After Photobleaching

Fluorescence recovery after photobleaching (FRAP) experiments were carried out
with an Olympus confocal microscope (FluoView 1000) on a bulk gel of the same
composition than NPs. Measurements were performed using a 20x objective. The
region of interest had a diameter of 40 pum.

40 snapshots were collected before photobleaching to operate a correction for
the excitation laser-induced bleaching, considering the mean decrease of fluores-
cence in three different regions of interest of the same size. At this point, the
photobleaching was performed and after a 2 s delay 450 snapshots (320 x 320
pixels in dimensions) were collected, for a time of 900 s. The scan speed was 8 us/
pixel, The time of scan was of 2 s. The photobleaching time was of 2,000 ms.

6.9 Enzyme Protection from Thermal Degradation

A SOD-containing NPs sample and a SOD solution were heated at T = 80 °C into
an AccuBlock digital dry bath (Labnet International). The activity of the two
samples was measured at different times.

6.10 Synthesis of FLAC

Fluorescent NPs have been synthesized, to allow their direct visualization in cell-
uptake experiments. For this purpose, the fluorescent analogue of acrylamide,
fluorescein acrylamide (FLAC) (Fig. 6.3) was synthesized, starting from acryloyl
chloride and fluorescein amine (Fig. 6.2) [9].
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Fig. 6.2 Structures of HoN
acryloyl chloride (left) and
fluorescein amine (right) O

Fig. 6.3 Structure of FLAC

Fluorescein amine was dissolved in anhydrous acetone in a 3-neck flask; ac-
ryloyl chloride was then added. The reaction was carried out under an Ar stream,
for 3 h, until the precipitation of product was complete. The FLAC powder was
then dried under vacuum and used without any further purification. The product
was obtained with a yield of 70 %.

6.11 Nanoparticles Uptake Experiments

To allow the visualization of NPs, fluorescein- labeled NPs were synthesized,
using 5 % of FLAC. Murine fibroblasts (NIH 3T3 line) were grown at 37 °C in a
5 % CO, atmosphere in the Dulbecco’s modified Eagle Medium (DMEM), with
the addition of fetal bovine serum (FBS) 10 %, glutamine 20 uM and 100 U/ml of
penicillin.

The NPs solution was sterilized at 120 °C in autoclave for 30 min and then
incubated with cells for 72 h. Cells were treated with the dye FAST Dil (Fig. 6.4)
(Invitrogen), which binds to the lipid membranes and allow their visualization
(Aexe = 549 nm; A, = 565 nm) images were then acquired with a Nikon Eclipse
TE 2000-S confocal microscope. The same microscope was used for all the fol-
lowing experiments.
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Fig. 6.4 Dil structure
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6.12 Nanoparticles Biocompatibility Experiments

For cell viability assays, the NPs concentration has been estimated from the lipid
concentration, calculating the concentration of spherical vesicles entrapping the
NPs from the following equation:

[liposomes] = [L]/R

2Aveslcles
Alipia *
Alesicles 18 the surface area of a liposome (calculated from its radius) and A;;,;4 is
the area a lipid molecule occupies in a bilayer (assumed equal to 70 A%) [10].

where [L] is the lipid concentration and R is given by the ratio

6.12.1 Trypan Blue Assay

The Trypan blue (TB) assay reveals the integrity of cell membranes, and thus, it is a
measurement of cells viability [1]. The chromophore is negatively charged (Fig. 6.5)
and is not able to cross the membrane lipid bilayer of a healthy cell. If the membrane
is damaged, instead, the dye penetrates inside the cell, which appears blue.

Cell viability was checked after 72 h of incubation with NPs. A 0.4 % TB
solution (0.1 ml) was added to cells; samples were stirred for 15 min and then live
and dead cells were visualized with an optical microscope and counted with the
help of a Neubauer chamber. Results were then compared with those obtained for a
control culture of untreated cells.
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Fig. 6.7 Calcein AM structure

6.12.2 Live or Dead Assay

For the live or dead experiment, fibroblasts were incubated with NPs (0.4 nM).
Cells were then treated with two fluorophores, the calcein acteoxy-metyl (AM) and
the ethidium homodimer-1 (EthD-1, Fig. 6.6). Calcein AM (Fig. 6.7) is a cell-
penetrating molecule, which is converted in the highly fluorescent calcein by the
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ubiquitous intracellular enzyme esterase. In this case, cells appear green (the
excitation and emission wavelength of the dye are 495 and 515 nm). On the other
hand, EthD-1 enters only cells with damaged membranes and undergoes a 40-fold
fluorescence enhancement upon binding with nucleic acids. In this case, dead cells
appear red [4]. Cells treated with NPs, as well as a control culture, were visualized
after 24 h.
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Chapter 7
Results and Discussion

7.1 Hydrogel Formulation

Acrylamide (AA) was chosen as the building block of the polymer used in the
preparation of NPs. Polyacrylamide gels have been extensively characterized in
the past years [4, 5, 18]. The crosslinking molecule, used to create the network,
was N,N’-methylene-bisacrylamide (MBA). This monomer/crosslinker system is
widely used for biomedical applications, because the mesh size of the polymeric
network can be easily tuned; in addition, the photopolymerization is a fast and easy
reaction, which only needs the addition of a very small amount of photoinitiator,
DEAP in our case. The structures of monomer, crosslinker and photoinitiator are
reported in Fig. 7.1.

The composition of polyacrylamide hydrogels is often defined by employing
two parameters, T and C. T represents the monomer concentration, while C is the
weight fraction of crosslinker, defined according to the following equations:

_ monomer weight (g)

= 100
solvent volume (ml) %

Co crosslinker M./eight (g) « 100
monomer + crosslinker weight (g)

Previous studies on acrylamide-based hydrogels [2] showed that a fixed
monomer concentration (T), the gel pore size is directly dependent on the amount
of crosslinker (C), but also that a threshold exists, corresponding to approximately
C =5 %. Above this value, bisacrylamide starts to aggregate, leading to the
formation of inhomogeneities. On the other hand, pore size is an inverse function
of T, but this dependence becomes weaker above T = 20 %, substantially
reaching a plateau.

Preliminary experiments were carried out usinga T = 5 %, C = 3 % formula-
tion, but in this case the hydrogel mesh size was too wide to efficiently entrap the SOD
molecules, which diffused very rapidly out of the nanoparticles (data not shown). To
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Fig. 7.1 Structures of AA

O 8] (0]
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Table 7.1 NPs composition at T =20 %, C =5 % and T = 5 %, C = 3 % formulation

Molecule Concentration (mM) | Concentration (mM)
T=20%, C=5% T=5%, C=3%

ePC 100 10

AA 2674 660

MBA 67.4 33

DEAP 22 22

SOD 0.256 0.512

Total concentration of | 2785 725

polymerization solution

solve this problem, the hydrogel formulation was optimized with the following
parameters: T = 20 %, C = 5 %, which were previously shown to minimize the
mesh size [16, 21] and thus represent the best condition to entrap the enzyme inside
the NPs. The monomer and crosslinker amounts are summarized in Table 7.1.

7.2 Bulk Polymerization

Before the NPs synthesis, a bulk gel was prepared to check the effective gelation of
the solution: the presence of the radical scavenger SOD could inhibit the polymer-
ization, but this did not occur, at least at the investigated concentration (Fig. 7.2).

7.2.1 SOD-Membrane Interaction: Fluorescence Anisotropy

As shown in the first part of this thesis, several peptides and proteins exhibit a
strong membrane-perturbing activity. Therefore, in principle, a strong interaction
between SOD and the lipid bilayer could perturb the membrane permeability, thus
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Fig. 7.2 Hydrogel bulk |
polymerization in the

presence of SOD 1

Table 7.2 Anisotropy measurements of SOD. Experimental conditions: Aexe = 270 nm;
Jem = 305 nmy; slits: cutofffilter = 295 nm; cell size: 5 mm excitation side, 10 mm emission side

Sample Anisotropy
Free SOD (10 uM) 0.10 £0.01
SOD + liposomes 0.11 £0.01

frustrating our approach. To rule out this hypothesis, fluorescence anisotropy
measurements were performed, exploiting the intrinsic fluorescence of bovine
SOD, due to a Tyr residue in its sequence. A first measurement was carried out on
a 10 pM SOD solution; then, a volume of an ePC liposome solution was added to
the sample, to reach a final lipid concentration of 100 uM, thus, in a large excess.
If the protein binds to the lipid vesicles, an anisotropy variation should be
observed. By contrast, SOD anisotropy was unaffected by the liposome addition,
as reported in Table 7.2. On the basis of this experiment, a significant interaction
between protein and membrane can be excluded.

7.2.2 SOD-Membrane Interaction: FRET Measurements

In order to definitely exclude a membrane-protein interaction, a FRET experiment
was performed. In this case, liposomes were prepared including the DPH probe
(0.5 %) in the lipid bilayer. No FRET was detected between the Tyr residue of the
enzyme (the donor) and the DPH probe (the acceptor), proving that SOD does not
interact with the lipid bilayer (data not shown).

7.3 Synthesis Protocol

The main steps of the synthesis protocol are represented in Fig. 7.3.
Step I: Lipid film preparation and hydration. Egg PC is evaporated in a rotatory
vacuum system, until a thin film is formed on the wall of the round bottom flask.
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Fig. 7.3 Summary of NPs synthesis in different steps. a Lipid film hydration with the
polymerization solution and formation of multilamellar vesicles. b Liposomes extrusion.
¢ Dilution of the external solution. d Polymerization of the inner solution. e Lipid membrane
removal. f NPs purification

The film is then hydrated with the mixture of monomer, crosslinker, photoinitiator
and, if needed, SOD. This step leads to the formation of multilamellar vesicles. To
facilitate the formation of unilamellar vesicles, 10 freeze and thaw cycles are
performed.

Step 2: Extrusion. The size of liposomes is selected by extruding the solution
through two polycarbonate membranes with well-defined pore size (which can be
selected between 50 and 400 nm).

Step 3: Dilution. The vesicles suspension is diluted 20 times with a glucose
solution of the same osmolarity of the hydration solution (2.8 M). The dilution
avoids the bulk polymerization, and allows the gel formation only inside the lipid
vesicles.

Step 4: Photoirradiation. The solution is irradiated with UV light to allow the
photopolymerization of the solution entrapped inside liposomes. In this step,
vesicles act as nanoreactors for the polymerization. In this step, membrane-coated
NPs are obtained.

Step 5: Membrane removal. The lipid membrane can be removed by adding a
detergent, sodium dodecyl sulfate, to the NPs suspension. The NPs obtained in this
step will be called “naked”.
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Fig. 7.4 Light scattering 25
profiles of a NPs sample I
before and after the lipid
membrane removal

naked NPs
membrane-coated NPs

relative probability (%)

0.01 0.1 1 10

Diameter (um)

Step 6: Sample purification. Lipid molecules, as well as unreacted monomers
and crosslinker, and unentrapped enzymes are removed by dialysis.

It is worth to underline that the entire process occurs under physiological
condition, without the use of any organic solvent or other harsh conditions that can
reduce the enzymatic activity.

7.4 Nanoparticles Characterization
7.4.1 Light Scattering Characterization

The NPs size can be tuned by extrusion, and was characterized by light scattering
experiments before (coated NPs) and after (naked NPs) membrane removal. In this
work, batches of NPs have been prepared with a nominal diameter of 200 or
400 nm; their real size was determined by light scattering measurements
(Fig. 7.4). For all preparations the size distribution was rather narrow, with a
typical standard deviation around 40 nm.

The size of naked NPs was slightly smaller than that of the coated ones. The
lack of swelling [7, 9] is to be expected for a highly crosslinked hydrogel [4, 10,
13]. The slight decrease in size caused by membrane removal (which however is
definitely larger than the 4 nm thickness of a lipid bilayer), suggests that the
polymerization leads to the formation of particles which do not occupy the entire
inner volume of liposomes.
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Fig. 7.5 AFM image of an
uncoated NPs sample 0
prepared from a 100-fold

diluted solution
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7.4.2 AFM Characterization

AFM experiments were also carried out, allowing a direct visualization of NPs.
Images were collected from different samples, obtained from NPs of diluted
solutions (100 times from the stock, for the best conditions) to avoid aggregation
effects, in several different regions of the mica support. Experiments were per-
formed on both membrane-coated and naked NPs.

AFM images showed a large number of well-separated nanoparticles on every
explored region. Two representative images are reported in Figs. 7.5 and 7.6.

Images acquired from samples constituted of membrane-coated NPs showed
that the membrane lost its integrity during the deposition and drying process and
that the lipid molecules tended to attach to the surface around the particles
(Fig. 7.6); the analysis of the zones formed by lipids shows very reproducible
height profiles (Fig. 7.7), suggesting that these regions represent a lipid bilayer.

The size of the NPs sample used for AFM experiment has been characterized by
light scattering measurements. The distribution profiles before and after the
membrane solubilization are reported in Fig. 7.8. However, size distribution
profiles have been calculated also from AFM images (in Fig. 7.9 the results
obtained for naked NPs are reported). In this case, results are referred to dried NPs,
which became smaller.

7.5 Membrane Removal by Detergent Addition

The removal of the lipid membrane from NPs was obtained by the addition of
sodium dodecyl sulfate (SDS) in a lipid to detergent ratio of 5:1. A first proof of
the effective membrane solubilization can be obtained from the light scattering
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Fig. 7.6 AFM image of a
NPs sample prepared from a
100-fold diluted solution
from the stock. The NPs in
the sample were analyzed
with the intact lipid
membrane. The lines in the
pictures represent the regions
whose profiles have been
analyzed in Fig. 7.7

Fig. 7.7 Height profiles of
the regions indicated in this
figure. The height profiles of
the zones are reported as a
function of the distance

profile height (nm)

25.5nm
220
200
18.0
16.0
14.0
12.0
10.0
B.O
6.0
4.0
20
-0.0
-2.0
-4.0

-6.2

0 100 200 300 400

length of analyzed region (nm)

measurements showing a reduction of NPs size, but a specific experiment was also
performed. NPs were prepared including in the lipid film a small amount of
fluorescent lipid Rho-PE (1 % of total lipids).

The fluorescence signal was recorded immediately after the preparation; the
sample was then treated with detergent and then submitted to an extensive dialysis
cycle, to remove the solubilized lipids. After the purification, a fluorescence
spectrum was collected again, showing a significant signal reduction, that is a clear
evidence of lipid membrane removal (Fig. 7.10).
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7.6 Protein Labeling for FRAP Experiments

In order to assess the ability of the gel network to efficiently block the SOD
molecules, fluorescence recovery after photobleaching (FRAP) experiments were
performed. The FRAP technique is a powerful tool to determine the degree of
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Fig. 7.10 Fluorescence 2%107
spectra of Rho-labeled NPs
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mobility of macromolecules and their diffusion coefficients [3, 8, 25]. In this
technique, a region of a fluorescent sample is bleached by an intense light pulse,
and the recovery of the signal, due to the diffusion of other fluorescent molecules
into the bleached region, is recorded. This allows the determination of the diffusion
coefficient of the fluorescent species. The possible presence of immobile species is
detected by the lack of complete recovery of the fluorescence signal.

FRAP experiments were carried out on a model protein, FITC-labeled oval-
bumin. The dimensions of this protein are comparable to those of SOD: its
molecular weight is 42,700 KDa (the MW of the SOD dimer is 32,500), and its
hydrodynamic radius is 30.5 A [24], as compared to 28.5 A for SOD [22], but the
cost of ovalbumin is considerably lower.

The protein was labeled according to a standard protocol, described in Sect. 6.6.
The protein concentration after purification was calculated from the absorption at
280 nm (Fig. 7.11), as described in Sect. 6.6.

7.7 Fluorescence Recovery After Photobleaching

To perform FRAP experiments, a bulk polyacrylamide gel was prepared, of the
same composition used for NPs preparation (T =20 %, C =5 %), in which
FITC-ovalbumin was entrapped, at 30 uM concentration. After photopolymer-
ization, the hydrogel was left in water and extensively rinsed until the washing
solution did not show any fluorescence. FRAP measurements were then per-
formed, by cutting a thin gel slice of about 2 mm and positioning it on the
microscope observation glass slide. The recovery profile obtained in these con-
ditions is reported in Fig. 7.12.


http://dx.doi.org/10.1007/978-3-319-06434-5_6
http://dx.doi.org/10.1007/978-3-319-06434-5_6
http://dx.doi.org/10.1007/978-3-319-06434-5_6
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As shown in Fig. 7.12, a major fraction of the protein (about 80 %) was not
able to participate to the fluorescence recovery, indicating that it was efficiently
blocked within the gel network, at least in the time range investigated. On the other
hand, a small mobile fraction was present, and it is responsible for a recovery of
about 20 %.
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Fig. 7.13 Calibration curve used for SOD quantification. Experimental conditions:
Aexe = 260 nm; emission cutoff filter = 295 nm; Bandwidth 5 nm in both excitation and
emission; cell size = 5 mm exc. side, 10 mm emission side
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Fig. 7.14 Schematic representation of the different steps of the experiment. The dark blue circle
represents the lipid bilayer, while the light blue grid represents the polymeric nanoparticle

7.8 Quantification of Entrapped Enzyme

To quantitatively characterize the fraction of enzyme entrapped within the NPs,
SOD intrinsic fluorescence was exploited. The quantification was obtained by the
acquisition of a calibration curve (Fig. 7.13), collecting spectra of different
amounts of SOD in buffer. The different steps in which SOD has been quantified
are reported in Fig. 7.14. At each step both the enzyme concentration (as provided
by the fluorescence intensity) and its activity were determined.

For these experiments, two stocks of NPs with a nominal diameter of 400 nm
were prepared; in the first, a 4 mg/ml solution of SOD was included, while the
second was synthesized without the enzyme; the spectra accquired from the second
solution were used for the background subtraction in the fluorescence spectra.
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Before any purification, a spectrum was acquired from the stock solution. NPs in
this stage are referred to as “as prepared”. In this case, the value of SOD con-
centration is known from the conditions used in the synthesis (12.8 pM), but it was
anyway assessed with fluorescence, resulting to be 12.6 M. The enzyme activity
of this sample was 630 units/ml. This value is due only to the free, unentrapped
enzyme that is in the water volume outside the vesicles, because the substrate
diffusion inside the liposomes is strongly inhibited by the membrane. When the
bilayers were broken by SDS addition, the activity rose to 980 units/ml, due to
the enzyme molecules previously enclosed in the membrane, or entrapped in the
hydrogel network. The presence of SDS does not interfere with the activity of the
enzyme [17].

Subsequently, a first dialysis was carried out, maintaining, in this case, the
membrane integrity. At this point, a further fluorescence spectrum was collected;
in this case, the signal is given by the “encapsulated” enzyme, which is inside the
lipid vesicles. The spectrum obtained from this experiment indicated that the
encapsulated enzyme fraction corresponded to 37 % of the total SOD amount. The
activity of this sample was practically not detectable, confirming that free SOD
was efficiently removed from the NPs suspension. After the addition of SDS, the
value of activity resulted to be 170 units/ml, corresponding to about 17 % of the
starting value.

After the quantification of the encapsulated enzyme fraction the sample was
submitted to a further dialysis cycle, to allow the removal of all the enzyme that
was initially located inside the lipid vesicle but was not entrapped in the hydrogel
network. Thus, a further spectrum was acquired, in which the fluorescence signal
was given only by “entrapped” SOD, i.e. the enzyme entrapped inside the
polymeric network. The amount corresponding to the entrapped enzyme fraction
resulted to be the 30 % of the total amount and the activity of this sample featured
a value of 45.5 u/ml, corresponding to 4.5 % of the starting value. It is worth to
underline that this purification allowed the removal of the protein mobile fraction
that was evidenced by the FRAP measurements.

The sample was then purified again, with multiple dialysis treatments, to check
for a very slow release of the entrapped enzyme. The fluorescence and the
enzymatic activity were measured again every 24 h, revealing a progressive
decrease. This means that a slow release of the enzyme from the NPs occurs after
the membrane removal step. The fluorescence spectra collected for every step, and
the corresponding percentages are reported in Figs. 7.15 and 7.16. The activity
values are summarized in Fig. 7.17.

The fluorescence experiments illustrated that after the lipid membrane removal,
the fraction of entrapped enzyme slightly decreases after each purification cycle.
This indicates that when the membrane is solubilized, a slow enzyme release
starts, and that several days are needed for a complete release.

Another important observation is that the fluorescence and activity values
measured for the same sample in the same steps of this experiment resulted to be
significantly different. A comparison is reported in Table 7.3.
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Fig. 7.15 SOD emission
spectra of the unpurified NPs
solution (red), of the
encapsulated enzyme (blue),
and of the entrapped enzyme
after 24 h (yellow).
Experimental conditions:
Aexe = 260 nm; emission
cutoff filter = 295 nm;
bandwidth: 5 nm both in
excitation and emission; cell
size = 5 mm in the
excitation side, 10 mm in the
emission side

Fig. 7.16 Fluorescence of
SOD inside NPs as a
percentage of the bulk
solution signal
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Fig. 7.17 Enzymatic activity Enzyme activity
of SOD inside NPs with 100 T T

respect to the activity of the
unpurified solution

80
*
=
S 60
=
(]
©
g
2 40
«
(O]
o
20
0
As Encapsulated Entrapped Entrapped  Entrapped
prepared enzyme enzyme enzyme enzyme
after 1 day after 2 days
dialysis dialysis

Table 7.3 Summary of the amount and activity of SOD inside NPs as a function of days. F(%)
is the fluorescence, A (%) is the activity

F (%) A (%) Concentration Specific activity
(uM) from (u/mg)
fluorescence

spectrum
Encapsulated enzyme 37 17 4.7 2300
Entrapped enzyme 30 4.4 3.8 800
Entrapped enzyme 29 34 3.7 600
after 24 hours
Entrapped enzyme 21 33 2.7 700
after 48 hours

This result indicates that a reduction of the specific activity of SOD occurs
inside the NPs. The specific activity of an enzyme is defined as the number of units
per mg. In this case, this parameter has been calculated using the concentration
obtained from the fluorescence experiment. The specific activity of the enzyme in
the free solution resulted to be Ay = 8620 units/mg. After the inclusion inside the
NPs, the specific activity of SOD showed a significant reduction, down to 2297
units/mg, i.e. 27 % of the initial value.

A first explanation of these results could involve a partial denaturation of the
enzyme inside the NPs. Anyway, the mild synthesis conditions make this
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supposition quite unlikely. Another hypothesis could involve a different enzyme
conformation inside the polymeric network [19], or simply a slower diffusion of
the substrates within the hydrogel. To clarify this point, the activity of the same
sample was measured right after the preparation, and then, during the following
days, to check whether a variation of activity occurs as a consequence of the
partial enzyme release from the NPs (shown by the fluorescence experiment), i.e.
if the enzyme released in the free solution is more active than the entrapped one.
The sample was not submitted to any purification process, and the released protein
remained within the solution.

In this case, there is an evident activity increase with time (Fig. 7.18). This
means that the fraction of released enzyme recovers its activity in the free solution,
at least partially. Indeed, the activity value recorded during the days is given by the
released fraction and by the fraction that is still entrapped inside the gel network.
The calculated time constant for the process resulted to be 1 = 6.8 days.

The reduced activity of SOD entrapped inside the NPs does not preclude their
therapeutic application because the enzyme is still active. The enzyme release
form NPs could be obviously a problem for the shelf-life of the drug, but the
presence of the membrane can be used to keep the enzyme within the gel during
storage, and it can be removed immediately before the use of NPs.

It is worth to underline that the quantity of entrapped enzyme can be obviously
increased by synthesizing larger liposomes, but the size of NPs also plays a key
role in their biodistribution and permanence inside the organisms. It has been
demonstrated that the longest blood residence time is given by NPs characterized
by a diameter of about 100 nm, while NPs with a size around 400-500 nm
accumulate within liver and spleen. The best dimension for a long-circulating
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Fig. 7.19 SOD thermal 1.2
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nanoparticle is less than 200 nm [1]. In this work the size of NPs is larger to allow
the entrapment of a consistent enzyme fraction, as a proof of principle of the
feasibility of the system. However, the vehicle dimensions must be chosen
according to the planned therapeutic purposes.

7.9 Enzyme Stabilization

Protein stability is a fundamental requirement of a therapeutic formulation.

In the specific case of SOD, the enzyme is inactivated at high temperature,
because of the formation of aggregated structures, which are insoluble and pre-
cipitate [11, 12, 15].

The polyacrylamide gel represents a confining environment for entrapped
molecules. The confinement within the gel should provide a stabilization of pro-
teins, by decreasing the entropy of the unfolded state through an excluded volume
effect [6]. In particular, it has been seen that the thermal stability of proteins is
enhanced in a microporous polyacrylamide gel (with a pore size of 10 nm or less)
environment [6]. Thermal inactivation experiments were carried out on free SOD
and on SOD-containing NPs. Samples were heated at 80 °C and the enzyme
activity was tested at different times. As reported in Fig. 7.19, in the case of free
SOD more than 50 % of activity was lost in a few minutes. The activity decrease
was much less evident in the case of entrapped SOD: in this case, the reduction
was only about the 6 % of initial activity.
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7.10 FLAC Synthesis and Characterization

In order to visualize NPs inside the cells to verify their uptake, FLAC has been
synthesized, as described in Sect. 6.10, and used to label the NPs.

UV-visible and fluorescence spectra of FLAC were collected, showing the
characteristic absorption and emission bands of the fluorescein chromophore. The
absorption spectrum is reported in Fig. 7.20, while the fluorescence spectrum is
reported in Fig. 7.21.
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Fig. 7.22 Bulk
polymerization of fluorescent
gel (T =20%,C =5 %)

Table 7.4 Composition of the hydrogel used for fluorescent NPs synthesis

| Reagent mg/ml Molarity |
Acrylamide 130.1 2.674
MBA 10.4 0.0674
FLAC 0.05 1.124e-04

7.11 Gel Polymerization in the Presence of FLAC

The presence of FLAC during polymerization causes a strong absorption of the
UV light used during sample irradiation, possibly inhibiting the photopolymer-
ization process. To rule out this possibility, the gelation process was checked in
bulk hydrogel samples.

A first gel was prepared with the T = 20 %, C = 5 % formulation, using a
FLAC to acrylamide molar ratio of 1. In this case, the polymerization did not
occur. The FLAC concentration was then decreased 10-fold. In this case, the
polymerization was incomplete. The maximum quantity of FLAC to allow a
complete polymerization resulted to be the 0.0047 % with respect to the monomer
(Fig. 7.22). NPs were synthesized using the formulation described in Table 7.4.
The fluorescence signal from the NPs sample resulted to be good enough to allow
the cell-internalization investigation.

7.12 Cell Uptake Experiments

For cell uptake experiments, murine fibroblasts were incubated with a 0.4 nM
solution of fluorescent NPs. Both membrane-coated and naked NPs were effi-
ciently internalized by cells already after 24 h (Figs. 7.23 and 7.24), as shown by
the green fluorescence signal within cells.
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Fig. 7.23 Confocal image of
a fibroblast. after a 72 h
incubation with a solution of
membrane-coated NPs

Fig. 7.24 Confocal image of
fibroblasts after a 24 h
incubation with a solution of
naked NPs
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7.13 Cell Viability Assays

The biocompatibility of NPs is a fundamental requirement for their therapeutic
application. Acrylamide-based gels biocompatibility has been demonstrated by
several studies [14, 20, 23]; nevertheless, the potential toxicity of the samples used
in this work was tested on cell cultures.

7.13.1 Trypan Blue Assay

The trypan blue assay is a test of the cell membrane integrity; this is a fundamental
requirement for a living cell, and thus it can be used indirectly as a test for
viability. In this case, the results obtained in the presence of NPs and for the
control culture were very similar (Fig. 7.25). This result means that NPs do not
interfere with the cell integrity.

7.13.2 Live or Dead Assay

The live or dead assay provided further information about the cell membrane
integrity. In this case, the experiments showed again that, after a 48 h incubation,
no relevant differences occur between the control cell culture (Fig. 7.26) and the
cell culture treated with NPs (Fig. 7.27).
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Fig. 7.26 Confocal image of
the control cell culture in the
live or dead assay

Fig. 7.27 Confocal image of
the NPs-treated cell culture in
the live or dead assay after
48 h of incubation

It is worth to underline that all the cell viability assays have been performed
using NPs which did not contain SOD, to detect exclusively the effects of the
vehicle on cell cultures.
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7.14 Discussion

The huge therapeutic potential of enzymes is still poorly exploited, due to the
many problems involved in their administration and delivery. In this work, a novel
approach has been presented that can contribute to solve some problems related to
the short half-life of these molecules, as well as to the raise of immunogenic
response.

By contrast to previously proposed enzyme delivery vehicles, which are
designed to release the enzyme, so that it can exert its activity outside the carrier,
the NPs presented in this work have been designed to obtain a system that retains
the enzyme, allowing it to maintain its catalytic function without being released.
This protects the protein against antibodies, degradation and denaturing condi-
tions, enhancing the half-life of the molecule during the entire period of the
therapy.

Another important difference between the NPs presented in this work and all
the most used micro- and nano-particle formulations is that the latter involve
denaturing conditions during their synthesis. By contrast, the use of liposomes as
nanotemplates allows the use of physiologic conditions in the entire process, and
an easy selection of the appropriate dimensions for NPs through the extrusion step.

The synthesized NPs have a reasonable entrapping efficiency, and a good cell
uptake. In addition, their biocompatibility, evaluated with different assays, resulted
to be very good.

All these characteristics make the NPs presented in this part of the present
thesis a promising system for enzyme-based therapies.
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Concluding Remarks

In this thesis two main topics have been addressed, i.e. the interaction of AMPs
with lipid membranes, and an innovative approach, employing phospholipid
vesicles for the synthesis of NPs entrapping the enzyme SOD, aimed at therapeutic
applications. These subjects are in different ways related to serious threats to
human health that became alarming in the last years, i.e. the bacterial resistance to
traditional antibiotics, and pathologies deriving from oxidative stress. In the
investigation of both these issues phospholipid membranes had a central role.

In the first part of this work model membranes, constituted mainly by
liposomes, or by lipid bilayers deposited on a support, have been exploited to
mimic biological membranes. These model systems allow the physico-chemical
investigation of the interaction between peptides and membranes, avoiding
interference from other components present in real biological membranes, such as
membrane proteins or other nonlipidic components. In this thesis, model
membranes have been used to elucidate the membrane-perturbation properties of
AMPs.

The mechanism of pore formation of the peptide GAIV has been completely
elucidated, clarifying a mode of action that had been previously heatedly debated
in the literature, and contributing to solve an apparent contradiction due to the
small length of this peptide, which is not sufficient to span the entire bilayer but is
apparently able to form transmembrane pores. The results obtained for GAIV
showed that an AMP can cause a strong deformation of the lipid bilayer, thus
obtaining a match between its length and the thickness of the membrane, and
allowing the formation of transmembrane pores. The physico-chemical driving
forces of this process were clarified as well. This important goal has been reached
with the use of a combination of techniques, i.e. fluorescence and neutron
spectroscopy, and molecular dynamics simulations, that resulted to be particularly
indicated to investigate the mechanism of interaction between membranes and
AMPs. This approach can be successfully applied to the study of analogous
systems. These results are important also because the mechanism assessed for
GAIV can be relevant also for several other short peptaibols, which have very
similar structures.
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Another crucial point for the rational design of AMPs and antimicrobial
peptidomimetics is a detailed understanding of the structural properties leading to
cell selectivity. The ability to distinguish between the bacterial and the host cells is
one of the most interesting features of AMPs, which makes them promising
candidates as a new class of antibiotics. In this thesis, the role of the central Pro
residue, which is common to many AMPs, has been investigated, revealing that it
is a fundamental requirement for selectivity. The data presented here indicate that
Pro its removal causes the stabilization of the helical structure of the peptide in
water, increasing the peptide hydrophobicity by exposing its apolar residues, and,
as a consequence, its affinity towards neutral membranes that mimic those of
eukaryotic cells. These results have been obtained for a model peptide, P5, but lead
to a more general statement, i.e. that the role of central Pro is fundamental in the
inhibition of peptide binding to neutral membranes, like those of mammalian cells,
and that this feature must be taken into account in the development of new peptide-
based bactericidal molecules.

The last investigation presented on AMPs involves the possibility to modulate
the biological activity of a peptide. It has been shown that a CPP can become an
AMP by operating just slight modifications in its amino acidic sequence. This is
due to the fact that, even though biological activities of CPPs and AMPs are quite
different, their structures have several common features. The dramatic change in
the activity caused by minimal modifications in the sequence of a peptide
illustrates the difficulties involved in the rational design of membrane-active
peptides. On the other hand, the data presented in this thesis demonstrated that the
feasibility of a peptide endowed with both antibacterial and penetrating activity
and this could be useful for the development of new antibiotic drugs, and for
several other therapeutic applications. For instance, it has been shown in the last
years that some cationic AMPs are also specifically active against tumor cells;
thus, the delivery of a specific drug can be enhanced with the use of such a peptide
as a carrier system.

All the presented studies on AMPs definitely give a contribution to a deeper
understanding of their behavior and structural characteristics, and therefore to the
development of novel peptide-based drugs.

In the second part of this work another important characteristic of lipid vesicles
has been exploited, i.e. the capability to create in their inner volume a segregated
environment, in which a chemical reaction can occur. This environment has a
nanometric size and in this case it has been used to obtain a nanoparticle by a
photopolymerization reaction that has been carried out only inside the vesicles,
and avoided in the bulk solution. In this way, it has been possible to obtain
hydrogel NPs in physiological, mild conditions; this characteristic makes them
suitable to entrap enzymes preserving their catalytic activity. The available
formulations of enzyme vehicles are designed to release the drugs to the tissues;
the goal of this work has instead been the development of a system in which an
enzyme can exert its function without being released and, therefore, without being
exposed to proteolytic enzymes or to antibodies. The enzyme chosen for this study
is SOD. The gel synthesis protocol has been optimized to ensure the entrapment of
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enzyme molecules, while allowing the diffusion of smaller molecules, like
substrates and products, so that the enzyme can maintain its biological function
inside the NPs.

The anti-oxidant function of SOD has been poorly exploited in therapeutic
applications, despite its relevance as a radical scavenger, due to problems related
mainly to immunogenic response, that can be solved using the approach presented
in this thesis. The increasing exposure to ROS deriving from ionizing radiations
and air pollutants makes these results even more important, opening a new way to
the development of a SOD-based drug, and more generally of therapies based on
any enzyme with substrates and products small enough to diffuse across the gel
network.
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