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Chapter 1

Preface

1.1 Unconventional Protein

For over fifty years, Anfinsen’s Principle has remained the driving force for
understanding the relationship between protein structure and function [9, 10].
According to this principle, the primary sequence of the protein, derived from
the translation information encoded in the mRNA, determines a singular unique
structure for the protein. This unique fold is what governs the function of the
protein. While there can be no doubt that protein structure and function are
linked, numerous studies have demonstrated that almost 30% of the eukaryotic
genome encodes for protein sequences that do not fold into a stable globular
structure [11-13]. These proteins were initially classified as unconventional pro-
teins and later as intrinsically disordered proteins (IDPs). These IDPs are bio-
logically active in physiological conditions with no well-defined 3D
structure[14, 15]. Intrinsic disorder in proteins is structurally very diverse.
These can range from small disordered linkers to molten globule structure to
complete absence of structure.

However what is the purpose for intrinsic disorder for function? Genomic
analyses have found that IDPs are frequently involved in regulation, recogni-

tion, and signaling; where high-specificity and low affinity interactions with



multiple partners are fundamental prerequisites for function. Specificity is
commonly achieved by recognition of a linear amino acid motif on the IDP or a
general environmental change. Upon binding, often a subsequent disorder-to-
order transition (coupled binding and folding) occurs, typically that of a a-helix,
while others remain disordered [16-18]. The increasing interest in these proteins
is due to their prominent roles in many pathophysiological cellular mechanisms.
As a result, there has been a growing awareness that proteins with intrinsically
disordered regions (IDR) or fully-disordered (IDPs) are biologically active and
play important roles in both eukaryotic and prokaryotic cells [15, 19].

There are small endogenous peptides that interact with biological mem-
branes and share many characteristics with other IDPs, but are not fully recog-
nized as IDPs in the literature. These peptides, better known as membrane-
active peptides, are unstructured in solution, but undergo a disorder-to-order
transition upon interaction with phospholipid membranes [20]. However, these
membrane-active peptides are not involved in signaling and transcriptional reg-
ulation. Membrane-active peptides can be divided in three groups: i, the amy-
loid peptides that are characterized by their ability to form stable-f-sheet-rich
structures known as amyloid fibers present in Alzheimer disease [21]; ii, the
cell-penetrating peptides that show the intrinsic capacity to translocate across
biological membranes [22]; and iii, the antimicrobial peptides (AMPs), that be-
long to the ancient component of the eukaryotic innate immune system directed
against the bacterial infections[23]. In the last twenty years, the research on the

characterization of the structure and the biological function of these peptides



has shown their importance in biology and human health. In this work, | will
argue that these classifications are arbitrary as membrane-associated peptides
and IDPs fundamentally share the same mechanism, where disorder imparts
function and activity is exhibited by the environment in which the protein is

present in.



Chapter 2

Scope of the work

In my PhD work | have focused on elucidating the structure, mechanism
and function of several peptides which are characteristic of IDPs. In the follow-
ing PhD thesis | elucidated the antimicrobial activity of Chionodracine (CND),
an antimicrobial peptide, isolated in the immune system of the gills of the Ant-
arctic teleost Chionodraco hamatus [24]. | used steady-state fluorescence spec-
troscopy to characterize the membrane disrupting properties of the peptide in in-
teraction with synthetic and natural membrane environments. Nuclear magnetic
resonance (NMR) spectroscopy was used to solve the 3D structure in presence
of dodecyl-phosphocholine (DPC) micelles. | demonstrated that CND can bind
to membranes of different lipid compositions with a preference for membranes
mimicking those of prokaryotic cells. CND also interacts with Escherichia coli
BL21 (DE3) and Psychrobacter sp. TAD1 membranes and cause the lysis of the
bacterial cells. Studies of fluorescence quenching demonstrated that, upon the
binding, this peptide remains adsorbed at the lipid surface, only partially ex-
posed to the agueous environment. This behavior is also confirmed by the NMR
structure where, the peptide assumes a classical amphipathic a-helix, with the
hydrophobic residues on one side on the helix, and the hydrophilic on the other

side [8].



Due to the interest of discovering of new AMPs with higher activity to
be used as an antibiotic-substitute, | introduced rational mutations in CND to
increase its antimicrobial activity. | reasoned from the NMR structure that CND
with a stronger hydrophobic/hydrophilic interface would increase antimicrobial
activity. | designed three different mutants, with increased net positive charge
and hydrophobicity, and characterized their interaction with synthetic and natu-
ral membranes. As with wild-type CND, the characterization of the mutant’s
function, in the presence of different phospholipid membranes, was assessed us-
ing steady-state fluorescence spectroscopy experiments. These studies demon-
strated that the mutations have increased antimicrobial properties of CND. The
mutants showed a stronger ability to interact, bind and disrupt membranes of
different lipid compositions that can be directly correlated to the number of pos-
itively charged amino acids present in the sequence. All of my work on CND,
was carried out in collaboration with Professor Francesco Buonocore, Ph.D,
from University of Tuscia (Department for Innovation in Biological, Agro-food
and Forest systems, University of Tuscia, Viterbo, Italy) and Professor Gianlui-
gi Veglia, Ph.D, from the University of Minnesota (Biochemistry, Molecular
Biology and Biophysics and Chemistry Department, University of Minnesota —
Twin Cities, Minneapolis, MN, United States of America).

In the second part of my PhD work | focused on the elucidation of the
mechanism of inhibition of the catalytic subunit of cAMP-dependent protein ki-
nase A (PKA-C), by the endogenous Protein Kinase Inhibitor peptide (PKI)

[25]. PKI is a fully disordered 75 amino acid protein that regulates the activity



and the intracellular localization of PKA-C [26, 27]. To understand the molecu-
lar mechanism underlying recognition of PKA-C by PKI, | characterized the
change in the conformational landscape that PKI undergoes upon binding to
PKA-C (Apo to PKA-C bound). These studies were carried out using NMR
spectroscopy, the only structural technique to provide atomic resolution detail
on IDPs. Using chemical shift analysis and nuclear spin relaxation experiments,
| demonstrated that PKI alone has minimal secondary structural elements with
only two transient helixes. However, paramagnetic relaxation enhancement
(PRE) experiments [28] show that PKI is not fully disordered, but has transient
tertiary intramolecular interaction between the C- and N-terminus. When PKI is
bound to the kinase, in the presence of the non-hydrolysable ATP mimic, ,y-
Imidoadenosine 5'-triphosphate (ATPyN), only the sequence that directly inter-
acts with the catalytic subunit undergoes significant structural rearrangement
while the majority of the peptide is still unfolded. By clarifying the mechanisms
of inhibition and regulation of PKA-C, we will be able to provide new insights

into enzymatic regulation at the cellular level.



Chapter 3

Introduction

3.1. Antimicrobial peptide

Due to the indiscriminate use of antibiotics, from agricultural and human
health, the last thirty years we have observed an increase in the resistance of
conventional antibiotics [23]. Antimicrobial peptides (AMPs) have emerged as
a potential class of agents that may replace antibiotics, due to the inability of
pathogenic organisms to develop resistance. The AMPs are a fundamental and
ancestral component of the innate immune system of eukaryotic organisms
against bacteria, protozoa, fungi, and virus infections. Although they have been
identified in a wide range of tissues, they are prevalent in epithelial tissue where
they represent a “first line of defense” against pathogen infections [23, 29-31].

AMPs have been described in prokaryotic cells since 1939, when substanc-
es isolated from Bacillus brevis, named gramicidin, showed antimicrobial ac-
tivity both in vivo and in vitro against a wide range of Gram-positive bacteria
[32, 33]. Nevertheless systematic studies on this class of membrane interacting
peptides started only at the beginning of the 1980’s, when the primary structure
of cepropin (AMP from insect) was published by Hans Boman and co-workers
[34-36]. Since then, hundreds of AMPs have been characterized and, even

though they show a widely diverse amino acid sequences, they share some pe-



culiar features. Typically, natural AMPs are composed of 12-60 amino acid res-
idues, predominantly of positively charged and hydrophobic residues. Due to
their considerable genetic variability, AMPs cannot be easily classified on the
base of size or physico-chemical parameters. However they can be categorized
on the base of their secondary structure in: B-sheet, a-helix, extended, and loop
peptides [37]. Among this structural groups, a-helix and B-sheet are the more
common [31, 38] and a-helical peptides are the most studied AMPs. The best
known examples of a-helical AMPs are protegrin, magainin, cyclic indolicin
and coiled inolicin [39]. Usually, in a-helical structures, the distance between
two adjacent amino acid residues is around 0.15 nm and the angle between them
with regard to the center id around 100 degree from the top view. B-sheet pep-
tides are composed of at least two B-strands with disulfide-bonds between the
strands [31]. However, most AMPs do not assume a defined secondary structure
and they cannot be classified in this categories. Also, many a-helical peptides
assume an active structure only when they interact with the membranes of target
organism. For example, indolicin assume a globular and amphipathic confor-
mation in aqueous solution, while it is wedge-shaped in presence of phospholip-
id bilayers [40]. Instead the majority of -sheet peptides do not undergo to dras-
tically conformational transition, but preserve their secondary structure even in
absence of phospholipid membranes [37]. AMPs can also be classified accord-
ing to their (i) biosynthetic pathways, (ii) mechanism of biological activity, and

(iii) structural properties. AMPs can be ribosomally-synthetized, (this is typical-



ly of higher eukaryotes) or non ribosomally-synthetized (when produced by
lower eukaryotes and prokaryotic organisms) [41]. On the base of their biologi-
cal activity, AMPs are classified in antiviral, antifungal, anticancer, antipara-
sital, insecticidal, spermicidal, anti-HIV, and/ or with chemotactic nature [42,
43].

The most important features of all AMPs are their ability to selectively in-
teract with microbial biological membranes and kill the pathogen. AMP’s abil-
ity to distinguish between target and host cells depends largely on the differen-
tial membrane composition between the prokaryotic and eukaryotic membranes
(Figure 3.1) [37, 44]. All biological membranes are a fluid mosaic composed of
proteins and phospholipids [45]. By definition, the phospholipid bilayer is am-
phipathic with a hydrophobic surface and hydrophilic interior. Each organism
has an asymmetric composition of the phospholipids in the bilayer. Eukaryotic
membranes are rich in zwitterionic neutral phospholipids, like phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM) (Figure
3.2) [44]. Prokaryotic membranes are composed predominantly of negative
charged phospholipids; phosphatidylglycerol (PG), cardiolipin (CL, that is a

dimer of PG), and phosphatidylserine (PS).
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Figure 3.1. Schematic representation of biological membrane. (A) Gram-negative
membrane schematization. The Gram-negative bacteria have two different membrane
(outer and inner membrane) that differ on phospholipid and protein composition. The
outer membrane contain the lipopolysaccharides (LPS) that contribute to the structural
integrity of the membrane. (B) Model of eukaryotic membrane, composed by neutral

phospholipids.
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Figure 3.2.Principal phospholipids present in biological membrane.

In the top are reported the phospholipids typically compose the eukaryotic membrane,
while in the bottom structure are phospholipid present almost exclusively in prokaryot-
ic organism. The letter R indicate the different fatty acid chains that can be coordinate
to the glycerophosphoric acid group.

From this prospective, it follows that the prokaryotic membranes are generally
more electronegative than eukaryotic membranes, and the membrane itself can
work as a pseudo-receptor for AMP recruitment [23, 46, 47]. Therefore, the in-
teraction of the cationic AMPs with target cells does not require macromolecu-
lar recognition, but is largely due to the electrostatics [48, 49].

Many AMPs exhibit their killer-activity against the pathogens through the
interaction and disruption of phospholipid membrane integrity [37, 50]. In this
case, no matter the mechanism used to perturb the target membrane, all the pro-
posed models start with an electrostatic interaction between the AMPs and the
charged phospholipids of the membrane (attraction step) [50]. Upon the pep-
tide/lipid interaction (attachment step) [51-54], the peptide undergoes a struc-
tural rearrangement (folding-upon-binding mechanism) that allows the insertion

into the lipid bilayer (insertion step) [55-58]. These peptides induce structural
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changes in the prokaryotic membrane through formation of pores (pore for-
mation model) or solubilization of the membrane (carpet-like model) [2]. In
both cases, the disruption of the membrane integrity causes the dissipation of
the electrochemical gradients, necessary for cell survival, and the leakage of cy-
toplasmic metabolites. The most popular pore forming models are the barrel-
stave, toroidal, and the carpet-like model (Figure 3.2), in which the AMPs oli-
gomerize and form pores in the membrane [2, 43]. In the barrel-stave model,
the pore is formed by peptides that aggregate to form a bundle of monomers
aligned parallel to the membrane [59, 60]. In the toroidal model, binding of
AMP on the membrane induces a curvature strain on the leaflets on the bilayer
until the two sides of the bilayer fuse to form a peptide/lipid lined pore [59, 61,
62]. In the carpet-like model, AMPs accumulate on the surface of the membrane
and, once an effective concentration threshold is reached, a micellization of the
membrane is induced. This model is often called also a detergent-like model, for
the similarity with the detergent mechanism of action [59, 62-64].

Parallel to the structural models, two thermodynamic models have been de-
veloped in the last two years to describe the mechanism of action [51, 52]. Both
models, graded or all-or-none model, are based on the analysis of AMP capa-
bility to induce leakage of a fluorescence dye entrapped inside a phospholipid
vesicle [51, 52, 65-67]. If the addition of AMP to the vesicle suspension induces
the disruption of all the vesicles, highlighted by a massive release of fluores-

cence dye, the peptide acts according to the grade model [51, 52, 65, 68]. If on-
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ly a fraction of the vesicles release the content and the other part do not lose any
dye, the peptide perform a dye release according to all-or-none [69, 70].

The structural and binding characterization of AMPSs in presence in native
lipid environments is fundamental to understand underlying mechanism of their
antimicrobial activity. Nuclear magnetic resonance spectroscopy (NMR) and X-
ray crystallography are the most important techniques for the determination of
atomic resolution structure of biomolecules [2, 43]. Unfortunately, it is nearly
impossible to obtain high quality crystals of AMPs in a lipid environment, due
to their small size and intrinsic flexibility. Fortunately NMR has been fruitful in
determining high resolution atomic structures of AMPs in membrane-like envi-
ronments [2, 43, 71]. This has primarily been achieved using solution-NMR
techniques using micelles as membrane-like environments [72, 73]. However,
solid state NMR spectroscopy, in particular using oriented solid state NMR
(OSS-NMR) techniques, has emerged as a powerful tool to determine the struc-
ture of AMPs [74, 75]. Not only does OSS-NMR allow for atomic resolution
structure determination in full native lipid environments, but also allows for the
determination of the topology of AMPs along the membrane.

For the characterization of the binding and kinetic mechanism of
AMP/membrane interaction, fluorescence spectroscopy is largely used. This
sensitive spectroscopy allows the calculation of kinetic and thermodynamics pa-
rameters that describe the interaction of AMPs with natural or synthetic phos-

pholipid bilayer [51, 52, 67, 68, 76, 77].
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3.2 Intrinsically disordered protein

The classical Anfinsen's principle has stated the structure-function relation-
ship in proteins for decades [9]. This paradigm of states that the primary se-
quence is defines the structure of the protein, and the fold determines its func-
tion. In the past 20 years, numerous studies have demonstrated that a large por-
tion of the proteome is formed by proteins that are partial or fully unstructured
in solution, nevertheless are functional [14, 18, 78-90]. Over the 30% of the
human proteome is predicted to be composed by proteins that exhibit intrinsic
disorder, including folded proteins with intrinsically disordered regions (IDRS)
and entirely structure-less entities [83, 91]. From this prospective, it follows that
“structured proteins” classify the proteins that do not possess IDRs, while pro-
teins that are fully unstructured are called intrinsically disordered proteins
(IDPs).

The ability of a protein to fold or not under physiological conditions is en-
coded in its amino acid sequence [14, 18, 81]. A bioinformatic study conducted
over 275 natively folded and 91 natively unfolded proteins has demonstrated
that is the combination between a low mean hydrophobicity and a high net
charge the essential pre-requisite for the absence of a compact structure in pro-
teins [81]. IDRs and IDPs lack in a bulky hydrophobic core that driving the
folding events of globular proteins, but they are rich in charged a polar amino

acids.
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IDRs and IDPs are involved in numerous cell processes and, based on their
mode of action, are grouped in six functional classes: (i) assemblers, (ii) chap-
erons, (iii) display site, (iv) effectors, (v) entropic chain, and (vi) scavengers [15,
92]. Eukaryotes and viruses use IDRs/IDPs essentially for mediating transient
protein-protein interactions in signaling and regulation processes. Conversely,
prokaryotes use disordered proteins mainly for larger lasting interaction in-
volved in formation of complex between two or more partners [93]. IDPs were
almost never involve in (a) catalysis, (b) biosynthesis, (c) metabolism, (d)
transport processes [11, 16].

Currently, the important role that IDRs/IDPs play in the cell is globally
recognized and, in light of this, new theories have been developed [3]. For ex-
ample, proteins have been proposed to function within a conformational contin-
uum, ranging from complete disordered to a fully structured [86] (Figure 3.3).
In this model, that does not contemplate the presence of boundaries between the
described states and the native proteins, IDRs/IDPs fluctuate stochastically be-
tween several different states (transiently sampling coil-like states, localized
secondary structure, and more globular states). What determines the structural
characteristic and the population of the individual states in the conformational
ensemble is the nature of the amino acid sequence and their distribution. Hence,
in the native unbound state, IDRs/IDPs exist as a dynamic ensemble of rapidly

interconverting conformations [94-96].
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Figure 3.3. Proposed model for antimicrobial activity of AMP. The antimicrobial
peptides pile up on the bilayer surface (A) until they reach a threshold concentration.
Following an aggregation process, they disrupt the bilayer integrity through; a barrel-
stave model (b), toroidal model (c), and carpet-like model (figure adapted from [1, 2]).

It was proposed the mechanism of IDR/IDP-mediating molecular interac-
tion works using a combination of conformational selection and induced fold-
ing. These two models are not mutually exclusive. The dominant mechanism
depends on the concentrations of the individual proteins (conformational selec-
tion) [97] and on the association rate constant (induced folding) [98]. Briefly, in
the conformational selection model, the addition of binding partners can result
in a shift of the population in the conformational ensemble of the IDP that is
most favorable for the binding [99-104]. This mechanism was observed in pro-
tein-protein and protein-nucleic acids interaction [101]. On the other hand, the
induced folding model asserts that the IDP undergoes a disorder-to-order transi-
tion upon association with the binding partner [100, 105-107]. Usually, disor-

dered segments assume a well-defined 3D-structure upon the interaction with
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the binding target. The IDPs retain a significant conformational freedom even
when they are bound to the target [108].

To study the structure of partial or fully disordered proteins, a variety of
experimental techniques are used including NMR, small-angle X-ray scattering
(SAXS), and single-molecule fluorescence. SAXS is the elastic scattering of X-
rays by biomolecules at small angles, reporting on the size and shape [1009,
110]. Although straightforward with simple experimental conditions, SAXS is
inherently a low resolution technique. Single-molecule (sm) techniques, like
sm-fluorescence resonance energy transfer (SMFRET), are able to minimize av-
eraging over the heterogeneous ensembles of conformations in which IDPs nat-
urally exit. SmFRET can measure the dynamics and individual conformations of
the unbound ensemble, intermediates during induce folding, and internal fric-
tion in the folding process of IDPs [111-113] in a time resolved manner. How-
ever, the spatial resolution is limited by the placement of the FRET probes.
NMR has emerged as a powerful technique to study the conformational ensem-
ble of IDPs since this is the only technique that can provide atomic resolution
structural insights of IDPs [95, 114-116]. Application of NMR to the study of
IDPs has shown the existence of transient secondary and tertiary structural ele-
ments that are invisible to other techniques and quantifies protein dynamics in
IDPs along a wide range of timescales (ps to seconds). Correlating structural
dynamics of IDPs to functional consequences remains an on-going challenge in

understanding IDP function and mechanism (Appendix).
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Figure 3.4 Schematic representation of the continuum model for protein structure.
The protein are ranging from highly dynamic conformation (organ) to a well-defined
folded proteins. SUMO-1 (PDB 2N1A) and dystrophin (PDB 3UMM) are chosen as a
prototypes for disordered-loop and well-folded proteins, respectively. (Figure adapted
from [3]).
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3.3 Protein kinases

The phosphorylation of target proteins is one of the most common signaling
pathway used by the cells to regulate fundamental intra-cellular processes like
cellular cycle, metabolism and apoptosis [1]. Since 1955, when the importance
of protein phosphorylation was first elucidate as a regulatory cell mechanism
[2], numerous studies have demonstrated the crucial role that this protein modi-
fication plays in regulation processes of mammalian cells [3, 4]. The enzymes
that perform and regulate phosphorylation inside the cells are the protein kinas-
es. This enzymatic family is composed by over 500 members and accounts for
approximately 2% of the entire mammalian genome (kinome — Figure 3.5) [5,
6], and 4% of the plant genome [7]. The canonical function of these enzymes is
to transfer the y-phosphate of adenosine triphosphate (ATP) to Ser/Thr/Tyr resi-
dues of the target substrates [2], causing the activation or deactivation of differ-
ent signaling pathways [8-11]. Inside the cell, protein kinases play a crucial role
as a molecular switches, and thus they are highly dynamics protein that can ex-
ist between several different conformational states [12]. Most of these enzymes
are also phosphoproteins, and those phosphates are essential for both structure
and protein function [3]. For instance, phosphorylation sites can be used as
docking sites for other proteins or as an organizing points for a specific struc-
ture conformation [3]. The majority of protein kinases take part to signaling
events through a dual-function: they not only catalyze the phosphoryl transfer

but they can act as scaffolds to modulate, integrate, or compete in the signaling
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cascade [3, 13]. Over a decade ago, a new classes of kinases with a non-

canonical function was described by Manning and coworkers [14].
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Figure 3.5 Human kinome. Classification of all the protein kinases present in the hu-
man genome (adapted from Manning et. al. [4]).
They discover that approximately 10% of kinome contained mutations in ca-

nonical amino acid motifs thought to be fundamental for the catalytic function.
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These proteins, called pseudo-kinases, are partial or completely devoid of cata-
Iytic activity [15, 16], but they may have a more general essential non-catalytic
role in signaling pathways, [16-18]. Conversely, a dead kinase is a protein that
cannot neither perform the catalytic activity nor act as a scaffold for binding
substrates and inhibitors [19]. Due to the crucial processes in which kinases take
part, their activity is also finely tuned by cofactors and/or accessory proteins
that coordinate the protein activation or deactivation over time and space [20].
Typically, protein kinase are thought to be maintained in a basal, inactive state

and recruited to action transiently by extracellular stimuli [21].

3.3.1 cAMP-dependent protein kinase A

Within the large and diversified kinase families that compose the kinome
[14, 22], cAMP-dependent protein kinase A (cCAPK), known also as protein Ki-
nase A (PKA), is considered the prototype of the entire super-family [23-25].
Inside the cell, PKA exist as an inactive heterotetramer formed by two catalytic
subunits (PKA-C) bound to a dimer of regularity (R) subunits (Figure 3.6). The
cooperative binding of the cellular second messenger cyclic adenosine mono-
phosphate (CAMP) to R subunits causes the disassembling of holoenzyme and
the releasing of the active PKA-C [26]. PKA-C targets a diverse array of sub-
strates, including protein localized in the cytoplasm, mitochondria, plasma
membrane, sarcoplasmic reticulum membrane and nucleus [27], and it is in-
volve in numerous cellular signaling cascades induce by B-adrenergic stimula-

tions (Figure 3.7).
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Figure 3.6 3D structure of cCAMP-dependent protein kinase A. X-ray structure of
protein kinase A holoenzyme formed by two catalytic subunits and the dimer of RIIf
regulatory subunits (PDB-3TNP, [5]).

22



Ligand

N

GPCR

G ] Cyclase

Glycogen Metabolism
Neurotransmitter Metabolism
Muscle Contraction
Hormone Metabolism

Figure 3.7 Intracellular signaling pathway of transcription factor activation. Sig-
naling cascade for the activation of the cAMP-responsive element-binding protein
(CREB). The binding of a ligand (in the specific case glucagon) to the G protein-
coupled receptor (GPCR), causes the translocation of the a-subunit of the coupled G
protein to the membrane-bound adenylyl cyclase, with the concomitant transformation
of GTP from GDP. cAMP is produced and, through the binding to the regulatory subu-
nit of the cAMP-dependent protein kinase A (PKA) (PDB-3TNP) holoenzyme, induces
the release of the catalytic subunits (PKA-C). PKA-C is then translocate to the nucleus,
where phosphorylates CREB, an IDP transcription factor. Inside the nucleus, the heat-
stable protein kinase inhibitor regulates the activity of PKA-C and mediate the cyto-
plasmic translocation of the enzyme through the nuclear export receptor CRM1 (PDB-
3GJX). The PKI:PKA-C, was modeled in the basis of the X-ray crystal structure 1ATP
[6]. (adapted from [7]).
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The first 3D structure of a protein kinase was the structure of PKA-C,
solved in 1991 by Sunan Taylor and coworkers [28]. This pioneering work gave
the possibility to map on a 3D structure the eleven conserved regions (1-XI)
shared by all kinases, individuated through sequence aligning by Hanks and
Hunter [5, 29]. Thank to that, it was possible understand that these residues not
only are conserved, but are organized in secondary structure that are superim-
posable in all the member of the kinome (when the enzymes are in their catalyt-
ic active conformation) [30-33]. The catalytic subunit of PKA is a 40 kDa pro-
tein that folds in a bean-shape structure with two lobes: a small lobe formed by
B-strands with only a short helical segment at the N-terminus, and a large lobe

at C-terminus that is mostly helical [28] (Figure 3.8).

Figure 3.8 Crystal structure of the catalytic subunit of protein kinase A.
3D structure of PKA-C, in presence of Mg2+ ions and ATP (PDB-1ATP [6].
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The small lobe is primary responsible of binding and positioning of ATP, while
the large lobe provide a docking surface for substrates or inhibitor proteins. The
active site cleft is positioned at the interface of the two lobes and harbor the nu-
cleotide binging site. Through the coordination of two Mg*?ions, the nucleotide
is positioned several amino acids from various catalytic motif such as the DFG
loop, glycine-rich loop, and catalytic loop [34]. The nucleotide’s adenine ring
completes the architecture of the catalytic spine (C spine), an array of hydro-
phobic residues that are involve in intramolecular allosteric signaling and acti-
vation [35]. The regulatory spine (R spine) instead is assembled upon phos-
phorylation of the activation loop [35, 36]. The PKA-C spine architecture was
also observed in other members of the kinome, suggesting the relevant role that
both the spines have in allosteric signaling [36] and regulation [37, 38].

The phosphoryl transfer catalyzed by PKA-C has been extremely studied
[39, 40] and comprises three major steps: ligand (ATP and substrate) binding,
chemical step (y-phosphate transfer) and product release [20]. The fastest step is
the chemical while the product release is the rate-determining step of the cata-
Iytic cycle [39]. During the catalysis the kinase undergoes to significant struc-
tural rearrangement and three major conformational states have been identifies
by X-ray crystallography: open (apo form); intermediate (binary or nucleotide-
bound form); and a close (ternary complex) [3]. It was hypothesized that ATP
acts as an allosteric effector arranging the kinase for substrate binding [35, 41-
43]. It was also observed that ATP binding shifts the conformational ensemble

of the enzyme from the open to the intermediate state, and increases substrates
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affinity through a K-type binding cooperativity [13, 19, 44-46]. The binding of

substrate further shifts the ensemble toward the close form state [3].

Unlike the majority of the members of kinase family, whose activity is reg-

ulated by the transient addition of phosphate in the activation loop, PKA-C is

assembled as a fully active enzyme and kept inactive by inhibitory proteins [3].

There are two principal classes of endogenous inhibitors that bind with high af-

finity and specificity PKA-C: the R subunit itself and the heat-stable protein ki-

nase inhibitor (PKI). Both proteins are structurally very dynamic with major re-

gions of disorder, globular domains and/or well-defined secondary structures. In

addition, both containing a substrate-mimicking sequence that dock inside the

active site cleft preventing the bind of substrates (Figure 3.9) [3].
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Figure 3.9 Consensus sequence for the PKA-C
Alignment of consensus sequences of natural PKA substrates, such as phospholamban
(PLN) and kemptide, and inhibitor proteins.

RRX?X
RRASTIE
RNATHD
ASVCAE
RASLG

26



3.3.1.1 Regulatory subunit

The regulatory subunits are modular, multifunctional and very stable pro-
teins, and although there are different isoforms [47-52], all share a common
domain organization (Figure 3.10).
There are identified two major classes of R subunit, Rl and RII, which are func-
tionally non-redundant and differ for the molecular weight, isoelectric points,
amino acid sequence, auto-phosphorylation capacities, and antigenicity [53-56].
Each R-type presents two isoforms, o and B: (RIa, RIB, Rllo and RIIB), with
Rlo and Rlla expressed ubiquitously [49]. The R-B isoform is prominent ex-
pressed in brain [57], adipose tissues and in the liver [58]. Gene knockout ex-
periments demonstrated that R subunit isoforms are not functionally inter-
changeable and the isoform diversity is critical biologically [58-62]. R subunits
have a conserved domain structure composed by a dimerization /docking do-
main (D/D) at N-terminal, followed by two tandem cyclic-nucleotide binding
domains (CNB) at the C-terminus, and a variable linker region between them.
The linker region contains a substrate-like inhibitor sequence (IS), that docks to
the active site cleft of C subunit, and multiple phosphorylation and ubiquitina-
tion sites [3, 53, 63, 64]. The D/D domain maintains the protomers as a dimer,
and provides a docking surface for the A kinase anchoring proteins (AKAPS),
that, in turn, anchor the holoenzyme to specific subcellular structure [65-70].
The CNB domains contains the high affinity cAMP binding site. In the presence
of CAMP, each regulatory subunit binds two molecules of cAMP at separate al-

losteric binding sites and the holoenzyme dissociates into a regulatory subunit
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dimer and two monomeric catalytic subunits [71-75]. The PKA-C activation,
mediated by the second messenger CAMP, is a high cooperatively processes,
that involves drastic structural rearranges in R, ending in the distinct localiza-

tion release of the active C [3].
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Figure 3.10 Organization of the regulatory subunits. (a) Schematic domain organi-
zation of Rl and RIIP. Red circles indicate heterologous and auto-phosphorylation
sites. (B) Domain organization on the structure of RIIf (PDB-3TNP, [5]).
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3.3.1.2 Protein kinase A inhibitor PKI

The heat-stable protein kinase A inhibitor, PKI, is a small peptide identified
for the first time in 1962, as a contaminant substance that prevented the activa-
tion of phosphorylase kinase in skeletal muscle extracts [76-78]. Only few years
later, Walsh and coworkers successfully purified the “substance” [79, 80] and
demonstrated that selectively inhibits the activity of the free catalytic subunit of
PKA, following cAMP mediated dissociation of the holoenzyme [81, 82]. PKI
is a polypeptide (70-75 amino acids) that participated in the cellular regulation
and localization of PKA-C. Like R subunit, PKI contains two functional do-
mains: the inhibitory sequence and a PKA-C localization sequence (nuclear ex-
port signal) [3, 83].

The peptide is a potent competitive inhibitor of PKA-C [42, 84] and its
binding activity are matched only by R subunits [85]. These two PKA-C endog-
enous inhibitors share the same recognition inhibitory sequence (pseudo-
substrate sites) (Figure 9) however, PKI lacks a specific binding site for cAMP,
so the PKI-mediated inhibition mechanism occurs specifically in the presence of
cAMP [83]. The PKI pseudo-substrate sequence (PSS) is positioned near the N-
terminus, within residues 15-22 (RisTGRRNAI2.) [86, 87]. This sequence differ
from a typical cCAMP-dependent protein kinase substrate which contains Ser/Thr
residues that can be phosphorylate by PKA-C (Arg—X—X-Arg-Arg—X—(Ser or
Thr)-X) (Figure 3.9) [88]. In addition, the formation of high affinity complex
with PKA-C, require the presence of both Mg?* and ATP [42, 89]. ATP has a

Km of 10 uM for catalysis but binds to C:PKI complex with a Kq of 60 nM,
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while PKI alone has a Kq of 230 nM but, in presence of ATP, the Ki is about 0.2
nM [90, 91]. Studies of mutational and structure analysis have point out the im-
portance of arginine residues (Arg-15, Arg-18, Arg-19) and isoleucine (lle-22),
that are required for the potent inhibition activity [28, 86, 87, 92, 93].

In addition to PSS, PKI contain a nuclear export sequence (NES), com-
posed by several hydrophobic Leucine residues (37-46, LALKLAGLDI), that
make the sequence one of the strongest nuclear export signals identified [94,
95]. Thanks to this sequence, PKI can enter inside the nucleus, bind PKA-C and
translocate the enzyme in the cytoplasm [94, 96-98], where it can re-associate
with R subunit to form the holoenzyme. Briefly, the catalytic subunit of PKA
shuttles between the cytoplasm and the nucleus and phosphorylates proteins in
both cellular compartments (Figure 3.7). The enzyme enters inside the nucleus
by passive diffusion through pores in the nuclear membrane. Once inside PKA-
C phosphorylates nuclear proteins, such as the transcription factor called
CAMP-response element binding protein (CREB) [99, 100], that in turn acts as
CAMP responsive element (CRE) promoters to activate gene transcription [99,
101-103]. The translocation of PKI:C complex is mediate by Chromosomal
Maintenance 1 (CRM1), also known as Exportinl [104, 105]. This 115 kDA
protein is a nuclear protein export receptor that mediates the export of leucine-
rich NES-bearing proteins through the nuclear pore complexes (NPCs) [106-
110]. The cytoplasmic relocation of PKI happens only when the peptide is com-
plexed with the kinase. As mentioned before, PKI is a fully disordered protein,

and it is believed that only when PKI is bond to PKA-C, the NES become more
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structured, and can binds CRM1 and mediate the nuclear-exportation of the en-
zyme [97, 111].

At present, three endogenous PKI isoforms (PKla, PKIB, PKIy) have been
identified in humans and mice that arise from three different genes. Each iso-
form is expressed in a variety of tissues throughout the body including skeletal
muscle, testis, and heart [83]. Between the three isoforms, PKla is the most
widespread in the tissues and is also the most powerful inhibitor (Ki 0.22 nM)
against PKA-C [112, 113]. This peptide is a fully disordered protein, composed
by 75 amino acids. Crystallographic studies performed using a truncated version
of peptide (PKla5-24) containing the PSS [114], and NMR studies on full-
length PKI [115] and on a peptide containing only NES sequence [116] have
demonstrated the two functional domains assume a well-defined secondary
structure upon binding with the respective binding partners. However, the other
portions of the peptide remain highly dynamic, even upon the interaction with
targets protein [3, 115].

PKIP 1s a 70 amino acid peptide and share only 41% on amino acid identity
with PKIa. Although the conserved residue between the two isoforms are locat-
ed in both PSS and NES portions, PKIP is significantly less potent inhibitor (Ki
7.1 nM) [112]. This significant discrepancy between the two peptide is attribut-
ed to the absence of a tyrosine residue (Try-7) and also to the presence of more
unstructured portions [117].

PKly is the “youngest” within the three isoforms. It is composed by 75 res-

idues and shares 35% homology sequence with PKla [113]. As for PKIp, the
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conserved amino acids belong to PSS and NES portions and, as inhibitor (Ki
0.44 nM), is less effective than PKla, but more than PKIB. The unique feature
of this peptide is the presence of a cysteine residue in position 13 [113].

PKI is a potent and selective endogenous inhibitor of the catalytic subunit
of cAMP-dependent protein kinase A, that also is involved in the enzyme cellu-
lar localization. Initially, PKI was believed to be responsible for the regulation
of basal activity of PKA-C [118], due to the fact the in certain tissues, such as
rat heart and rabbit skeletal muscle, the peptide concentration would allow for
the inhibition of approximately 20 % of total cellular PKA-C [119]. However,
later studies revealed that tissue levels of PKI are probably much higher than
those originally determinate [83]. Studies on PKla knockout mice have high-
lighted that PKI play a role more crucial than a simply regulator of the basal
level of the PKA-C activity [120]. The second physiological function of PKI is
to regulate the nuclear activity of PKA-C and, therefore, regulate gene expres-
sion [121]. For example, studies conducted by Kawakami and Nakanishi, have
demonstrated that PKla is involved in brain morphogenesis and symmetrical
left-right axis formation [122]. Several characteristics possessed by all the PKI
members suggest that each isoform have a unique physiological functions that
have not yet elucidate. For instance, the different isoforms exhibit a cell-type
specific expression patterns in certain tissues, while the expression and intracel-
lular distribution are developmentally, hormonally a cell-cycle regulated [83,

111, 123, 124].
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Chapter 4

Structure and membrane interaction of
the antimicrobial peptide Chionodracine

4.1. Chionodracine

Chionodracine (Cnd) is an anti-microbial peptide isolated from Chionodra-
co hamatus, an Antarctic teleost icefish [24]. Cnd is expressed predominantly in
the gills and head kidney as an 80 amino acid precursor and cleaved into a ma-
ture 22 amino acid peptide (FFGHLYRGITSVVKHVHGLLSG). Sequence
alignment suggests that Cnd belongs to the antimicrobial family of Piscidin
(Figure 4.1) [117, 118]. This family is composed by antimicrobial peptide de-
rived from fish with a high conserved histidine- and phenylalanine-rich N-
terminus and a variable C-terminus [119]. The piscidin members (piscidin 1, 2,
3, and 4) displays a broad spectrum of antimicrobial activity against fish patho-
gens and, in vitro, display also anti-tumor activity against several cancer cell
lines, such as HL60 [120], Hela, and 4T1 [121]. Previous studies on other pis-
cidins, suggest that these peptides interact and disrupt the target membranes
through the formation of pores [122].

The activity of Cnd was tested against various pathogens [24]. The peptide
shows antimicrobial properties against Psychrobacter sp. TAD1 and TA144 (a

natural icefish pathogens), and it is active toward Gram-positive (Bacillus cere-
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us) ad Gram-negative (Escherichia coli) bacteria. No significant hemolytic ac-
tivity toward human erythrocytes was showed by Cnd. Consequently, Cnd is a
promising template to further develop small molecules with anti-microbial ac-
tivity.

In this PhD thesis, we elucidate the membranolytic properties and structural
characterization of Cnd using steady-state fluorescence spectroscopy and solu-
tion-state NMR. We found that Cnd is able to permeabilize membranes of bac-
terial organisms (E. coli and Psychrobacter sp.) and it has a high preference to
interact with model negatively charged membranes, made by synthetic or natu-
ral phospholipids. The structure determined by solution-state NMR shows Cnd
adopting a classic amphipathic helix, where the hydrophobic amino acids are
embedded in the membrane while the positively charged residues lie along the

membrane [8].

Chionodracine FEGHLYRGIT'’SVVKHVHGLL*°SG

Piscidin 1 FFHHIFRGIV'’HVGKTIHRLV*TG

Piscidin 2 FFHHIFRGIV''HVGKTIHKLV?’TG

Piscidin 3 FFHHIFRGIV "HAGRSIGRFLTG
4

Piscidin FERHLFRGAK'AIFRGARQGX** RAHKVVSRYR** NRDVPETDNN*’QEEP

Figure 4.1. Sequence comparison inside the Piscidin family. The primary sequence
of CND is aligned with the sequence of the other member of the family. The green
boxes highlight the shared amino acids in the protein sequence. (Adapted [8]).
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4.2 Material and Methods

4.2.1 Peptide synthesis

The Cnd peptide (FFGHLYRGITSVVKHVHGLLSG) was purchased from
United Biosystems Inc., USA. The peptide concentration was estimated by light

absorption at 280 nm (280 = 1490 M cm™) before each sample preparation.

4.2.2 Phospholipid vesicle preparation

Large unilamellar vesicles (LUVSs) with a diameter of 100 nm were chosen
as membrane mimicking system (MMS) model. These vesicles were prepared
by extrusion with an Avanti Polar mini-extruder through a polycarbonate mem-
brane with 100 nm pore size (Avanti Polar Lipids Inc., USA). Briefly, appropri-
ate amount of phospholipid powder of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocoline (POPC or PC-100%); mixtures of POPC and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (POPG) in 70:30 molar ratio, and E. coli
B (ATCC 11303) total phospholipid extract (Avanti Polar Lipids Inc.) [having a
composition (wt/wt %) of PE (phosphatidyl-ethanolamine) 57.5%, PG 15.1%,
CA (cardiolipin) 9.8% and unknown 17.6%.] was dissolved in chloroform in a
heart-glass flask and dried using a rotary evaporator. The lipid film was, then,
rehydrated with an appropriate buffer, incubated for about 2 hour, at 50 °C, in a
water-bath, vortexed occasionally and subjected to 5 freezing-thawing cycles.
The obtained multi-lamellar vesicle (MLVs) suspension was then extruded,
more of 20 times, through a polycarbonate filter using Avanti Polar mini-

extruder. Depending on the type of experiment performed, the rehydration buff-
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er used was different. Briefly, in calcein leakage studies, the buffer was com-
posed by 20 mM MOPS at pH 7.4 containing 0.8 mM EDTA, 70 mM NacCl, and
30 mM calcein. The excess of free calcein was eliminated from the calcein-
loaded LUVs performing a size exclusion chromatography using a Sephadex G-
50 package (Sigma-Aldrich). The calcein-encapsulated LUVs were eluted in the
void volume of the mini-column, recovered and then resuspended in buffer with
an appropriate osmolarity. For the other experiments, the rehydration buffer
used is the analysis buffer itself. In both the preparations, the LUVs concentra-
tion was calculated by measuring the light scattering at 550 nm [123] . The PC-
LUV (100%) is taken as a model of eukaryotic membranes while PC/PG
(70:30)-LUV, is taken as a model of prokaryotic membrane. It was also used the
total E. coli lipid extract whose phospholipid composition is not full character-
ized. They are all natural lipids, so we used them to monitoring the peptide be-

havior with natural phospholipids against synthetic.

4.2.3 Steady-state fluorescence experiments

A Perkin Elmer LS55 steady-state fluorescence spectrometer equipped with
a thermostatic cell holder with magnetic stirrer was used for all the steady-state
fluorescence studies. All the experiments were recorded at 25 °C and, to correct
the polarization effects and to reduce the direct contributions from vesicle light
scattering, some measurements were carried out with a cross-oriented configu-

ration of polarizers (Polen=0° and Polex.=90°) [77].
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4.2.3.1 Outer membrane permeability assay

To study the permeabilization activity of Cnd, we used 1-aminonaphtalene-
8-sulfonic acid (ANS) uptake assays [124]with E. coli BL21 (DE3) and Psy-
chrobacter sp. TAD1 bacteria. An over-night culture of bacterial cells, inoculat-
ed into Luria-Bertani (LB) rich medium, was grown up to the mid-log phase.
The cells were centrifuged and washed several times with buffer (10 mM Tris-
HCl at pH 7.4, 150 mM NaCl and 0.8 mM EDTA) and then resuspended in the
same buffer to achieve an ODsoo Of ~ 1.2. The fluorescent dye, ANS, was then
added to a 1.0 mL of cell suspension and allowed to equilibrate. The cell sus-
pension was then titrated with increasing amount of peptide, ranging from 1.0 to
15.0 uM, and, a fluorescence spectrum was recorded between 400 and 600 nm
using an excitation wavelength of 360 nm and excitation/emission band-passes
of 5.0. The disruption of the outer membrane was quantified by increasing in

the fluorescence intensity and the blue shift of the spectra.

4.2.3.2 Partition studies

The interaction of Cnd with lipid vesicles was studied by monitoring the
increase of the tyrosine (Try) fluorescence emission spectrum at Aem = 320 nm
upon excitation at lexc = 274 nm. These measurements were carried out with a
cross-oriented configuration of polarizers. The emission spectra were recorded
between 305 nm and 500 nm with excitation/emission bandwidths of 5.0 nm.
Aliquots of LUVs rehydrated with the assay buffer (20 mM phosphate buffer at

pH 7.4 with 150 mM NaCl and 0.8 mM EDTA) were added to a quartz cuvette
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(12.5x12.5 mm) containing 1.0 uM or 10.0 uM of peptide. The peptide-lipid in-
teraction was tested with LUVs of different composition [PC-100%, PC/PG
(70:30) and E. coli Extract] and the lipid/peptide ratio tested ranged between 50
and 500. From each spectrum the background signal of both buffer and vesicles
was subtracted. The molar partition coefficient (Ky) is defined, according to

Wimley and White [76, 77, 125, 126], as:

K = ([P]bilayer /[L])

= 4.1
= [Pl WD 44

where, [Plbilayer and [P]water are the bulk molar concentration of peptide in the
bilayer and in the water, and [L] and [W] are the molar concentrations of lipid
and water (JW] = 55.3 M), respectively. Considering that total concentration of
peptide is the sum of the peptide in bilayer and in water, ([P]wt = [Ploilayer +
[P]water), the fraction of peptide, fp,, partitioned into the phospholipid vesicles, is:

fp — Kx[L] [42]
W]+ K,[L]

The valued of Ky were determined by the plot f, vs [L] using GraphPad Prism 6
software package (GraphPad Software Inc.). The experimental data were plotted
according to the following equation:

|l=1+(|max ~1)f

0

[4.3]

p

where | is the fluorescence intensity recorded for each titration point, lo is the
fluorescence intensity of peptide in buffer; and Imax is the intensity after satura-

tion of peptide-lipid binding. The molar partition coefficients for each lipid sys-

38



tems tested were evaluated at low peptide concentration (1.0 uM) in order to

avoid the non-ideal behavior occurring at higher concertation [126].

4.2.3.3 lodide quenching experiments

lodide quenching of Tyr fluorescence was performed to evaluate the topol-
ogy of the interaction between the Cnd with model membranes. These studies
have been carried out in absence and presence of vesicles of different lipid
composition [PC-100%; PC/PG (70:30), E.coli-LUVs], at a peptide/lipid molar
ratio of 1:100, in presence of potassium iodide (KI). Aliquots of quencher stock
solution (3.0 M) were added to the appropriate peptide concentration placed in a
1.0 mL cuvette. After each addition, a fluorescence spectrum was recorded. The
excitation wavelength was set to 274 nm and the fluorescence spectra were rec-
orded between 285 and 340 nm, with a band-passes of 5.0 nm and with a cross-
oriented configuration of polarizers (Polexc=0° and Polemi=90°). All the spectra
were corrected for dilution and for the absorption of fluorophores and quench-
ers. Data obtained were analyzed according to the Stern-Volmer equation for

the collisional quenching (Appendix).

4.2.3.4 Calcein leakage studies

The kinetics of calcein leakage from lipid vesicles were followed by moni-
toring the increase of calcein fluorescence upon the addition of Cnd to the vesi-
cle suspension. LUVs with different phospholipid composition [PC-100% and
PC/PG (70:30)] were loaded with 30 mM of calcein, as previously described.

The samples were prepared by adding serial concentrations of peptide, ranging
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between 0.1-1.0 uM, to four different calcein encapsulated-LUV's concentration
[from 12.5 to 100.0 uM]. The increase of calcein fluorescence was monitored at
an emission wavelength of 520 nm, with an excitation wavelength of 490 nm,
and excitation and emission band-passes of 2.5 nm, at temperature of 25 °C.
The kinetic was followed for about 2000 s and the emission fluorescence of on-
ly LUVs was recorded for 5 min (baseline) before the peptide addition. Before
each measurement, the integrity of the LUVs suspension was tested measuring
the light scattering spectra between 540 nm and 560 nm, using an incident light

of 550 nm [122]. The percentage of dye release was calculated as followed:

Dye Leakage (%)= _(F-R) 100 [4.4]

(Frrian—x = Fo)
where F is the fluorescence intensity upon addition of peptide, Fo is the fluores-
cence before the addition of peptide and Frriton-x IS the fluorescence upon the
addiction of Triton X. To describe the kinetics of dye leakage from vesicles in-
duced by peptide, the fluorescence traces were fitted with a double exponential
equation [123]:
F =F,—ae™ —ae™*" [4.5]

where Ft and Feq are the fluorescence at time t and at t—oo respectively, the
constants a; and a represent the fractions of the two kinetic components and kg

and k are the respective constants expressed in s™.
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4.2.4 NMR spectroscopy study

4.2.4.1 Sample preparation and spectroscopy

The lyophilized peptide was dissolved, to a final concentration of ~1.5 mM,
in aqueous solution (5% 2H,0, 95% *H20) congaing 300 mM of perdeuteraded
DPC (Cambridge Isotope Laboratories) and 20 mM phosphate buffer at pH 6.5.
2D [*H, H] TOtal Correlation SpectroscopY (TOCSY) [127, 128] (50 and 70
ms mixing time) and 2D [*H, *H] Nuclear Overhauser Enhancement Spectros-
copY (NOESY) [129, 130] (70-300 ms mixing time) experiments were recorded
in phase-sensitive mode using time-proportional phase incrementation (TPPI)
for quadrature detection in the indirect dimension. The experiments were ac-
quired with 64 scans (256 and 1024 complex data points in the t; and t> dimen-
sions, respectively). The 90 °pulse width was 30 kHz, and the recycle delay of 1
s. The spectral widths were 5400 Hz t; and 7200 t, dimensions. The NMR ex-
periments were acquired at 300 K on a Varian-Inova 600 MHz spectrometer
provided by University of Minnesota NMR Center (University of Minnesota —
Twin Cities, Minneapolis, MN, USA). [*H, 13C] Heteronuclear Single Quantum
Coherence (HSQC) [131] and Heteronuclear Multiple Bond Correlation
(HMBC) [132] experiments were acquired on a 900 MHz Ultra-shield Bruker
Spectrometer, operating at 303 K. The *3C experiments were carried out at natu-
ral abundance. The NMR data were processed using NMRPipe [133]and ana-
lyzed with Sparky [134] software packages. The spectra were assigned using the

approach described by Wuthrich [135, 136].
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4.2.4.2 Structure calculation

For the structural calculation the NOE cross-peaks from 150 and 300 ms
mixing time 2D [*H, *H]-NOESY experiments were used. The NOE volumes
were calibrated using the average NOE volumes from resolved aromatic vicinal
protons of Tyr-6, and classified as strong, medium, and weak, corresponding to
distance restrains of 1.8-2.9, 1.8-4.5, and 1.8-5.0 A, respectively. To obtain the
dihedral constraints for residues 3 to 19, TALOS + software was used [137].

The Cnd conformers were calculated starting from an extended confor-
mation of the peptide and minimized using a hybrid simulating annealing (SA)
energy minimization protocol, supplied in XPLOR-NIH program [138]. About
100 conformers were generated randomly at an initial temperature of 5000 K
with 6000 high temperature steps, 3000 cooling steps, and a step size of 5 fs.
The final refinement stage of the structure ensemble was performed starting at
an initial temperature of 500 K and using 30000 cooling steps, with a step size
of 1 fs. Over the 70 obtained conforms, no one shows (a) NOE violations great-
er than 0.5 A, (b) bond violations greater than 0.05 A, and (c) bond angle viola-
tions greater than 4°. The 40 lowest energy conforms were further analyzed

with Molprobity (nota), a structure validation program.
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4.3 Results

4.3.1 Outer membrane permeability assay

To assess the ability of CND to damage the integrity of the bacterial mem-
brane, the ANS fluorescence assay was performed, using as Escherichia coli
BL21 (DE3) and Psychrobacter sp. TAD1 as model organisms (Figure 4.2).
Due to the hydrophobic nature of ANS, when the bacterial outer membrane is
intact, it is not able to pass through it, and the fluorescence is weak. If the mem-
brane is damaged, the ANS can penetrate inside the cell, causing a drastic in-
crease of the fluorescence emission spectrum associated with a blue shift. Upon
the addition of the CND, it is observed an increase of the ANS fluorescence
spectrum and a blue shift of the Amax Of emission. This indicate that CND is able
to disrupt the integrity of the outer membrane of both the prokaryotic species
tested (Figure 4.2), causing the relocation of ANS in the periplasmic space. The
observed effect is dose-dependent and is significant even at low peptide concen-

trations.

4.3.2 Partitioning studies

To assess and quantify the interaction of CND with model membranes that
mimic the phospholipid composition of the natural membranes, partition studies
were performed. In particular, we recorded the fluorescence emission spectra of
Tyr-6 upon addition of increasing amount of LUVs of different lipid composi-

tions (Figure 4.3 A and B).
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Figure 4.2. Outer membrane permeability assay. Permeabilization of the external
membrane of the two Gram-negative bacteria, E.coli BL21 (DE3) (A) and Psychrobac-

ter TAD1 (B).
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Figure 4.3. Partition experiments. Cnd fluorescence in absence and presence of in-
creasing concentration of LUVs composed by (A) 100% of PC and (B) a mixture of
PC/PG (70:30 molar ratio). In C is reported the binging isotherm for the peptide upon
addition of increasing amount of vesicles. The CND concentration was 10.0 uM.
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The addition of LUVs caused an increase of the emission intensity of the Tyr
indicating that the chemical environment around the fluorescence probe
changed, going from a less to a more hydrophobic environment. The increase of
fluorescence is also depending on the amount of LUVs added. This dependency
is also highlighted by the analysis of the binding isotherms derived from equa-
tion 4.3 (Figure 4.3-C). The mole fraction partitioning coefficients (Kx) calcu-

lated for the titration experiments ranging from 3 x 10% to 2 x 10° (Table 4.1).

Table 4.1 Partition parameters for CND calculated from the titration of the peptide
with LUV of different phospholipid composition.

Peptide Concen-

tration Lipid composition Kx AG, (kd/mol)

1.0 uM PC-100% (3.43+0.26) x 10* -25.9
PC/PG (70:30) (4.91£0.29) x 10* -26.7
Total E.coli extract (1.83+0.08) x 10° -30.0

From these values, it was possible to calculate the Gibbs free energy
AE =-RTInK, , where R and T are the gas constant and the absolute tempera-

ture of the system, respectively) for the water/bilayer partition (Table 4.1).
High values of Ky are representative of the fact that the peptide, in presence of
lipid bilayers, is preferentially partitioned on the surface of the bilayer. The Ky
values observed for CND, suggest that the peptide interacts with the LUVs, and
the Tyr is involve in this interaction. It is also noted that the Ky values and the
AG values measured for POPC/POPG (70:30) LUVs are higher than the ones
recorded for the other vesicle used. CND also showed a higher propensity to

partition into E.coli extract lipid vesicles. This can be explained taking in con-
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sideration the charge effects and also the “more native-friendly” phospholipid

composition. Analogous results have been reported for indolicin [139].

4.3.3 Intrinsic fluorescence quenching experiments

Studies of quenching of the emission spectra of Tyr-6, using lodide (I") as
quencher, were performed to evaluate the degree of peptide exposure to the bulk
solvent. The fluorescence spectra of CND in buffer decreased in a concentra-
tion-dependent manner upon addition of Kl in the peptide solution in absence
(Figure 4.4-A) or presence of LUVs (Figure 4.4-B, C, D). The Stern-Volmer
plots for the quenching of Tyr are showed in (Figure 4.5). The curves are linear
with the quencher concentrations, indicating the presence of dynamical quench-
ing [140]. In table 4.2 are reported the Ksy values obtained from the slopes of
the curves. The higher value of Ksy (~ 10 M) is obtained for CND in buffer,
indicating that the fluorophore is easily accessible to the quencher. In presence
of LUVs, the Ksy are 3-6 time smaller than in buffer only, suggesting a reduced
accessibility of Tyr due to the partition into the interfacial region of the phos-
pholipid bilayer.

Table 4.2 Stern-Volmer quenching constant (Ksy) and percentage of I quenching for

CND in the presence of vesicles of different lipid composition. The peptide/lipid molar
ratio was 1:100 in all the case.

Ksv (M) 1/Ksy (M) Percentage of quenching

Aqueous buffer 104 +0.2 0.096 100
PC-100% LUVs 2901 0.340 28.4
PC/PG (70:30) LUVs 25101 0.408 23.6
Total E.coli extract LUVS 1.6 £0.2 0.625 154
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Figure 4.4. lodide quenching experiments. Quenching of the intrinsic fluorescence of
CND in absence (A) and in presence of phospholipid vesicles of different composition:

(B) PC-100%,
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Figure 4.5. Stern-Volmer plots for the Tyr quenching of CND. The graph reports
the plots for the intrinsic fluorescence quenching of the peptide in aqueous buffer and
vesicles made from PC-100%, PC/PG (70:30) and E. coli lipid extract.

The quenching experiment, like the partitioning one, shows that the peptide in-
teracts strongly with POPC/POPG and E. coli lipid extract LUVs than with
POPC-100%. These evidences indicate not only that the N-terminal portion of
CND (where Try is located) is deeply involves in the membrane binding pro-
cess, but also that the peptide preferentially interact with charged membrane.
During this interaction, the Tyr residue is thoroughly immerse in the phospho-

lipid bilayer and not easily accessible to the quencher.
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4.3.4 Calcein leakage studies

The membrane permeabilization ability of CND was studied monitoring the
leakage of calcein from calcein-loaded vesicles upon addition of peptide. Calce-
in-loaded LUVs were prepared as previously reported. When calcein is en-
trapped inside the LUVs, due to its high concentration (30 mM), a self-
quenching phenomenon is establish and the fluorescence is very weak [123,
141]. Upon the addition of CND, we observed a gradual increase of calcein flu-
orescence, suggesting that the peptide interact with the lipid bilayers, causing
the disruption of the membrane integrity (Figure 4.6). In fact, the release of cal-
cein in the external compartment is resulting in a calcein dilution, dequenching,
and increase of fluorescence intensity [123]. To confirm that the release of cal-
cein observed was due to the peptide/vesicle interaction and not to the self-LUV
leakage, the integrity of the vesicle was tested through light scattering. In table
4.3 are reported the relative leakage capabilities of CND, at different pep-

tide/lipid molar ratio, and in presence of LUVs of different composition.

Table 4.3 Relative leakage capabilities of CND, ad different peptide/lipid molar ratio,
in presence of LUVs of different lipid composition.

Peptide/lipid Relative leakage

(molar ratio) | pc-100% PC/PG (70:30) E. coli total lipid extract
1/25 63% 100% 18%

1/50 26% 90% 13%

1/100 11% 60% 9%
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We observed that dose-response of CND-induce calcein release is more effec-
tive in presence of negatively charged membrane, especially at low peptide/lipid
molar ratio. The low value of calcein leakage obtained for total lipid extract
from E. coli was reported even by Vogel et al. for tryptophan rich cathelicidin
antimicrobial peptides [139]. They attributed the low value to the complexity of
the E. coli extract (17 % of the phospholipid composition is still unknown) that
make the vesicle less probe to disruption.

The calcein fluorescence profile was also examined using a method developed
by Tatulian and coworkers [123]. While kinetics and level of calcein release
were dependent upon the type and the concentration of the peptide and the lipid
composition of vesicle membrane, all kinetic curves can be fitted with a double
exponential character (Figure 4.6). In table 4.4 are reported the kinetic parame-
ter calculated from this fitting. All kinetic curve obtained in the calcein efflux
studies demonstrated a double exponential character, regardless the lipid com-
position of LUVs assessed. In contrast the kinetics and the level of calcein re-
lease are dependent to the lipid composition and the concentration of peptide.
Calcein release efflux performed by CND in presence of charge lipid on the sur-
face of LUVs is usually more effective and quicker than the calcein release

form LUVs that mimic the eukaryotic membrane.
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Figure 4.6. Kinetic of calcein leakage from LUVs after addition of CND. From 01
uM through 10 uM. The curve are experimental data normalized by Triton-X. In pan-
el A and B are reported the calcein release kinetic recoded for 25 uM and 50 uM of
PC-100% LUVs, respectively. Panels C and D are the kinetic of calcein efflux for 25
uM and 50 uM of PC/PG (70:30) LUVs.
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Table 4.4 Kinetic parameters for calcein release from LUVs of different lipid composi-
tion upon addition of increasing amount of CND. The parameters derived from the data
fitting with the equation 4.5.

25 pM LUVs concentration

[P] Feq a; a, ki (sh ka (s1)
(uM) PC/ PC/ PC/ PC/ PC/

PC g P g PC PG PC PG PC PG

0.10 0125 0379 0.036 0.145 0.053 0.127 0.00110  0.00147  0.0051 0.0086

0.25 0.150 0586 0.049 0.174  0.024 0.225 0.00225  0.00354 0.0226 0.0156

0.50 0336 0813 0.113 0.143 0.076 0.225 0.00026  0.00512 0.0036 0.0815

1.00 0.641 0950 0.239 0.148 0.167 0.165 0.00041  0.01894 0.0061 0.1151

50 uM LUVs concentration

Feq a; a, ki (sh ka (s1)
T e e e W ke k0
0.10 0.092 0.242 0.026 0.139 g?(,) 0.032 0.000275 0.001436 0.0036 0.0108
0.25 0.097 0.368 0.023 0.178 038 0.086 0.001250 0.00079  0.0100 0.0071
0.50 0.145 0.578 0.041 0.107 032 0.207 0.001064  0.00240 0.0097 0.0168
1.00 0.245 0.910 0.101 0.150 %g 0.361 0.00048 0.00213 0.0056 0.0348

4.3.5 Chionodracine structure determination

For the structure determination of CND, the peptide was reconstituted in
DPC micelles. Performing 2D [*H-!H]-TOCSY and 2D [*H-'H]-NOESY spec-
tra, we obtained sequence specific resonance assignments. Due to the slow tum-
bling of the peptide in micelle, it was not possible calculate the J coupling con-
stants [63, 142-144]. The complete spin system assignment was achieve using

the NOESY-walk method [136] (Figure 4.7), and a total of 240 NOEs were as-
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signed (Figure 4.8 A). From the analysis of the natural abundance *C-edited

HSQC, it was possible to assign C. and Cg of each amino acid spin system. The

NMR chemical shift values estimated were used to calculate the secondary

structure propensity [145, 146]and the dihedral angles using Talos+ [137]. In

figure 4.8-B is reported the random coil index derived order parameter S? (RCI-

S?) [146], that is used to predict protein flexibility. RCI-S? values less than 0.5

indicate dynamic residues. The calculation of the structure was performed using

Xplor-NIH program. The conformers obtained confirm the prediction according

to which, the peptide assume an amphipathic a-helical conformation between

residues 5 through 20 (Figure 4.9).
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Figure 4.7. Fingerprint region of CDN extracted from the 2D [1H-1H] NOESY
experiment at 300 ms mixing time. The peptide was reconstituted in DPC micelles.
The spectrum was used to solve the 3D-structure of CND.
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Figure 4.8. Summary of structural parameters. Backbone NOEs pattern for CDP in
DPC micelles. The thick line correspond to strong NOE, while the thinner line repre-
sent medium and weak NOEs (A). In panel B is reported the predicted order parameter
RCI-S2
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FFGHLYRGITSVVKHVHGLLSG

“ydrophobic face

ﬁydrophilic face

Figure 4.9. NMR structure model of CND. (A) Histogram of backbone RMSD vs
residues for the final 40 conformers. (B) Conformational ensemble showing the con-
vergence of the structures for heavy atoms of the backbone. (C) Representative struc-
ture=re of CND in DPC micelle. The peptide assume a conical amphipathic a-helix,
with the repartition of the hydrophobic residues on one side on f the helix (blue), and
the hydrophilic in the other side (green).
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4.4 Discussion and conclusion

Over the last three decades, the extensive use of traditional antibiotics has
resulted in the development of new strains of bacteria that are resistant to almost
all the available antibiotics [38, 147]. AMPs have been identified as an alterna-
tive to traditional antibiotic agents due to their ability to kill pathogens. Most of
the AMPs discovered during the last 65 years, have a broad spectrum activity
against the major pathogenic organisms. In particular, AMPs derived from fish
are attracting attention, because they are active at high salt concentration and in
a wide range of temperature [119].

We identify and characterized an antimicrobial peptide, Chionodracine,
isolated from the gills of the Antarctic teleost fish, Chionodraco hamatus [24].
This peptide showed to be able to interact and perturb the stability of biological
membrane and synthetic phospholipid bilayers, preferring the bilayer that mim-
ic the lipid composition of prokaryotic organisms. CND showed to have a
strongest affinity and disruption activity toward charged membranes [8]. The
presence of anionic phospholipid, not only lower the Gibbs partition energy by
about 4 kJ/mol (Table 4.1) but increase the rate of calcein release compared to
the zwitterionic lipid system. The ability of CND to disrupt the membrane in-
tegrity was evidenced by both calcein leakage study and outer membrane per-
meability assay. The studies demonstrated that CND interact with phospholipid
membrane in a dose-response manner, based on both peptide-to lipid molar ra-

tio and membrane lipid composition. In presence of LUVs, CND is partitioned
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in the lipid surface with the N-terminus deeply involves in peptide/lipid interac-
tion [8]. This observation was highlighted by both fluorescence quenching and
the NMR studies. In fact, in n presence of LUVs, the estimated Stern-VVolmer
constants for the collisional quenching (Ksy) are 3-6 fold smaller than the one
calculated for the peptide in solution. This means that the Tyr is less accessible
to the quencher when lipids are present. The Tyr residues is located at position
6, in the N-terminal portion of the peptide, surrounded by other aromatic resi-
dues. The presence of highly concentrate aromatic residues at N-terminus sug-
gests that this part can acts as an anchor for the peptide in the lipid bilayer (no-
ta), while the C-terminus is less involved. This evidence is further confirmed by
the NMR structure obtained in DPC micelles. Like other members of the pis-
cidin family [72, 148, 149], CND undergo a disorder-to-order transition into a
well-structured amphipathic a-helix upon the interaction with lipid bilayer. This
3D conformation is a well-known membrane-binding motif in which the hydro-
philic and the hydrophobic sites are involve in the interaction with membrane
[150, 151]. In this structure, there is a repartition of the amino acid residues on
the two side of the helix. The resulting structure is a polarized helix with the
charged amino acids on the hydrophilic portion, and the hydrophobic residues
in the other [72]. The NMR 3D-structure showed CND interacts with the phos-
pholipid membrane in way that the non-polar face is in contact with the hydro-
phobic portion of the membrane while the polar residues are oriented toward the
solvent/peptide interface.in this way, the positive charged residues interact with

the head group of the phospholipid [8].
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Accordingly to what we has been reporting so far, CND is emerged as a
possible candidate as antibiotic agent due to its antimicrobial and almost no

hemolytic activity against eukaryotic cell (data not reported).
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Chapter 5

Characterization of membrane interaction
abilities of Chionodracine mutant using
fluorescence spectroscopy

5.1 Chionodracine mutants

In the last 30 years, there has been an increase in the number of photogenic
organisms that have developed antibiotic resistance [23, 29-31]. As a conse-
quence, there is growing interest in discovery and development of antimicrobial
peptides for clinical application. However, most of natural AMPs do not appear
to be highly optimized for antimicrobial activity. Nature seems to have pre-
ferred creating multiple modestly active peptides, with concomitant immuno-
modulatory and synergic activities, over super specialized AMPs[152]. There-
fore, there is increasing interest in using existing AMPs as templates for opti-
mized activity and selectivity for anti-microbial activity.

In the previous chapter we elucidated the antimicrobial activity and solved
the NMR 3D-structure of Chionodracine, an AMP isolated from the immune
system of the Antarctic teleost Chionodraco hamatus [24]. From these studies,
CND emerged as a promising AMP due to its ability to interact and disrupt the
integrity of natural and synthetic charged membranes, even at low concentra-
tion. In solution, CND is unstructured and undergoes a disorder-to-order transi-

tion, assuming an amphipathic o-helical 3D-conformation in presence of a
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phospholipid bilayer [8]. Based on this structure, three different mutants were
designed using CND as a template to try to improve the antimicrobial activity of
the peptide (Figure 5.1; Table 5.1). The mutations were designed to increase
the positive charge and hydrophobic moment of CND, so to promote peptide af-
finity for the negatively charged membrane. In particular, the mutant called KS-
CND, serine 11 and 22 were replaced with lysine (Lys). In a second mutant,
KH-CND, histidine 4, 15 and 17 were replaced with Lys and, in the third mu-
tant, all the histidine and serine residues were replaced by Lys (Figure 5.1; Ta-
ble 5.1). Additionally, all the mutants have also a tryptophan (Trp) residue in
position 1 instead of a phenylalanine to facilitate the use of steady-state fluores-
cence studies. This chapter reports the characterization of the activity and bind-
ing features of CND mutants performed using steady-state fluorescence spec-
troscopy studies. We found that the mutations have increased the antimicrobial
properties of the peptides, but also their ability to interact with phospholipid bi-
layer, making them more powerful and promising antimicrobial peptide than
CND.

TABLE 5.1. Sequences and physical-chemical characteristics of CND and its design
mutants. Most of the values reported were obtained using EXPASy-Prot Param Tool and
Helical wheel project (Raphael Zidovetzki PhD, UCR). In red are highlighted the mutat-
ed residues.

Peptide Net charge Hydrophobic mo-
name Sequence atpH 7.0 p! ment ()
CND FFGHLYRGITSVVKHVHGLLSG +2.3 9.99 5.86

KS-CND WEGHLYRGITKVVKHVHGLLKG +4.3 10.46 7.49

KH-CND WEGKLYRGITSVVKKVKGLLSG +5.0 20.58 6.19

KHS-CND WEFGKLYRGITKVVKKVKGLLKG +7.0 10.75 7.51
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A FFGHLYRGIT SVVKHVHGLL SG

Wild-type CND

KS-CND

KH-CND

KHS-CND

FGKLYRGIT KVVKKVKGLL KG

Figure 5.1 CND and its derived mutants. (A) CND in amphipathic a-helical confor-
mation (structure obtained as describe in chapter 4).In the panels B, C, and D are
showed the sequence and the structure of CND mutants modeled by Pymol software. In
blue is presented the hydrophobic side of the helix, while in pink is presented the hy-
drophilic portion. The red dots are indicating the positive charged amino acids present
in the sequence.
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5.2 Material and Methods

5.2.1 Peptide synthesis

All the CND mutants (< 95%) were purchased from United Biosystems
Inc., USA. Peptide concentrations were estimated by UV/Vis absorption at 280
nm (e280 = 6990 Mt cm™).

5.2.2 Phospholipid vesicle preparation

LUVs with a diameter of 100 nm were chosen as membrane mimicking

system model. These vesicles were prepared as reported in 4.2.2
5.2.3 Steady-state fluorescence experiments

The characterization of CND mutants’ behavior in presence of different
phospholipid membranes was assessed using steady-state fluorescence spectros-
copy experiments. All the experiments were performed using a Perkin Elmer
LS55 steady-state fluorescence spectrometer equipped with a thermostatic cell
holder with a magnetic stirrer operating at 25°C. A cross-oriented configuration
of the polarizers was used to correct the polarization effects and to reduce the
direct contributions from vesicle light scattering [68].

5.2.3.1 Outer membrane permeability assay

The ability of the peptides to interact with natural membrane was assessed
performing the outer membrane permeability assay on E. coli BL21 (DE3), as
previously describe (Chapter 4.2.3.1, [8]). Briefly, an LB over-night culture of
E. coli BL21 (DE3) was grown to a mid-log phase, harvested and resuspended

in a buffer of 10 mM Tris-HCI, 150 mM NacCl, 0.8 mM EDTA at pH 7.4, to a
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final ODeoo Of ~1.2. ANS (5 uM) was then added to 1.0 mL of cell suspension
and allowed to equilibrate at room temperature. Increasing amount of peptide,
ranging from 1.0 uM to 15.0 uM, was added to the cell suspension and a fluo-
rescence spectrum was recorded between 400 and 600 nm using an excitation
wavelength of 360 nm and excitation/emission band-passes of 5.0. To reduce
the fluorescence scattering contribution of cells, each spectra was recorded us-
ing a cross-oriented configuration of polarizers (Polem=0° and Polexc=90°). The

percentage of uptake was calculated according to the following equation:

F.—F
% ANS Uptake = %xloo 5.1]

0

where Fons and Fo are the observed fluorescence at the given concentration of
peptide and the fluorescence in absence of the peptide, respectively.

5.2.3.2 Partition studies

The partition of CND mutants into phospholipid bilayer was studied by
monitoring the increase of the Trp fluorescence emission spectrum upon the ad-
dition of LUVs. The Trp fluorescence spectrum was recorded between 305 nm
and 500 nm, upon excitation at lexc = 295 nm, with an excitation/emission
bandwidth of 5.0 nm. These measurements were carried out with a cross-
oriented configuration of polarizers (Polem=0° and Polec=90°). Increasing
amount of LUVs of different lipid composition was added to 1.0 uM of peptide
in 20 mM phosphate buffer at pH 7.4 with 150 mM NaCl and 0.8 mM EDTA.
The peptide-lipid interaction was tested with LUVs of different composition

[PC-100%, PC/PG (70:30) and E. coli extract] with the lipid/peptide ratio tested
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ranged between 50 and 500. The background from both buffer and vesicles was
subtracted from each spectrum. The experiments for each CND mutants were
repeated in quadruplicate for each LUVs tested. Molar partition coefficients Ky
and the fraction of peptide partitioned into the lipid bilayer, fp, were calculate
according to equation 4.1 and 4.2.

5.2.3.3 lodide quenching experiments

To evaluate the CND mutant interaction with the membrane and the topol-
ogy of this interaction, studies of fluorescence quenching of Try were per-
formed [153, 154]. These studies were been carried out in absence and presence
of vesicles of different lipid composition [PC-100%; PC/PG (70:30), E.coli-
LUVS], at a peptide/lipid molar ratio of 1:100, ad using potassium iodide (KI)
as a quencher. Aliquots of KI stock solution (3.0 M) were added to the appro-
priate peptide concentration placed in a 1.0 mL quartz cuvette, and the fluores-
cence spectrum was recorded. The excitation wavelength was set to 295 nm and
the florescence spectra were recorded between 305 and 455 nm with a bandpass
of 5.0 nm. As in the partition experiments, a cross-oriented configuration of po-
larizers (Polexc=0° and Polemi=90°) was used 1. All the spectra were corrected
for dilution and for the absorption of fluorophores and quenchers. Data obtained
were analyzed according to the Stern-Volmer equation as described in Appen-

dix 2.1.
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5.2.3.4 Calcein leakage studies

To better understand the ability of CND mutants to perturb the bacterial
membrane, the kinetics of calcein release from vesicles of different lipid com-
position was performed. In this case, the ability of each mutants to induce the
calcein leakage from different LUVs [PC-100% and PC/PG (70:30)], loaded
with 30 mM of calcein, was assessed using calcein fluorescence. The samples
were prepared by adding serial concentrations of peptide, ranging from 0.1-1.0
uM, to four different calcein encapsulated-LUVs concentration [from 12.5 to
100.0 uM]. The increase of calcein fluorescence was monitored at an emission
wavelength of 520 nm, an excitation wavelength of 490 nm, with excitation and
emission band-passes of 2.5 nm, at a temperature of 25 °C. The kinetics of re-
lease was followed for about 2000 s and, before the peptide addition the emis-
sion fluorescence of only LUVs was recorded for 5 min (baseline). The normal-
ization of the recorded fluorescence intensity was obtained by the addition of
Triton-X detergent that dissolves all the intact vesicles releasing all the encapsu-
lated dyes. Before each measurement, light scattering spectra between 540 nm
and 560 nm, using an incident light of 550 nm, were measured to estimate the
integrity of vesicles [123]. The[155] percentage of dye release was calculated
using equation 4.4. The kinetic description of the dye-release mechanism in-

duced by the peptides was achieve by fitting the data with equation 4.5.
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5.3 Results

5.3.1 Outer membrane permeability assay

The outer membrane permeability assay was used to test the CND mutant
ability to perturb and disrupt the integrity of E. coli BL21 (DE3), which was
used as a bacterial cell prototype. ANS is hydrophobic and is able to cross the
cell membrane. When ANS is constrained outside the cell, it gives a weak fluo-
rescence signal caused by the high polarity of water. If the outer membrane of
bacterial is disrupted by the peptide, then ANS can pass through the bacterial
outer membrane and change its chemical environment. This is reflected by an
increase of fluorescence and in a blue-shift of the Amax of emission [124] (Fig-
ure 5.2 A-C). All the peptides, both the wild-type and the mutants, have been
shown the capability to perturb the integrity of E. coli outer membrane, causing
the relocation of ANS to the periplasmic space. As previously observed for
wild-type peptide (Chap. 4.3.1), CND mutants have a perturbation that is dose-
dependent and is detectable even at low peptide concentrations. Figure 5.2-D
reports the ANS uptake as a function of peptide concentration. This plot shows
that KSH-CND and KH-CND are perform faster membrane permeabilization
compared to wild-type CND (WT-CND) and KS-CND. It is important to notice
that the outer membrane permeability assay is not a quantitative test, so it can-
not establish which mutant has better affinity and disruption activity with re-

spect to bacterial membranes. To answer this question, other experiments need

67



to be done, like antibacterial activity assays, fluorescence dye leakage, and par-

titioning studies.
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Figure 5.2.0uter membrane permeability assay. Permeabilization of the external
membrane of E.coli BL21 (DE3) by the three CND mutants (A-C).In panel D is report-
ed the ANS Uptake for the wild-type peptide and the mutants.
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5.3.2 Partitioning studies

The quantification and identification of CND mutants’ interaction with
model membrane was investigated by intrinsic fluorescence partition studies.
Briefly, the change of the emission spectrum of the engineered Trp-1 was moni-
tored before and after the addition of LUVs of different lipid composition (Fig-
ure 5.3) to measure the affinity between the AMP and membrane bilayer. The
change in intensity was recorded and fitted to equation 4.3. The binding iso-
therms (Figure 5.4), obtained from the titration of the peptides with increasing
amount of LUVs, were used to calculate the mole fraction partition coefficient,
Kx, and the Gibbs free energy (AG) associated to the partitioning event (Table
5.2). The calculated values of Ky shows that both the wild-type and the mutants
have a higher propensity to interact with LUVs made by a mixture of neutral
and negatively charged phospholipids [PC/PG (70/30)], but the mutants also
showed an increased interaction with PC-100% (nuclear head groups) vesicles.
Interestingly, the estimated Ky of wild-type CND for E. coli membrane extract
is higher than the ones calculated for the mutants. This effect can be addressed
to the higher complexity of the vesicles made by natural phospholipids, where
the lipid composition is not completely characterized. Overall, the obtained re-
sults suggest that both the bilayer composition and the peptide charge are im-
portant in the partitioning events that occur between membrane bilayer and

AMPs.
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Figure 5.3. Partition experiments. Emission spectra of CND mutants recorded in
presence of increasing concentration of (A-C-E) 100% of PC and (B-D-F) a mixture of
PC/PG (70:30 molar ratio) LUVS. The Inax Of each spectra was used to calculate the Ky,
according to equation 4.3. The spectra were recorded at 25 °C using 1.0 uM of peptide.
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Figure 5.4. Binding isotherms for CND and its mutants interacting with lipid bi-
layer vesicles. The fluorescence intensity of the Try/Trp residue was measured as
LUVs were titrated into the sample. Before registered the spectrum, the system was al-
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Table 5.2. Partition parameters for CND and its mutants calculated from the titration of

the peptides (1.0 uM) with LUVs of different phospholipid composition.

. . .. . . AG,
Peptide Concentration Lipid composition Kx (x 10%) (ki/mol)
PC-100% 3.43+0.26 -25.9
CND PC/PG (70:30) 491 +0.29 -26.7
E.coli total extract 18.32 £ 0.08 -30.0
PC-100% 8.27 £0.77 -28.0
KS-CND PC/PG (70:30) 23.25 +0.66 -30.6
E.coli total extract 10.22 +0.98 28.6
PC-100% 27.62+0.71 -31.0
KH-CND PC/PG (70:30) 20.42 +0.87 -30.3
E.coli total extract 10.34 +0.31 -28.6
PC-100% 15.32 +0.81 -29.6
KHS-CND PC/PG (70:30) 16.51 + 0.97 -29.7
E.coli total extract 7.46 +0.90 -27.8
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5.3.3 Intrinsic fluorescence quenching experiments

Studies of Trp fluorescence quenching was used to investigate the topology
of the CND mutants on LUV surface. As observed for the wild-type CND, in
solution the engineered Trp is accessible to the quencher and a decrease of the
fluorescence emission spectra is observed with respect to increased quencher
(spectra not reported). In presence of phospholipid membrane, the quenching
phenomenon is still observed, but the effect is less prominent when compared to
the quenching in solution. This result indicates that the fluorophore (Trp-1 in
CND) has a different accessibility of the quencher when LUVs are present.
Figure 5.5 and 5.6 reports the Trp quenching profiles and the Stern-Volmer
plots for the three mutants in presence of the three different lipid compositions
of tested vesicles. In all the mutants linearity in the Stern-Volmer plots is ob-
served, suggesting that CND is in presence of collisional quenching. The small-
er Ksv values obtained for the peptides in presence of LUVs is a further indica-
tion of the interaction between peptides and lipid surface (Table 5.3). In the
presence of membrane, Trp-1 is less accessible to the quencher because the N-
terminal portion is strongly involves in this binding process to the lipid bilayer,
as observed for the wild-type. Also, for both the mutants and wild-type CND,
lower values of Ksy were calculated in presence of PC/PG (70:30) and E. coli
total lipid extract LUVs. These results suggest that the presence of negatively
charged phospholipid on the LUV surface increases the inaccessibility to the
quencher, hence increases the partition of the peptides onto the lipid bilayer

with respect to solution.

73



A PC-100% KS-CND B PC/PG (70:30) KS-CND
=3 uM KS-CND & PC-100% — 3 uM KS-CND & PCPG
— 0.003 MKI — 0005 MK
, 800+ 0.020 M KI 800+ 0.020 MK
B — 0.040 M KI — 040 M KI
= — (OO M K1 — (.08 M KI
= — 0240 M KI — 0240 M K1
2 600 — LIEOMKI 600- — BV K
=
2~
g =
S 5 4001 400
W N
S
u
¥
B
=}
=
=
=

2004 2004
3 T T T T “) T T T T
320 340 360 380 400 420 320 340 360 380 400 420
Wavelength (nm) ‘Wavelength (nm)
B PC-100% KH-CND D PC/PG (70:30) KH-CND
800 400
— 5 uM KH-CNIY & PC-100% — 5 pM KH-CND & PCPG
— 0,005 M KI — 0.005 M KI
0020 M KL 0.020 MKI
— (00 M KL — (040 M K1
600- S 300- —gmn
— 0160MEI — 0160 MEI

4004 200

1004

Fluorescence intensity
(a.u.)

0

u T T T T v T T T T

320 340 360 380 400 420 320 340 360 380 400 420
Wavelength (nm) Wavelength (nm)
K PC-100% KHS-CND F PC/PG (70:30) KHS-CND
600_ =5 M KHS-CND & PC-100% 600_ — 5 uM KHS-CND & PCPG

— 005 M K1 {05 M K

0020 M K1 10.020 M KI

— 0040 M K1 — (040 M K1

< — {080 M K|

— 0.240 M KI

400_ — 0.160 M KI

(a.u.)

Fluorescence intensity

G T T T T s T T T T
320 340 360 380 400 420 320 340 360 380 400 420
Wavelength (nm) Wavelength (nm)

Figure 5.7. CND mutants cause efficient calcein release from vesicles. Kinetics of
calcein release from 25 uM PC-100% (A-C-E) and PC/PG (70:30) (B-D-F) LUVs, up-
on the addition of increasing amount of mutants. The LUVs were loaded with 30 mM
of calcein. All the experiments were performed at 25 °C. Each curve is normalized by
Triton-X.
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Figure 5.6. Stern-Volmer plots for the quenching of Trp residue of CND by lo-
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final concentration of peptides was 5 90—M.
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Table 5.3. Stern-Volmer quenching constant (Ksy) and percentage of I" quenching for CND
and the derived mutants, in the presence of vesicles of different lipid composition. The pep-

tide/lipid molar ratio was 1:100 in all the case.

Peptide  Concentra- Lipid composition Ksv (M)

1/Ksy (M)

Percentage of

tion quenching
Aqgueous buffer 104+0.2 0.10 100.0
CND PC-100% 29+01 0.34 28.4
PC/PG (70:30) 25101 0.41 23.6
E.coli total extract 16+0.2 0.63 154
Aqueous buffer 10.2+0.3 0.01 100.0
PC-100% 3.3+£0.2 0.30 32.6
KS-CND PC/PG (70:30) 20+0.1 0.50 22.1
E.coli total extract 1.0+£0.1 1.00 12.8
Aqgueous buffer 108+0.4 0.09 100.0
PC-100% 40+0.2 0.25 42.4
KH-CND PC/PG (70:30) 23+01 0.43 24.1
E.coli total extract 14+0.1 0.71 12.6
Aqueous buffer 123+0.2 0.10 100.0
PC-100% 15+0.1 0.68 14.8
KHS-CND PC/PG (70:30) 2.1+0.1 0.48 17.9
E.coli total extract 14+0.1 0.71 14.8
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5.3.4 Calcein leakage studies

The calcein efflux from loaded-LUVs was used to assess the membrane
permeabilization ability of CND mutants. Figure 5.7 reports the fluorescence
profile of the calcein release from 25 uM of LUVs, made of 100% PC and a
mixture of PC/PG (70:30 molar ratio) lipids after increasing addition of peptide.
The percentage of calcein release was calculated using equation 4.4 and the val-
ues are reported in Table 5.4. The calcein efflux profiles were also analyzed us-
ing a method developed by Tatulian and coworkers [123] that allows the calcu-
lation of the kinetics parameters (Table 5.5). The data shows that all the CND
mutants have the capability to interact and disrupt different model membranes,
causing the release of dye. However, all the mutants, compared to wild-type
CND, were able to induce calcein release from tested LUVs in a more effective
manner, especially with negatively charged membranes. In fact, higher relative
leakage capabilities were recorded with PC/PG (70:30) LUVs, at low pep-
tid/lipid molar ratio for all mutants. These results give a further confirms of the
importance of the presence of both negatively charge phospholipid on the mem-
brane surface and the positive charged amino acid in the peptide sequence. The
presence of charged lipids also influences the kinetics of calcein release. Usual-
ly, the Kinetic parameters of calcein efflux recorded for PC/PG LUVs are indic-

ative of a process that occurs faster than when performed in PC-100% LUVs.
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Figure 5.7. CND mutants cause efficient calcein release from vesicles. Kinetics of
calcein release from 25 uM PC-100% (A-C-E) and PC/PG (70:30) (B-D-F) LUVs, up-
on the addition of increasing amount of mutants. The LUVs were loaded with 30 mM
of calcein. All the experiments were performed at 25 °C. Each curve is normalized by
Triton-X.
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TABLE 5.4Relative leakage capabilities of CND and its mutant in presence of LUVs of
different lipid composition and at different peptide/lipid molar ratio.

Peptide/lipid PC-100% PC/PG (70;30)

(molar  ra-

tio) CND KS-CND (*:(,:TD EESD CND KS-CND  KH-CND 'éESD
1/12.5 99.4 99.5 99.9 99.6 99.5 99.99 100.0 98.1
1/25 63.0 99.1 95.5 96.2 95.2 94.1 99.3 90.8
1/50 23.0 97.6 86.2 86.1 85.6 37.2 63.9 28.6
1/100 16.7 88.8 63.0 76.1 50.7 16.0 23.0
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TABLE 5.5 Kinetic parameters for calcein release from 25 uM LUVs of different
lipid composition upon addition of increasing amount of CND mutants. The param-
eters derived from the data fitting showed in figure 5.7.

KS-CND

[p] Feq ai az k1 (5'1) ko (5'1)
(uM) PC PC/PG PC PC/PG PC PC/PG PC PC/PG PC PC/PG
0.10 0414 0.161 0.165 0.099 0.151 0.024 0.00107 0.00039 0.0064 0.0321
0.25 0.931 0.125 0.667 0.046 0.081 0.010 0.00160 0.00261 0.0018 0.0195
050 0976 0506 0.281 0154 0.285 0.125 0.00820 0.00160 0.0367 0.0124
1.00 0.995 0961 0.437 0388 0.023 0.146 0.02223 0.00604 0.0223 0.1510
KH-CND

[P] Feq a az ki (s1) k (s1)
(uM) PC PCIPG PC PCPG PC PCIPG PC  PCPG PC PCIPG
0.10 0.495 0.246 0.223 0.124 0.192 0.037 0.00106 0.00071 0.0061 0.0053
0.25 0.860 0.318 0.245 0.124 0.409 0.071 0.00228 0.00078 0.0113 0.0057
050 0.991 0.867 0.176 0.212 0.151 0.393 0.02369 0.00242 0.0892 0.0160
1.00 0914 0993 0.370 0.170 0.390 0.556 0.00385 0.01200 0.0305 0.0571
KHS-CND

[P] Feq a az ki (s1) ko (s1)
(uM) PC PCIPG PC PCPG PC PCIPG PC  PCPG PC PCIPG
0.10 0.578 0.221 0.178 0.00074 0.0092

0.25 0.667 0.309 0.238 0.180 0.221 0.072 0.00056 0.00096 0.0086 0.0094
050 0.820 0.915 0.283 0.190 0.241 0.362 0.00140 0.00457 0.0133 0.0308
1.00 0962 0995 0350 0.699 0.368 0.208 0.00204 0.00783 0.0182 0.1041
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5.4 Discussion and conclusion

In the last few decades, the extensive use of antibiotics has caused the in-
crease of pathogenic resistance against conventional antibiotics [23]. Currently
research is focused on the discovery or development of new chemical or natural
agents that can act as antibiotics substitutes. AMPs are a principal candidate for
new anti-microbial discovery [156]. AMPs are a component of the innate im-
mune system of eukaryotic organisms and also produced by fungi and bacteria,
as a protection against pathogen infections [23, 29]. In eukaryotic organisms,
different AMPs are produced, stored inside the secondary granules of granulo-
cyte and macrophage cells, and released when a bacterial infection is present
[157]. In this way, a localized release of different AMPs, that work synergically
to kill the bacterial pathogen, act as modulators of the innate immune system re-
sponse [44]. In most instances, natural AMPs do not appear to be highly opti-
mized for direct antimicrobial activity [158], even if neutrophils, monocytes and
macrophages of various mammalian species contain among the most potent an-
timicrobial peptides known (defensins) [159, 160]. This lack of activity and
specificity of natural AMPs may be overcome by designing new antimicrobial
peptides with enhanced activity and interaction against pathogens. Three differ-
ent approaches have been used to design AMP mutants. The traditional ap-
proach consists of designing of mutant sequences using a natural AMP se-
quence as a template. Usually the mutations are designed to increase the posi-

tive charge and the hydrophobicity of the new sequence. This approach is based
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on experimental evidence that the presence of positively charged and hydropho-
bic amino acids is an essential characteristic that nearly every natural AMP
shows. Alternately, the mutant can be designed taking in consideration previous
studies of molecular modeling based on free energy perturbations, molecular
dynamic simulations, and thermodynamic calculations of the interaction of the
AMPs with lipid bilayers. Unfortunately, this method is limited because of vari-
ation in computational models (ref). In the last few years, another approach,
based on virtual screen studies, was also use to create de novo AMP sequences.
This method relies on the use of informatics and mathematic algorithms to es-
timate or predict the desired biological activity from the primary amino acid se-
quence alone. This is a useful alternative to the traditional method that requires,
sometime, exhaustive synthesis and testing of the mutants [156].

In the immune system of the gills of the Antarctic teleost Chionodraco
hamatus, an antimicrobial peptide called Chionodracine was isolated (ref Buo-
nocore). Preliminary characterization showed that the peptide belongs to the
piscidin family of AMPs (Figure 4.1). This antimicrobial peptide was active
against non-pathological strains of human bacterial pathogens. Further investi-
gations, performed using fluorescence and NMR spectroscopy, pointed out the
ability of the peptide to interact and disrupt the integrity of biological and syn-
thetic negatively charged membrane. These studies qualified CND as a promis-
ing AMP. Using the traditional approach of mutant design, three different pep-
tides were designed to improve the membrane interaction and perturbation abil-

ity of wild-type CND (Table 5.1). Several mutations were inserted in the prima-
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ry sequence to obtain three distinct mutants in which, both the net positive
charge and the hydrophobicity were increased (KS-CND and KHS-CND), or
only the net positive charge was increased (KH-CND). Characterization of an-
timicrobial activity of CND mutants was achieved using antimicrobial activity
assays (data not reported) and steady-state fluorescence spectroscopy. In partic-
ular, CND mutants demonstrated the ability to permeabilize the outer membrane
of bacterial cells (E. coli), causing the relocation of ANS, a fluorescence dye,
from the external environment to the periplasmic space. As observed for WT-
CND, the perturbation effects performed by the mutants were detectable even at
low peptide concentration (Figure 5.2). However, the permeabilization process
occurs faster for the mutants, suggesting that the increased positive charge helps
peptide/lipid interaction (Figure 5.2-D). Calcein release from loaded-LUVs of
different lipid composition was used to further investigate the permeabilization
ability. These studies showed that CND mutants were able to induce calcein re-
lease from tested LUVSs, but they were more effective against negatively
charged LUVs (even at low peptide/lipid molar ratio) (Figure 5.7; Table 5.4).
The kinetic parameters derived from the experimental curves (Table 5.5) re-
vealed that the calcein release from the PC/PG (negatively charged) vesicles oc-
curred faster than with the PC-100% LUVs (neutral). Furthermore, the mutants
induced more rapid calcein release from tested LUVs as compared to WT-CND.
Evidence that increased net positive charge improves the perturbation and bind-
ing ability of CND was also confirmed by fluorescence partition studies, which

was used to investigate the interaction between the mutants and synthetic phos-
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pholipid bilayer that mimicked the lipid composition of eukaryotic (PC-100%)
and prokaryotic (PC/PG and E.coli total lipid extract) membranes (Figure 5.3).
The mutants, as showed also for wild-type, interacted strongly with LUVs that
contained negatively charge phospholipids (Figure 5.4). In presence of phos-
pholipid bilayers, the mutant peptides strongly partitioned onto the membrane
surface. In this process of membrane association, the N-terminal region of CND
(where the intrinsic fluorescence probe is located, Trp-1) is deeply involved
with the interaction with phospholipids. The experiments of Trp fluorescence
quenching performed on the mutants, using iodide (I") as a quencher, showed
that, in presence LUVs, the Trp residue of all the peptides are not easily inac-
cessible to I (Ksv value is almost equal to 1) (Figure 5-6; Table 5.3) in the
presence of phospholipid bilayers. The important role of the N-terminus of
CND sequence was previously demonstrated both with quenching experiment
and solving the NMR structure of the wild-type peptide. The data obtained for
CND mutants confirmed that this portion is deeply involved in the peptide/lipid
interaction.

All the studies performed on CND mutants demonstrated that the mutations
have not only increased the antimicrobial properties of the peptides, but also
their ability to interact with phospholipid bilayer. We have demonstrated that ra-
tional design of existing AMP constructs by modifying the net positive charge
and moment of hydrophobicity we can engineer improved activity. Future stud-
ies of CND will probe what the limits of chemical biological engineering of the

sequence can yield in terms of anti-microbial activity. We anticipate that a mix-
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ture of optimal charge and hydrophobicity, combined with techniques to pro-
mote the a-helical conformation which interacts with the membrane, will yield

a template that will eventually be clinically relevant.
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Chapter 6

Conformational landscape of protein ki-
nase A inhibitor PKI studied by NMR
Spectroscopy

The cAMP-dependent protein kinase A (CAPK or PKA) is a ubiquitous
phosphoryl transferase that participates in numerous cellular signaling pathway
[161-165]. Inside the cell, the activity and localization of PKA-C are finely reg-
ulated by endogenous inhibitor proteins, such as the regulatory subunits (R) and
the heat-stable protein kinase A inhibitor (PKI) [26, 161, 166, 167]. Both these
proteins are structurally very dynamic with major regions of disorder, globular
domains and/or well-defined secondary structures (Figure 3.6). While R subu-
nits are primarily responsible for regulation and localization of PKA-C in cyto-
plasm through interaction with A kinase anchoring protein (AKAPS) [26, 168],
PKI plays a key role in the nuclear regulation and cytoplasmic translocation of
the enzyme [169-172]. Even if R subunit and PKI share some features, like the
high affinity inhibitory sequence for PKA-C, they are functionally different and
non-redundant.

PKI is a fully unfolded polypeptide and, like other IDPs, does not assume a
well-defined 3D structure in solution [173]. Two distinct functional elements
can be identified in the PKI sequence: the PKA-C pseudo-substrate recognition

sequence (PSS) at the N-terminus (residues 15-22); and a leucine-rich nuclear
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export sequence (NES) (residue 37-46) (Figure 6.1). The first is responsible for
its inhibitory activity, while the NES mediate the translocation of PKI:PKA-C
complex from the nucleus to the cytoplasm, through CRM1-Ran/RasGTPase
nuclear export complex [171, 174]. There are several X-ray structures of the
PKA holoenzyme, that have elucidated the interaction between R and C subu-
nits [175-177], but there is no structural model of the interaction between PKA-
C and the full-length of PKI. Numerous studies, which have investigated both
the both the kinetics and structural rearrangements of PKA-C upon binding to
PKI, have used the truncated forms of PKI [26, 178], such as PKls.4 [179] or
PKls5.22[180]. These “short-forms” contain the PSS sequence so they can still
bind and inhibit PKA-C, but with similar affinity with the full length protein
[181-183]. Hauer and coworkers have analyzed the structure of full-length PKI
using 2D NMR spectroscopy [173]. According to this work, PKI contains two
regions characteristic of a-helices. The first ordered region is localized within
residues 1-13, at the N-terminus and the second well-defined secondary struc-
ture extends between residues 35 to 47, and overlaps with the NES. The re-
mainder of the protein appears relatively unstructured in solution [173]. The au-
thors reported to have encountered several problems toward full structure de-
termination, such as several overlapping of proton resonances and lack of medi-
um- and long- range NOEs [114, 116, 184]. This was partially compensated by
solving the 3D structure of the two functionally separate PKI fragments [173].
To understand the molecular mechanism underlying recognition of PKA-C

by PKI, we characterized the change in the conformational landscape of PKla
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[178, 185-187] upon binding PKA-C (Apo to PKA-C bound). These studies
were carried out using solution NMR spectroscopy, the only structural tech-
nique to provide atomic resolution detail on IDPs. Chemical shift analysis and
nuclear spin relaxation experiments on PKI alone demonstrate that PKI has
minimal secondary structural elements with only two transient helices, at the N-
terminus and in the NES region, as previously reported by Haeur et al. [173].
Paramagnetic relaxation enhancement (PRE) experiments shows that PKI is not
fully disordered in solution, but has transient intramolecular interaction between
the C- and N-terminus. When a ternary complex between PKA-C, PKI and a
non-hydrolysable ATP mimic (ATPyN) is formed, only the portion of the pep-
tide that directly interacts with the PKA-C undergoes significant structural rear-
rangement, while the majority of the peptide is still unfolded. However chemi-
cal shift analysis and nuclear spin relaxation studies indicate that binding to
PKA-C confers allosteric changes toward the NES region, suggestive of an in-
creased propensity of a-helical character. These studies elucidate the structural
and allosteric basis of full-length PKI, but also represent the basis for further
investigation on the structural role of the PKA-C:PKI interaction with respect

toward regulation and nuclear export.
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Nuclear Export Sequence

......................

______________________

Figure 6.1. Simulated structure of the full-length PKI bound to PKA-C. Full-
length PKI sequence is docked in the structure of PKA-C (PDB-1ATP). In the two
boxes are reported the crystal of truncated PKI peptides bound to CRM1 (top, PDB-
3GJX) PDB ant to PKA-C (bottom, PDB-1ATP), respectively.
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6.1 Materials and methods

6.1.1 Sample preparation

6.1.1.1 Expression and purification of recombinant PKA-C

Recombinant catalytic subunit of PKA-C was expressed in E. coli BL21
(DEDJ) cells as previously described by Masterson et al. [188, 189] at 24°C in
M9 minimal medium. The purification was performed using the His6-
RIla(R213K) subunit as described previously[190]. A subsequent second purifi-
cation step was performed using a HiTrap SP cation exchange column to sepa-
rate out the three isoforms of PKA-C that differ in their phosphorylation pro-
files[191]. A linear gradient from 0 to 1 M KCI was used to separate out the
PKA-C isoforms. After the purification, a final concentration of 10 mM DTT,
10 mM MgCl2, and 1.0 mM NaNs3 was added to the solution containing the pro-
tein and stored at 4 °C. Expression of PKA-C was performed using shaker
flasks, with the exception of 2H labeled protein, where a bench fermenter (2.0
L) was used. The most abundant isoform of PKA-C, corresponding to phos-
phorylation at S338, T197, and S10 residues (isoform II) [181], was used for all
experiments. The purity was assessed using SDS-PAGE electrophoresis and the
final purity was >97%. The kinase activity was tested with a gel-shift assay
from Promega (Fitchburg, Wisconsin) and quantified using Azso = 52,060 M-!

cm-1.
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6.1.1.2 Expression and purification of recombinant PKla

Recombinant full-length PKIa (PKI) was expressed in E. coli BL21 (DE3)
cells at 30 °C and the purification was performed as previously reported [192].
The E. coli cells were re-suspended in lysis buffer (20 mM MOPS at pH 7.0)
and the cells were disrupted using French press. The cellular suspension was
then centrifuged at 20000 rpm for 30 min. The supernatant was heated for 5
minutes at 95 °C and centrifuged at 20000 rpm for 30 min. The resultant super-
natant was dialyzed overnight in 20 mM TrisHCI at pH 7.0. A second purifica-
tion step was performed using a HiTrap Q HP anionic exchange column using a
linear gradient from 0 to 1M of NaCl in 20 mM TrisHCI (at pH 7.0). The final
purification was performed using C18 Vydac HPLC column. The purified pep-
tide was concentrated, lyophilized, and stored at room temperature under a des-
iccator. Uniformly labed *°N, 15/13C and 2H/*3C/**N PKI was expressed in M9
media and purified identically. The final product was accessed using SDS-
PAGE with a final purity of >97%. The molecular weight and the quantity of
the peptide were verified by amino acid analysis (Protein chemistry laboratory
at Texas A&M University, TX, USA). All cysteine mutants of PKla (V3C,
S28C, and S59C) were produced using the QuikChange Site-Directed Mutagen-
esis Kit (Agilent Technologies) and purified identically to that of the wild-type

PKla.
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6.1.2 NMR experiments

6.1.2.1 Sample preparation

Samples for the free form of PKla were performed using uniformly *N and
I5N/BC labeled protein expressed in M9 media. The final concentration of sam-
ples for NMR experiments was 0.5-0.8 mM in 20 mM KH2POs, 90 mM KClI, 10
mM DTT, 10 mM MgCl,, 1 mM NaNs at pH 6.5. Samples for the assignment of
the PKla in complex with PKA-C were performed using uniformly 2H/**C/**N
labeled PKlo and uniformly 2H/*>N PKA-C. The ternary complex between PKI
and PKA-C was formed in 20 mM KH2PO4, 90 mM KCI, 12 mM of ATPyN (in
the specific case AMP-PNP), 10 mM DTT, 10 mM MgCl,, 1 mM NaNs at pH
6.5. A molar ratio of 1:1.2 (PKI:PKA-C) to saturate the complex with a concen-
tration of 0.25 mM of PKla. All experiments were performed at 27°C.

6.1.2.2 Assignment of PKla free

The NMR spectra were acquired on a Varian Inova 600 MHz spectrometer
equipped with a HCN Cold Probe. Backbone resonance assignment of PKI in
free and bound form to PKA-C was performed using standard triple-resonance
3D NMR experiments [193, 194]. The *H->N HSQC [131] experiments were
acquired with 16 scans, 2048 (proton) and 100 (nitrogen) complex points, be-
fore and after each triple-resonance experiments. The HNCACB [195] and
CBCA(CO)NH [195] experiments were collected with 64 scans, 1643 (proton),
108 (nitrogen), and 128 (carbon) complex points. The HNCO [194, 196] exper-

iments was acquired with 32 scans, 2048 (proton), 80 (nitrogen), and 108 (car-
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bon) complex points. Standard *°N edited TOCSY-HSQC and NOESY-HSQC
[197] experiments were acquired with 64 scans, 2048 (proton) and 240 (nitro-
gen) complex points. The CC(CO)NH-TOCSY [198] experiment was recorded
with 2048 (proton), 60 (nitrogen), and 160 (carbon) complex points, with 32
scans on a Bruker 700 MHz Advance |1l spectrometer equipped with a 1.7 mm
TCI MicroCryoProbe. All data was processed using NMRPipe [42], and visual-
ized using Sparky [43].

6.1.2.3 Assignment of PKIa bound to PKA-C

All experiments for the backbone assignment of the PKI:PKA-C:AMP-
PNP complex were performed on a Bruker Advance Il 850 MHz spectrometer
with a TCI cyro-probe. The spectra assignment for the ternary complex between
PKI:PKA-C:AMP-PNP were used the reported experiments. The TROSY -based
[199, 200] HNCA and HN(CO)CA [193] experiments were collected with a
minimum of 32 scans, 2048 (proton), 64 (nitrogen), and 128 (carbon) complex
points. The TROSY-based HNCACB experiment was collected with 32 scans,
2048 (proton), 70 (nitrogen) and 100 (carbon) complex points were performed
to measure the 3Co and *Cp correlations. The HNCO experiments was ac-
quired with a minimum of 16 scans, 2048 (proton), 60 (nitrogen), and 80 (car-
bon) complex points. Before and after each triple resonance experiments a H-
N CLEAN-TROSY [201]-HSQC spectrum was acquired with 2048 (proton)
and a minimum of 128 (nitrogen) complex points. All data was processed using
NMRPipe [133], and visualized using Sparky [134].

6.1.2.4 Chemical shift analysis
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The Chemical Shift Index (CSI) for Ca, CB, C’ and Ha, were calculated
with respect to the reference calculated by Schwarzinger et al. [202, 203] and
plotted using the GraphPad Prism 6 software package (GraphPad Software
Inc.). The combined Chemical Shift Perturbation (CSP) plot [204] was calculat-
ed using amide *H (HN) and ®N chemical shifts according the following equa-

tion:

A5 =3/A5%, +0.154°A57 [6.1]
Where 46 is the compounded chemical shift perturbation Adun is the chemical
shift perturbation of the proton and 4o is the perturbation of the nitrogen chem-
ical shift.
6.1.2.5 NMR relaxation experiments
The heteronuclear [*H-N] NOE spectra were acquired using standard
pulse sequences [205] on a Bruker Advance Ill spectrometer operating at 900
and 850 MHz equipped with TCI cryoprobes at 27 °C. Experiments on the free
form of PKla was performed using a 0.2 mM sample of uniformly °N labeled
PKA-C and experiments of PKla in a ternary complex with PKA-C and AMP-
PNP were made with 0.25 mM of uniformly 2H/*°N labeled PKla and 0.35 mM
of uniformly ?H labeled PKA-C. All samples were prepared in aqueous buffer
consisting of 20 MM KH2PO4, 90 mM KCI, 10 mM MgCl,, 10 mM DTT, 1 mM
NaNsz at pH 6.5. Experiments with PKA-C apo form were carried out in the
presence of 12 mM of AMP-PNP. The heteronuclear NOE values were calcu-

lated from the ratio of the peak intensities with and without proton saturation.
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The errors were estimated by evaluating the standard deviation of the NOE val-

2 2
Onoe _ ol + Ol st [6.2]
NOE I sat I unsat

where olsat and olunsat is the root mean square noise of the spectra and lsat and

ues (onoE):

lunsat are the intensities of the resonance with and without proton saturation
[205].

6.1.2.6 Paramagnetic relaxation enhancement

Approximately 0.60 mg of the uniformly ®N labeled cysteine mutant of
PKla (V3C, S59C, S28C) was initially dissolved in a buffer containing 20 mM
KH2PO4, 90 mM KCI, 10 mM MgCl,, 1 mM NaN3z at pH 7.5. A tenfold excess
of  S-(1-oxyl-2,2,55-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl me-
thanesulfonothioate (MTSL) was added to the solution. The samples were incu-
bated for 1.5 hours and protected from light at 4°C. After the reaction the excess
MTSL was then removed by dia-filtration. The extent of labeling was assessed
by ESI TOF mass spectrometry (Mass Spectrometry Laboratory, University of
Minnesota: Department of Chemistry) and was found to be >99%.

The 'H PRE-T; relaxation measurements were carried out using the pulse
sequence by Ilwahara et al.[206] on a Bruker Advance 700 MHz spectrometer at
27°C. All experiments were performed using 160 scans with 2048 (proton) and
128 (nitrogen) complex points. A two time point measurement was performed

using a relaxation duration of 4 and 14 ms in an interleaved fashion. The spin
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label was subsequently reduced by the addition of 10-fold excess of ascorbic ac-
id, and then the experiment was repeated identically. The *H PRE-T"> were cal-

culated using the equation[206]:

1 In Idia(Tb)I para(Ta)

I =
? Tb - Ta Idia (Ta)l pata(Tb)

[6.3]

where I is the PRE relaxation rate, the time points are Ta and To, lpara IS the
corresponding intensity with a spin label and lgia is the corresponding intensity

with a reduced spin label:

)=t (o) o) o ol

where adia and opara are the root mean square noise of the respective spectra.
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6.2 Results

6.2.1 Assignment and secondary structure of PKla

To determine the structure and spectral properties of PKa, we obtained the
'H-15N HSQC spectra of this protein in solution. Each resonance on a *H-*N
HSQC represents the chemical environment of each amino acid in the protein.
As a result the H-®N HSQC pattern is often called the “fingerprint” of the
protein, indicating the structure and dynamic state of the system. Figure 6.2
reports the HSQC spetrum of uniformly 2H/**C/*N labeled PKla alone (Figure
6.2-A). As for the majority of IDPs [96, 115, 207], the HSQC spectrum of PKla.
does not show a good dispersion of the resonances in the *H dimension, sug-
gesting that the peptide lacks a tertiary structure in solution. Standard triple res-
onance experiments were used to assign the backbone amides of PKA-C and a
total of 74 out of 75 residues.

The secondary structure propensity of the backbone was performed using
the CSI (*3Ca, 3CB, 3CO, and *Ha). The the CSI calculated for the PKla alone
is reported in Figure 6.3-A, showing regions of the peptide with a distinct
propensity to form a-helical secondary structures. The first helix is localized at
the N-terminus, just prior to the PSS sequence (residue 3-12), while the second
helix includes the NES. The existence of these helices is supported by steady-
state NOE experiments (Figure 6.3-B). The increase in the steady-state NOE
values are indicative of the CSI trends, suggesting that other than the two

helices, the protein remains unstructured. As reported by the Hauer et al.[173],
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it was not possible to identify medium- and long-range NOEs in the NOESY-
HSQC spectrum, indicating that the two a-helical secondary structures exist as

nascent helices.
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Figure 6.2. 'H-N HSQC spectrum of of PKIa. (A) 'H-°N HSQC spectrum
showing the assigments of the resonance peaks for PKla in solution. (B)
Selected 'H-'3C planes from the 3D HNCACB (red and green) and 3D-
CBCA(CO)NH (red) spectra taken at different nitrogen frequencies.
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Figure 6.3. Chemical shift and HX-NOE for PKIa. Top: primary sequence of PKla,
where are highlighted in red the PSS residues and in blue the NES residues, respective-
ly. (A) Graph of the ASCa-AdCP calculated for each residue of PKla. Positive values
of CSI are indicative of a-helical secondary structure. (B) HX-NOE values obtained
from each residues of PKlIa sequence. In the box is enlarge the region between -0.5 and
1. Values of HX-NOE lower than 0.6 are indicative of highly dynamic (in the ps-ns
time scale) residues.
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6.2.2 Assignment and secondary structure of PKla
bound PKA-C

To access the change in structure of PKla upon binding to PKA-C, we ob-
served the change in the *H-°N HSQC of PKla.. Figure 6.4 reports the H-°N
HSQC spectrum of uniformly 2H/**C/**N labeled PKlo bound to the catalytic
subunit of PKA (Figure 6.4-A). The majority of the resonances in the *H di-
mension show poor spectral dispersion. This indicated that even upon binding
with PKA-C, PKla itself does not undergo dramatic structural rearrangements,
but remains mostly unfolded. However several resonances did experience large
chemical shift changes (Figure 6.5-A) from the binding interaction. To identify
which residues underwent significant changes, we performed triple resonance
experiments on PKla bound to PKA-C and 74 out of the total 75 amino acids
were assigned (Figure 6.4-B).

From the CSP obtained by comparing the free and bound state of PKla
(Figure 6.6), we observed that some residues show a higher chemical shift
variations. The most perturbed resonances are located in the PSS sequence,
which is consistent with structural model of PKI interaction with PKA-C [6].
The large change of the resonance chemical shifts of these residues is probably
due to electrostatic interactions with the amino acids of the active site of PKA-
C. We also observed that the residues in the NES experience a shift of their
resonances, albeit too a lesser degree. To establish possible allosteric change

that may propagate to the NES, we analyzed the CSI and steady-state NOE
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values of PKla bound to PKA-C (Figure 5). In general the CSI values and the
steady-state NOE of the NES were higher when bound to PKA-C, as compared
to those in the free form of PKla. This implies that binding of PKA-C increases
the helical propensity of the NES, and possibly primes the complex for export

by CRML.

A

103

£}

1104

1154

N Chemical shift {(ppm)

'TT Chemical shift (ppm)

B HNCA

Ti6 (9% Rl Rly N2 a2l D2

ical Shift (ppm)
1

C Chemi

[ (R

i W ew en o m

T TR e
'TI Chemical Shift (ppm)

Figure 6.4. Mapping the interactions between PKlIe and PKA-C. (A) *H-N
HSQC spectrum with reported the assigment of the resonance peaks. (B)
Selected *H-13C planes of overlaid 3D HNCA taken at the nitrogen frequencies
of indicate backbone amide resonances, for the PSS residues.
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for each amino acids.
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6.2.3 Transient tertiary structure of PKla

'H PRE-T"; experiments were performed by conjugating a nitroxide spin la-
bel (i.e., MTSL) using three different PKlo mutants, V3C, S28C and S59C, ob-
tained by site-direct mutagenesis. The location of the mutations was chosen
based the success of labeling from previous studies [208], which mapped the
conformational changes of the overall PKla structure using fluorescence probes.
The interaction between a paramagnetic probe with an unpaired electron, like
MTSL, with nearby protons (less than ~25 A) causes a broadening of the NMR
signals due to the increase of the I'> relaxation (transverse relaxation) rate from
dipolar coupling with the unpaired electron [206, 209-211]. Because of the
strong interaction from the paramagnetic probe, both in distance and magnitude
of relaxation, the presence of lowly populated conformational states can be de-
tected by paramagnetic relaxation enhancement (PRE) at each nuclei. To ob-
serve these changes we measured both the peak intensity ratio in the presence of
the active (I or lpara) and the inactive (lo or lgia) Spin label and directly measured
the T'> relaxation rate [206, 209-211].

Figure 6.7 reports the PRE *HN-T; rates calculated for the three PKI mu-
tants, while figure 6.8 shows the PRE effect as a function 1/lo,the ratio of the
signal intensities for the resonances at paramagnetic (I) and diamagnetic (lo)
conditions. [212]. The presence of MTSL has a different effect on PKlo de-
pending on its localization on the sequence. If PKla was entirely disordered,

then the PRE effect would be only localized along the primary sequence. How-
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ever, that is not observed. When the spin label is localized at the N-terminus,
(V3C) PRE effects are recorded in the linker region between the PSS and NES,
but the resonances along the C-terminus are not affected. With S28C, when the
probe is positioned in the linker region between the PPS and NES, strong PRE
effects are observed both before and after the MTSL position, with some effect
on the C-terminal region. When the probe is positioned in the unstructured C-
terminus of PKla, the majority of the residues (~ 75%) are effected by the pres-
ence of the spin label, with the exception of a few amino acids at the N-
terminus. Our results demonstrate the presence of transient tertiary interaction
in the structure of PKla in absence of PKA-C. Based on the pattern of the PRE
relaxation rates, these interactions involve almost the entire peptide. Further
measurements and calculations will be used to construct a model of the transient

structural interactions and compared to the PKA-C bound state of PKla.
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Figure 6.8. Intramolecular paramagnetic relaxation enhancement of PKI mutants, free in
solution. Plots of intensity ratios for the observed for (A) V3C, (B) S28C, and (C) S59C PKI
mutant spin labeled with MTSL.
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6.3 Discussion and conclusion

PKI, together with R subunits, are the endogenous regulator of the activity
and localization of the catalytic subunit of PKA [26, 161, 166, 167]. Due to the
central role in cellular signaling played by PKA-C [161-165], these two proteins
have been widely studied [26, 178]. Although the biological role of PKI is well-
known [25, 213-215], the molecular mechanism underlying PKA-C:PKI recog-
nition is still under debate.

In this section, we characterized the change in the conformational land-
scape that full-length PKlo undergoes upon binding to PKA-C (Apo to PKA-C
bound). These studies were carried out by NMR spectroscopy, one of the most
powerful techniques in the characterization of IDPs [114-116, 184, 207]. We as-
signed the NMR spectra of full-length PKla free in solution and bound to PKA-
C, which allowed us to calculate the chemical shift index (CSI) and the chemi-
cal shift perturbation (CSP), according to equation 6.1 [204].

We found that PKla alone has minimal secondary structural elements with
only two transient helices, localized in the N-terminus (residue 3-12), just be-
fore the PSS sequence, and in the NES region (residues 35-44 respectively). In
the H-1°>N-NOESY experiment, it was not possible assign any medium- and
long-range NOEs (data not showed), even in the peptide portions where the CSI
suggested to be helical. The highly dynamic peptide and combined with the

transient state of these portions, can explain the lack of NOEs observed. The ob-
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tained results are in agreement with that reported by Hauer et al., who have
studied the full-length PKI alone through NMR spectroscopy [173],

When PKI was free in solution, we observed a propensity of the amino
acids from residue 3 to residue 12 to be in a transient a-helix conformation.
Walsh et al. identified this portion of PKI to be extremly important in the
binding/anchoring to catalytic subunit and in the corect positioning of PSS
inside of the catalytic site cleft of the enzyme [216-218]. Hauer et al. identified
in the same portion a well-structured a-helix [173], while our data (both CSI
values and the absence of medium- and long-range NOES), indicates the
presence of weak secondary stucture interactions. This discepancy is most likely
due to the different approches used to analyze the PKla. In Hauer’s studies, the
NMR structural characterization of the two ordered regions of PKla where
solved using truncated peptides, while we used the peptide full-length. More
importantly, we used a new generation of NMR spectrometers, and higher
eletromagnetic fields.

The second helix identified by Hauer et al., (residue 35-44) contains nu-
merous hydrophobic residues that are essential for the binding with CRM1
[171, 174]. Even in this case, our data suggest that the region is not folded, yet
still presents a secondary structure propensity.

When PKla is bound to PKA-C, in presence of AMP-PNP, only the
portions that direcltly interact with the kinase undergoe significant structural
rearragments, while the majority of the peptide is still unfolded. These portions

are localized mainly at the N-terminus, where the transient a-helix present in
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PKla alone, become structurated, and play an importat role in the binding and
correct posizione of PSS sequence in the binding site cleft of the kinase [6, 173,
180]. The resonances associated with the amino acid of PPS showed the highest
CSP due to the electrostatic interactions made with the amino acids of the active
site of PKA-C [207, 219]. Some changes are also observed in the linker region
between PSS and NES. This region is still unstructured, but the presence of the
kinase forces some degree of local rearrangement.

Interestingly, when PKlIa is bound to PKA-C, the NES region undergoes a
structural rearrangement, showing a higher secondary structure content. This
portion is rich in hydrophobic residues (Leu 37, Leu 41, Leu 44) that have been
demonstrated to be essential for high affinity binding to the nuclear export re-
ceptor RanGTP-CRM1 [220]. Guttler and coworkers solved the crystal structure
of truncated-PKI containing the NES sequence in complex with RanGTP-
CRM1 (Figure 6.1). They found that the NES-peptide, bond to the receptor, as-
sumes a well-defined a-helical conformation with the ® side chain of the Leu
residues organized in a docking fashion to the binding pocket of CRM1. These
authors also highlighted that the CRM1 binding pocket is a relatively rigid do-
main that is hypothesized to have NES sequences that must possess some plas-
ticity to be able to bind the protein [220]. We observed that the NES portion has
a higher propensity to fold in a-helix structure, when PKI is bound to PKA-C,
even if it is far away from the portion that directly interacts with the kinase.
This portion is still dynamic, due to the fact that it needs to interact with the rig-

id binding pocket of CRML1 to assume a well-defined secondary structure.
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To better characterize the behavior of full-length PKI in absence of PKA-C,
we decided to measure the PRE effects of MTSL, when it is positioned in three
different points along PKla sequence. The three mutants were affected in dif-
ferent ways by the spin label. These results demonstrated the presence of transi-
ently tertiary interactions in the structure of PKla in the absence of PKA-C.
These interactions involve almost all of the peptide, but to a lesser extent at the
N-terminus region. We characterized the full-length PKlo both free from and
bound to PKA-C using NMR spectroscopy. We found that the free form of the
peptide is mostly disordered with residual structure at the N-terminus and NES.
Upon binding of PKA-C, the portion of PKlo that undergoes significant
conformational changes were observed by NMR: the N-terminus, PSS and NES
sequences, while the linker regions remains unstructured. We observed that
binding to the catalytic subunit induces allosteric rearrangement of PKla that
propagates along the sequence. The binding with the enzyme stabilized by the
N-terminus of PKla [173, 214, 221] not only orients the correct position of PSS
inside the active site of PKA-C, but it also induces allosteric changes in the
NES as mapped by CSP. The increase in the HX-NOE and the CSI values of the
NES, upon binding toward PKA-C, suggests this allosteric change may be due
to a higher propensity for a-helical character of the NES. Paramagnetic relaxa-
tion enhancement (PRE) experiments showed that PKla is not fully disordered
in solution, but has transient tertiary intramolecular interaction between the C-

and N-terminus. More studies need to be done to better understand how the con-
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formational change in the structure of PKI are able to regulate the activity of

PKA-C inside the cell.
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Abstract

Intrinsically disordered proteins (IDPs) are proteins that do not fold into a
stable globular structure but are biological active. These proteins are involved in
regulation, recognition, and signaling process, where high-specificity/low af-
finity interactions with multiple partners are fundamental prerequisites. In the
last thirty years, a class of small peptides, knowns as antimicrobial peptides
(AMPs), similar to IDPs but involved in eukaryotic innate immune response
against pathogen infections, have been the subjects of several studies to under-
stand their mechanism of action and to discover and/or develop new antimicro-
bial substances, that can be used as antibiotic.

In the following PhD thesis we elucidate the structure, mechanism and
function of several peptides which are characteristic of AMPs and IDPs. In par-
ticular, we determined the structure and function of the AMP Chionodracine
(CND). We demonstrated that CND can bind to membranes of different lipid
compositions with a preference for membranes mimicking those of prokaryotic
cells. We also observed that upon the binding with phospholipid vesicles, the
peptide remains adsorbed at the lipid surface, only partially exposed to the
aqueous environment. In aqueous solution, the peptide is unfolded but under-
goes to disorder-to- order transition, upon binding with phospholipid mem-
branes. Based on the promising results obtained for CND, we designed three

different CND mutants, with increased net positive charge and hydrophobicity,
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and characterized their interaction with synthetic and natural membranes. We
characterized the mutant’s activity and function in presence of different phos-
pholipid membranes. These studies demonstrated that the mutations have in-
creased antimicrobial properties of CND. The mutants showed a stronger ability
to interact, bind and disrupt membranes of different lipid compositions that can
be directly correlated to the number of positively charged amino acids present in
the sequence.

The heat-stable Protein Kinase Inhibitor (PKI) is a fully disordered 75 ami-
no acid that regulate the activity and the intracellular localization of catalytic
subunit of cAMP-dependent protein kinase A (PKA-C). To understand the mo-
lecular mechanism underlying recognition of PKA-C by PKI, we characterized
the change in the conformational landscape that PKI undergoes upon binding to
PKA-C (Apo to PKA-C bound). These studies were carried out using NMR
spectroscopy, the only structural technique to provide atomic resolution detail
on IDPs. Using chemical shift analysis and nuclear spin relaxation experiments,
we demonstrated that PKI alone has minimal secondary structural elements with
only two transient helixes. However, paramagnetic relaxation enhancement
(PRE) experiments show that PKI is not fully disordered, but has transient ter-
tiary intramolecular interaction between the C- and N-terminus. When PKI is
bound to the kinase, in the presence of the non-hydrolysable ATP mimic, B,y-
Imidoadenosine 5'-triphosphate (ATPLIN), only the sequence that directly inter-
acts with the PKA-C undergoes significant structural rearrangement while the

majority of the peptide is still unfolded.
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Appendix

A.1. NMR Spectroscopy

Nuclear magnetic resonance is a phenomenon in which nuclei in a magnetic
field absorb and emit electromagnetic radiation in the radio frequency range.
The basic phenomenon was discovered independently by Felix Bloch and Ed-
ward M Purcell, at 1946 [222, 223]. With the development of Fourier transform
NMR spectroscopy and multi-dimensional NMR in the 1970s [224, 225], NMR
spectroscopy has been a flagship technique for structural and dynamic charac-
terization of bio-macromolecules. To understand how NMR spectroscopy al-
lows for the characterization of bio-macromolecules, a brief outline of the theo-
ry of NMR spectroscopy will be presented here.

Atoms, that are the building blocks of molecules, consist of nuclei with sur-
rounding electrons. The nucleus and the electron have four fundamental proper-
ties: mass, charge, electron/magnetic shape and spin angular momentum. The
manifestation of angular momentum from nuclear spin is the basis for nuclear
magnetism and consequently of NMR spectroscopy [219]. The nuclear spin an-
gular momentum is an intrinsically quantum mechanical property of the atom
that does not have classical analogue. It is characterized by the nuclear spin
quantum number, 1. Not all the nuclei can be observed in NMR spectroscopy

(Table A.1).
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TABLE A.1Properties of nuclei frequently used in NMR

Spin quantum Sensitivity rela- Natural abun-
Nucleus pnur?1ber I v (Ts)* tive toylH dance (%)

H 1/2 2.6752 x 108 100.0 99.99
’H 1 4.1067 x 107 0.965 0.012
= 1/2 6.7265 x 10’ 1.590 1.07

N 1/2 -2.7108 x 10’ 0.104 0.37

OF 1/2 2.6167 x 108 83.30 100.00
3ip 1/2 1.0839 x 108 6.630 100.00

The nuclear spin angular momentum, I, is a vector quantity with magnitude
given by:

| = [1-1Y2 = hlI(I + 1)]V? [A.1.1]
in which | is the nuclear spin angular moment quantum number and 7 is
Planck’s constant. Due to the commutation properties of angular momentum,
only the total angular momentum and one of the three Cartesian component of
angular momentum, the z-component, are observation. The z-component is
specified by the following equation:

I, = hm, [A.1.2]
in which m is the magnetic momentum number defined by 21+1. The orientation
of the spin angular momentum vector is quantized. Nuclei that have nonzero
spin angular momentum possess a nuclear magnetic moment, g, and the z-
component of the magnetic moment, ., defined by:

n=vi

U, = yl, = yhm, [A.1.3]
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in which v, is the gyromagnetic ratio (a constant that described the susceptibility
of a nuclei with response to a magnetic field). When a nucleus is in presence of
a static external magnetic field, B (Figure A.1.1-A), the spin states of the nu-
cleus have energies given by:

E=—-u-B, [A.1.4]
In a NMR spectrometer, the static external magnetic field is directed, by con-
vention, along the z-axis on the laboratory coordinate system (Bo). Equation
A.1.4 can be written as:

E,=u-B,=-/,B, =—ymhB, [A.1.5]
For spin % nuclei, the magnetic quantum number, m can take the value of
m=x1/2. In presence of a static magnetic field, the nuclear magnetic momentum
of the spin interacts with B,, leading to a splitting of the energy levels, known
as Zeeman splitting (Figure A.1.1-B). At equilibrium, the different energy lev-
els are not equally populated. The population of the states is directly correlated
to the nuclei and the applied magnetic field. The energy of the transition be-

tween two Zeeman levels is:
AE =-1)B, [A.1.6]

Hence, the_energy/frequency of the electromagnetic radiation required to induce

the transition from Zeeman levels is derived from A.1.6 and Plank’s law:

a):%:]fBo [A.1.7.4]
v=2 15 [A.1.7.0]
2r 2w
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Figure A.1.1. Schematic representation of a spin in presence of an external magnetic
field (Bo) (A). Zeeman levels, in absence and in presence of Bo.

For an isolated nuclei, only two nuclear spin states exist in the presence of an
external magnetic field two energy levels (separated by AE=hyByg) are obtained.
Without an external magnetic field, all the orientations of the nuclear spin angu-
lar momentum are possible. In presence of an external magnetic field, the spins
will be oriented along the direction of the external magnetic field. The distribu-
tion of the spins at thermal equilibrium is described by the Boltzmann distribu-

tion, which is given by the following:

N,

—Fr= e’%, [A.1.8]

N.

Where AE is the energy difference between lower (E.) and higher (Eg) energy
state, T is the temperature and where k is the Boltzmann constant. Since there
will be a slight excess of spins in the ground state in the presence of a magnetic

field, the bulk spins will exhibit a magnetic moment, M(t), that that processes
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around Bo with a frequency @= —Bo. This precessional frequency, known as

Larmor frequency, is given by the following equation:

@, =—1B, [A.1.9]
When a radiofrequency (rf) electromagnetic radiation is applied, the bulk mag-
netization is displaced from equilibrium. The rf electromagnetic radiation
(pulse) generate a magnetic field that perturbs the bulk M(t). Once the bulk
magnetization is applied will precess in the static field at Larmor frequency and
will generate a signal that can be detected. The NMR signal will be proportional
to the magnetization that is also dependent on the spin polarization, P. This one,
is given by the population difference between the two Zeeman levels divided by
the total number of spin.
The two most important factors that influence the outcome of NMR experiment
are sensitivity and resolution. The NMR sensitivity is defined as the signal to
noise ratio (S/N) obtained in a fixed amount of time. This value depends on

numerous parameters, but it can be summarized in the following equation:

S/N oc Ny, /7Byt [A.1.10]

where N is the number of spins, 7 is the gyromagnetic ratio of the exited spin,
yq IS the gyromagnetic ratio of the detected spin, Bo is the external magnetic
field and t is experiment acquisition time. Other factor involved in the S/N are
the related to the spectrometer components. The resolution depends on the

chemical shift dispersion and on the signal linewidths. In NRM spectrum, two
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peaks can be resolved when their difference in frequency is larger respect to

their linewidths.
A.1.1 NMR spectroscopy on the study of AMPs

Over the years, NMR techniques have been used to determine the three-
dimensional (3D) structure solution of AMPs in fluorinated organic solvents
[226-229], detergent micelles [230, 231] and isotropic bicelles [232-235]. For
short AMPs homonuclear correlational spectroscopy is adequate to provide suf-
ficient resolution for structure determination [236-238]. The typical experiments
that are used for structure determination are the two-dimensional (2D) correlat-
ed spectroscopy (COSY) [236, 238], total correlated spectroscopy (TOCSY)
[127, 128] and nuclear Overhauser enhancement spectroscopy (NOESY) exper-
iments [130, 239].

!H-IH COSY and TOCSY experiments provide inter-residue correlations be-
tween protons using through-bond (i.e. scalar) coupling. This allows the map-
ping of the “spin system” of each amino acid, aiding in the identification of the
amino acid in the sequence. The COSY experiment also allows for the meas-
urement of three-bond scalar coupling values[219]. Using the Karplus equation
[240], these values allow for the determination of the torsion angles. Most im-
portantly, these values allow for the unambiguous determination of secondary
structure elements through *HN to *Ha scalar coupling values [136, 219].
Contrarily to COSY and TOCSY experiments, the NOESY experiment provides

correlations between protons through dipole-dipole cross-relaxation. The NOE-
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SY experiment provides correlation through space in space with a distance de-
pendence of r® and is the basis for structure determination. The maximum dis-
tance restraint from NOE cross-peaks between two protons is approximately 5.5
A [136, 219, 239]. Due to spin diffusion the cross-peaks are not quantified, but
rather analyzed semi-quantitatively by separated by their intensities into strong,
medium and weak cross-peaks, which are categorized in specific distance re-
strains that will be used to perform structure calculation.

There are available several programs that use the data from the NOESY, COSY
and TOCSY experiments and to converts these into spatial restrains for struc-
ture calculation. The TALOS program [137] predicts the ¢ angle and w angles
for the peptide backbone using the chemical shift values calculated for *Ha,
N, BCO, BCa and ¥Cp, (Figure A.1.2). To convert the structural restraints
into a structural model, Xplor-NIH [138] is a common open-source software
used for this purpose. The program uses the structural restraints as harmonic re-
straints and performs an energy minimization protocol starting from a fully ex-
tended structure. The initial high temperature is slowly reduced to allow for the
system to slowly approach a possible solution given the chemical and spectral

restraints[219].
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Figure A.1.2. Dihedral angles in proteins. In a polypeptide chain three dihedral an-
gles are defined as  (psi) (C’-Ca bound), ¢ (phi) (Ca-N bound), and o (N-C’, peptide
bound). Due the planarity of the peptide bound, the values that @ can assume is 180°
(in trans) or 0° (in cis).

Usually the solution-state NMR studies of AMPs are recorded in presence of
detergent micelles (dodeylphosphocoline —DPC or sodium dodecylsulphate-
SDS) that provide a membrane mimic [2]. Typically micelles are a spherical
monolayer of molecules (diameter of ~ 3 nm). This membrane mimicking-
system is only an approximation of the membrane bilayer. The high curvature
of micelles can induce structural changes of AMPs and incorrect folding along
the micelle surface (Figure A.1.3) [230, 231]. Alternately, discoidal micelles or
isotopic bicelles can be used. Bicelles are model lipid bilayers that are formed
spontaneously by mixing long-chain phospholipids (1,2-dimyristoyl-sn-glycero-

3-phosphocoline -DMPC or 1,2-dimyristoyl-sn-glycero-3-phosphocrylglycerol
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sodium salt — DMPG) and amphiphilic molecules (like CHAPSO), or short-
chain lipid, such as 1,2-diheptanoyl-sn-glycero-3-phosphocoline (DHPC) in a
specific molar ratio (Figure A.1.3)[231-234]. The properties of bicelles are
primarily dependent on the composition of the lipids used and the g-ratio, the
molar ratio between the lipid and the detergent. For bicelles with a g-ratio over
1, then these are called anisotropic bicelles where the excess of long change li-
pids results in a disk like shape [241-243]. However for solution-NMR studies
most commonly bicelles with a q under 1 are used to create isotropic bicelles

which tumble spherically.

Micelle

Small unilamellar
vesicle (SUV)

b
O <100 nin |

Figure A.1.3. Size, shape and composition of membrane mimicking system
used in NMR spectroscopy.

One of the biggest limitation of solution-state NMR studies is that it is not pos-

sible to study the interaction of AMPs with their natural phospholipid bilayer

[2]. Oriented solid-state NMR (Oss-NMR) is an alternative technique that has
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been used to describe AMP/membrane interaction [2, 244]. Typically AMPs are
reconstituted with either anisotropic bicelles, which spontaneously align in the
magnetic field, or mechanically aligned bilayers supported on glass plates [71,
75, 245]. In Oss-NMR the membrane is always parallel or perpendicular to the
magnetic field. As a result the orientation of the interaction of AMPs with re-
spect to the phospholipid bilayer can be directly measured using Oss-NMR
techniques because in solid state NMR all spectral observable parameters are
dependent on the orientation of the nuclei with respect to the magnetic field [2,
244]. Although many experiments have been devised to measure the orientation
of AMPs with respect to the bilayer, the most common and powerful experi-
ment is the polarization inversion spin exchange at the magic angle (PISEMA)
experiment [246, 247]. This measures the chemical shift and the dipolar cou-
pling of the backbone amide group. These values are unique for each amino ac-
id in the peptide chain and can be used to back calculate the orientation of the

peptide plane with respect to the membrane bilayer.
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A.1.2 NMR spectroscopy on the study of IDPs

Interest IDPs has swelled in recent years as a result of the realization that such
proteins are common in human and other genomes [84, 248, 249]. Full IDPs
and proteins with extended IDR, are associated with a variety of biological
functions, many of them intimately related to human diseases [85, 86, 250].The
absence of a well-defined 3D-structure and the high dynamic conformation of
these proteins mean that IDPs are unamenable with standard structure
determination methods. Although many IDPs adopt a more “ordered” structure
upon interaction with a target protein [80, 105, 184, 251] and their structure
determined by crystallography, most have evaded in this fashion. In the majority
of the cases, even the bound state of the IDPs retains substantial mobility [114].
However, many techniques that have been developed to study protein folding
are now applied for structural characterization of IDPs. The foundation of the
structural theory of IDPs is the conformational ensemble dictates the overall
function of the protein [14, 16]. Hence, the main goal of these studies is to
obtain experimental constrains that reflect on the properties of the ensemble.
These measurements may include the detection of residual secondary structure,
transient long-range contacts and regions of altered mobility. NMR
spectroscopy is the only technique that provides atomic resolution structural
information on an ensemble level and as a result emerged as a premier
experimental technique to study IDPs[184].

As discussed earlier, backbone chemical shifts of *H and *C nuclei are readily

used to provide torsion angles of the backbone for secondary structure
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determination. This approach is readily applied for the determination of weak
transient secondary structure elements as well. The chemical shift index (CSI)
[145, 252] is the difference between the measured chemical shift and a
reference chemical shift value measured in a random coil. A value of over zero
indicates propensity for a-helical structure, less than zero for a [3-sheet and a
value of approximately zero indicates complete disorder. Nuclear spin
relaxation experiments are a complimentary measurement for the determination
of secondary structure. NMR relaxation experiments, T1, T2 and steady-state
NOE experiments [253, 254].

The detection of long-range transient tertiary structure is usually derived from
the analysis of residual dipolar couplings (RDCs) [255, 256] and paramagnetic
relaxation enhancement (PRE) experiments [28, 212]. Overall, the PRE
experiment has found the most success for the determination of long-range
contacts in IDP ensembles [257-260]. Since most proteins are diamagnetic, the
PRE effect is typically introduced in the form of a nitroxide electron spin label
conjugated to a cysteine residue through its thiol group. Alternately, chelating
groups can also be uses to introduce a paramagnetic metal, like ethylene-
diaminetetra-acetic acid (EDTA)-Mn?". NMR active nuclei in the proximity of
an electron spin label relax more efficiently leading to a broadened signal. Since
the electron has a higher gyromagnetic ratio than proton, the PRE effect has a

range up to approximately 25 A with a distance dependence of (r~°) [212].
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A.2. Fluorescence spectroscopy

The fluorescence is a luminescent phenomenon that arise from the excited state
of a molecule. Fluorescence spectroscopy study the light radiation
spontaneously emitted by this excited state. This phenomenon can be explained
by Jablonski diagram (Figure A.2.1). This diagram illustrates the electronic
states of a molecule and the transition between them. The states are arranged
vertically by energy and grouped horizontally by spin multiplicity. The
vibrational ground states of each electron state are indicate by the number (0, 1,
2, etc). When a molecule is excited, by absorbing a photon of energy E = hv, the
electrons are promoted from the singlet ground state (So) to an excited state of
singlet (S1 and S2). With a few rare exception, the excited molecule rapidly relax
to the lowest vibrational level of S;, through a mechanism called internal
conversion that generally occur within 1022 s. The fluoresce process arise from
the same vibrational level of S;, and is a radiative de-stimulating process
through which the excited molecule returns to the lowest vibrational levels of
the ground state (So). The fluorescence occur within 10°-10% s, so the internal
conversion is complete prior to emission. Consequently the energy of emission
is typically less than that of absorption, so fluorescence occurs typically at
lower energy (or longer wavelengths) than absorption. Upon excitation into
higher electronic and vibrational levels, the excess of energy is quickly
dissipated and so the emission spectra is usually independent of the excitation

wavelength.
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Fluorescence lifetime and quantum yield are the most important characteristics
of a fluorophore. The fluorescence quantum yield is the number of emitted
photons relative to the number of the absorbed photons, while the lifetime
determines the time available for the fluorophore to interact/diffuse in the
environment. The quantum yield depends, not only on the number of
emitted/absorbed photon, but also is influenced by the non-radiative phenomena

occurring that cause the rapidly relaxation of the excited state [140].
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Figure A.2.1. Jablonsky diagram.
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A.2.1 Fluorescence quenching

“Fluorescence quenching” indicates the decrease of the fluorescence intensity
caused by different processes. There are mainly two different quenching
mechanisms: the collisional/dynamic quenching and the static quenching.

The collisional quenching occurs when the excited fluorophore is deactivated
upon contact with some molecules (named quencher) in solution, and the
deactivation occurs without chemical alteration of neither the quencher nor the
fluorophore. Upon the contact, the fluorophore returns to the ground state
without the emission of photons. In this case, the quenching occurs without any
chemical alteration of the fluorophore. By contrast, in the static quenching, the
quencher forms a non-fluorescence complex with the fluorophore, through a
photochemical reaction that allow the relaxation to the ground state without the
emission of photons.

Both collisional and static quenching require molecular contact between the
fluorophore and the quencher. There are several collisional quencher that can be
used. The best-known is the molecular oxygen that is active against almost all
the known fluorophores. Alternatively, heavy metal atoms, such as Cs* or
anions such as iodide (1) and bromide (Br) or purines, pyrimidines, acrylamide,
can be used. The choice of the appropriate quencher is one of the most
important step in the collisional quenching analysis. The quenchers have
different size and they can have different accessibility to the fluorophores,
performing different kind of quenching.

The collisional quenching is described by the Stern-Volmer equation:
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% =1+k,7,[Q] =1+ K, [Q] [A.2.1.1]

where Fo and F are the fluorescence intensities in the absence and presence of
the quencher, respectively: Kq is the quenching rate constant, n is the lifetime of
the fluorophore, [Q] is the concentration of the quencher, and Kp is the Stern-
Volmer (Ksv) constant for the collisional quenching, given by Kp= kqn. Based
on this equation, the Fo/F ratio is expected to be linearly dependent to the
quencher concertation. Consequently, the Kp?® represent the quencher
concentration at which the 50% of the fluorescence intensity is quenched.
Deviation of the linearity of the Stern-Volmer plot is indicative of the presence
of two or more quenchers in the solution. The kq value is extremely important
because describes the efficiency of the quenching process and is in relation with
the accessibility of the fluorophore to the quencher. Smaller values of kg,
referred to a diffusion-controlled value, are associate to a low quenching
efficiency.

The collisional quenching is a time-dependent process while the static
quenching is due to the formation of a non-fluorescence complex between the
guencher and the fluorophore, which promote the return of the latest to the

ground state without the emission of photons. The static quenching can is

describe by the following equation:

%:u K. [Q] [A.2.12]

where Ks in the constant for the static quenching and is given by:
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Kk, -LF=CQl [A2.13]
[FIQ]

where [F-Q] is the concentration of the complex between the quencher (Q) and
the fluorophore (F), [F]is the concentration of un-complexed fluorophore, and
[Q]is the quencher concentration. Even for the static quenching, the correlation
between the variation of the fluorescence intensity (Fo/F) and the quencher
concentration is linear.

The collisional quenching can be differentiate from the static quenching through
(@) measurement of fluorescence lifetime, (b) emission intensities, even if
additional information are required, and (c) by the analysis of the excitation

spectrum of the fluorophore.
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