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Annotation

The Tumor Necrosis Factor derived-TIP peptide is a small 17 amino acids
cyclic peptide with lectin-like activity, that possesses several therapeutically
relevant biological activities, among which is activation of alveolar liquid
clearance in both healthy and injured lungs in vivo. Accumulation of fluid in the
lungs’ alveoli and interstitial spaces is a life-threatening condition called
pulmonary edema. The mortality rate due permeability pulmonary edema,
accompanied by a dysfunction of the alveolar/capillary barrier, is high because
no effective treatment lacking side effects exists nowadays. It is known that the
TIP peptide is able to activate vectorial Na' transport — which mediates lung
liquid clearance. However, the mechanism of action of remains elusive. The
aim of this thesis was to investigate the initial steps of interaction between the
TIP peptide and airway epithelial cells. Numerous novel methods and single-
molecule techniques were used to unravel: (i) how the TIP peptide interacts
with the molecules on the apical side of the lung epithelial cells; (i1) whether the
TIP peptide need to be internalized inside of the cells to trigger its effects; (iii)
the nature of the interaction between the TIP peptide and its putative
receptor(s); (iv) the putative receptor(s) for the TIP peptide on the apical
surface of the lung epithelial cells.

Anotace

Cyklicky TIP peptid s lektinovou je odvozeny ze 17 aminokyselin tumor
nekrozniho faktoru. Pfi aktivaci vstiebavani vody ve zdravych a poskozenych
plicich in vivo hraje vyznamnou medicinsky vyuZitelnou ulohu. ZadrZovani
kapaliny v plicnich sklipcich a intersticidlnich prostorech je Zivot ohrozujici
stav zvany plicni edém. V soucasné dobé je vysokda umrtnost v disledku
plicnitho edému spojené¢ho s fyziologickou disfunkei kapildrné alveolarni
bariéry zplisobovana predevSim neexistenci u¢innych léc¢iv bez vedlejSich
ucinki. Je zndmo, ze TIP peptid je schopen aktivovat transepitelidlni transport
sodikovych iontll, jenz je primarnim procesem vedoucim k odstranéni vody z
plic. Bohuzel, o mechanizmu u¢inku TIP peptidu neni mnoho znamo. Cilem
této prace bylo zkoumat primarni interakci TIP peptidu s plicnimi epitelidlnimi
buiikami. S pouzitim Siroké Skaly novych metod a pfistupti na urovni
jednotlivych molekul jsem zjistoval (i) jak interaguje TIP peptid s molekulami
na apikdlni stran¢ plicnich epitelidlnich bunék? (ii) zda je pro aktivaci
odstranéni plicniho edému TIP peptidem nezbytny jeho transport dovniti
epitelidlnich bun€k? (iii) jakd je povaha interakce TIP peptidu a jeho
neznamého receptoru? (iv) jaké molekula slouzi jako receptor pro TIP peptid?
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Chapter 1

Preface



1.1 Motivation

“When you cannot breathe, the rest doesn’t matter”
-unknown author

The World Health Organization recognizes more than a hundred
diseases mankind is suffering from, each of which with a different etiology,
scope and complicacy. The possibility to develop a specific therapy to one of
them, i.e. pulmonary edema is a major goal of any research. The subject of this
thesis represents a part of an ongoing research that aims at resolving the
mystery of Na' uptake activation mechanism mediated by the Tumor Necrosis
Factor (TNF) derived TIP peptide. This uptake of Na' is an initial step in a
sequence of events leading to improved transepithelial liquid transport, as such
clearing pulmonary edema. The mortality of this condition is still high, also due
to the lack of side-effect free medication. The TIP peptide, which currently
undergoes clinical trials, has shown promising results in resolution of
pulmonary edema, making its further study highly important.

1.2 Introduction

1.2.1 TNF: a pleiotropic cytokine

TNF, also known as cachectin, is a pleiotropic cytokine originally
known for its role in immune modulation, anti-tumor activity, inflammation,
cachexia, septic shock, and hematopoesis activities (Carswell et al., 1975). It is
expressed by a large variety of cells, but primarily by activated macrophages,
mast cells and T lymphocytes. Since its discovery in 1975, a lot of information
has been obtained about TNF’s structure (Jones et al., 1989; Eck and Sprang,
1989) and function (Vassalli 1992). TNF is generated as a membrane-bound
precursor that is cleaved by the TNF-a converting enzyme, giving rise to the
soluble 17 kDa monomer, which needs to form homotrimers in the circulation,
in order to become bioactive. The TNF ligand acts by binding to two different
TNF receptors (CD120): TNF-R1 (55 kDa), which contains a death domain,
which signals for apoptosis and TNF-R2 (75 kDa), containing no death domain
(Wallach et al., 1999). At least one of these receptor types is expressed in most
somatic cells (Vassalli 1992; Hehlgans and Pfeffer 2005), and kills TNF-
sensitive cells by means of apoptosis (Fiers et al., 1995; publication I). Mouse
and human TNF-a share 79% amino acid sequence identity; however, unlike
human TNF-a, the mouse form is glycosylated.
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It is generally assumed that biomolecules are very specific both in terms
of receptors they bind to and the effects they mediate. However, numerous
multifunctional proteins in which two or more different functions are performed
by one polypeptide chain were discovered recently (Jeffery 1999). These so-
called “moonlighting” proteins seem to be the products of molecular evolution
(Piatigorsky 2007). Moonlighting proteins do not include proteins that have
multiple functions due to either gene fusions or multiple splice variants. Also,
they do not include proteins with the same function in multiple locations, or the
protein families where different members have different functions, if each
individual has only one function. There are several dozen of proteins in
prokaryotes, fungae, plants, and animals that have been found to moonlight.
Many proteins that moonlight are enzymes, receptors, ion channels and
chaperones (Piatigorsky et al., 1988; Jeffery 1999; Huberts and van der Klei
2010). TNF represents one of the examples of a moonlighting protein
(publication I).

1.2.2 The lectin-like domain of TNF

Besides its apoptotic and inflammatory activities, TNF was also shown
to exert a lytic activity on purified blood forms of African trypanosomes (Lucas
et al., 1993; Lucas et al., 1994; Daulouede et al., 2001), an effect that cannot be
blocked by soluble TNF-R1, which blocks all the TNF receptor-mediated
effects (Lucas et al., 1994). However, specific oligosaccharides, such as N,N -
diacetylchitobiose and branched trimannoses, as well as lectins with a similar
oligosaccharide specificity as TNF, can block the trypanolytic effect of TNF
(Lucas et al., 1994). Another study demonstrated that TNF, upon binding of its
lectin-like domain to glycoproteins, still retains its cytotoxic activity in tumor
cells (Hession ef al., 1987; Sherblom et al., 1988). Taking together, these data
proposed that the lectin-like domain of TNF is spatially distinct from its
receptor binding sites and is responsible for the TNF-mediated trypanolysis.
Upon comparing the tertiary structures of TNF and lymphotoxin-a (LT-a) — a
TNF homologous cytokine, able to bind to both the TNF receptors, lacking
trypanolytic activity, the lectin-like domain of TNF was identified (Lucas ef al.,
1994). The lectin-like domain encompasses the region of human TNF from
S100 to E116 (S99 to E115 in murine TNF), which is located at the upper side
of the pyramidal TNF shape, diametrically opposed to the receptor binding sites
and found to be absent in both human and mouse LT-a (Fig. 1). This domain at
the tip of the TNF molecule can be mimicked by a circular 17 amino acids
peptide, named the TIP peptide (Lucas et al, 1994). The TIP peptide was
shown to exert trypanolytic activity, albeit at 10.000 times higher concentration,
as compared to TNF (Lucas er al., 1994). It was also shown that the TIP
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peptide’s amino acids T6, E8, and E11, but not P7 and G8 are crucial in
mediating trypanolysis. The mutated TIP (mutTIP) peptide (T6A, E8A, and
E11A) as well as scrambled TIP (scrTIP) peptide containing the same amino
acids as the TIP peptide but in a random order were shown to be unable to
mediate trypanolysis (Lucas et al., 1994).

Receptor
binding
sites

Lectin-like
domains

TNF 100-PCQRETPEGAEAKPWYE-116

TIP peptide 1-CGQRETPEGAEAKPWYC-17

Figure 1. Top, ribbon representation of the TNF trimer (PDB code: 1TNF). Lectin-like
domains are colored in magenta. Bottom, amino acid sequence of the lectin-like domain of the
human TNF aligned with the sequence of the TIP peptide.

1.2.3 Structural features of peptides

One might think of peptides as rudimentary forms of proteins, and
therefore playing less important role in nature. In order not to underestimate
their value, I would like to illustrate few examples regarding the diversity of
peptides and the role they play. Peptides are involved in many essential
processes in signal transduction and cell-to-cell communications. Human
peptide hormones like prolactin, vasopressin, oxytocin, and insulin, as well as
several neuroactive peptides are essential players in the endocrine and central
nervous systems. The number of synthetic peptides with novel biological
functions is steadily and rapidly growing. These include enzyme and toxin
inhibitors (Mourez et al., 2001; Desjobert et al., 2004), peptides with antiviral
activity (Ho et al., 2003; Sticht et al., 2005), or peptides with the ability to
specifically detect tissues with histological changes associated with diseases
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(Wiesehan et al, 2003; McGuire et al., 2004). The TIP peptide was made
cyclic, in order to retain as much as possible the initial structure of the lectin-
like domain of the TNF it mimics. Cyclic peptides are not of unique structures,
and already a number of cyclic peptides have been discovered in plants,
bacteria, animals but not in humans, with sizes ranging from just a few to
hundreds of amino acids in length (Craik 2006). Cyclic peptides can be
classified according to the types of bonds that enclose the ring, and there are a
number of cyclic peptide hormones which are cyclised through a disulfide bond
between two cysteines, as in somatostatin and oxytocin. Cyclic peptides are
also present among antibiotics (e.g. valinomycin, polymyxin B),
immunosuppressive drugs (e.g. cyclosporine), and toxins (e.g. amanitin,
microcystins). Some of the cyclic peptides like cyclotides, possess a broad
variety of effects in cells, including anti-microbial, hemolytic, and anti-HIV
activities (Craik et al., 2004) and are still under study. Other cyclic peptides like
octreotide (brand name Sandostatin™, Novartis) is already clinically approved
and is used as a more potent analog of somatostatin for the treatment of
acromegaly, diarrhea, and flushing (www.sandostatin.com). Upon cyclization,
the TIP peptide has obtained a crucial property inherent to cyclic peptides — its
stability (Antos et al., 2009). Cyclic peptides tend to be extremely resistant to
thermal and chemical denaturation and proteolysis, as compared to their linear
analogs. Cyclic peptides are not targeted by exopeptidases — enzymes whose
function is to digest the proteins (Craik 2006). This feature makes the
cyclization process for both peptides and proteins very attractive for designers
of protein- or peptide-based drugs (Scott ef al., 1999; Antos et al., 2009; Popp
et al., 2011). Usually linear and even cyclic peptides possess flexible structures.
The TIP peptide mimicking the loop structure of the lectin-like domain of TNF
is not an exception here. Far-UV circular dichroism analysis of the secondary
structure of the TIP peptide in physiological solution have shown that the TIP
peptide adopts a random structure (van der Goot et al., 1999). Attempts to solve
the three-dimensional (3D) structure of the TIP peptide are described in part
1.3 of this thesis, as well as in publication III attached to the thesis.

1.2.4 Therapeutically promising activities of the TIP
peptide

The TIP peptide was shown to be trypanolytic; however, it later
appeared to be not its only activity. Voltage-clamped whole-cell patch clamp
experiments have shown that it increases outward currents in peritoneal
macrophages, both outward and inward currents in primary lung microvascular
endothelial (MVEC) cells both at acidic (6.0) and neutral (7.3) pH and mainly
inward currents in airway epithelial cells (Hribar et al, 1999; Hazemi et al.,
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2010). Both analogs of the TIP peptide (mutTIP and scrTIP peptides) were
shown to be inactive. This effect was blocked if the cells were pretreated with
amiloride, an epithelial sodium channel (ENaC) blocker, showing direct or
indirect effect of the TIP peptide on ENaC activation. It was hypothesized that
the TIP peptide could act as an ion channel itself, explaining thus its membrane
conductance in mammalian cells. This assumption was made because native
TNF was proposed to interact with artificial lipid membranes possibly due to
partial acidic unfolding and exposure of the hydrophobic residues (Hlodan and
Pain 1994; Baldwin 1996). However, later experiments have not confirmed this,
showing the inability of the TIP peptide to interact with liposomes (van der
Goot et al., 1999). These were the first results showing the capability of the TIP
peptide to activate an amiloride-sensitive cationic channel in mammalian cells.
Also, the idea of using the TIP peptide as a potent drug in resolution of alveolar
fluid in patients with pulmonary edema was proposed for the first time.

Pulmonary edema is a life-threatening pathology which is characterized
by accumulation of extravascular fluid in lungs, which can be accompanied by
pulmonary endothelial and alveolar epithelial hyperpermeability (O'Brodovich
2005; Ware and Matthay 2005; Rimoldi ef al., 2009; Alwi 2010; Ford 2010;
Murray 2011). This mostly occurs when the capacity of the alveoli to clear fluid
in insufficient (Ware and Matthay 2005; O'Brodovich 2005). This will
eventually lead to impaired gas exchange and may cause respiratory failure.
Two fundamentally different types of pulmonary edema have been
characterized: cardiogenic pulmonary edema (also termed hydrostatic or
hemodynamic edema) and non-cardiogenic pulmonary edema (also known as
permeability pulmonary edema), which occurs during acute lung injury (ALI),
and the acute respiratory distress syndrome (ARDS) (Ware and Matthay 2005).
Pulmonary edema can be caused by direct damage of the tissue or as a result of
the heart or circulatory system malfunction. Alveolar epithelium (type 1 and
type 2 cells) plays a primary role in the process of edema fluid clearance, which
is based on the active transepithelial Na' transport via apical Na' channels
(presumably by the ENaC) and the basolaterally located Na-K-ATPase with the
water following iso-osmotically the Na’ gradient (Matalon and O'Brodovich
1999; Matthay et al., 2002; Mutlu and Sznajder 2005; Folkesson and Matthay
2006). Apart from ventilation strategies and [2-adrenergic agonists, no
systematic treatments of pulmonary edema exist (Sakuma et al, 1997;
Modelska et al., 1999), therefore the idea of using the TIP peptide to treat
pulmonary edema, which, in contrast to f2-adrenergic agonists does not induce
cAMP, holds promise (Lucas et al., 2009).

Additional experiments with the TIP peptide further demonstrated its
potential in resolving pulmonary edema. As such, the substance was shown to
increase the lung liquid clearance (LLC) in the in sifu mouse lung and the ex
vivo isolated blood-perfused rat lung model, showing its potential physiological
role in the resolution of pulmonary edema in rodents (Elia et al., 2003). Since
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the effects in both species were inhibited by amiloride, these results further
indicate direct or indirect effects of the TIP peptide on ENaC.

The ability of the TIP peptide to activate LLC in a rat hydrostatic edema
model in vivo was first reported in 2005 (Braun et al., 2005). This study also
showed that the disaccharide N,N’-diacetylchitobiose, previously reported to
inhibit the TNF lectin-like activity as well as the TNF-mediated Na" transport
(Hribar et al., 1999), also inhibits the TIP peptide-mediated LLC activation.
Therefore, these data suggested an important role of the lectin-like activity of
the TIP peptide in its capacity to activate LLC.

The ability of the TIP peptide to interact directly with N,N’-
diacetylchitobiose, but not with another disaccharide — cellobiose was
demonstrated using high-resolution mass spectrometry (Marquardt et al., 2007).
This finding shed some light on the TIP peptide-carbohydrate interactions.
What was also found is that cyclic and linear forms of the TIP peptide bind
equally well to N,N’-diacetylchitobiose. However, the cyclic TIP peptide
showed much higher stability for proteolytic degradation than the linearized
one, which showed N-terminal degradation products. This was also supported
by the fact that the cyclic TIP peptide has higher affinity to plasma proteins
(like albumin and IgM) than the linear one. The mutant TIP peptide (mutTIP)
had 30-40% less binding to N,N’-diacetylchitobiose, as compared to the native
TIP peptide. This finding highlighted the important structure-function property
of the TIP peptide; particularly, that the hexapeptide sequence TPEGAE
represents only a partial binding motif for the lectin-like activity of the TIP
peptide (Marquardt ef al., 2007). This is interesting, because the TIP peptide-
carbohydrate interactions are also implicated in LLC mediated by the TIP
peptide. The results of this study of the lectin-like domain-carbohydrate and
TIP peptide-carbohydrate interactions are summarized in the publication III,
attached to this thesis.

Until recently, all reported LLC activity of the TIP peptide was studied
using the healthy, undamaged rodent lungs. However, liquid accumulation in
lungs, is also a common consequence of ALI (Johnson and Matthay 2010) and
ARDS syndrome (Matthay and Zemans 2011), which are usually accompanied
by hyperpermeability of the alveolocapillary barrier. Recent studies have shown
that the TIP peptide is also capable in preventing alveolar edema formation ex
vivo in a rabbit model of hydrostatic edema by significantly reducing the
hydrostatic pressure-induced increase in endothelial permeability (Vadasz et al.,
2008). However, in this model the effect of the TIP peptide was almost
identical to the effects of db-cAMP (analog of cAMP) administration, therefore
questioning the clinical usage of the TIP peptide rather than cAMP enhancing
agents. Nevertheless, the TIP peptide also significantly reduced -capillary
permeability and thus edema formation, after lungs were injured with
Staphylococcus aureus o-toxin (exotoxin) and Salmonella enterica
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lipopolysaccharide (endotoxin), the models in which vascular permeability was
increased without elevating vascular pressure (Vadasz et al., 2008).

Recently, crucial discoveries were made regarding the potential of the
TIP peptide to activate LLC and its structure-function relationships. Hamacher
and colleagues highlighted the potency of the TIP peptide to improve lung
function during ischemia reperfusion injury in a unilateral rat lung
transplantation model of noncardiogenic ALI (Hamacher et al, 2010).
Significant increase in transplanted lung oxygenation as well as significant
reduction of neutrophil infiltration in bronchoalveolar lavage was observed
when the TIP peptide was added intratracheally. These beneficial effects were
inhibited when animals were co-treated with the amiloride, or by pre-incubating
of the TIP peptide with the N,N’-diacetylchitobiose. The TIP peptide was also
shown to reduce hypoxia/reoxygenation-induced reactive oxygen species (ROS)
generation in ovine pulmonary artery endothelial cells in vitro and to prevent
ischemia reperfusion-induced ROS production in transplanted rat lungs in vivo.
This finding is of great importance because of a lack of a specific treatment for
ischemia reperfusion-mediated lung injury. Also, Ussing chamber experiments
using a monolayer of primary rat alveolar type 2 epithelial cells showed that the
primary receptor affected by the TIP peptide is located at the apical side of
these cells, the place where the ENaC was shown to be localized (Renard ef al.,
1995; Farman et al., 1997), as such questioning the hypothesis that the primary
target of the TIP peptide is the basolaterally located Na'-K'-ATPase (Vadasz et
al., 2008).

Another recent work showed a protective property of the TIP peptide
against bacterial toxin-induced hyperpermeability (Xiong et al., 2010). Listeria
monocytogenes by its major virulence factor listeriolysin (LLO) can cause
listeriosis. In immunosuppressed individuals listeriosis can be accompanied by
the pulmonary permeability edema. LLO, which is a cholesterol-binding pore-
forming listerial exotoxin, increases endothelial permeability, initiated by Ca*"
influx, followed by protein kinase C (PKC) activation, ROS generation, RhoA
activation and Racl inhibition, and myosin light chain phosphorylation (Repp
et al., 2002; van Nieuw Amerongen et al., 2000; Birukova et al., 2005; Xiong et
al., 2010). Permeability edema characterized by an extensive capillary
endothelial hyperpermeability, requires immediate therapeutic treatment and
often has a fatal outcome (Ananthraman et al., 1983). However, there exists no
standard therapy to treat pulmonary permeability edema yet. The TIP peptide
was shown to blunt LLO-induced hyperpermeability in vitro, upon inhibiting
PKC activation, ROS generation, myosin light chain phosphorylation and
restoring RhoA/Racl balance; showing its potential in protecting from LLO-
induced pulmonary endothelial hyperpermeability (Xiong et al., 2010).

The same year essential TIP peptide features responsible for amiloride-
sensitive Na' current activation in AS549 cells were demonstrated and
characterized (Hazemi et al., 2010). Since it was already shown that ENaC is
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directly or indirectly involved in the TIP peptide-mediated Na' uptake, this
study focused primarily on structural properties of the TIP peptide responsible
for this process. Cyclization of the TIP peptide introduced in order to retain the
initial structure of the lectin-like domain of the TNF was done using of terminal
cysteins with the subsequent disulfide bond formation upon oxidation.
Reduction with the subsequent linearization of the peptide could eventually take
place after administration of the TIP peptide, leading to less active (Lucas et al.,
1994) and less stable peptide (Marquardt et al, 2007). Therefore, replacing
weaker disulfide bond (bond distance ~2.05A) by a stronger C-C or C-N bond
(bond distance ~1.5A) (Allen et al, 1987) could potentially eliminate the
above-mentioned disadvantages, also making the TIP peptide suitable for use as
human medicine. Hazemi and colleagues described a series of novel cyclic
peptides with several ways of NH- and COOH- coupling, and studied the
effectiveness of those peptides in Na' current activation, using the patch clamp
on the human lung epithelial cell line A549. Moreover, the selectivity of the
TIP peptide activation effect on Na" over K was investigated. Their major
conclusions were that TIP peptide variants displaying ENaC-activating effect in
A549 cells should possess: (i) a triad of residues equivalent to T105, E107, and
E110 of human TNF, (ii) a group of adjacent hydrophobic residues equivalent
to P113, W114, and Y115 of human TNF, and (iii) a positively charged N-
terminal amino group, a negatively charged C-terminal carboxyl group or both
of these, whereas peptides that lack one or more of these features do not exert
such an effect (Hazemi et al., 2010). All of the active TIP peptides were highly
selective for the ENaC with a tendency to be less selective if a free positively
charged N-terminal amino group was missing.

1.3 Aims of the thesis

Results from experimental studies described above suggest that the
TNF-derived TIP peptide could represent a novel therapeutic avenue for the
treatment of pulmonary edema. However, a lot of information concerning the
mechanisms of the TIP peptide function is still missing. The aim of this thesis
was to investigate the initial stages of the TIP peptide interaction with human
lung epithelial cells (i.e. in vitro), and specifically with its putative receptor(s),
studying the binding mechanisms on a molecular level. Various techniques,
including single-molecular approaches, were used to this purpose. The study
questions were the following:

1. The apical side of the lung epithelial cells was shown to be the target for

the TIP peptide-mediated activity (Hamacher et al, 2010).
Biomolecules commonly act through interactions. Therefore, the first
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question was: Does the TIP peptide interact with the molecules
located on the apical side of the lung epithelial cells?

2. The existence of cell-penetrating peptides (Lundberg and Langel 2003;
Prochiantz 2011), as well as peptides that function as vectors to deliver
cargo bound to them were reported (Fischer et al, 2001). The TIP
peptide has a small molecular weight (M,=1925) and a quarter of its
residues are hydrophobic. Therefore, the second question was: Does the
TIP peptide need to be internalized inside of the cells to trigger its
effects?

3. Crucial amino acids as well as other structural features of the TIP
peptide responsible for its activity were highlighted (Lucas et al., 1994;
Marquardt et al, 2007; Hazemi et al., 2010). However, the question
remains: What is the nature of the interaction between the TIP
peptide and its putative receptor(s)?

4. All previously reported results propose ENaC as a potential target for
the TIP peptide. ENaC was shown to be activated upon binding small
molecules (Ma et al., 2007; Lu et al., 2008), by various proteases
(Kleyman et al., 2009; Garcia-Caballero et al., 2011; Svenningsen ef al.,
2011), by methylation (Edinger et al., 2006), by protein kinase Ba
(Diakov et al., 2010), and by shear stress (Fronius and Clauss 2008;
Abi-Antoun et al., 2011). Direct peptide binding to ENaC, however,
followed by the inhibition of the channel was also reported (Ismailov et
al., 1999; Kashlan et al., 2010). Therefore the important question
remains: What is the TIP peptide’s receptor on the apical surface of
the lung epithelial cells?

Since the apical side of lung epithelial cells appeared to be a target for
the TIP peptide, localization and visualization of the individual putative
receptors becomes very important. Atomic force microscope (AFM) was used
as an imaging device, due to its high resolution in visualizing live cells.
However, the up-to-date imaging resolution of live cells under the AFM is
usually around 20-100 nm, depending on the sharpness of the probes used and
the particular cell and cell area being visualized (Butt et al., 1990; Horber et al.,
1992; Le Grimellec ef al., 2000). The advantage of the higher harmonics (HH)
AFM imaging in gaining better resolution, particularly in biological samples
like bacteria and viruses, was reported (Preiner et al., 2007; Turner et al., 2009).
For that reason, we have employed the HH AFM technique to resolve finer
details of the live human H441 lung epithelial cell, as well as some other
eukaryotic cells, with the results summarized in the publication II attached to
this thesis. This was to our knowledge the only HH AFM imaging on
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eukaryotic cells reported to date. Even though individual protein complexes on
the surface of the lung epithelial cells were not resolved, better resolution
compared to the conventional AFM techniques was observed. Also, correlation
between the second harmonic amplitude and the stiffness of the various cell
regions were discovered (Fig. 2), and an eight times higher sensitivity of the
second harmonic phase shift with respect to the first one was observed
(publication II).
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Figure 2. Left, second harmonic amplitude AFM image of human lung epithelial cell (H441),
with extra features marked by white circles. Middle, the crossection profile of the cell’s region
marked by the red line on the AFM image. Right, frequency spectra recorded on a glass
support, and two cell regions, highlighted on the AFM image. Curves are normalized to the
main driving frequency.

To assess the possibility that the TIP peptide interacts with the apical side of
lung epithelial cells, the single-molecule force spectroscopy (SMFS) technique
was used. The TIP peptide, covalently attached to a flexible probe was brought
in close contact with the apical surface of H441 cells, single TIP peptide-cell
surface interactions were detected and the unbinding forces were measured.
This method is extensively described in chapter 2.2 of this thesis, and the
results are summarized in chapter 3, and in the publication IV attached to this
thesis.

In order to understand whether the TIP peptide is able to penetrate inside
the cells to trigger its function, various approaches were used. For short
peptides (~20-30 amino acids long) that are not folded, several
physicochemical properties can be estimated using the sum of the values of the
isolated residues present in the peptides. If we look at such properties like a
charge of the peptide at physiological pH (7.4) and a hydropathy index (Kyte
and Doolittle 1982) — a measure of the hydrophobicity, we can conclude that a
low amount of hydrophobic amino acids (4 out of 17), and a negative sum of
the hydropathy index of the TIP peptide’s amino acids (—20.7) define it as a
hydrophilic molecule. At physiological pH, the net charge of the TIP peptide
appears to be negative, just like the surface charge of the cells. Both of these
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assumptions therefore suggest that passive interaction with the cell membrane
and internalization of the TIP peptide is highly unlikely.

Peptide vectors capable of transporting molecules into cells in the form
of covalent conjugates by energetically-independent mechanism were reported
(reviewed in Fischer et al., 2001). No sequence homology was observed
between these peptide vectors, but only general features such as charge
distribution and hydrophobicity seem to be common.

charge | hydropathy | number of
at 7.4" index amino acids

TIP peptide ‘ 17
delivery peptide vectors* -_

pAntp(43-58); Penetratin ‘ 16
retro-inverso pAntp(43-58) ‘ 16
W/R Penetratin ‘ 16
pAntp(52-58) | 7
HIV TAT | 13
HIV TAT2 | 11
7 | 7
gp41 fusion sequence ‘ 17
MPG (gp41fusion sequence - SV40 NLS) ‘ 27
Caiman crocodylus 1g(v) light chain ‘ 17
Caiman crocodylus 1g(v) light chain - SV40 NLS ‘ 27
PreS2-TLM | 12
Transportan ‘ 27
SynB1 | 18
MPS (kaposi FGF signal sequence) ‘ 16
MPS (kaposi FGF signal sequence) 2 ‘ 12
MPS (human integrin B; signal sequence) ‘ 15
P3 | 30
Model amphiphilic peptide | 18
KALA | 30

Table 1. Comparison of the charges and hydropathy indexes of the TIP peptide and delivery
peptide vectors (* described in Fischer ef al,, 2001). " calculated using Protein Calculator v3.3
at: www.scripps.edu/~cdputnam/protcalc.html

Perhaps, if the TIP peptide has the same physicochemical properties as the
delivery peptide vectors, it might use the same mechanism to enter the cells? If
we look at the charge and the hydropathy index of some of the peptide vectors,
and compare them with that of the TIP peptide (Table 1), we can observe that:
(1) most of the delivery peptides (70%) possess a positive charge, (ii) those that
have negative charge (not lower then —0.2) have a positive (usually >20)
hydropathy index, and (iii)) none of them have both negative charge and
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negative hydropathy index, like the TIP peptide does. Therefore, comparison of
the charge and hydropathy indexes of the 20 delivery peptides with that of the
TIP peptide indicates that the TIP peptide does not have the physicochemical
properties of the delivery peptides, and therefore cannot possess their
membrane penetration activity.

Another manner to investigate whether the TIP peptide could penetrate
the cells was done using direct labeling of the TIP peptide with a fluorescent
dye. The amino-reactive dye (Atto 465 NHS ester, Fluka) was covalently
attached to the TIP peptide resulting in a small high-sensitive fluorescent probe.
The fluorescently labeled TIP peptide was incubated with the H441 cells for 30
minutes. Afterwards, the cells were washed to remove unbound probe and
analyzed using laser-scanning confocal microscope. The fluorescent signal of
the labeled TIP peptide was localized in the plasma membrane of the cells but
not in the cell’s interior (Fig. 3). To verify that the TIP peptide properties are
not affected by attachment of the fluorophore, the fluorescently labeled TIP
peptide was tested to activate transepithelial current in the confluent monolayer
of the H441 cells using Ussing chamber (Ussing and Zerahn 1951).
Fluorescently labeled TIP peptide was able to mediate transepithelial current in
the culture of the H441 cells to the same degree as a native one (Fig. 4).

Figure 3. Confocal image of the H441 cell labeled with the Atto-NHS-TIP peptide probe.

Search for the TIP peptide’s still unknown receptor(s) and
understanding the interaction mechanism between them represents a big
challenge. However, the TIP peptide possesses several features that potentially
narrow our investigation to membrane bound glycosylated receptors only. First,
the TIP peptide mimics the lectin-like domain of the TNF which has affinity to
sugars, like N,N’-diacetylchitobiose and branched trimannoses. Second, the
activity of the TIP peptide was shown to be blocked by its preincubation with
the N, N’-diacetylchitobiose but not cellobiose. Hence, the TIP peptide-
carbohydrate interactions were prioritized also in light of the fact that ENaC
possesses several glycosylation sites (Canessa ef al., 1994; Voilley et al., 1994;
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Kleyman et al, 2009). When probing the interaction mechanisms, the
knowledge of the 3D structures of the ligand and the receptor is a must. In order
to obtain 3D structure of the TIP peptide, two very different approaches were
used: a computational one — structural modeling, and an experimental one — a
macromolecular crystallization together with the X-ray diffraction analysis.
Using the computational method and known 3D structure of human TNF (PDB
code: 1TNF), a model of the TIP peptide resembling the structure of the lectin-
like domain was built. The structure of the TIP peptide was further used for
molecular docking and molecular dynamics simulation (methods described in
chapters 2.3 and 2.4) with the oligosaccharides N,N’-diacetylchitobiose,
trimannose-O-ethyl, and cellobiose. The results of this work are summarized in
chapter 3, and in the publication III attached to this thesis.
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Figure 4. Short circuit current (/;.) of the epithelial cells (H441) monolayer in Ussing chamber.
Stimulation the apical side of the cells with the fluorescently labeled TIP peptide (2.5 pg,
vertical line) results in continues increase of the /. (black line), to the same degree as a native
TIP peptide (red line). (Measurements were done at the University of the Applied Sciences in
Krems, Austria by Mag. Maren Pfliiger).

Unfortunately, computer-built models often require further verification
using experimental techniques. X-ray crystallography, together with the NMR
spectroscopy are two major structure resolving methods, which provide highly
reliable results. High concentrated solution of the chemically synthesized TIP
peptide was crystallized and the large enough crystals suitable for further X-ray
diffraction analysis were obtained (Fig. 5, left). Interestingly, the TIP peptide
crystals grew along with the crystals of the precipitant, and were differentiated
using the crush test and dye absorption methods. Obtaining high quality crystals
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is an important prerequisite for X-ray crystallography which however does not
guarantee their diffraction. Unfortunately, diffraction pictures of the TIP
peptide crystals were unsuitable for further structure determination (Fig. 5,
right).

Figure 5. Left, crystallization drop with the TIP peptide (P) and salt (S) crystals growing using
sitting drop vapor-diffusion method at 22 °C. The drop contains 2 pL. of 100 mg/ml TIP peptide
water solution with 2 pL reservoir solution composed of 0.1 M HEPES, 0.6 M potassium
sodium tartrate tetrahydrate, pH=7.5. Right, the X-ray diffraction image of the TIP peptide
crystal obtained at BESSY II beamline 14.1 in Berlin, Germany.

The specific interactions between the TIP peptide and the apical surface
of the lung epithelial cells have been observed and measured using the SMFS
technique. This method however does not provide any information regarding
the identity of the binding partner for the TIP peptide. To answer this, perhaps
the most challenging question, the molecular biological methods were utilized.
The TIP peptide was immobilized on the NHS-Sepharose (GE Healthcare)
using the amino group of the TIP peptide’s only lysine residue. The plasma
membranes from the H441 cells were isolated and membrane proteins were
solubilized using 0.1% (w/w) n-Dodecyl-f-maltoside (SIGMA). Membrane
proteins were then applied onto the TIP peptide-functionalized Sepharose
column, and those unable to interact with the TIP peptide were washed. Bound
to the TIP peptide proteins were eluted with the 1 M NaCl containing buffer,
concentrated, and separated using the 10% SDS-PAGE. Eleven protein bands
with the mass ranging between 37 kDa to 110 kDa were identified (Fig. 6).
According to the mass comparison, three out of 11 proteins were probably
present in a dimer form, therefore resulting in the presence of only eight unique
proteins. Possibly, the number of the unique binding partners to the TIP peptide
could be even lower due to the fact that some of these bands could be
degradation products. Four major bands (# 1, 2, 4, and 5), having the highest
protein content were sent for mass spectrometry identification. Unfortunately,
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the identification failed due to the insufficient amount of the proteins in the
samples.

116 kDa — v {.{11

S afyENaC*

Figure 6. Silver stained 10% SDS-PAGE of the eluted proteins bound to the TIP-Sepharose.
Numbers in brackets correspond to the distinguished protein bands, and the possible dimers
with the corresponding monomers are interconnected by lines. * Approximate localization of
the ENaC subunits (o, B, and y) according to Canessa ef al. 1994.
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Chapter 2

Materials and Methods



To gain understanding of the TIP peptide action, various biophysical
and biochemical methods were utilized. Atomic force microscopy technique
allowed us to visualize the primary target of the TIP peptide — surface of the
lung epithelial cells at high resolution. Using single-molecule force
spectroscopy, binding between the TIP peptide and the cell surface was probed
and the binding forces were measured down to a piconewton range. Molecular
docking and molecular dynamics simulations methods allowed us to find most
probable binding site for N,N’-diacetylchitobiose, identify the amino acids
involved and characterize such interactions. Search for the potential TIP peptide
binding partners was done using techniques of molecular biology and mass
spectrometry. Many other common techniques and methods were used on a
regular basis.

2.1 Scanning probe microscopy

Scanning probe microscopy (SPM) is absolutely unique branch of
microscopy since no matter (photons or electrons) transmission or dispersion
through the sample is taking place. The topographical image of the surface is
formed by a physical probe that scans the specimen by mechanical line by line
movements — raster scans. The image down to atomic level represents various
probe-surface interactions as a function of position. Such unprecedented
resolution coupled with the ability to operate at ambient conditions made the
SPM one of the most celebrated instruments not only in biological sciences.

2.1.1 The history of SPM

Traditionally, the advent of the SPM is referred to 1981, when the
scanning tunneling microscope (STM) was introduced by Binnig and Rohrer at
IBM Zurich Research Laboratory. Their milestone results: principle of STM
and topographic pictures of CalrSns and Au surfaces on an atomic scale, were
published the following year (Binnig et al., 1982). The story of SPM however
started back in 1928, when E.H. Synge proposed a theoretical design of an
optical imaging device using sharp glass tip scanned across the sample in a near
proximity to prevent light from lateral dispersion (Synge 1928). Four years later
he had also proposed to use piezoelectric actuators with the scanning
microscope (Synge 1932), exactly as it was developed 50 years later. In 1929
G. Schmalz builds the stylus profiler that had a sharp tip at the end of a
cantilever in perpetual contact with the sample, and optical movement detection
technique (Schmalz 1929). It is interesting to mention that Edison’s phonograph
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for playing sound recordings was almost 30 years on a mass market already,
being slowly replaced by the radio. The next mentioning of the “probe
microscopy” is dated to post World War II period. In 1955 an US Patent
#2728222 was issued to Helmut Becker and others for their invention of
“Apparatus for measuring surface irregularities”. Their invention featured an
oscillation probe to provide intermittent contact between the stylus and sample,
and a method to measure the amplitude of the probe as a measure of the sample
topography. In this work the first attempts to provide drawbacks of the contact
mode stylus profiling were proposed. Next year, in 1956 O’Keefe reinvents the
theoretical scanning principle proposed by E.H. Synge (O'Keefe 1956), and
A.V. Baez verified experimentally the concept of near field scanning (Baez
1956). Another breakthrough was done in 1972, when R. Young, J. Ward, and
F. Scire introduced the Topografiner — a non-contact scanning probe instrument
that relies on electric field emission and metal-vacuum-metal tunneling for
mapping and measuring the microtopography of hard surfaces (Young et al.,
1972). They were able to achieve 3 nm vertical and 400 nm lateral resolutions,
however failed in utilizing the tunneling effect due to excess vibrations. This
instrument already has many of the main components of a modern scanning
tunneling microscope, that was introduced in less then 10 years. The 1982 paper
of Binnig and colleagues in the Physical Review Letters named “Surface
Studies by Scanning Tunneling Microscopy” starts the era of scanning
tunneling microscopy — a primary SPM mode (Binnig ef al., 1982). Their first
STM was constructed in IBM Zurich research laboratory in Switzerland, was
operated in vacuum using piezoceramics feedback, and vibrations were damped
by magnetic levitation. The same year, another discovery at the IBM Zurich
research laboratory was done. Scanning Near-Field Optical Microscope, also
known as SNOM, showing sub-wavelength (optical) resolution (25 nm) at
visible wavelength using near-field optical techniques. The first results were
published 2 years later in a paper entitled: “Optical stethoscopy: image
recording with resolution A/2” (Pohl et al., 1984). A year after that, Gerd Binnig
and Calvin F. Quate in Edward L. Ginzton laboratory at Stanford University
together with Ch. Gerber at San Jose IBM research laboratory invented the
atomic force microscope (AFM) — perhaps the most widely used SPM. Their
paper in 1986 issue of Physical Review Letters (Binnig et al., 1986) have been
cited 7,063 times (as of December 5, 2011 from Web of Science). Apparently,
1986 was epochal year for the SPM in general. On April 4, 1986 the cover page
of Science journal featured atomic surface of a silicon crystal obtained from a
STM - the first SPM image to appear on the cover of a journal. The same year
two sub-modes of SPM were introduced: Scanning Thermal Microscope
(SThM) (Williams and Wickramasinghe 1986) and Magnetic Force Microscope
(results were published the following year (Martin and Wickramasinghe 1987;
Saenz et al., 1987).
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Figure 7. The variety of SPM (not a full list). SPM — scanning probe microscopy, STM —
scanning tunneling microscopy, SECPM - scanning electrochemical potential microscopy,
AFM - atomic force microscopy, SNOM — scanning near-field optical microscopy,
BEES/BEEM - ballistic electron emission spectroscopy/microscopy, ACSTM — alternating
current scanning tunneling microscopy, UHV-STM — ultra-high vacuum scanning tunneling
microscopy, TAM — tunneling acoustic microscopy, TRmode — torsion resonance mode, MAC
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mode — magnetically actuated mode, AFAM — atomic force acoustic microscopy, CAFM —
conductance AFM, FMM - force modulation microscopy, HS-AFM — high speed AFM, LFM —
lateral force microscopy, FFM — friction force microscopy, SCM — scanning capacitance
microscopy, SLAM — scanning local-acceleration microscopy, SSRM — scanning spreading
resistance microscopy, SThM — scanning thermal microscopy, SHFM — shear-force
microscopy, PFM — piezoresponse microscopy, CFM — chemical force microscopy, HH —
higher harmonics imaging, FM — frequency modulation microscopy, MRFM — magnetic
resonance force microscopy, EFM — electric force microscopy, MFM — magnetic force
microscopy, KFM — Kelvin force microscopy, SMM — scanning Maxwell-stress microscopy,
SNAM - scanning near-field acoustic microscopy, TREC — topography and recognition
imaging, CDAFM - critical dimension atomic force microscopy.

By that time, SPM and STM particularly has proved to be the powerful self-
standing method for surface characterization on atomic level that was awarded
by the Nobel Prize committee in 1986. The subsequent years until the end of
the 20" century were the years of evolution of the SPM. The new sub-type of
scanning probe microscopy was emerging almost every year. To keep it short, I
will just mention the major achievements in the order of appearance. In 1987
the non-contact (attractive mode) AFM (Martin et al., 1987), magnetic STM
(Allenspach et al., 1987) and lateral (friction) force microscope (Mate et al.,
1987) were introduced. The same year atomic-scale manipulation of individual
atoms from an STM probe to a substrate was reported for the first time (Becker
et al., 1987). In 1988 the electrostatic force microscope was introduced (Martin
et al., 1988). During the year 1989 invention of scanning spin-precision
microscope (Manassen et al., 1989) and scanning electrochemical microscope
(Husser et al., 1989) were reported. The same year observations of the sample
damage imposed by the scanning process led to use of AFM as a
nanolithography tool. In 1990 scientists from IBM successfully arranged atom-
by-atom 37 Xeon atoms on a single-crystal substrate using STM operating at 4
Kelvin, producing the smallest IBM writing in a history (Eigler and Schweizer
1990). Same year STM was utilized in nano-chemical modification of
hydrogen-passivated silicon by scanning in air (Dagata et al., 1990). In 1991
force modulation AFM (Maivald et al, 1991) and Kelvin probe microscope
(Nonnenmacher et al., 1991) were introduced. In 1992 TappingMode™ AFM
was introduced by Digital Instruments Company (now a part of Bruker
scientific instruments division) with the US Patent #5412980 assigned in 1995.
In 1993 piezoresponse microscopy using tunneling microscopy was introduced,
with the result published following year (Franke et al., 1994; Takata et al,
1994). In 1995 Franz J. Giessibl reported atomic resolution of the Silicon (111)-
(7x7) surface using non-contact AFM in ultrahigh vacuum, achieving
unprecedented 6 angstroms lateral and 0.1 angstrom vertical resolution
(Giessibl 1995). In 1996 three major SPM events have been reported: (i)
magnetically actuated cantilever mode (MACmode™) AFM is reported by Han
and Lindsay (Han et al., 1996) from Molecular Imaging Corporation (today
Agilent Technologies); (ii) dynamic friction force microscopy is introduced,
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using lateral dither of the AFM tip (Colchero ef al., 1996); and (iii) for the first
time carbon nanotube attached to AFM and STM probes were used for imaging
(Dai et al., 1996). In 1997-1999 the important works in nanofabrication,
nanoshaping, and dip-pen nanolithography were done (Xu and Liu 1997; Piner
et al., 1999). Also in 1999 a combination of dynamic force microscopy with the
simultaneous molecular recognition imaging was introduced (Raab et al., 1999).
The method is now commercially available as PicoTREC™ from Agilent
Technologies. In 2002 torsional resonance mode AFM was developed in both
non-contact and contact regimes (Kawagishi et al., 2002; Pfeiffer et al., 2002).

2.1.2 The principle of SPMs

The SPM uses a micro-actuator, the scanner that positions the probe
respective to the sample either by moving a probe (a sharp tip) or a sample. The
interactions between the probe and a sample are sensed by a detector or a
sensor. SPM utilizes feedback loop to control the strength and polarity of SPM
probe-sample interactions with the wuser defined setpoint value. The
instantaneous difference between a feedback loop’s setpoint and input signal is
its error signal. SPM data is usually detector signal, sensor signal, error
signal, or output signal values, mapped or plotted against the coordinates X, Y,
Z, or against a ramped parameter, such as a voltage applied to a probe or a
sample. SPM raster-scans the probe or sample in XY plane to create 3-
dimensional images.

AFM is the most widely used form of SPM, since it requires neither an
electrically conductive sample, as in STM, nor an optically transparent sample
or substrate, as in most SNOMs. Since the AFM was the only SPM utilized in
this thesis, the principle of AFM will be explained in more details here.

The working principle of AFM is the following. A sharp probe (or tip)
with an apex of a few nanometers on the outer end of a flexible cantilever is
brought into contact with the sample surface. Afterwards, the probe or the
sample is laterally moved over the surface and the cantilever deflection is
measured (Fig. 8, left). This could be accomplished by different ways: by
placing an STM tip above cantilever and monitor tunneling current; by
monitoring focused laser beam reflection; by measuring capacitance between
the cantilever and above located conductor or through a piezoelectric layer on
the cantilever that registers a voltage upon deflection. Nowadays, all
commercially available AFMs use focused laser beam reflection to monitor
cantilever deflection. Minuscule changes of the cantilever deflection are
magnified by an optical lever and recorded by a 2 or 4 segment photodiode
detector. The relative position between the scanning probe and the sample
surface is controlled by a piezo scanner. An electric field applied to a piezo
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causes changes in the crystal structure and thereby a contraction or expansion of
the scanner, allowing movements with sub-nanometer accuracy. This simple
and effective operating principle allows obtaining a lateral resolution in the
range of five to ten angstroms, and a vertical resolution of one to two
angstroms.
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Figure 8. Left, schematic principle of AFM. The visualized sample is deposited on atomically
flat substrate surface which is coupled to the AFM scanner which enables its movements with
the sub-nanometer ranges. Atomically sharp AFM tip which is located on the apex of the
flexible cantilever probing the surface causing the cantilever to bend. Bending of the cantilever
is detected upon changes in the laser beam reflection from its opposite surface with the laser
spot detected by a photodiode detector. The controller which is operated by a computer,
interconnects together all the AFM parts. Right, force-distance plot, representing the forces
acting between an AFM probe and a sample. When a probe and a sample are brought close to
each other they start to sense surface forces arising from various interactions (van der Waals,
electrostatic, hydration, etc.) between them. This is a non-contact region. While AFM operates
in dynamic mode (e.g. Tapping or MAC, see text), the interactions usually take place in the
intermittent contact region. Finally, the region where probe touches the sample is called contact
region.

In static AFM operation modes, the force acting on the cantilever is
directly translated into the deflection. Here the cantilever deflection (and
thereby the force) is held constant by the compensating motion of the z-piezo.
An important parameter defining probe-surface interactions (except the tip
aperture) is the cantilever spring constant.

The applied force to soft samples can easily exceed a critical value,
especially with hard cantilevers having a high spring constants. Therefore a
variety of silicon and silicon nitride (SizN4) cantilevers with spring constants
ranging from 0.01 to 100 N/m, and resonant frequencies ranging from 5 kHz to
over 300 kHz are used. There are two basic structural designs for the AFM
cantilevers: straight rectangular and V-shaped (triangular). The cantilever
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carrying the tip is attached to a small glass chip enabling easy handling and
manipulation (Fig. 9). The probe (or a tip), which is located at the end of the
cantilever is a key element of AFM since it determines its spatial resolution.
AFM tip is the only part which is in direct contact with a sample and takes part
in formation of an image through their force interactions. Usually the tip is a 3
pum tall pyramid with 2-30 nm end radius. The essential tip parameters are the
radius of curvature and an aspect ratio. It is very important that the tip apex is
sharp and tall enough compared to the object to be visualized. Electron-beam-
induced coating of the tips could drastically improve their aspect ratio, although
with the drawback of fragility. Carbon nanotubes that have one-dimensional
tube structure, small diameter, high-aspect ratio and high stiffness were
successfully utilized in fabricating the AFM probes (Dai ef al., 1996; Gibson et
al., 2007).

Figure 9. Image of the silicone nitride AFM chip with cantilevers (MSCT, Bruker). The largest
triangular cantilever (white arrow) with length 310 pm, width 20 pm, and thickness 0.55 pm
was used for contact mode imaging and SMFS experiments done in this thesis.

In dynamic AFM operation modes (tapping and MAC), the problem of
probe-induced damage of a sample is largely overcome. Here the cantilever
oscillation is driven by acoustic (tapping mode) or magnetic (MAC mode)
forcing. In the amplitude modulation mode a fixed excitation frequency close to
the resonance frequency is used. Changes of the oscillation amplitude reveal
topographical changes in the image. In frequency-modulated dynamic AFM
imaging, the resonance-frequency is used to drive the feedback loop.

A substrate surface, on which a sample is placed, plays an important role
in AFM imaging. It should be flat enough so that object of interest deposited on
it could be easily identified. Also, it should be clean and free as possible of any
defects that may turn out as artifacts in the images. Among the widely used
imaging surfaces are: mica, graphite, and gold surfaces.

o Mica — freshly cleaved muscovite mica has a perfectly pure and
atomically flat surface, therefore, ideally suited as an AFM
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substrate. Mica has got strong negative charge, leading to a very
tight electrostatic binding of various biomolecules. Negatively
charged molecules (e.g. nucleic acids) can also be firmly bound to
micza through mediatory divalent cations such as Zn*", Ni*" or
Mg~

. Graphite — highly ordered pyrolytic graphite or highly oriented
pyrolytic graphite (HOPG) has atomically flat hydrophobic surface
which is easily renewable by cleaving. The distance between
carbon atoms in HOPG is used for STM and AFM calibration.

o Gold surfaces — are excellent substrates, because they do not have
surface oxide and remain clean for a long period of time. They are
also easily cleaned and therefore reusable.

2.1.3 Interaction forces between the AFM probe and a
sample

The AFM probe-sample interactions are complex and comprise of
various forces, depending on microscopy mode used and the environment (air
or liquid) (Fig. 10). The Electrostatic, or Coulombic, force is by far the
strongest force within intermolecular interactions. In the most AFM operation
modes however, the AFM probe and a sample are not charged, allowing this
force to be ignored. The van der Waals force plays important role in probe-
sample interactions, also because it is present in electrically neutral materials.
The van der Waals force acting between the probe and a sample is the sum of
three different forces, all proportional to 1/7° (where r is the distance between
the atoms or molecules) (Cappella and Dietler 1999):

1. The orientation or Keesom force — is the angle-averaged dipole-dipole
interaction between two atoms or molecules.

2. The induction or Debye force — is the angle-averaged dipole-induced
dipole interaction between two atoms or molecules.

3. The dispersion or London force — is the major contributor to van der
Waals force, since it acts between all molecules or atoms, on a distances
ranging between 10 and 0.2 nm. This force could be both attractive and
repulsive, and represents instantaneous dipole-induced dipole
interaction, and is of quantum mechanical nature.

During the in air operation of the AFM, the probe contacts the surface of
the liquid film that usually covers the sample. Thus the meniscus of liquid is
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formed, resulting in attractive capillary force generation. It can be eliminated
either by removing the water layer (dry environment or vacuum), or by dipping
both probe and a sample into a liquid environment. It was shown that the
capillary force, and hence the total adhesion force diminishes when the probe is
coated with the hydrophobic material (Eastman and Zhu 1996).

When imaging in aqueous media, and mica is used as a substrate, it can
attract oppositely charged ions from the solution leading them to cluster at the
solid-liquid interface forming a positively charged layer. The electrostatic
repulsion will be therefore exerted to an AFM probe. It can be overcame by
increasing the ionic strength of the imaging media by adding a small quantity (a
few mM) of a salt containing divalent metal ions (Morris ef al., 2010).

Among the other forces that could influence the probe-sample
interactions are: Casimir forces, hydrophobic forces, steric forces, solvation
forces, etc.

electrostatic
repulsion

AFM tip

N oY B

applied
force

Figure 10. Representation of the forces acting between the silicone nitride probe and mica
surface.

2.2 Single-molecule force spectroscopy

The AFM-based single-molecular force spectroscopy (SMFS) is a form
of SPM spectroscopy (Hinterdorfer et al., 1996; Kienberger et al., 2006) where
a ligand-functionalized probe is repeatedly brought into contact with the sample
surface, containing the corresponding receptor. Thus a ligand and a receptor
may form a complex, and the forced dissociation process is followed over time.
In addition, dynamical aspects regarding the recognition process are addressed
by applying different loading rates, yielding characteristic force-time profile.
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The latter provides information about the unbinding kinetics as well as about
the energy landscape. To compare with the traditionally bulk measurements,
SMES is a single-molecule technique, meaning there is no averaging over the
whole ensemble of molecules present in a sample. SMFS intends to probe weak
non-covalent interactions such as: hydrogen bonds, hydrophobic and
electrostatic interactions.

2.2.1 Probe and surface chemistry

SMEFS, as well as TREC, are based on a ligand-functionalized probe and
receptor functionalized surface. Therefore, stable (usually covalent) attachment
of both binding partners, are of a key importance. The most common steps of
probe functionalization are the following: (i) aminofunctionalization, (ii)
binding of the distensible crosslinker, and (ii1) attachment of the specific ligand.

Aminofunctionalization

The general way to introduce reactive sites on initially inert probe
materials like silicone or silicon nitride is the aminofunctionalization
(Hinterdorfer et al., 1996; Chowdhury and Luckham 1998; Riener et al., 2003;
Ebner et al., 2007). Since this step affects the final concentration of the ligands
on the probe surface, all methods used have to fulfill the requirement, that in the
end only one or very few ligands are bound to the apex of the probe. In
addition, the surface should not get sticky; otherwise unspecific adhesion will
interfere  with  specific interactions. One of the strategies for
aminofunctionalization of the silicon and silicone nitride probes is the liquid
phase reaction with ethanolamine hydrochloride (Hinterdorfer et al., 1996;
Riener et al., 2003).

Binding of the distensible crosslinker

After the generation of reactive sites, i.e. amino groups, the next step is
the covalent binding of a heterobifunctional crosslinker. Homobifunctional
linkers are used rarely since they can form loops. The chemical and physical
property of the linker is of key importance for successful single-molecule
experiment. Linear polymers, such as carboxymethylamylose, poly-(N-
succinimidyl acrylate), or polyethylene glycol (PEG) chains have been
successfully used as flexible tethers linking the molecules to the AFM probes.
PEG for instance is a water soluble and nontoxic polymer which is used in a
broad range of applications. Its major advantages are the protein repelling
property (Ebner et al., 2004) and elastic behavior (Kienberger et al., 2000).
PEG stretching during the measurements is a purely elastic (and therefore
totally reversible) process. From the chemical point of view, PEG is chemically
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stable, available in required chain-length, and soluble in all relevant solvents
like chloroform and water. For these reasons, PEG linkers have been
successfully utilized in a majority of SMFS and TREC experiments
(Hinterdorfer et al., 1996; Kienberger et al., 2000; Nevo et al., 2003; Riener et
al., 2003; Kienberger et al., 2006; Chtcheglova et al., 2007; Puntheeranurak et
al., 2007). Nearly all crosslinkers for amino-reactive probes are coupled via an
activated carboxylic acid, usually N-hydroxysuccinimide ester (NHS ester).

AFM probe
Si

~9 nm
PEG(18)

3

HN_O
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Figure 11. Functionalization scheme used in this thesis. Silicone nitride probe was modified
with ethanolamine to produce -NH, groups for coupling with the acetal-PEG-NHS crosslinker.
The TIP peptide was then attached using the free amino group of its sole lysine.

"acetal"

Attachment of the specific ligands

Ideally, the heterobifunctional crosslinker already carries the ligand.
However this is not the case, when biopolymers (e.g. proteins, nucleic acids)
are used as ligands, due to the risk of their unfolding and degradation. There are
different ways to attach the ligands to the free end of the probe-linked PEG.
When attaching proteins, the chemistry is largely dependent on the type of
amino acids which can react covalently with the polymers. Generally these
reactions are directed toward lysine and cysteine. Lysine contains a terminal
amine, which can be attached to polymers conjugated with reactive esters.
Cysteine, on the other hand, contains a terminal thiol, and therefore such thiol
reactive groups like maleimides, vinil sulfones, and thiols (formations of
disulfide) should be used (Herman et al, 1994). During macromolecular
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attachment it is important to know the structure of the molecule of interest, as
the reaction is nonspecific in relation to where on macromolecule the
attachment will occur. This is particularly important if the attachment happens
to be in the vicinity or inside the binding pocket of a protein. Attachment
through the polyhistidine-tag on a N- or C-terminus of the protein can help to
overcome such a problem (Kienberger et al., 2000).

Attachment of receptors to flat surfaces

The coupling chemistry described above is equally suited for receptor
binding on flat surfaces. However, the fastest and easiest way of protein
immobilization is by simple electrostatic adhesion on mica surface. Mica
(muscovite) is one of the most common surfaces for AFM measurements. Other
materials with silanol groups on the surface such as glass are also used. The
proteins with a positive net charge can bind firmly directly to mica surface,
whereas negatively charged proteins can bind only upon addition of divalent
cations. It is hard however to control the strength of such electrostatic binding,
meaning that some molecules of the receptor might dissociate during the
experiment from the surface and bind to the ligand on the probe, resulting in an
inactivated sensor. This could be overcome by intensive washing of the surface
prior the experiment and use of low ionic strength buffers. Nevertheless, for
most other proteins a covalent attachment, like the one for the ligand, should be
preferred.

A totally different approach is required for the membranes and cells
attachment, typically dependent on their nature. Biological membranes usually
contain membrane proteins that will upon binding to the substrate lead to the
membrane attachment. Both mammalian and bacterial cells can be trapped in
pores of filters that allow their immobilization (Kasas and Ikai 1995). Upon
settling, cells in suspension can also spontaneously adhere to the surface of
coverslips and mica. Luckily, when dealing with adherent cell culture which
grows as a monolayer, it is enough to grow them on the surface of interest. Both
mica and glass coverslips showed to be perfect substrates for the cell culture,
however, several cell lines tend to grow on a substrate made from plastic
(polystyrene, PVC, polycarbonate, PTFE, etc.) instead. Sometimes additional
pretreatment of the surface with the adhesion molecules like fibronectin or
poly-L-lysine, might be useful or necessary. Most of the cell cultures require
CO,-enriched, warm environment to maintain vital growth. However, most of
them are still able to withstand ambient conditions for some periods of time,
enough for SMFS experiments.
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2.2.2 Operation principle of the SMFS

In SMFS experiments the cantilever deflection (and not directly the
force) is measured on course of the probe surface separation. The relation
between the measured cantilever deflection Ax and the acting force f'is given by
the Hook’s law:

J = kAx (1

where k is the cantilever spring constant. Using very soft cantilevers (tens of
pN/nm) it is possible to detect extremely low forces, down to a few
piconewtons. The force resolution is mainly limited by the thermal noise of the
cantilever, therefore softer cantilevers with lower spring constants show higher
force sensitivity. Weak interactions (van der Waals, hydrophobic, hydrogen
bonds) are usually only slighter higher than the thermal energy kT (where kg is
the Boltzmann constant and 7 is the temperature in Kelvin). However, the
overall binding energy is in the range of a few to tens of k37, because receptor-
ligand bonds are usually formed by few weak interactions. Thus they are large
enough to be detected by the SMFS.
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Figure 12. Schematic representation of a single-molecule recognition event between the cell
and the functionalized probe.

The interaction forces in the SMFS measurements are recorded in so-
called “force-distance cycles”. At the beginning, the cantilever, carrying the
functionalized probe, is usually about 100-1000 nm above the surface. With a
constant velocity, it is then approached down towards the sample surface. From
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a certain position on, the ligand and the probe contact the surface, followed by a
linear rise of upward bending of the cantilever (Fig. 12). To avoid too high
forces, the upwards bending force is usually limited to 0.5-1 nanonewtons.
During the following retraction period, the bending linearly decreases and the
cantilever returns into its resting position, where it looses the direct contact with
the surface. If a ligand-receptor complex formation has occurred in the contact
region, the further retraction of the probe causes a downwards bending of the
cantilever. This additional bending event with a typical nonlinear appearance is
caused by stretching of the distensible crosslinker (e.g. PEG). At the critical
unbinding force, the pulling force is higher then the receptor-ligand binding,
which becomes visible from a sudden rupture of the complex.

2.2.3 Dynamic SMFS

Ligand-receptor binding is generally a reversible reaction. The average
lifetime of a ligand-receptor bond 1o, is given by the kinetic off-rate ky
according to:

Ty = kqﬁ”_l (2

During the SMFS measurements, a force acting on a binding complex
essentially reduces its lifetime. In the thermal activation model, the lifetime z(f)
of'a bond loaded with a force f'is written as:

o(f)=1,, exp[Ebk—;lfj (Bell 1978) 3)

where 7,4 1s the inverse of the natural oscillation frequency, Ej is the energy
barrier for dissociation, and / is the effective length of the bond. Consequently,
the lifetime z(f) under force f compares to the lifetime at zero force 7y, according
to:

o(f)=1, exp(;{—é{j (Hinterdorfer et al., 1996)  (4)

Theoretical studies have shown that during force-distance cycles the unbinding
force of specific and reversible ligand-receptor binding is dependent on the rate
of the increasing force (Grubmiiller et al, 1996; Evans and Ritchie 1997;
Izrailev et al, 1997). In experiments, the unbinding forces were found to
depend on both the pulling velocity and the cantilever spring constant (Lee et
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al., 1994). Further theoretical studies revealed the logarithmic dependence of
the unbinding force on the loading rate (Merkel et al., 1999; Strunz et al., 1999;
Baumgartner et al., 2000; Kienberger et al., 2000). Force acting on a binding
complex reduces the lifetime of the bond due to its input of energy, therefore
enhancing the probability of ligand bond to dissociate. In unbinding force
distribution, both force f'and width of the force distribution oy clearly increase
with increasing loading rate (Kienberger et al., 2000).
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Figure 13. Schematic representation of the energetic barrier without external force (left), and
under external force (right).

At slower loading rates the system adjusts closer to equilibrium which leads to
smaller values of both the force f and variation of oy (Fig. 14). On a half-
logarithmic scale, the unbinding force rises linear with the loading rate, which
is characteristic for a single energy barrier in the thermally activated regime

(Merkel et al., 1999).
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Figure 14. Unbinding force distributions between the TIP peptide and H441 cells under various
pulling velocities. p(F) corresponds to the number of events.
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Rupturing molecular bonds in SMFS experiments represent a non-
equilibrium process. However, recent advances in statistical mechanics, like
Jarzynski equality (Jarzynski 1997) and fluctuation theorem (Evans ef al., 1993)
proclaim that in microscopic systems the equilibrium parameters like a free
energy differences can be measured from the ensemble of non-equilibrium
measurements. However, this “violation” of the second law of thermodynamics
is valid only for microscopic systems and within small periods of time (Wang et
al., 2002; Carberry et al., 2004). SMFS experiments therefore allow for
estimation of equilibrium kinetic rates (like dissociation constants, Kp), and
energy barrier of dissociation of the binding molecules. Estimation of the on-
rate constant, k,, for association of a ligand with its receptor requires data of the
interaction time needed for half-maximal probability of binding 7y 5. It can be
experimentally determined by measuring the dependence of the binding
probability on the ligand-receptor encounter duration. Knowing the effective
ligand concentration c.; on the probe available for receptor interaction k,, is
given by:

kon = l/tOASCe_[/" (5)

The effective concentration c.; is reciprocal to the effective volume Vey
available for interaction, yielding:

oy =NV (6)

where N, is the Avogadro constant. Estimation of the off-rate constant through
the lifetime of a ligand-receptor bond is described previously. The above
parameters yield the equilibrium dissociation constant Kp=k,s/k,, comparable
to the other methods (Hinterdorfer 2002; Publication VI).

2.3 Molecular docking

Molecular docking is a computer-based technique that attempt to predict
how molecules of known structure will interact. The knowledge of the preferred
orientation then may be used to predict the strength of association or the
binding affinity between two molecules. The binding geometries are often
called binding modes or poses. The term “docking” is mostly related to
noncovalent interactions between ligand and receptor molecules. The
interactions between different molecules could be studied including a protein-
ligand docking, protein-protein docking, protein-DNA docking, etc. The largest
niche in the life science where molecular docking is used extensively is drug
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design. The major advantage of molecular docking that makes it so desirable to
use, is that it allows quickly screen large databases of potential drugs which
would otherwise require tedious work in the laboratory using traditional drug
discovery procedures.

Protein-ligand docking has found another important application in
biomolecular science. When determining the structure of protein-ligand
complex in X-ray crystallography, the positions of the protein’s atoms can be
determined relatively straightforwardly (by analogy with homologous proteins),
the electron density of the ligand however, turns out to be often too ambiguous
to assign the atomic position of its binding mode. Molecular docking may be
used to identify the most favorable conformation of the ligand when bound to
the protein molecule, which may then be tested with the experimental electron
density map. Similarly, the binding of substrates, products and transition states
may be predicted computationally, allowing study of enzyme mechanisms and
bound states that are impossible to study experimentally.

2.3.1 The principle of docking

All docking experiments start with the structure of a ligand and a
receptor. Experimental structures (X-ray, NMR) are always preferable.
However, most X-ray structures include bound molecules of water and ions
along with the ligand atoms. All of them have to be deleted except for those that
have three or more polar interactions with the protein atoms and have been
implicated in the mechanism of the protein function.

As in a protein folding, there are two primary concerns to consider in
docking: the search algorithm and the scoring function. The first one explores
the space of all possible ligand binding modes and conformations in search of a
minimal energy structure. The second one evaluates the quality of the particular
complex.

Search algorithms

The ideal docking method would allow both ligand and receptor to
explore their conformational degrees of freedom. Perhaps the most “natural”
way to do that is via a molecular dynamic simulation of the ligand-receptor
complex. However, such calculations are computationally very demanding and
are not capable in exploring the range of binding modes very well, except for
small and mobile ligands. For many binding systems, the energy barriers that
separate one binding pose from another are often to large to overcome.
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a) Multiconformer docking algorithms

Here small molecules docked based on shape complementarities using
multiconformer libraries to consider ligand flexibility. In matching algorithms
pharmacophores of both ligand and receptor are generated to guide the docking.
The distance matrices of the ligand and receptor pharmacophores are then
examined for a match. If there is a match, rotational and translational vectors
are calculated and position the ligand in the same frame of reference as the
protein (Moitessier et al., 2008).

b) Incremental constructions

In these search algorithms the ligand is initially split into a set of
fragments and then builds up on-the-fly in the active site of the receptor. The
first fragment called anchor is rigidly docked to the binding site using various
algorithms.

¢) Stochastic methods

There are various methods to search conformational space stochastically
with the most common methods being genetic algorithm and Monte Carlo
search. Genetic algorithm is based on Darwin’s theory of evolution. The pose of
the ligand represent the chromosome, in which the genes code ligand’s torsion
angles, as well as rotation and translation in space. The poses then evolve
through transmission of the genetic information. The ‘new generation’ could be
selected by the survival of the fittest ones, where the two lowest scoring
conformations are passed to the next generation. Modifications of the genetic
algorithm (e.g. Lamarckian genetic algorithm in AutoDock) have been found to
efficiently explore the conformational space of the ligands. In the Monte Carlo
the pose of the ligand is sequentially modified through bond rotation and
translation or one or more parameters at a time and the new conformation is
then evaluated. If a pose is lower in energy it is kept. If the new pose has higher
energy, it could be rejected or accepted if fulfilled the Metropolis criterion
(Metropolis et al., 1953; Moitessier et al., 2008; Yuriev et al., 2010).

Utilization of more then one search algorithm in conjunction with
refinement of the poses was shown to obtain higher accuracy. Any additional
information regarding the ligand-receptor complex (e.g. site-directed
mutagenesis study) may reduce the number of the false positives and false
negatives therefore improving average performance.

Scoring functions

The measure of interaction between two molecules is usually expressed
quantitatively by an energy value which is used to predict the strength of the
non-covalent interaction (also referred as binding affinity). Such an attempt to
approximate the standard chemical potentials of the system by mathematical
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methods is known as scoring functions (SFs). SFs are a critical part of the
molecular docking. The two main characteristics of the SFs are selectivity and
efficiency. Selectivity enables the function to distinguish between correctly and
incorrectly docked structures and efficiency enables the docking program to run
in a reasonable amount of time. The simplest SFs perform rapid screening using
simple geometric or steric criteria, allowing large number of ligands to be
docked to a given target. The middle one are enthalpic SFs, which account for
the potential energy of interaction by using pairwise-atomic Lennard-Jones
potentials, 12-10 hydrogen bonding terms, and Coulombic electrostatics. These
resemble the force fields commonly used in molecular mechanics and
molecular dynamics programs and require moderate computational resources.

Though various types of the SFs exist nowadays, they are usually
classified into three different groups: empirical, force field-based, and
knowledge-based.

a) Empirical scoring functions

These SFs are suitable for a rapid ligand scoring. Initially, a number of
structural descriptors, which represent the physical principles of a ligand-
receptor complex formation, are selected. Then, weights are derived for each of
the descriptors by regression methods using standard statistical methods
(Krumrine et al., 2003). Each empirical scoring function differs by the number
and nature of the terms used to make up its equation. Some include an explicit
directional hydrogen bond energy term. Many empirical SFs take into account
the hydrophobic effect in the binding. Among the most commonly used
empirical SFs is ChemScore, which has been implemented in various docking
programs (e.g. Glide, GOLD, FRED).

b) Force fields or first principle methods

Force field (FF) methods use the sums of terms like bond stretching,
angle bending, torsion angles, van der Waals and electrostatic interactions, to
approximate the energy of a molecule complex. FFs are commonly used in
molecular dynamics simulations and therefore suitable for describing the
conformational change of the receptor. The FF parameters are usually derived
from quantum mechanical calculations and from suitable experimental data.
However, various docking programs utilize different FF parameters. Comparing
to empirical SFs, a smaller number of SFs were developed from the FFs.
Usually FF terms are combined with the empirical SFs, although the scaling
factors to the nonbonded terms are usually applied for accurate prediction of the
binding affinity in a protein-ligand complexes.
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¢) Knowledge-based scoring functions

The method is based upon analyzing the frequency of a particular type
of a receptor’s and a ligand’s atom to be in a contact in a structural database of
protein-ligand complexes. Higher frequencies which indicate stronger binding,
is then converted into energy utilizing Boltzmann-like relationship. This
approach is related to a classical statistical physical method, which uses
potentials of mean force to account for all the physical forces.

The most complete SFs are those which include not only the enthalpic
terms, but also entropic terms, and which estimate free energies of binding.
Examples of programs that use this type of scoring function are LUDI (B6hm
1992) and AutoDock (Goodsell et al., 1996). These free energies functions are
often derived empirically using linear regression analysis, and require a careful
calibration using a large set of structures or protein-inhibitor complexes of
known binding affinity. However, they have shown better prediction of
experimental binding constants than purely enthalpic force fields. The usual
pitfalls of all scoring functions are their simplification and biased towards the
proteins and the docking programs used to calibrate them. To overcome this,
more than one scoring function can be employed with docking programs.

As an example, binding evaluation used in AutoDock Vina (Trott and
Olson 2009) and Glide (Schrodinger, LLC, New York, NY) are presented here.
The general functional form of the conformation-dependant part of the
AutoDock Vina scoring function is designed to work is

=31 () (7)

i<j

where the summation is over all the pairs of atoms that can move relative to
each other, normally excluding 1-4 interactions. Here, each atom i is assigned a
type #, and a symmetric set of interaction functions  of the interatomic

distance r;; should be defined. This value can be seen as a sum of intermolecular
and intramolecular contributions:
c=c + Cintm (8)

inter

The optimization algorithm, attempts to find the global minimum of ¢ and other
low-scoring conformations, which it then ranks (Trott and Olson 2009).

Unlike the other methods, Glide approximates a complete systematic
search of the conformational and positional space of the docked ligand. In this
search, an initial rough positioning and scoring phase that dramatically narrows
the search space is followed by torsionally flexible energy optimization on an
OPLS-AA nonbonded potentional grid for a few hundred surviving candidate
poses. The very best candidates are further refined via a Monte Carlo sampling
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of pose conformation. Selection of the best docked pose uses a model energy
function that combines empirical and FF-based terms. Finally the scoring is
then carried out on the energy-minimized poses (Glide 5.5 user manual,
Shrédinger press).

2.3.2 Structure flexibility in docking

Rigid versus flexible docking

Current docking methods follow the assumption that protein structures
are rigid entities and that it is the ligand that changes its 3D structure to find the
best spatial and energetic fit to the proteins’ binding sites. This assumption
follows the “lock-and-key” binding model proposed by Hermann Emil Fischer
in 1890. As it was shown later, this model is not generally valid. The induced-
fit model proposed by Daniel E. Koshland, Jr. in 1958, defines both protein and
ligand flexible and capable of changing their conformation upon interaction
forming a minimum energy complex. This model has been shown to be more
realistic. Unfortunately, full scale modeling of flexible receptors during the
binding process is still beyond the present computational capability. Modeling
the full flexibility requires more than 1000 degrees of freedom, even for a small
size protein. The compromise solution is to use a rigid receptor backbone while
allowing for flexibility in the side chains near the ligand binding site.

Partial protein flexibility

The first attempt used in modeling partial protein flexibility was the
soft-docking method first described by Jiang and Kim (Jiang and Kim 1991)
and later improved by others (Walls and Sternberg 1992; Sandak et al., 1995;
Vakser 1995; Gschwend et al., 1996). The principle of this method is based on
decreasing the van der Waals repulsion energy term between the atoms in the
binding site and those in the ligand. This method could result in solutions with
physically impossible atom collisions. Nevertheless, due to the mobility
available to the protein atoms in the binding site, it is possible that there is low
energy rearrangement that would eliminate collisions while maintaining the
conformation of the ligand returned during its conformational search. This
method has the advantage of being computationally efficient as it still describes
the protein using fixed coordinates and it is easy to implement since it does not
require changes to the scoring function besides changing van der Waals
parameters.

Full protein flexibility

The ideal way to simulate ligand docking to a protein is by using
molecular dynamics (MD). This has the advantage that not only it takes into
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account all the degrees of freedom available to the protein but also enables an
explicit modeling of the solvent. Furthermore, accurate energy calculations can
also be carried out using the free energy perturbation method.

An alternative approach to model full protein flexibility is to generate an
ensemble of rigid protein conformations that together represent the
conformational diversity available to the protein. Docking to an ensemble of
structures generated using MD was first reported by Pang and Kozikowski
(Pang and Kozikowski 1994).

Unfortunately, modeling proteins using MD is computationally
expensive, and the computational power necessary to simulate the full process
of diffusion and ligand binding without any approximations will be out of our
reach for many years to come. However, combination of molecular docking
with the following MD equilibration appears to be a good compromise utilizing
the advantages of both. During the rigid docking, potential “hot spots” are being
localized on the protein surface. During the following MD run the predicted
binding poses are then allowed to evolve in time, marking out only the stable
ones. The example of usage of such a method is presented in the current thesis
(publication III).

2.3.3 Limitations of molecular docking

There are two major reasons responsible for failures in molecular
docking: (i) inaccuracies in the energy models used to score potential
ligand/receptor complexes, and (ii) inability of used method to account for
conformational changes that occur during the binding process not only for the
ligand, but also for the receptor. Simulation of a flexible ligand to a rigid
biological receptor does not reflect the actual physical process of binding and
limits or in some cases even prevents the correct identification of potential drug
candidates.

Most docking algorithms are able to generate a large number of possible
structures, and so they also require a means to score each structure to identify
those of desired usefulness. The “docking problem” is thus concerned with the
generation and evaluation of plausible structures of intermolecular complexes
(Blaney and Dixon 1994).
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2.4 Molecular dynamics simulations

2.4.1 Introduction

Molecular dynamics (MD) simulations represents a principal method
among the tools used in the theoretical study of biological molecules. This
method unites theoretical routines and computational techniques to model or to
mimic the behavior of the molecules, and is a specialized discipline of the
molecular modeling based on statistical mechanics. MD simulations generate
information at the microscopic level, including atomic positions and their
potentials. The conversion of this microscopic information to macroscopic
observables such as pressure, energy, heat capacities, etc., requires statistical
mechanics. In a regular laboratory experiment using a macroscopic sample,
enormous numbers of conformations are usually sampled. In the statistical
mechanics, averages corresponding to experimental observables are defined in
terms of ensemble averages. Therefore, the goal of a MD simulation is to run
long enough to generate representative conformations that will be arbitrarily
close to every possible microstate. Thus, experimentally relevant information
concerning structural, dynamic and thermodynamic properties may then be
calculated using a feasible amount of computer resources.

Apart from MD, the quantum mechanical methods are also widely used
in the “in silico biology” (Gogonea et al., 2001). The quantum mechanical
methods are based on the solution of the Schrodinger equation and allow for
explicit representation of the electrons in calculations. That makes possible to
derive properties that depend upon electronic distribution, and therefore
investigate chemical reactions in which bonds are broken and formed. Despite
of their advantage, quantum mechanical methods are extremely demanding on
the computational power, and therefore are not yet feasible for larger systems
including large biomolecular systems.

Molecular mechanics (also referred to as the force-field or potential
energy methods) comparing to the quantum mechanical methods uses
Newtonian mechanics to model molecular systems. Electronic motions are
ignored and energy of the system is calculated as a function of the nuclear
positions only. In the molecular mechanics a molecule is considered as a
collection of masses centered at the nuclei (atoms) connected by springs
(bonds), which in response to inter- and intramolecular forces can stretch, bend
and rotate. The basic principle of the molecular mechanics is that collective
physical forces can be used to describe molecular geometries and energies. This
simple description of a molecular system as a mechanical body generally works
well for describing molecular structures and processes, with the exception of
bond-breaking events (Schlick 2010).
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The two most common simulation techniques used in the molecular
modeling are the MD simulations and the Monte Carlo method. Since the MD
simulations were used in this thesis, it therefore will be described in a more
detail here.

2.4.2 History

The MD simulation was first introduced by Alder and Wainwright in the
late 1950's (Alder and Wainwright 1957, 1959) to study the interactions of hard
spheres. Many important insights concerning the behavior of simple liquids
emerged from their studies. The first molecular dynamics simulation of a
realistic system was done by Rahman and Stillinger in their simulation of liquid
water in 1971 (Rahman and Stilling.Fh 1971). The first protein simulations
appeared in 1977 with the simulation of the bovine pancreatic trypsin inhibitor
(McCammon et al., 1977). Nowadays, the MD simulations of solvated proteins,
membrane proteins in a lipid bilayer, and protein-DNA complexes are being
published regularly. The combinations of the quantum mechanical and classical
simulations to study enzymatic reactions have been reported (Aqvist and
Warshel 1993; Zhang 2006). MD simulation techniques are widely used in
experimental procedures such as X-ray crystallography and NMR structure
determination.

2.4.3 Principle

The MD simulation methods are based on Newton’s second law or the
equation of motion, F;=m;a; for each atom i in a system composed by N atoms.
Here, m; is the atom mass, a,=d°ry/df’ its acceleration, and F; the force acting
upon it, due to the interaction with the other atoms (Schlick 2010). Knowing the
force that acts on each atom, it is possible to determine the acceleration of each
atom in the system. Integration of the equations of motion then yields a
trajectory that describes the positions, velocities and accelerations of the
particles as they vary with time. The method is deterministic; once the positions
and velocities of each atom are known, the state of the system can be predicted
at any time in the future or the past. The advantage of this method is that it
enables to follow and understand structure and dynamics on atomic scales.

The force acting on each particle will change whenever the particle
changes its position, or whenever any of the other particles with which it
interacts change their positions. Under the influence of the continuous potential
the motions of all the particles are coupled together, giving rise to a many-body
problem that cannot be solved analytically. Under such circumstances the
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equations of motion are integrated using a finite difference method. This
method is used to generate molecular dynamics trajectories with continuous
potential models. The integration is broken down into many small stages, each
separated in time by a fixed time Az (typically between 1-10 femtoseconds).

The total force acting on each particle in the configuration at a time ¢ is
calculated as the vector sum of its interactions with other particles, which are
then combined with the positions and velocities at a time ¢ to calculate the
positions and velocities at a time t+4¢. The force is assumed to be constant
during the time step. The atoms are then moved to a new positions and an
updated set of forces is computed (Leach 2001).

Various numerical methods are used to integrate Newton’s equation of
motion. Among them are: the Verlet algorithm (Verlet 1967), the leap-frog
algorithm (Hockney 1970), the velocity Verlet (Swope et al., 1982), Beeman’s
algorithm (Beeman 1976), the predictor-corrector method (Gear 1971). The MD
program used in this thesis (YASARA Structure ver. 11.6.16, Krieger et al,
2002) utilizes the leap-frog method. In the leap-frog algorithm, the velocities
are first calculated at time #+4¢/2, and then are used to calculate the positions x
at time t+At:

x(z+At)=x(¢)+ VAt(z + %j )

where V is velocity. Therefore, the velocities leap over the positions, and then
the positions leap over the velocities. The advantage of this algorithm is that the
velocities are explicitly calculated, however, the disadvantage is that they are
not calculated at the same time as the positions. The velocities at time ¢ can be
approximated by the relationship:

v(t)= %{V{t + %j + V[t - %ﬂ (Leach 2001)  (10)

2.4.4 Force fields

All classical simulations methods to calculate interactions and evaluate
the potential energy of the system as a function of point-like atomic coordinates
rely mainly on empirical approximations called force fields (FF). The FFs
consists of both: (i) the set of equations used to calculate the potential energy
and forces from particle coordinates, and (ii) a collection of parameters used in
the equations. For most of the purposes these approximations work well, but
they cannot reproduce quantum effects like bond formation or breaking.
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Potential functions in the force fields are usually subdivided in two classes:
bonded interactions and nonbonded interactions. Bonded interactions include
covalent bond-stretching, angle-bending, torsion potentials when rotating
around bonds, and out-of-plane “improper torsion” potentials. The nonbonded
interactions consist of Lennard-Jones repulsion and dispersion and electrostatic
(Coulombic) potential (Fig. 15). The accuracy of a FF depends strongly on its
parameters (e.g. Van der Waals radii, atomic charges). In this thesis a novel
self-parameterizing force field was used (Yamber3, Krieger et al., 2009). The
initial parameters of such a force field change randomly during the energy
minimization of the model, and then are either accepted if the model improved,
or rejected if did not (Krieger ef al., 2003).

Bond stretching
angle bending

Torsion angle

Figure 15. Schematic representation of the intra- and interatomic potentials.

Typical biomolecular simulations apply periodic boundary conditions to
avoid surface artifacts, so that a solvent molecule that exits to the right of a
simulation box reappears on the left. The box however, should be large enough
that the molecules will not interact significantly with their periodic copies. This
is intimately related to the non-bonded interactions, which ideally should be
summed over all neighbors in the resulting infinite periodic system. Simple cut-
offs can be applied for Lennard-Jones interactions that decay very rapidly, but
for Coulomb interactions a sudden cut-off can lead to large errors. One
alternative is to “switch off” the interaction before the cut-off, but a better
option is to use particle-mesh Ewald (PME) summation (Darden et al., 1999) to
calculate the infinite electrostatic interactions by splitting the summation into
short- and long-range parts. For PME summation, the cut-off only determines
the balance between the two parts, and the long-range part is treated by
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assigning charges to a grid that is solved in a reciprocal space through Fourier
transforms.

Cut-offs and rounding errors can lead to drifts in energy, which will
cause the system to heat up during the simulation. To control this, the system is
normally coupled to a thermostat that scales velocities during the integration to
maintain preset temperature. Similarly, the total pressure in the system can be
adjusted through scaling the simulation box size, either isotropically or
separately in x-y-z dimensions.

Internal motions Timescale (seconds)
Light atom bond stretching 10
Double bond stretching 2x107
Light atom angle bending 2x107
Heavy atom bond stretching 3x107™
Heavy atom angle bending 5x107
Global DNA twisting 107"
Surface-sidechain rotation (protein) | 107'-107"°
Global DNA bending 10"°-107
Interior sidechain rotation (protein) | 10”1
Protein folding 10°-10

Table 2. Timescales in biomolecules (adopted from Schlick 2010).

The single most demanding part of simulations is the computation of
non-bonded interactions, since millions of pairs have to be evaluated for each
time step. Extending the time step is thus an important way to improve
simulation performance, but unfortunately errors are introduced in bond
vibrations already at one femtosecond. However, in most simulations the bond
vibrations are not of interest by itself and can be removed entirely by
introducing bond constraint algorithms (e.g. SHAKE, Ryckaert et al., 1977,
LINCS, Hess et al., 1997; SETTLE, Miyamoto and Kollman 1992).

2.4.5 Molecular dynamics limitations

MD simulations is a very powerful technique but has of course
limitations which mainly originate in approximations been used. Since all
interactions are treated purely by classical mechanics, neither chemical reaction,
meaning bond breaking or formation or electron transfer, nor events faster then
integration time step can be followed. The size of the system that can be
mimicked by MD simulations is of many orders of magnitude smaller then any
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real one. Among the most prominent limitations of the MD simulation
techniques are the following:

Usage of classical forces

It is well known that systems at atomistic levels obey quantum laws
rather then classical laws, and therefore Schrédinger’s equation should
be used. However, its application to the large biological models is
insufficient up to now.

Realism of forces

Since the forces are usually obtained as the gradient of a potential
energy function depending on position of the particles, the realism of the
simulation therefore depends on the ability of the chosen potential to
reproduce the behavior of the object under simulation conditions. Thus,
proper potentials should be selected.

Time

The typical MD simulations are performed on systems containing
thousands to millions of atoms with the simulation time ranging from a
few picoseconds to hundreds of nanoseconds. To be “safe”, a simulation
should be run longer then the relaxation time of the quantities of interest
(Table 2). However, different properties have different relaxation times
and that should be taking into account before initializing the simulation
run.

Size

A limited system size can also constitute a problem. In this case one has
to compare the size of the MD cell with the correlation lengths of the
spatial correlation functions of interest. This problem is partially solved
by using simulation cell with periodic boundaries, thus mimicking the
infinity of the cell. Special attention however should be paid to the
truncation of the long range potentials, which when neglected could lead
to the interaction of the object with itself.
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Chapter 3

Results and Discussion



Does the TIP peptide interact with the molecules
located on the apical side of the lung epithelial
cells?

Administration of the TIP peptide to the apical but not to the basolateral
side of the primary rat alveolar type 2 epithelial cells was shown to significantly
increase the transepithelial current (Hamacher ef al., 2010). Also, intratracheal
but not intravenous administration of the TIP peptide leads to the efficient
activation of the alveolar liquid clearance both ex vivo and in vivo (Elia ef al.,
2003; Braun et al, 2005; Hamacher et al., 2010). Collectively, these results
indicate polarity in the TIP peptide’s action. ENaC is one of the molecules that
are expressed in the apical membrane of the lung epithelial cells (Renard et al.,
1995; Farman et al., 1997) and plays a key role in mediating the first step of
active Na™ reabsorption in maintaining lung electrolyte and water homeostasis
(Garty and Palmer 1997). Several recent findings support the direct or indirect
activation of the ENaC by the TIP peptide (Hamacher et al., 2010; Hazemi et
al., 2010). However, no interaction of the TIP peptide with the lung epithelial
cells was reported so far. Moreover, the inability of the TIP peptide to interact
with liposomes (van der Goot ef al., 1999) pointed towards a peptide-protein or
peptide-carbohydrate nature of the TIP peptide interaction in mediating its
activity. The TIP peptide-carbohydrate interaction was later confirmed by high-
resolution mass spectrometry study using the pure TIP peptide and
disaccharides N, N -diacetylchitobiose and cellobiose (Marquardt et al., 2007).
To investigate the possibility that the TIP peptide interacts with surface
molecules of H441 cells, we have carried out single-molecule force
spectroscopy experiments. Their goal was to discover possible specific
interactions between the single TIP peptide and single molecules localized on
the apical side of the H441 cells. Such specific interactions were observed with
the ~10% occurrence, which is a typical value for the SMFS experiments on
live cells (Puntheeranurak et al., 2006; Puntheeranurak et al., 2007; Wildling et
al., 2011). The unbinding forces were 5013 pN at a pulling velocity of 1500
nm/sec.

The specificity of interaction was proven by adding NN'-
diacetylchitobiose (0.2 mg/ml final concentration), which blocked the
interactions by 55 %. (down to 4.5%) The remaining binding that was present
after adding the N, N’-diacetylchitobiose could represent the margin between the
specific and unspecific binding of the TIP peptide to the cell’s apical surface.
Interestingly, marginal (~27%) activity of N,N’-diacetylchitobiose-blocked TIP
peptide was observed in trypanolysis experiments (Lucas et al.,, 1994). Another
disaccharide, i.e. cellobiose, that was shown not to inhibit the TIP peptide-
mediated effects (Lucas et al., 1994; Hribar et al., 1999) and having >20-fold
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lower binding affinity to the TIP peptide than N, N’-diacetylchitobiose
(Marquardt et al., 2007), has shown no inhibitory effects in our experiments
(0.5 mg/ml final concentration).

As it was predicted (Bell 1978) and proven later (Evans and Ritchie
1997) the unbinding force of the individual ligand-receptor complex increases
with increasing loading rate (or pulling velocity). By performing the SMFS
pulling experiment at various velocities, it was therefore possible to apply
various pulling forces to the TIP peptide-surface molecules of the H441 cells.
Fitting the data and using Eq. 4 we have shown that the lifetime of the TIP
peptide complex with the surface molecules was decreasing from 2.3 ms at 34
pN to 0.1 ms at 62 pN. Data fit also yielded the lifetime at zero force, 7,=262
ms, which corresponds to a kinetic off-rate of k,;=3.81 st

The TIP peptide’s amino acids T6, E8, and E11 were shown to be
crucial in mediating its activities, since the mutated TIP peptide (mutTIP)
having these residues mutated to alanines and the scrambled TIP peptide
(scrTIP) having the same amino acids as the TIP peptide but in a random order
were shown to be inactive (Lucas et al., 1994; Hribar et al., 1999; Elia et al.,
2003; Braun et al., 2005; Vadasz et al., 2008; Hamacher et al., 2010; Hazemi et
al., 2010; Xiong et al., 2010). To assess the importance of these crucial residues
in the ability of the TIP peptide to interact with the surface molecules of the
H441 cells, the mutTIP as well as the scrTIP peptides were used in SMFS
measurements. The marginal binding of the mutTIP to the surface of the H441
cells was observed with 2% binding probability at twice lower unbinding forces
(25+4.5 pN) as compared to the native TIP peptide. Even lower binding (1.5%)
was observed when the scrTIP peptide was used. These results indicate that the
residues T6, E8, and E11 of the TIP peptide are of a crucial importance in the
complex formation between the TIP peptide and surface molecules on the H441
cells.

Early whole-cell voltage clamp experiments with the TIP peptide have
shown that in a slightly acidic environment (pH=6.0) the TIP peptide is twice
more potent in generating membrane conductance in the MVEC and in the
peritoneal macrophages than under physiological conditions (pH=7.3) (Hribar
et al., 1999). A possible interpretation of such an effect could be a stronger
binding between the TIP peptide and its putative receptor(s) leading to the
lowering of its dissociation constant (Kp). To verify that, we have performed
SMFS measurements at pH=5.6, which have shown however lower unbinding
forces (30+14 pN) between the TIP peptide and cell’s surface, while
unaffecting the binding probability. No plausible explanation for this effect was
available until the TIP peptide’s charges at pH=5.6 and pH=7.3 were calculated
(http://www .scripps.edu/~cdputnam/protcalc.html), showing that at the acidic
pH the TIP peptide has smaller negative charge (—0.8), than at the neutral one
(—1.3). Based on that, the SMFS results could be interpreted in a way that at the
lower pH the TIP peptide interacts with its receptor(s), however with a fewer
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intermolecular bonds and therefore with the lower unbinding forces. The
potency of the TIP peptide in generating higher membrane conductance at the
acidic pH could be thus addressed not only to the properties of the TIP peptide
alone, but also to the properties of its putative receptor(s) at the acidic pH.

Collectively, the SMFS results showed the ability of the TIP peptide to
interact with the surface of the H441 cells. The binding had both a specific and
an unspecific component, as shown upon preincubation the TIP peptide with
N,N’-diacetylchitobiose. The mutTIP peptide and scrTIP peptide demonstrated
only non-specific binding, highlighting the importance of crucial amino acids in
the TIP peptide binding to its putative receptor(s). At acidic pH the TIP peptide
has shown weaker interaction with the H441 cells, which could be due to its
smaller negative charge.

Does the TIP peptide need to be internalized
inside of the cells to trigger its effects?

The initial process of binding of the TIP peptide to the cell’s surface
could be in principle followed by either (i) direct activation of a receptor
molecule or by (ii) passive or active crossing of the peptide through the cell
membrane with subsequent intracellular activation of the TIP peptide-mediated
processes. It is not clear yet which path is followed upon the TIP peptide
binding. We have tried to answer this question by comparing physicochemical
properties of the TIP peptide with the physicochemical properties of the known
membrane penetrating peptides. Also, direct labeling of the TIP peptide with
the fluorescent dye and it subsequent administration to the H441 cells was
performed.

Twenty delivery peptides were analyzed, based on their hydropathy
index (Kyte and Doolittle 1982) and a net charge at pH=7.4 was evaluated.
These calculations showed that: (i) most of the peptides (70%) possess the
positive charge, (ii) those that have negative charge (usually >-0.2) have a
positive (usually >20) hydropathy index, and (iii) none of them have both
negative charge and negative hydropathy index (see Table 1). On the contrary,
the TIP peptide appears to have both a negative charge and a negative
hydropathy index, showing that its physicochemical properties are different
from that of the delivery peptides.

Labeling of the TIP peptide with a small fluorescent dye enables direct
localization of the TIP peptide on the surface of or inside live H441 cells. A
small fluorophore (~1/4 of the TIP peptide’s mass) was covalently attached
using the amino group of the TIP peptide’s only lysine residue, as in the SMFS
experiments. The ability of the labeled TIP peptide to mediate transepithelial
current in a monolayer of the H441 cells was tested in the Ussing chamber,
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showing that the labeled TIP peptide has the same activity as the native one
(Fig. 4). After preincubation of the culture of the H441 cells with the
fluorescently labeled TIP peptide, they were imaged using laser scanning
confocal microscope. The fluorescent signal of the labeled TIP peptide was
mainly localized on the surface of the cell’s plasma membrane, with no signs of
the internal distribution (Fig. 3).

Taking together, results based on the labeling of the H441 cells with the
fluorescent TIP peptide and the analysis of the TIP peptide’s physicochemical
properties suggest that internalization of the TIP peptide is not required for its
activity and is highly unlikely.

What is the nature of the interaction between the
TIP peptide and its putative receptor(s)?

To understand the nature of the interaction between the TIP peptide and
its putative receptor(s), we have studied TIP peptide-N, N -diacetylchitobiose,
TIP peptide-cellobiose, and TIP peptide-trimannose-O-ethyl interactions. The
idea was that since the N,N’-diacetylchitobiose is able to abrogate the activity of
the TIP peptide as well as its specific binding to the lung epithelial cells, it
could therefore bind to the same region of the TIP peptide which is implicated
in its interaction with putative receptor(s). Localization of that region and
identification of its residues could therefore provide valuable information about
the nature of the TIP peptide’s interaction with its putative receptor(s). The
prerequisite of such a study is the availability of the 3D structure of the TIP
peptide and the corresponding oligosaccharides. Though the 3D structures of a
large variety of sugars are available through the various databases, the 3D
structure of the TIP peptide is still unknown. We have used two vastly different
approaches to obtain the 3D structure of the TIP peptide: molecular modeling
and macromolecular crystallization. The first method is purely computational,
whereas the second one requires growing the TIP peptide crystals suitable for
the X-ray diffraction analysis. The second method is always associated with the
most reliable and trusted models and therefore was of great importance.
Unfortunately, although crystals of the TIP peptide were obtained, their
diffraction was not suitable for structure determination (Fig. 5). Therefore, we
had to rely on the molecular modeling method, which is however not so precise,
yet could still provide satisfying models, especially for such small objects like
the TIP peptide. The TIP peptide model was built using the molecular modeling
method and was further equilibrated using MD simulations. It has shown very
good structural parameters having 81.9% of its residues in most favored regions
(according to the Ramachandran plot) with the overall G-score value of 0.2
(Laskowski ef al., 1993). More importantly, the 3D structure of the TIP peptide
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was in good agreement with the 3D structure of the lectin-like domain of the
TNF (PDB ID: 1TNF), with the distances among the T6-T105, E8-E107 and
E11-E110 a-carbon atoms below 0.2 nm. The TIP peptide model was docked
with N,N’-diacetylchitobiose, cellobiose, and trimannose-O-ethyl, and the
peptide-oligosaccharide complexes were further equilibrated using MD
simulations. Since it was not possible to discriminate among the affinities of
used oligosaccharides to the TIP peptide, during the 100 ns of the MD run,
steered MD simulations (under constant accelerations) were used. Using this
method, N,N’-diacetylchitobiose was shown to possess the highest, trimannose-
O-ethyl the medium, and cellobiose the lowest affinity to the TIP peptide. This
finding for the oligosaccharides N, N’-diacetylchitobiose and cellobiose is in an
agreement with a reported mass spectrometry study (Marquardt et al., 2007).
There was no experimental study conducted on the interaction of the
trimannose-O-ethyl with the TIP peptide so far. However, trimannose-O-ethyl
as well as N, N’-diacetylchitobiose were shown to block the interaction of native
TNF through its lectin-like domain with the immunosuppressive glycoprotein
uromodulin (Sherblom et al, 1988). There it was shown that NN’-
diacetylchitobiose is a three times more potent inhibitor than trimannose-O-
ethyl, which in our case could be viewed as a better binder. Interestingly, the
best binding places for all oligosaccharides were localized on the inner side of
the TIP peptide with respect to the lectin-like domain of the TNF (see
publication III for details). The residues that encompass that region and are
involved in hydrogen bonds formation between the TIP peptide and the
oligosaccharides (N, N’-diacetylchitobiose and trimannose-O-ethyl) are R4, ES,
T6, P7, P14, and Y16. Crucial amino acids T6 and E8, but not E11 were
involved in the hydrogen bond formations, particularly in stabilizing the
transition binding state, as well as in increasing overall negative charge of the
TIP peptide. Though the importance of the crucial amino acids of the TIP
peptide in binding the N, N’-diacetylchitobiose was reported, it was also shown
that they are not a prerequisite for the TIP peptide- N,N’-diacetylchitobiose
interaction (Marquardt et al, 2007). Recent results have demonstrated the
importance of the bulky hydrophobic region introduced by hydrophobic side
chains of the P14, W15, and Y16 residues, as an essential feature of the TIP
peptide for ENaC activation (Hazemi et al., 2010). Our results obtained
computationally have shown that amino acids P14 and Y16 are important in
TIP peptide-oligosaccharide binding by introducing the hydrogen bonding. This
leads to the conclusion that the aforementioned residues play a key role not
only in the mechanism of the TIP peptide inhibition, but also in its interactions
with its putative receptor(s).
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What is the TIP peptide’s receptor on the apical
surface of the lung epithelial cells?

Even though the aim of this thesis was to tackle the initial stages of the
TIP peptide action, and particularly its interaction with lung epithelial cells in
vitro, it was very tempting not to try to identify the TIP peptide’s putative
receptor(s). This goal could be accomplished by different ways and using
various techniques. Here we have used the affinity chromatography method,
where the TIP peptide by itself was used as a functional group to isolate and
purify its putative receptor(s). This method was chosen in view of the results
obtained using SMFS, which have confirmed a specific interaction between the
TIP peptide with its putative receptor(s). However not a single but rather a
group of molecules that have an affinity to the TIP peptide were isolated (Fig.
6). This could also explain the occurrence of the unspecific binding exhibited
by the TIP peptide during the SMFS experiments. Further mass spectrometric
characterization of the isolated proteins, that could potentially answer the raised
question was however unsuccessful due to the too sparse amount of isolated
proteins. Interestingly, the major bands of the isolated proteins had their
molecular weights around 37-50 kDa, whereas the ENaC subunits are expected
to be: a — 75.7 kDa, B — 72 kDa, and y — 74.9 kDa (Canessa et al., 1994). This
could be the first indirect evidence of the inability of the TIP peptide to interact
directly with ENaC but rather activate it through some unknown receptor.
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Chapter 4

Conclusion



4.1 Conclusion

The work summarized in this thesis was done to uncover the unknown
mechanisms of the TNF-derived TIP peptide action, with relevance to
pulmonary edema treatment. Several questions regarding the initial steps of the
TIP peptide function that were raised in this thesis were approached and
answered in a systematic way. Novel single-molecule techniques were used
mostly for their sensitivity and specificity and have provided valuable
information about the residues involved in the interaction of the TIP peptide
with its binding partners.

4.2 Future work

Further study is required to understand the mechanisms of the TIP
peptide function. Among these are those that were initiated already but failed to
provide valuable results due to the technical difficulties.

4.2.1 TIP peptide structure determination

Understanding the mechanisms of the TIP peptide work will require the
knowledge of its 3D structure. Further optimization of the crystallization
conditions will allow obtaining the crystals of the TIP peptide suitable for the
X-ray diffraction analysis. Co-crystallization of the TIP peptide with the NN -
diacetylchitobiose may potentially stabilize the TIP peptide, allowing to reach
this goal. Also, due to its small size and stability, the TIP peptide is a perfect
object for NMR spectroscopy. The advantage of this method is that the 3D
structure of the TIP peptide in solution rather then in a crystal can be
determined.

4.2.2 Putative receptor(s) identification

Unfortunately, the TIP peptide receptor(s) was not identified. Large
scale cell production will allow to substantially increase the quantity of the
isolated proteins, whereas only apical cell membranes isolation should increase
the sensitivity of the used method. Both these factors should allow finding the
potential TIP peptide receptor(s).
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