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Chapter 1
Preface

This Ph.D. candidate thesis collects the research work I conducted under the su-
pervision of Prof.Bruno Samori in 2005, 2006 and 2007. Some parts of this work
included in the Part [[1I| have been begun by myself during my undergraduate the-
sis in the same laboratory and then completed during the initial part of my Ph.D.
thesis: the whole results have been included for the sake of understanding and

completeness.

During my graduate studies I worked on two very different protein systems.
The theorical trait d’union between these studies, at the biological level, is the
acknowledgement that protein biophysical and structural studies must, in many
cases, take into account the dynamical states of protein conformational equilibria
and of local physico-chemical conditions where the system studied actually per-
forms its function. This is introducted in the introductory part in Chapter 2l Two
different examples of this are presented: the structural significance deriving from
the action of mechanical forces in vivo (Chapter [3|) and the complexity of confor-
mational equilibria in intrinsically unstructured proteins and amyloid formation
(Chapter [4)).

My experimental work investigated both these examples by using in both cases
the single molecule force spectroscopy technique (described in Chapter and Chap-
ter @ The work conducted on angiostatin focused on the characterization of the
relationships between the mechanochemical properties and the mechanism of ac-
tion of the angiostatin protein, and most importantly their intertwining with the
further layer of complexity due to disulfide redox equilibria (Part . These stud-

3



CHAPTER 1: PREFACE

ies were accompanied concurrently by the elaboration of a theorical model for a
novel signalling pathway that may be relevant in the extracellular space, detailed
in Chapter [7.2]

The work conducted on a-synuclein (Part instead brought a whole new
twist to the single molecule force spectroscopy methodology, applying it as a struc-
tural technique to elucidate the conformational equilibria present in intrinsically
unstructured proteins. These equilibria are of utmost interest from a biophysi-
cal point of view, but most importantly because of their direct relationship with
amyloid aggregation and, consequently, the aetiology of relevant pathologies like
Parkinson’s disease. The work characterized, for the first time, conformational
equilibria in an intrinsically unstructured protein at the single molecule level and,
again for the first time, identified a monomeric folded conformation that is corre-
lated with conditions leading to aggregation in a-synuclein and, ultimately, Parkin-
son’s disease.

Also, during the research work, I found myself in the need of a general-purpose
data analysis application for single molecule force spectroscopy data analysis that
could solve some common logistic and data analysis problems that are common in
this technique. I developed an application that addresses some of these problems,

herein presented (Part , and that aims to be publicly released soon.

1.1 Published works

Both experimental works have been published on high-impact, peer-reviewed in-

ternational journals:

Fabio Grandi*, Massimo Sandal*, Giovanni Guarguaglini, Emidio Capriotti, Rita
Casadio, Bruno Samori

Hierarchical mechanochemical switches in angiostatin

ChemBioChem 7 (11): 1774-1782 Nov 2006

(*=equally contributed)

Massimo Sandal*, Francesco Valle*, Isabella Tessari, Stefano Mammi, Elisabetta
Bergantino, Francesco Musiani, Marco Brucale , Luigi Bubacco, Bruno Samori

Conformational Equilibria in Monomeric a-Synuclein at the Single-Molecule Level

4
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PLoS Biology Vol. 6, No. 1, e6 Jan 2008
(*=equally contributed)

Also, during the course of the graduate studies, I contributed two reviews con-

taining original theorical elaboration:

Massimo Sandal, Fabio Grandi , Bruno Samori

Single molecule force spectroscopy discovers mechanochemical switches in biology:
The case of the disulfide bond

Polymer 47 (7): 2571-2579 Mar 22 2006

Francesco Valle, Massimo Sandal, Bruno Samori
The interplay between chemistry and mechanics in the transduction of a mechan-

ical signal into a biochemical function
Physics of Life Reviews 4 (3):157-188 Sep 01 2007

1.2 Coauthors

Apart from my supervisor Prof.Bruno Samori, the work described in this thesis has
been done in collaboration with (in random order): Francesco Valle, Marco Bru-
cale, Francesco Musiani, Fabio Grandi, Giovanni Guarguaglini, Fabrizio Benedetti,
Emidio Capriotti, Prof.Rita Casadio (University of Bologna), Isabella Tessari,
Luigi Bubacco (University of Padua).
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Chapter 2

The structural diversity of a

single protein

A set is a Many that allows itself to be thought of as a One.
Georg Cantor

2.1 The roots of protein activity

The acquisition of the first protein detailed three-dimensional structure by John
Kendrew and coworkers in 1958[1] has been at the same time one of the most
important achievements and disappointements of the history of biology. The bio-
chemists, spoiled by the striking geometrical and functional elegance of the DNA
structure, were appalled by the irregular, crooked structure of the globular pro-
teins. As Max Perutz asked: Could the search for ultimate truth really have revealed
so hideous and visceral looking an object?[2).

More than forty years later, the reasons of such a difference are clear. Apart
from genetic information storage, that is done mostly by DNA, and topologi-
cal insulation, that is due mostly to lipid bilayers, nearly every other structural
and functional aspect of Earth’s life biochemistry is dominated by proteins and
supramolecular protein assemblies, and proteins are essential for controlling and
syntethizing other biomolecules -including protein themselves. While DNA struc-
ture is better (at first approximation) independent from its sequence, since its main

objective is to contain information regardless of the information itself, each pro-
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CHAPTER 2: THE STRUCTURAL DIVERSITY OF A SINGLE PROTEIN

tein sequence must correspond to a structure suited to its function. The structural
complexity of proteins today is of no surprise to us -on the contrary, molecular
biologists today are stricken by the fact that only a handful of secondary and
tertiary structure motifs can explain the basic features of most proteins[3], thus
partially vindicating the question of Max Perutz.

So, molecular biology has long recognized, at the level of the proteome, that
proteins are (and, indeed, must be) enormously diverse and flexible things. The
potential for this diversity however also recognized at the level of the single protein
molecule. Virtually all biological processes that involve motion have their origin
in protein dynamics. Dynamics also plays an important role in many proteins of
which the primary function is not mobility itself. The ability to change conforma-
tion is also essential for the function of many transport proteins, proteins involved
in signal transduction, proteins in the immune system, and numerous enzymesl.
In many enzymes, conformational changes serve to enclose the substrate, thereby
preventing its release from the protein and ideally positioning it for the protein to
perform its function, as in lysozyme. Immunoglobulins are highly flexible in order
to be able to deal with a large range of ligands. In general, substrate binding and
reversible covalent modifications like phosphorylation all act by modifying protein
structure.

Usually these are subtle, local conformational changes. The working structure
is therefore assumed to be the so-called native structure or slight modifications of
it. Most importantly, a large majority of these modifications studied so far share
a common property: they are relatively stable, long-lived conformers that can be
often isolated and calmly structurally characterized by crystallization or NMR.
However, there is no deep reason for thinking that all of these modifications must
satisfy our experimental requirements. It is entirely possible therefore that our
structural biology suffers a selection effect: our description of molecular biology
comes from “native” structures because they are the ones readily available to
study.

Molecular motors are a more dramatic example of the molteplicity of molecu-
lar structures. Muscle contraction is based on the combined action of actin and
myosin. While actin behaves as a more or less static “track” , myosin is a motor
protein -that is, an object that exploits chemical energy to perform significant

motion. Other examples are the molecular motors kinesin, the F1-ATPase and the

10



CHAPTER 2: THE STRUCTURAL DIVERSITY OF A SINGLE PROTEIN

bacterial flagellum. These two latter supramolecular assemblies are, more than
motors, machines comprehending fully formed rotors and stators. Such objects
necessarily involve global conformational changes, with motions of significant am-
plitude for large parts of a protein.

The role of conformational equilibria is only now ending to be underappreci-
ated. By asserting that a protein assumes basically always the same structure
in solution, we neglect the marginal stabilityfl] and the complexity of the protein
folding energy landscape. Such oversimplification cannot explain phenomena like
amyloid aggregation, prion strains and intrinsically unfolded proteins, that only
in the recent decades have begun to be fully appreciated first in their patholog-
ical, and then biophysical, importance. It is entirely possible that the activity
of a protein depends more on short-lived and/or poorly-populated conformations,
than on the stablest equilibrium conformation. Regulation of the conformational
equilibria in solution is another mean that evolution may have usedE] to control
protein activity.

A picture is thus emerging of protein biological activity as a property arising
not from a single structure, but from a dynamic set of multiple structures. Most
of these structures are not easily accessible by mean of crystallography or NMR,
but will be functional nonetheless. Elucidation of these structural ensembles is
a daunting but essential task that will be only fully resolved by novel structural

techniques, especially ones working at the single molecule level.

2.2 The local folding problem

The definition of native structure itself is somewhat confused: it is usually defined
to be the conformation of the protein as in the living system. However detailed
structures of proteins are rarely, if ever, probed in living systems. It is by no means
sure that structures probed in relatively dilute solutions or in highly packed crystals

are always equivalent to the ones assumed by the protein in the living cell -yet

IThe free energy AGunfolding = AGdenatured — AGrative usually stays between 5 and 20
kcal/mol of protein. This is less than 0.1 kT per residue (k = Boltzmann constant and T =

temperature) [4][5]
2If biology teaches us something, is that when evolution may do something, usually did it, no

matter if as improbable as authors of Ph.D. thesis.
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CHAPTER 2: THE STRUCTURAL DIVERSITY OF A SINGLE PROTEIN

they are usually assumed to be native.

The physical and chemical environment of molecules in the living cell are in
fact extremly different from those in the test tube or in crystals. There are several
variables that only now begin to be recognized as essential to dissect the molec-
ular machinery of life. Macromolecular crowding in solution is among the most
obvious and long recognized ones, yet its influence has also long been neglected|[6].
Recent studies are showing dramatically the complex influence of macromolecular
crowding on folding and activity of proteins|7][8][9] [10] [11][12][13][14]. It must be
emphasized that most of these experiments, by necessity, investigate crowding by
using “generic” crowding agents like dextran or Ficoll, thus are still somewhat far
from the exact characteristics of the immensely complex biomolecular mixture in
the cell environment.

Disulfide redox equilibria are another example. While it is commonplace to
think of the cytoplasm environment as reducing and of the extracellular one as
oxidizing, this is only a safe approximation. In fact, active disulfide redox equilibria
exist locally at the external surface of living cells and are known to regulate a wide
variety of biological functions. In turn, these redox equilibria can have structural
effects by themselves or affect the structural outcome of other physicochemical
variables[15].

Perhaps the most striking example is however coming from the recent struggling
field of protein mechanochemistry. Being life a thing of motion, it is intrinsically
a thing of mechanical forces. Only in the latest years the action of these forces
have begun to be systematically investigated. It has then been shown that the
function of many proteins is fully appreciated not in a relaxed, but in a mechan-
ically stretched state. Mechanical force partially unfolds proteins in vivo[l6] and
exposes recognition sites[I7]. It is clear that in this case local, dynamic condi-
tions induce structures that are simply not possible to explore with conventional
crystallographic or spectroscopic methods.

In general, it is evident that, biologically, the folding problem is also a problem
of local folding. The structure that will be biologically active is the one belong-
ing to the chemical, physical, mechanical microenvironment(s) the protein will be
actually working within. Characterization of those microenvironments, of the in-
tertwining of physical and chemical conditions and of how these affect the protein

energy landscapes is one of the next essential steps for the molecular understanding
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of Earth’s life.
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Chapter 3

Far from classic equilibrium:
mechanical forces at the protein

level

Where force is necessary, one should make use of it boldly, resolutely, and right to
the end.
Leon Trotsky

Classical biochemistry looked at the cell as a chemical reactor where diffusions
and random collisions drove the reactions of a multitude of chemical species. This
simple paradigm was challenged in the last 50 years by the acknowledgement that
biochemistry is intimately connected with mechanical forces, that can transport
directionally the involved chemical species.

The essential role of mechanical forces in the life cycle of cells is today being
extensively recognized. Mechanical forces affect gene expression in vascular cells
[18][19], muscle cells[20] and extracellular matrix [21][22][23]. Mechanical stress
has also been proved to affect the intracellular nuclear structure[24]. Blood flow
causes mechanical stresses that in turn are involved in the building and remodelling
of arterial structure[25][26].

As the following sections show, the functional significance of these forces in
the metazoan cell is mostly protein responsibility. In particular, many proteins

are functionally significant in contexts dominated by mechanical forces. Their
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CHAPTER 3: FAR FROM CLASSIC EQUILIBRIUM: MECHANICAL FORCES AT THE
PROTEIN LEVEL

structure-function relationship must therefore be studied as emerging from the set

of force-induced conformers, and not by their folding at rest.

3.1 Protein mechanobiology

3.1.1 The mechanochemical crosstalk between extracellu-

lar matrix and adherent cells

The physical and chemical scaffold for cell adhesion, growth and differentiation in
the Metazoa is the extracellular matrix (ECM). This scaffold is dynamic, being
subjected to constant remodeling and action of local forces brought by cells. A
close loop is thus formed: the remodeling leads to changes in the elasticity of
the ECM subtrate itself and shifts the application of mechanical tension on the
adherent cells[27].

Intracellularly, actin microfilaments give tension on the cell surface, that is then
transmitted to their surface membrane and then on the ECM[28][29]. The trans-
ducers of these mechanical signals are transmembrane receptors, like integrins,

usually mediators of cell adhesion[30].

By measuring the forces exerted by a single focal adhesion, it has been possible
to estimate the average stress density exerted by cells as being about 5 nN/um
2. In these adhesion sites, each molecule is estimated to resist a force of no less
than 1 pN[31][32]. Lower stress density values (0.6 nN/um ? ) for endothelial cells
have been reported[33]. The mechanical cell behaviour is however cooperative: a
larger stress for single cell is measured for cells belonging to a subconfluent ep-
ithelium than for an isolated cell[33]. The adhesion complexes, mediated mainly
by actin and integrin, are both mechanical and biochemical links between the
ECM and the cytoskeleton. As such, they function as mechanosensors that re-
act to changes in elasticity of their surroundings and to the intervening network
of forces. Mechanochemical models for cell regulation are thus beginning to be

proposed [27] [30][34].
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3.1.2 The transduction of mechanical signals by protein

chains

The transduction of mechanical signals involves different molecules in both the cell
and the ECM. Actin filaments and microtubules can be reshaped by the tension on
the cytoskeleton. In turn, this can indirectly stretch proteins connected to it. ECM
molecules might experience forces directly applied by adherent cells or due to the
relative movements of the ECM components[28]. These forces may deform ECM
proteins and therefore alter their biological functionality[35]. Other candidates for
mechanochemical transduction can also be found within transmembrane elements.
Integrins can deform under mechanical loading and change their ability to form
focal adhesion complexes with the cytoskeleton[36]. Stretching forces applied on
ion channels can alter the ion transport through the cell membrane[37]. All of the
above considerations lead to the idea that a key role in the cells mechanochemical
tranduction process is played by the deformation of biomolecules in response to
mechanical stress.

Recent experimental and computational data suggest that mechanical forces
regulate the functional states of some proteins by stretching them into metastable
intermediate conformations. Three different means has been evidenced[35][38],
by which a stretching force can alter a multimodular protein conformation and
therefore its functional state: exposing cryptic sites, deforming the conformation

of a binding site, changing the relative distance of synergic binding sites:

Exposure of cryptic sites Force applied on a protein module can stretch it
until a binding site, usually buried in the fold, becomes exposed and able to bind

a receptor. The effect of the force is therefore to turn on a biochemical switch.

Deforming the conformation of a binding site Mechanical stress can modify

the geometry of a binding site as to make binding favoured (or unfavoured).

Shifting synergic binding sites. When two binding sites that bind the same
receptor or that need to be bound in concert are present, their position can be

shifted by the action of mechanical force, thus altering synergic effects.
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%N

Figure 3.1: The conversion of a mechanical tensions into biochemical signals by force
induced conformational transitions. A) By exposure of cryptic sites: a mechanical force
can stretch a protein into a conformation in which a binding site, previously buried in
the folded native structure (left), is exposed and thus enabled to bind a receptor (right).
B) By changing the distance of binding sites: two sites that are not at a correct distance
to bind cooperatively to a receptor can be brought by a force to a relative distance that
makes their concerted binding possible. C) By changing the shape of the binding site:
the force can modify the geometry of a potential binding site in order to make its binding

to a ligand possible.
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3.1.3 Examples of mechanical regulation of proteins

Pre-stretched State

Symergy Site RGD Loop

Functionally Decoupled State
Synergy Site &

Twisted Aligned

Separation of first }-Strand
Synergy Site
% RGD Loop

7 G
K

Gi-Strand

Figure 3.2: Fibronectin function is mechanically regulated in modules FNIII9-FNIII10.
The pre-stretched state exposes the RGD-loop at a distance of 35 A from the synergy
site. A partially stretched intermediate state (“functionally decoupled” state) is reached,
where the distance with the FNIII9 site is enlarged and the synergic effect is abated.
Further stretching of the structure leads to the rupture of a G-sheet and to deformation

and reduced exposure of the RGD loop, thus abolishing integrin binding[39]

Fibronectin (Fn), a cell adhesion protein abundant in many mammalian tissues,
is the classical example of protein mechanical regulation. The sequence contains
more than 50 characteristic S-sheet modular repeats. It is thought that fibronectin
is one of the key players in the initial encoding of mechanical forces into biochemical

signals[35], by binding integrins at focal adhesions. Fibronectin has the ability to
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physiologically form supramolecular fibrils, whose formation is induced by by the
mechanical deformation of FNIII modules into a distorted conformation. Crucial
sites required for fibrillogenesis, inaccessible in the native folded state[40], are thus
exposed.

Also, mechanical forces can modulate the Fn-integrin binding affinity[35] [41].
In particular, the RGD integrin-binding sequence of FNIII10 modules must have a
distance of at least 11 A from fibronectin surface to achieve optimal binding. In the
native state the presence of a 3-sheet holds RGD in the correct conformation. This
(-sheet breaks under a mechanical force, thus reducing the exposure of the RGD
loop (Figure. The RGD loop binding affinity is also regulated by a synergic site
in the neighbour domain FNIII9, and this is also subject to mechanical regulation.
Mechanical stretching of Fn in fact increases the distance from the 32 A of the
native structure (that allows them to work cooperatively) to 55 A (Figure [42].

Force can expose cryptic sites in proteins that unleash enzymatic activity. Fi-
bronectin, again, is an example (see Figure . The Fnl12 module has a par-
tially cryptic protein disulfide isomerase activity[43]. The collagen-binding do-
main has crpytic metalloprotease activity[44]. Fibronectinase, a proteinase that
specifically acts on actin and myosin, is cryptically hidden in the N-terminal hep-
arin/fibrin binding domain. Fibronectinase seems to play a role in muscular dys-

trophy pathogenesis[45].

3.2 Sacrificial bonds and protein adhesion

Some mechanical proteins, like titin or a variety of cell surface receptors, can have
evolved to function as “shock absorbers” . This peculiar mechanical role was
first recognized by Paul Hansma et al. [46]. Their attention was focused on the
incredible strength and toughness of certain natural materials [46] [47] [48] [49],
such as spider dragline silk, whose breakage energy per unit weight is two orders
of magnitude greater than high tensile steel[50] [51], or abalone shell, with its very
high fracture resistance, or the mysterious molecular origin of the toughness of the
bones[52]. When one stretches away the two ends of this type of protein before
the breaking point of the polypeptide chain is reached, a domain unfolds, and the
energy stored in the protein is dissipated as heat. Then, the constantly applied

force puts the protein again under an increasing stress, until the next domain
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breaks and so on. These domains were termed “sacrificial” because they are
actually sacrificed in order to release the force before it can break the polypeptide
chain. Only when no folded sacrificial domains are left, only after that point,
will the chain finally break under the external force. By the same principle, in
the case of muscles, multi-modular proteins not only transmit stresses but also
protect the muscle structure from damage whenever extreme forces are acting on
it. In particular, the unfolding of the proximal Ig domains of titin may serve as a

buffer to protect cardiac sarcomeres from being damaged at forces exceeding the
physiological range[53] (see Figure [3.4).

3.3 Force and intermolecular interactions

Also, intermolecular interactions can be regulated by force. The behavior of a
mechanically activated switch must therefore be described in terms of the relation
between force, lifetime and affinity, i.e. in terms of the dynamics of formation and
dissociation of the interactions upon which it relies. This dynamics is controlled by
the mechanical deformation of the energy landscape of the same interactions. Cor-
respondingly, energy landscapes found in different natural processes that involve
mechanical forces have been optimized by evolution. In general, energy barri-
ers characterized by short barrier distance x; can sustain high forces but small
deformations and thus display a “brittle” character; conversely, barriers possess-
ing large x;, are “elastic” or compliant, being capable of sustaining low forces but
larger deformations[54]. Such differences have been found in the energy landscapes
that drive the control of the rolling adhesion of leukocytes in the blood vessels wvs
the shape of the energy landscape of the interactions mediated by fibronectin that
sustain the infection of staphylococci to the endothelial cells lining the vessels.
These differences are in agreement with the macroscopic behaviour and biological
meaning of these systems.

The physics underlying the dissociation of molecular interactions (intra- or
intermolecular) by mechanical force, and the AFM force spectroscopy technique
best suited to understand it, are discussed in [5] and [6]
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Figure 3.3: Diagram showing molecular recognition and cryptic sites of fibronectin. Up-
per panels: Fibronectins are dimeric molecules composed of more than 50 repeats of type
Fnl, Fnll, and Fnlll, whereby cellular fibronectin may contain additional alternatively
spliced modules as indicated. All the repeats are composed of 3-sheet motifs, and rep-
resentative crystal structures are given in the upper panel for Fnl, Fnlll, and FnlIII10.
Fibronectins contain a large number of molecular recognition and cryptic sites (lower
panel), including the cell binding site RGD; the synergy site PHSRN, which is recog-
nized by a501 integrins; and the sequence IDAPS in the Hepll region of fibronectin that
supports a41-dependent cell adhesion. The IDAPS motif implicated in integrin a431
binding is at the FnllI13-14 junction . The cryptic sites include various Fn self-assembly
sites whose exposure is needed to induce fibronectin fibrillogenesis, a cryptic fragment
from FnllI1 that localizes to lipid rafts and stimulates cell growth and contractility, and
a binding site for tenascin. Other cryptic sites with enzymatic activity include FnCol-
ase, a metalloprotease in the collagen binding domain of plasma fibronectin capable of
digesting gelatin, helical type II and type IV collagen, a- and (-casein, and insulin [-
chain; as well as a proteinase (Fn-ase) specific to fibronectin, actin, and myosin; and a

disulfide isomerase. Figure and caption from|[17]
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Figure 3.4: Biopolymer resistence to an applied traction force. The figure shows the
force versus extension curve for three different kind of molecules: a short one, a long
one, and a multi-domain one. The short molecule resists pulling up to a high force before
it breaks at small extensions. The energy required to break this short molecule (area
under the curve) is small. A long molecule behaves like an entropic spring and yields to
the pulling force up to large extensions. The energy to break the long molecule is larger
than that for the small molecule, but the forces at low extensions are small. Finally, the
long molecule compacted into domains resists pulling already at small extensions. Before
the molecule’s backbone can break at high forces, modules unfold at intermediate forces.
Repeated unfolding of molecules allows stretching up to large extensions and requires

significant energy. From [46]
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Chapter 4

Hidden in a conformational
equilibrium: intrinsically
unstructured proteins and

amyloids

Many patterns of Nature are so irreqular and fragmented [...] The existence of
these patterns challenges us to study these forms that Fuclid leaves aside as being
“formless” to investigate the morphology of the “amorphous” .

Benoit Mandelbrot

4.1 Intrinsically unstructured proteins

The classical structure-function paradigm of protein biology has been recently
been jeopardized by the discovery of intrinsically unstructured proteins (IUPs).
It is not often acknowledged that unstructured segments > 50 residues are com-
mon in functional proteins[55], to the point that almost 30% of the eukaryotic
proteome could encode for partially or completely disordered proteins. Far from
being “molecular freaks” , disordered proteins evolved to be and function this way,
as shown by their prevalence and evolutionary conservation. The genome fraction
encoding IUPs increases with the complexity of organisms[55][56] [57].

In fact, a whole “new view” of protein structure-function relationship is emerg-
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ing, where conformational diversity, far from being a unusual quirk of a few pe-
culiar proteins, is intimately connected with protein function[58]. Diversity is in
fact intrinsic in the energy landscape defining protein structure, that is far from
being a smooth funnel, and it is instead a rugged landscape hosting an ensemble
of conformers at similar free energy. Also, conformational diversity is a significant
propeller of protein evolution. Structural diversity is likely related with functional
diversity. Evolution can therefore act on different functions in a single protein
chain, and selection may shape the sequence as to “freeze” one function upon the
other. The genesis of the first stable, folded proteins from random polypeptide
sequences could have been the first example of this kind of evolutionary pathway.

It must be noticed that the practically equivalent expressions found in literature
like “intrinsically unstructured protein” , “intrinsically disordered protein” or
“natively unfolded protein” (often abbreviated as IUP, IDP and NUP) can be
somewhat misleading, since in most cases they define the behaviour of the protein
in dilute solution, in absence of molecular partners. Moreover these proteins are
not simple random coils: they exist as dynamic, highly flexible structural ensembles

that undergo conformational conversions on a wide range of timescales.

4.1.1 Discovery of intrinsically unstructured proteins

IUPs are not a novel discovery. Polypeptide hormones, known from 40 years
ago, are IUPs often[56]. Early proton NMR experiments detected TUPs in living
cells[57]. However only in the last decade transcriptional regulation, translation
and cellular signal transduction[59][60][61] have faced the necessity to recognize
the pervasive presence of IUPs.

It must be emphasized that classic biochemical methods show a strong bias
that encourages the production and characterization of active and folded proteins.
Standard protein preparation method require cells to be isolated and homoge-
nized. Unfolded proteins suffer degradation by endogenous proteases under these
conditions, and thus the methods select automatically only folded proteins able to
survive the homogenization process. Also, unfolded domains are often part of reg-
ulatory proteins produced in only a few copies per cell, thus being hard to detect
and assay.

The recent shift of molecular biology to a genome-based approach, where we
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now have access to a vast library of gene sequences that correlate with known
functions and pathologies, helped isolation and characterization of IUPs by isolat-
ing function, using mutants and knockouts. The desired protein, in this case, is
already chemically known and expressed and purified bottom-up, and it can safely
be characterized.

[UPs are also hard to characterize with common structural biology techniques.
X-ray crystallography cannot provide information on disordered regions but only
evidence their existence as zones lacking electron density. Recently, advances in
NMR sensitivity and resolution made them able to characterize, if only by aver-
aging on the bulk sample, structural propensities and dynamics of sizeable disor-
dered proteins. Finally, single molecule techniques, being able to probe molecular
structure and dynamics without averaging between different molecules, are now

beginning to be employed to map the structural complexity of disordered sequences

(see Section [£.5)).

4.1.2 Intrinsic unfolding and function

There are different hypothesis on the functional rationale for protein disorder.
The so-called “moonlighting” -i.e. the ability of a protein to bind vastly different
ligands and perform different functions- could be helped by the structural flexibility
of IUPs. TUPs often display larger-than-average intermolecular interfaces. In fact,
a folded monomeric protein would need to be two or threefold larger to achieve the
same intermolecular interface of a IUP. IUPs thus could have evolved to allow large
intermolecular interfaces to without increasing protein size (and, consequently, cell
size or crowding).[62].

Unstructured sequences are in fact often molecular recognition domains, reg-
ulatory partners of other proteins, but also of nucleic acids or membranesﬂ. For
example, TUPs interact with DNA in processes like transcription, transposition,
DNA packaging, DNA repair and genome replication, and are extensively involved
in transcription regulation[63][64]. As expected in such a context, IUP-encoding
genes in the human genome have been found to be linked with cancer[65]. Cell

signaling, cell cycle control, endocytosis, scaffolding and development are other

!Enzymatic function, that requires finely tuned recognition sites, seems instead harder to
achieve in an unfolded context
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processes where IUPs play a fundamental role. In addition, many disordered re-
gions are present in proteins regulated by phosphorylation[64].

Usually, proteins that fail to unfold face unavoidable destruction in the cell
by the ubiquitin-proteasome pathway, that recognize the presence of solvated hy-
drophobic patches. How can IUPs escape proteasomal degradation in the cells?
The simplest explanation is that IUPs are not unstructured in their functional
state: they are at least partially folded in being tightly bound with their part-
ner. On the other hand, IUPs disorder could be in fact selected for being subject
to fast turnover, creating a dynamic, fast layer of regulation[66]. Transcriptional
activation could be linked with the degradation of disordered domains by the
ubiquitin-proteasome pathway[67] [68][69].

Sequences linking modules in multidomain protein are a peculiar class of in-
trinisally unstructured sequences. These sequences must combine flexibility and
extension with stability in face of degradation and proteolysis. Linker sequences
lack often hydrophobic residues, probably enhancing their stability. In fact, dis-
ordered polyglutamine repeats resist degradation by eukaryotic proteasomes|70].
This has pathological significance, since in polyglutamine-repeat disorders these
sequences tend to accumulate and form pathological aggregates (see below). In
general, [UPs display below-average hydrophobicity and a charged surface, that

can hinder their recognition by the protein degradation systems.

4.1.3 Prediction of intrinsic disorder

Intrinsically unstructured proteins or segments sequences are characteristic in dis-
playing low average hydrophobicity, high net charge, and poor sequence complex-
ity, with frequent repeats|71][72]. IUPs identified in vitro have a distinct amino
acid composition, enriched in A, R, G, Q, S, P, E and K while depleted in W, C, F,
I,Y,V, Land N. This difference is stronger enough to make them successfully pre-
dictable by a priori, untrained algorithms like IUPred[73] that estimate the total
pairwise interresidue interaction energy of sequences, which is significantly smaller
for IUPs than for globular sequences. Other predictiors, usually neural-network
based, have been implemented[74][75]. There is computational evidence of more
than one class of sequences that can lead to intrinsic disorder. Protein predic-

tors trained on one type of protein perform poorly when applied to proteins of a
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different class. Three “flavors” of protein disorder are today acknowledged and
computationally recognized, distinguished by amino acid composition, sequence

location and functional significance[75].

4.1.4 The structural states of IUPs

It is possible to describe protein structures as a continuum that starts from tightly
folded globules, to mostly folded proteins that include flexible or disordered re-
gions, to flexible but still compact molten globules to, finally, extended and het-
erogeneous random coils (see Figure . The concept of protein trinity has been
introduced to rationalize this continuum into three main classes (ordered, molten
globule and random coil[55]). However,. it is most likely that proteins rarely,
if ever, can be described as true random coils, at least in non heavily denatur-
ing media. IUPs, even when highly extended, still display residual propensity
to form secondary structure elements and/or clusters of hydrophobic residues[76].
This residual structure could be of fundamental importance in modulating inter-
molecular interactions. The existence of residual structural elements could pivot
first-contact points, which then drive the interaction of the remaining unstructured
sequences with the ligand[77].

Many intrinsically disordered proteins tend to acquire order or even fold into
stable secondary structures on binding to their targets.[78][79] (Figure 4.1 This
disorder-to-order transition has an entropic cost. The key thermodynamic driving
force for the binding reaction is consequently a favourable enthalpic contribution.
This binding-coupling combination is highly specific but of low affinity. An ex-
ample of a system where this combination is favourable are signal-transduction
proteins, where the signalling process is initiated by specific binding and ended by
dissociation.

The pervasive binding-folding association lead to the proposal that IUPs are,
in physiological state, no less folded than other proteins, because they always come
bound to a partner[80]. They evolve therefore just like other folded proteins, their
“intrinsic” disorder being a hidden property that arises only when proteins are
purified in wvitro. There is however also evidence that their function is intimately
linked with their lack of a single, compact fold in vivo. Unstructured proteins can

be predicted and are distinguished, in sequence properties, from ordered proteins
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Figure 4.1: Top panels: examples of disordered protein structural states in increasing
order, from a loose conformational ensemble to a mostly folded structure with only
local disorder. These structures have been characterized to fold upong binding of their

molecular partners, as shown in the bottom panels. From [6I]

(see Section , i.e. they are not a pure in vitro artefact. However logically
the fact alone that the in wvitro properties of IUPs can be reliably predicted and
rely on factual sequence differences, does not imply that this applies to the in vivo
protein.

Can simple molecular crowding induce IUP folding? Experimental evidence
shows only a limited tendency of simple crowding to induction of ITUP fold [81] [82][83].
Even while the intracellular environment could be crowded enough to induce ITUPs
to fold, extracellular IUPs (like milk caseins, salivary glycoproteins and some bac-
terial fibronectin-binding proteins) should be subject to less crowding, therefore
at least the conformational state of those proteins is physiologically unfolded[84].

In general, the energy landscape of IUPs is even more labile than that of other
proteins. Subtle microenvironmental conditions, like the presence of a ligand with
given surface features and charge, or differences in pH and ionic strength, can
allow funnels to move, deepen or flatten in the energy landscape, driving the IUPs

towards different structural states and/or differently populated sets of structures.
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IUP function, therefore, depends on the full complexity of their conformational
equilibria. Such an equilibrium cannot be fully characterized by averaged, bulk
techniques. In the near future, single molecule techniques will most probably be

essential to complete the picture of IUP structure(s)-function(s) relatonships (see

Section [4.5]).

4.2 Amyloid fibrils

Proteophaties are a class of pathologies whose aetiology is related to the misfolding
of a protein. Misfolding can lead to pathology both by loss of function (diminishing
the quantity of functional protein) or by gain of function (the misfolded protein is
toxic).

A large subset of proteopathies share the common feature of dysfunctional,
highly regular, fibrillar aggregates called amyloid{?| that originate from proteins
that are natively soluble and functional. Examples of these conditions are neurode-
generative syndromes like Creutzfeld-Jakob, Alzheimer’s or Parkinson’s diseases,
but also type II diabetes or cataract[85]. This correlation to such a wide range
of socially relevant and often incurable pathologies led to an enormous biomedical
and biophysical interest in this aggregation process. Evidence is now emerging
that amyloid aggregation is in fact one of the fundamental structural states of
polypeptide chains that arises from very basic physical principles[86]. Amyloid
proteins, in fact, do not share any obvious sequence or structural similarity, and
are very different in secondary structure composition. Syntethic polymers may
form supramolecular assemblies similar to amyloids, thus suggesting that the ag-
gregation of proteins into amyloid fibrils and that of classical polymers share a
common ground[85]. A large variety of proteins, in fact, is able of amyloid conver-

sion in vitro particular conditions, regardless of their ability to do that in vivo[87].

4.2.1 Amyloid fibril structure

Amyloid fibrils are supramolecular structures whose main components are one-
dimensional, crystalline, twisted rods made of protein monomers stacked one on

another, called protofilaments. Protofilaments are about 2-5 nm in diameter[8§]

2The term comes from a superficial resemblance of these fibrils with starch crystals.
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and are usually rich in -sheet structure. The [ strands are usually perpendicular
to the fibril axis[89]. In turn, the protofilaments assemble as fibrils by twisting in
a helix fashion into rope-like structures about 7-13 nm wide[88][89] or by joining
laterally in ribbon-like structures that can be up to 30 nm wide[90][91][92].

Classical techniques to characterize amyloid fibrils were microscopies such as
TEM or AFM, and X-ray fiber diffraction[88][89][93]. Amyloid fibrils were how-
ever poorly characterized from the molecular point of view in being too large
and insoluble to be amenable for solution NMR. Recently these limitations have
been partially overcomed thanks to the application of solid-state NMR, (SSNMR)
spectroscopy[94][95][96] and the characterization of peptidic fragments that model
essential structural features of amyloid fibrils and can be studied by mean of X-ray
crystallography[97][98]. Solid state NMR permitted to describe the structure of
A31-40 amyloid fibrils [94] [99][I00]. The monomer is shaped as a pair of (-strands,
comprising approximately residues 12-24 and 30-40 respectively (Figure . The
A monomers stack in a parallel fashion[99] [100].

Electron microscopy was in turn able to characterize the diameter and the
mass per unit length of protofilaments[94]. Combining these observations with the
SSNMR data and EPR[I0T], a model for the protofilament as built from a unit of
four (G-sheets, 10 A apart, has been built (Figure A). The same pattern was
observed in crystals of peptides derived from the yeast prion Sup35p, the crystal

structure displays pairs of parallel 3-sheets where each peptide constitutes each

B-strand (see Figure [4.21C).

In general, amyloid fibrils share a cross-/3 structure featuring polar or hydropho-
bic repeats that interact along the fibril axis. The core of the fibril is often built
from two to four closely interacting sheets. Notably, amyloid sheets are much less
twisted (as observed by cryo-EM and FTIR spectroscopy)[102][103] than what
should be statistically expected from the collection of analogous (3-sheets in glob-
ular protein structures. These remarkable structural constants, regardless of the
vast diversity in sequence of amyloidogenic proteins, suggests that amyloid forma-

tion is an intrinsic propensity of protein chains.
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Figure 4.2: 3D models of fibrillar amyloid aggregates. A) The protofilament of the
Ap peptide as viewed along the axis of the fibril. B) The fibril from the C-terminal
domain of the fungal protein HET-s. Notice in the central molecule the long loop
connecting the four S-strand s. C) Atomic structure of the microcrystals assembled from
the GNNQQNY peptide, where each peptide forms one -strand . D)The protofilament
from amylin, comprehending an unstructured N-terminal tail. E)The fibril from the NM

region of Sup35p. Caption and figure adapted from [61]
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4.2.2 Conformational similarities and diversities of amy-
loids

Despite the structural constants of the amyloid fibril framework, the sequence de-
tails determine a number of basic variables like the length and topology (parallel
or antiparallel) of the S-strands, the number of 3-sheets themselves in the protofil-
ament and the structure of loop regions not included in the core. These features
differ from protein to protein, and even in fibrils coming from the same protein.
Interactions between side chains can yield also more profound modifications of the
core structure. In fibrils made of poly-Q, (-helices are the prevailing motifs [104].

Even before detailed structural studies, there was striking evidence that the
same protein could produce conformationally different fibrils [102][90][105][106].
It is known that templating effects take place in these systems, so that the initial
seed dictates (kinetically traps) the structure of the resulting fibril, regardless of
the preferred equilibrium structure of the fibril in the given sequence or physico-
chemical conditions[94][92][107] [108].

This pattern contrast with the usual behaviour of folded, globular proteins,
that have been selected by evolution to fold into one specific three-dimensional
structure. In the usual cases, complex free-energy landscapes associated with
their sequences are usually assumed a single and well-defined minimum, under
physiological conditions, corresponding to the native state. Instead, this kind of
behaviour matches closely that of IUPs, whose sequence defines a wide variety of
local energy minima. These minima will be populated by the protein ensemble
in a dynamical equilibrium that can be easily shaped by the local environment.
At a first glance amyloids, that are extremly stable, semicrystalline phases, could
look extremly remote from the fluidity of IUPs; however these considerations make

it is not surprising that a significant proportion of amyloid-forming proteins are
TUPs[85].

4.3 Mechanism of amyloid fibril formation

Building a description of the aggregation pathway(s) of a protein is a huge task
that is just beginning to be faced. The large diversity of structural phases and

early oligomeric and polymeric aggregates has to be deciphered, along with the
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thermodynamical and kinetical details of the conformational changes into play at
molecular detail.

In this context, significant attention is placed on protofibrils (i.e. the aggregate
structures preceding the formation of fibrils) because of the increasingly apparent

involvement of those structures in the pathogenesis of amyloid diseases.

4.3.1 General features

The aggregation kinetics usually consists of an initial, “lag” phase, during which
little or no growth happens, that is due to the time required for the first aggrega-
tion nuclei to constitute. After this phase, which can last days or even weeks, rapid
exponential growth ensues[I09][TT0][IT1]. The slow phase is thus nucleus forma-
tion: after that, fibrils grow fast by association of monomers or other oligomers.
Aggregation of protein into amyloid fibrils is therefore thought to ensue from a
nucleated growth mechanism.

In analogy with other nucleated growth systems (for example crystal growth),
“seeding” of the solution with ready made fibrils avoids the need for nucleation
and consequently can shorten, to the point of eliminate, the lag phase[110][111].
During the lag phase a variety of oligomeric aggregates form, among them the
nuclei for the formation of mature fibrils.

Seeding a protein solution with preformed aggregagtes becomes more and more
less efficient with decreasing sequence homology. [107][112], until becoming nil
below 30% to 40% sequence identity[112]. Notably, the sequence similarity between
neighbouring domain in multimodular proteins is almost always less than 40%.
This pattern could have evolved to avoild self-aggregation due to templating effects

of sequence identity[112].

4.3.2 Oligomers and protofibrils

The oligomeric species that predate the formation of full-formed amyloid fibrils
have been the subject of much attention recently. Their importance is twofold:
first, they are the crucial link between monomers and amyloid fibrils, and their
comprehension is needed for aggregation aggregation; second, they are ever more
implicated as being the real active forms responsible of the proteopathies, the amy-

loid fibrils looking more of an inert dead-end (see for example [114]). Protofibrils
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Figure 4.3: A schematic representation of some of the many conformational states that
can be adopted by polypeptide chains and of the means by which they can be inter-
converted. The transition from [-structured aggregates to amyloid fibrils can occur
by addition of either monomers or protofibrils (depending on protein) to preformed (-
aggregates. All of these different conformational states and their interconversions are
carefully regulated in the biological environment, much as enzymes regulate all the chem-
istry in cells, by using machinery such as molecular chaperones, degradatory systems,
and quality control processes. Many of the various states of proteins are utilized func-
tionally by biology, including unfolded proteins and amyloid fibrils, but conformational
diseases will occur when such regulatory systems fail, just as metabolic diseases occur

when the regulation of chemical processes becomes impaired. Caption and image from

[85]
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Arctic

Figure 4.4: Examples of annular protofibrillar aggregates. The images represent the
projection averages of pore-like protofibrils formed by a-synuclein mutants A53T (top)
and A30P (middle) and by the AS amyloid protein (bottom). Each square is 30.5x30.5
nm. These pores resemble bacterial pore toxins, and it is possible that permeabilization

of the cell membrane by mean of pore-like protofibrils has a role in amyloid proteopathies

pathogenesis[I13]. From [113]
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can be both on-pathway to fibrils[93][111] or off-pathway[115][116]

In many cases, protofibrils do not need to share the (-sheet structure of the
mature fibrils. Oligomers containing flexible structure can form from the NM se-
quence of Sup35p or in denatured yeast phosphoglycerate kinase. These oligomers
in turn are precursors of (-sheet rich forms, which act as the true seeds for amy-
loid formation[ITI[[I17]. There is a direct correlation between the onset of (-
sheet structure and oligomer size. The association of oligomers into short, curved
protofibrils (similar to those obtained by AfS and a-synuclein) happens in turn
only when the oligomers reach a certain size.

On the other hand, oligomeric and protofibrillar species containing extensive
(-sheet structure are known. Often these species show already significant struc-
tural regularity, marking them as true precursors of amyloid fibril formation. The
A( peptide aggregation involves the early appearance of a variety of nonfibril-
lar species, visible microscopically[93][118]. The general “unit” seems to be a
spherical aggregate, of about 20 monomers, with large (-sheet content|I18][119],
that in turn assembles into chains that can be straight, curved, or even circu-
lar. Many other amyloid-forming proteins can form similar structures, including
a-synuclein[120], poly-glutamine repeats[I19] and (32-microglobulin[I15].

There is evidence that also the oligomeric protofibrils share a number of struc-
tural features, regardless of the protein originating them. It had been possible to
create specific antibodies that bind to oligomeric forms of different proteins, but

do not bind to monomers or fibrils of the same proteins[121].

4.3.3 The seeded and conformational models

The structure and growth of already formed amyloid fibrils is relatively well under-
stood, and the problem of protofibrils is currently being throughly investigated. A
fundamental and still poorly resolved question arises when confronting the prob-
lem of how amyloid aggregation first ensues -that is, what are the steps that lead
from the protein monomer to the first aggregated states? Resolving this step is of
of not only theoretical but also practical importance, since blocking the very first
steps of aggregation could be the most important aim for prevention and therapy
of amyloid-related proteopathies.

Two models can be hypotesized and have found experimental evidence:
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Figure 4.5: Comparison between the conformational and the seeded templating models
for amyloid aggregation, with the prion protein PrP as an example. A)In the conforma-
tional model, the amyloidogenic PrP“¢ conformation (blue cube) and the physiological
PrP¢ conformation (red pyramid) are in equilibrium in solution. In appropriate condi-
tions (i.e. high concentration) amyloidogenic conformer recruits other similar conform-
ers and starts aggregation, thus shifting the equilibrium towards more PrP5¢. B)In the
seeded templating model, a “seed” of templates a non-amyloidogenic conformer into
the amyloid structure, thus propagating the fibril. Adapted from [122]

Seeded templating model. In this case, aggregation starts from a “seed” of
a few molecules, able to catalyze the appropriate conformational change on the
monomer molecules joining the seed, thus leading to the birth of the fibril. Com-
puter models show some evidence of this process: small artificial peptides can

be “templated” by an already existing seed of preformed beta sheet[123] and
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the Alzheimer’s AF peptide can acquire a (-sheet structure by docking a pre-
formed fibril[124][125]. Experimentally it has been found that this model holds in
growth of fibrils of the protein barstar[I126] and it explains the transmission of prion
strains[107][127]. The tau protein fibrils structure suggests a template-mediated
filament growth by parallel stacking[128]. A fundamental question however arises
in at least some cases (for example, transimission of prion strains): do seeds “se-
lect” already existing, even poorly populated, monomeric conformations or do
they directly template them?[129]

Conformational model. In this case, aggregation ensues from an aggregation-
prone monomeric form that is usually poorly populated in non-pathological con-
ditions. Imbalance in the conformational equilibria of the protein monomer could
lead to an increase of the aggregation-prone conformer; when two or more of these
conformers meet, the nucleus for protofibril/fibril formation is formed. Also in
this case there is evidence. In silico, equilibria between discrete conformational
states of Alzheimer’s Abeta peptide, populating a-helix and [(-sheet conforma-
tions, have been found[130]. Experimentally, there have been a few cases in which
conformational equilibria shifted towards a distinct, amyloidogenic intermediate
has been identified. Most strikingly, in the case of §-2-microglobulin the amy-
loidogenic intermediate is long-lived enough to be separated, and characterized by
mean of mutation models[I3T][[I32]; the same for polyQ[I33]. Also, transmission
of prion strains can be explained in terms of different, overlapping conformational
spaces accessible to the different sequences[I07] and there is indirect evidence of a
partially folded intermediate in a-synuclein [134].

The two models must not be thought as mutually exclusive. Most probably,
each model can explain a subset of amyloidogenic proteins. Moreover, it is possible
that even in the same protein the two models can be applied. For example, a con-
formational model could explain the initial formation of the seed, while templating
could be most important in the fibril elongation.

Experimental investigation of the models, able to distinguish reliably between
the two and/or study their intertwining is however still extremly challenging. In
the case of the conformational model, evidence has been obtained only in the cases
the aggregation-prone conformer is long-lived enough to be analyzed with standard

biochemical techniques. However such techniques cannot easily probe the distinct
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structures of conformational equilibria with short life times. It can be argued that

single molecule techniques will be the next technological step towards investigation

of the origin of amyloid aggregation (see Section .

4.4 Conformational disorder and amyloid aggre-

gation
Monomeric Polymeric
Amyloid fibril
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Figure 4.6: Diagram of the possible structural phases of a protein, depending on the

acquisition or less of a rigid, folded structure and on them being monomeric or polymeric.

The existence of IUPs and the features of the aggregation processes, described

in the previous sections, reveal that polypeptide chains can adopt a multitude of

41



CHAPTER 4: HIDDEN IN A CONFORMATIONAL EQUILIBRIUM: INTRINSICALLY
UNSTRUCTURED PROTEINS AND AMYLOIDS

conformational states and interconvert between them on a wide range of timescales.
The conformations available to the protein are of course interconnected by multiple

equilibria as shown in Figure [4.3|

There is considerable evidence that the common globular, folded state of pro-
teins is just one of several phases in which proteins can be found[86]. Conforma-
tional disorder and amyloid semicrystalline phases are just as intrisically belonging

to polypeptidic chains as globular states.

Fully or partially unfolded ensembles have energy landscapes devoid of signifi-
cant (> kT') potential wells. Any modification of this landscape can lower the AG
of a structure belonging to ordinate phases, and amyloid phases can be selected just
as non-amyloid ones. This makes IUPs and unfolded states particularly vulnera-
ble to aggregation[85][80]: in fact, proteins like a-synuclein , A peptide and the
prion protein are partially or fully unstructured in their common solution states.
The structured polypeptide aggregates can then assemble into full-grown amyloid
fibrils, both by self-association or simply the binding of new monomers. Proteins
that adopt a folded structure under physiological conditions can also aggregate
under some circumstances. To achieve aggregation, folded proteins often must
unfold at least in part. Partial unfolding then leads to aggregation directly or the
monomers can form on-pathway oligomers before conformational changes ensue,
blocking the protein to a fibrillar destiny. In this case, the conformational changes
can be driven by the binding surfaces of the different monomers in the oligomer.
The routes leading to amyloid formation are thus different depending on which is
the original state of the protein, natively folded or intrinsically unstructured[80].
This essential difference in the starting points, reflecting significant differences in

the aggregation pathways, is only now beginning to be recognized.

It turns out that the common structured phase of globular proteins, where a
sequence folds in a rigid state with very limited flexibility, is not representative at
all of the intrinsic polymorphism of the proteion chain. All other structural states
(unfolded or amyloid), in fact, show broad conformational diversity even within
the same sequence. This conformational flexibility, which is used with parsimony
and driven by evolution with amazing precision to fulfill biomolecular functions,
is in turn at the heart of the pathological processes of misfolding and amyloid

aggregation.
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4.5 Single molecule techniques for intrinsically

unstructured proteins and aggregation

We have seen that [UPs and amyloid aggregation, apart from being causally re-
lated, share a common theme. In general, proteins (IUPs or not) must switch
their conformation, at least partially, to trigger amyloid aggregation. The com-
plexity of conformational equilibria of proteins in the monomeric state is therefore
not only the essence of IUP behaviour, but it is also at the core of the problem
of amyloid aggregation. We stated above in many sections that such equilibria,
involving the fast, continuos transition between a number of structures of nearly
equal AG, cannot be fully understood at the level of the bulk. Doing that is like
understanding how birds are by looking at blurred, long exposure pictures of a
flock: we know they fly, but we don’t see how. In particular, it is possible that
the structures leading the biological actions are only a minority of the sample. In
this case, ensemble-averaged techniques can tell us very little on the properties we
are interested in. For example, in the Section [4.3.3] we have seen that the seeds
of amyloid aggregation are, possibly, poorly populated conformers lost in a bulk
of other, inactive conformations.

For these reasons, single molecule techniques, able to gain information from
molecules one by one, are entering the arena of the investigation of these systems.
The results are still sparse, but nonetheless interesting. Among the first studies
there are single molecule force spectroscopy (SMFS) (see Part experiments on
the unstructured PEVK and N2B segments of human titin[I35][136][137]. These
experiments characterized of conformers with different elasticity, attributed to the
existence of several isoforms of the segments featuring a continuum of cis-trans
states of proline residues.

AFM-based force spectroscopy has also been used for characterization of the
conformational heterogeneity of a-synuclein , the amyloidogenic protein respon-
sible of Parkinson’s disease. Ray and Akremitchev[I38] described the interaction
between single pairs of amyloidogenic peptides derived from a-synuclein . They
found that the a-synuclein fragments form conformationally heterogenous dimer
states not significanfected by temperature. A similar approach was adopted by
McAllister et.al.[139] on a-synuclein , A peptide and lysozyme, as a function of
pH. Interestingly, they found a that pH values able to induce (-sheet structure
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in a-synuclein and A( peptide was accompanied by an increase of the interaction
force. The pH value corresponding to the strongest interaction force was also the
one leading to highest propensity to fibrillate.

Studies are beginning to directly probe the conformational diversity of IUPs.
Single molecule fluorescence resonance energy transfer (SM-FRET) was applied
on the study of conformational diversity of the NM domain of the yeast prion
Sup35p[140]. The analysis revealed that the NM domain exists as a continuous
ensemble of collapsed but rapidly interconverting species, with fast fluctuation on
the 20-300 ns time scale. A recent, detailed single molecule force spectroscopy
study on a-synuclein by the author has suggested that a-synuclein instead exists
as a multiform ensemble separated in three different conformational classes, of
which one is correlated with amyloid aggregation (see Part [[V|and [141]).

The problem of amyloid aggregation is also beginning to be tackled at the sin-
gle molecule level. The -sheets of A peptide amyloid fibrils have been unzipped
by mean of SMFS[I42]. Surprisingly, the unzipping of [-sheets is elastic and re-
versible, giving interesting hints on the mechanics of amyloid aggregation. Single
molecule fluorescence was employed to monitor the growth of Sup35p amyloid fib-
rils, confirming that growth occurs prevalently by monomer addition and, possibly,

templating of the monomer on the fibril end[143].
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Chapter 5

Single molecule force

spectroscopy

I know a man who grabbed a cat by the tail and learned 40 per cent more about
cats than the man who didn’t.
Mark Twain

5.1 Single molecule techniques

Molecules have long been inferred entities, even if they build everything concrete
around us (including us): the acceptance of the atomic model was still challenged
by Ernst Mach in the first years of the XX century[144]. Molecules were and are
purified, characterized, modified, broken and rebuilt, but the experimenter actually
never saw them directly. At best, he could have a detailed but average image of
their shape from X-ray crystallography or NMR spectroscopy. The actual object
of study was not the molecule itself, but the average properties of a bulk of billions
of individual molecules. This is far from being an optimal situation: imagine what
astronomy would have been if it was not possible to image individual stars, but
only an “average” star being the weighted sum of all stars shining in a portion
of the sky. Working with an Avogadro’s number of molecules means that rare
intermediates or conformers will be irremediably lost in the background of the
most populated species, and are overlooked. It also means that individual steps

of a multistep process are usually not synchronized, thus making their study and
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individuation difficult.

In the last twenty years, experimental techniques have been developed that
allow to observe and manipulate molecules one by one[145]. Single molecule tech-
niques made possible a huge conceptual shift in (bio)chemistry. The behaviour of
molecules in bulk is an emergent property of the collective behaviour of individual
molecules. Working at the single molecule level makes available to investigation the
real phenomena underlying these emergent properties. The diversity of individual
structures that form an apparently homogeneous bulk sample can now be directly
probed. The molecule itself can now be the real, concrete object of study. Most
importantly, most of those techniques probe the “dark zone” between the A and
the um scale. This is one of the most difficult length scale to probe: too large for
conventional crystallography, too small for conventional microscopy. Yet it is the
scale at which most essential, dynamical processes of molecular biology take place,
because it is the length scale of most biological macromolecules supramolecular
complexes.

Single molecule techniques include, among others, atomic force microscopy
(AFM) imaging, single molecule fluorescence resonance energy transfer (SM-FRET),
and single molecule force spectroscopy (SMFS). In the first, the sample is deposited
on a surface and then imaged by mean of a probe. Usually little or no modification
to the sample is needed. In the second, the energy transfer between fluorophores
is monitored on individual molecules. Molecules require large fluorescent moieties
to be attached to them, but after that they are left untouched.

In the last, the molecule is directly manipulated in real time by the exper-
imenter by applying a mechanical force on it. SMFS stands out among single
molecule techniques in being a both a nanomanipulative technique and an ana-
lytical technique. It works by picking up the molecule and directly apply to it a
stretching force (or, more rarely, a torque). The mechanical response to the applied
force is directly monitored. This opens the way to investigate directly, in real time-
fashion, force dependent molecular process and reactions. The behaviour of the
molecule is studied along a well-defined mechanical reaction coordinate, allowing
to probe alternative regions of the energy landscape.

Force spectroscopy is a general term that includes vastly different techniques.

The two most used force spectroscopy techniques are optical tweezers-based SMFS
(OT-SMFS) and AFM-based SMFS (AFM-SMFES). In the first case, a laser-based
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optical trap is used as the manipulating device. In the second case, the manipula-
tor is a standard AFM tip. Optical tweezers have been widely used to study the
mechanics of motor proteins, while AFM has been applied mostly to characterize
the mechanical resistance of both individual polypeptides (intramolecular inter-
actions) and protein-biomolecule bonds (intermolecular interactions). AFM has
the remarkable advantage, among single molecule techniques, to be commercially
available: optical tweezers and other less common force spectroscopy techniques
(bendable microneedles, magnetic tweezers etc.) are almost always custom-built.

Compared to other nanomanipulation techniques, AFM has high distance res-
olution and precision of positioning (of the order of a few nanometers), while it
cannot resolve forces of less than 10-20 pN. AFM is particularly suitable for single
molecule studies due to the relatively small (about 50 nm) radius of the AFM tip,
much smaller than the radius of optical or magnetic beads and thus able to hold
a smaller number of molecules or molecular pairs.

In this thesis, only AFM-SMFS will be discussed; for info on OT-SMFS you
can read [146] [147].

5.2 Atomic force microscopy

5.2.1 AFM as an imaging device

The atomic force microscope (AFM) is a representative example of instruments
known as scanning probe microscopes. Scanning probe microscopies work by mon-
itorning the value of a physical variable that depends on the distance between the
surface to image and a specific probe. The topography of the surface is then re-
constructed in three-dimensional detail. The prototype scanning probe microscope
was the scanning tunneling microscope (STM), in which the probe is a microscopic
electrode and the physical variable is the current between the electrode and a con-
ductive surface on which the sample is placed. The tunneling current, varying
exponentially and very steeply with distance, is a sensible probe of surface topog-
raphy.

AFM instead works using probe displacement as the variable, being similar
conceptually to a miniature phonograph. The probe itself is a solid, sharp mi-

croscopic tip located at the end of a flexible cantilever. The tip and the surface
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Figure 5.1: A SEM image of a V-shaped cantilever (the bar corresponds to 10 pm ).
B SEM image of the tip of the V-shaped cantilever (the bar corresponds to 1 ym ). C
Effect of attractive and repulsive interaction forces on the cantilever deflection and on
the laser reflection. D Force acting on the cantilever as a function of the tip-surface
distance. The attractive force preceeding the contact is mainly due to Van der Waals

and capillarity forces. E Scheme of the atomic force microscope, from [148]

are put in contact or close proximity, and the cantilever deflection due to the tip-

sample interactions is the variable being monitored. The cantilever, normally, can
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be modeled as a simple Hookean spring and therefore its response is linear with
applied force. In most cases, cantilever deflection is in turn probed and amplified
by a laser beam that reflects on the cantilever very end, forming a so-called optical
lever sistem. The laser beam reflected by the tip hits a photodiode, which records
the displacement of the laser beam from a reference point. The system in this
way achieves a resolution of the order of the nanometer. A piezoelectric scanner
is usually used to move the sample (or the tip) in three dimensions, allowing the
tip to scan various portions of the sample. Piezoelectric scanners allow AFMs to
reach 1 nm of lateral resolution. Atomic resolution has been reached vertically for
hard materials in vacuum conditions. On the other hand, AFM can easily be ap-
plied to biological samples because it requires little or no sample preparation and
works readily in physiological conditions (liquid buffer, room temperature etc.).

Live eukaryotic cells can be extensively analyzed with the AFM[149].

5.2.2 AFM as a dynamometer

As described above, an AFM tip is basically a dynamometer that works on the
nanoscale, converting cantilever deflection into force values. Behaving approxi-
mately as a Hookean spring, this conversion can be described mostly by the can-
tilever spring constant. For commercial cantilevers, the spring constant ranges
from a few pN/nm to a few hundreds pN/nm (For comparison, an aluminum sheet
3 mm long and 1 mm wide has a spring constant of 1 N/m [150]). Being capable
to measure the deflection with the nanometer precision, the scanning force micro-
scope is a force sensor in the piconewton force scale. In practice, thermal noise

limits the force resolution to > 20 pN.

5.2.3 AFM calibration

The cantilever elastic constant needs to be measured for each experiment: this is
due to unavoidable inhomogeneities in the batches of commercial cantilevers. This
is usually done today by the “thermal tune” method, that is by measuring the
thermal oscillation spectrum of the free cantilever (not in touch with any surface)
and using the equipartition theorem to obtain the actual elastic constant. The

cantilever is here treated as a simple oscillator and the Brownian motion of the
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main fundamental oscillation mode of the cantilever gives the elastic constant by

the simple formula:

f= (5.1)

where k is the Boltzmann constant, T is temperature and (z?) is the square
mean cantilever deflection. This latter variable is found by fitting the power spec-
trum of the cantilever thermal noise, with the advantage of avoiding interference
from both non-thermal oscillation at other discrete frequencies and white noise.
In practice, it must be noticed that today more complex, empirical equations are
used, to correct significant deviations from the ideal oscillator behaviour of the
cantilever. The typical error is £ 20% [151] [152].

The other essential parameter to be known is the optical lever sensitivity, ¢.e.
the ratio between cantilever deflection and the photodiod output voltage difference.
This depends from the optical properties of the cantilever, the medium (air or
water), the eventually present fluid cell etc. and also needs to be measured for each
cantilever. This is usually done by pressing the cantilever on an hard surface (i.e.
glass or mica) at high forces: assuming that no substrate deformations happen,
we know the cantilever deflection must be theorically equal to the piezo movement
and the ratio can be calculated. When this is done, the sample can be put in place
under the tip. There is a number of free parameters that the experimenter must
decide before starting the experiment (most of them can also be changed during
operation): the speed, the length range, the maximum force acting on contact on

the surface, the scan rate (number of points recorded per second) are usually the
most important (see Table [5.1]).

Variable Typical range
Speed 0.1-5pum /s
Length 100 nm - 5 pum

Maximum pushing force 0 - 10 nN

Scan rate 1000 - 10000 points per second

Table 5.1: Typical ranges of experimental variables used in SMF'S.
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5.3 Constant speed force spectroscopy

The name of “force spectroscopy” includes a variety of related but different tech-
niques. What defines force spectroscopy techniques is the involvement of a me-
chanical force that acts on the sample and the recording of the sample mechanical
response to this force. Differences lie in how the forces are made to act, in space
and time, on the sample. Different force/time patterns give rise to vast differences
in the actual signal, its interpretation and the behavour of the sample, and in the

end define related but markedly different analytical techniques.
Constant speed force spectroscopy (CS-FS) is the oldest and most popular

of force spectroscopy techniques. This is also the technique with which the re-
sults described in this thesis has been obtained. Usually when the term “force
spectroscopy” is used without other connotations, this is the technique it refers
about. CS-FS is so popular because it is the technically easier force spectroscopy
technique. Virtually any commercial AFM equipment is able to perform constant
speed force spectroscopy, and basic operation requires no particularly sophisticated
electronic feedback.

Other techniques like force clamp FS will be treated in the next chapter, since
they need a deeper understanding of protein unfolding for their potential and limits

to be understood.

5.3.1 Features of a force curve

The constant speed force spectroscopy raw data output is a piezo displacement
Az, vs cantilever deflection Az. plot, where the distance is usually a fixed range
between two fixed, arbitrary Z levels (usually decided by the experimenter). This
plot rarely used by itseliﬂ: the actually useful plot (usually called force curve) is
the tip distance D (distance of the tip from the surface along the 7 axis) vs force
F plot.

To obtain the force curve from the raw distance vs deflection plot, two correc-

tions need to be made. First, the deflection can be easily converted into the the

'However the raw data output is often of paramount usefulness for SMFS data processing
algorithms; see Part M
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force by multiplying it for the measured elastic constant:
F =EkAz, (5.2)

Second, we are interested in the real distance between the tip and the sample. This
distance will differ from the piezo Z displacement Az, by the amount of Az, - that
is, the tip will be closer or farther from the surface depending on the cantilever

deflection. So we have to correct each point of the X axis by this amount:

D = Az, — Az, (5.3)
A ~ B
contact; [}
region ;
approaching J ,:'
retracting contact
point

Figure 5.2: A) Example of a real force curve (tip distance vs force), with the contact and
non-contact region, plus the contact point, evidenced. The retracting curve shows some
peaks. The arrows show the time direction for the approaching curve (right-pointing
arrow) and retracting curve (left-pointing arrow). The gentle oscillation of the non-
contact region is due to optical interference (see text). The whole curve spans about 500
nm of tip distance; peaks are about 100-200 pN high. B) The raw piezo displacement
vs cantilever deflection plot of the same data. C) Zoom of another force curve, showing

aspecific interaction. Notice also the thermal noise.

The plot is actually composed of two curves: the first is called the approaching

curve, recorded when the tip is approaching the surface; the second is the retracting
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curve, recorded when the tip is retracting from the surface. Ideally, if nothing has
been captured by the tip, the two curves superimpose perfectly, apart from noise.
E| Each of the two curves features two different regions: the non-contact region
is the horizontal section where the tip is not touching the surface, and ideally
stays flat at zero force; and the contact region that is the almost vertical portion
drawn when the tip is pushing on the surface and the force acting on the cantilever
increases while the tip stays at the same level.

The point located at the boundary between these two regions is the contact
point. The contact point is of paramount importance, since its location determines
on the force curve where the surface is located. Finding the contact point may
look trivial, but as we will see below, on a real force curve it is often challenging
and its determination is subject to substantial errors.

On the retracting force curve, a force acting on the cantilever gives rise to a
deviation from the flat profile of the non-contact region. A deviation in the oppo-
site direction of the contact region is an attractive force (that is, something tends
to keep the tip close to the surface), while a deviation in the opposite direction is
a repulsive force. In practically all cases what is measured is an attractive force,
due for example to a molecule tethered between the tip and the surface that is
resisting traction. When the tip manages to free itself from the action of the force
(that is, for example, the molecule detaches from the tip) the force acting on the
cantilever abruptly falls back to the zero level. Thus, the breaking of interactions
between the tip and the surface usually appears as a characteristic peak on the
force curve.

An example of such a peak is the so-called aspecific peak that often masks the
contact point in the retracting curve. This peak is due to the interactions between
the tip and the surface material, and their presence and magnitude are related to
the characteristics of the surface and the medium (air or water); charged surfaces
like mica in air tend to give very strong (larger than 1 nN) aspecific peaks, while
metal surfaces like gold tend to give smaller peaks. The existence of the “blind
window” due to the aspecific peak makes the determination of the contact point
less reliable and the interpretation of signals in the first 5-15 nm of extension
dubious at best. It is thus strongly recommended to design the experiment in such

a way the interesting signals are located more than 10-15 nm away from the the

2The cantilever drift can in practice slightly offset the two curves.
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contact point.

The shape of peaks due to the sudden rupture of an interaction is usually
asymmetric, with a characteristic curved slope before the sudden release of force.
This slope contains information on the mechanical properties of the molecule(s)
that bridge the tip and the surface, as explained in detail in section [6.3.2

Another characteristic signal of force curves is the plateau. While peaks are due
to the sudden rupture of a single set of interactions, far from equilibrium, plateaux
are due to the continuous peeling of an high number of small interactions in a
“velcro-like” fashion, in a near-equilibrium condition. Examples of force curves
involving plateaux are the peeling of a polymer chain from the surface[I53][154],
or the unraveling of long coiled-coil protein domains[155]
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Figure 5.3: Example of two different plateaux coming from different processes. A)
Plateau due to the unraveling of coiled-coil domains of myosin[I54] and B) Plateaux

coming from the forced desorption of polymers from a surface[I53].

Instrumental problems can complicate the shape and interpretation of the force
curve. Cantilever drift, due to the slow equilibration of the cantilever, can in
severe cases add a linear slope on the non-contact region. Optical interference is
an artefact due to laser light reflected by the cantilever and by the gold surface
interphering on the photodiode. This is usually revealed by an oscillating pattern
superimposed on the non-contact region, whose period is approximately equal to

the laser wavelength.
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Chapter 6

SMF'S investigation of

multimodular proteins

Bait the hook well: this fish will bite.
William Shakespeare, “Much Ado About Nothing” |, Act II, sc. iii

6.1 Protein force spectroscopy operation

To analyze a molecule by mean of SMFS, the molecule must form a mechanical
bridge connecting the cantilever tip to the surface: this bridge must be such that
the end points of the bridge must be mechanically stronger than the intramolecular
bonds we want to investigate (otherwise the molecule would detach from the tip
or the surface before we break the intramolecular bonds). In theory it can seem
excruciatingly difficult; in practice it is remarkably easy. The concept behind usual
CS-SMFS analysis of proteins is “random fishing” of molecules from the surface,
automatically done by the tip.

The protocol itself is simple. A 10-20 pL drop of a 0.5-2 M protein solution
is deposited on the surface (mica, glass or gold) mounted on top of the piezo-
electric positioner. After an interval ranging between 15 and 45 minutes, protein
molecules will have been adsorbed on the surface by physisorptionE]. The protein
can sometimes deposit as a layer 20-50 nm thick layer. It must be noticed that

proteins can have the tendency to denature on the surface to some extent [156].

L“Physical” , nonspecific adsorption of protein

57



CHAPTER 6: SMFS INVESTIGATION OF MULTIMODULAR PROTEINS

Physisorption is a non specific process, and the mechanical resistance of such a
bond can vary. To improve attachment of the protein to the surface, two cysteine
residues are often added on one end of the protein (usually the C terminus) by
genetic engineering; the -SH moieties will then covalently attach to a gold surface.
Still, the effective gain in efficiency of this method is disputed[157].

The tip also attachs to the molecule by physisorption. In this case, physisorp-
tion is helped by the tremendous pressures the tip exerts on the surface when in
contact. To have an idea of the numbers into play, a 30x30 nm square tip pressing
1 nN on the surface exerts a pressure of about 1.1 MPa, and this is a low estimate:
pressures are estimated to reach even the GPa range. In these conditions, chemical
bonds can actually form between the tip surface and the protein.

In a typical SMFS experiment, therefore, the protein-covered surface is put in a
sealed fluid cell, containing the cantilever and appropriate buffer. The piezoelectric
positioner cycles up and down: the tip approaches the surface, touches it and
pushes on the surface until the pushing force reaches on average 0.5-5 nN. In this
phase the tip hopefully adsorbes one protein molecule that establishes a mechanical
bridge between the tip and the surface. The piezo then moves away from the
tip, stretching whatever is between the tip and the surface. For each cycle the
approaching and retracting curves are recorded. Several hundred cycles are made
for each zone of the surface; the experimenter moves around on the surface from
time to time, trying to “fish” the molecules. An average experiment usually
requires to record from 3000 to 10000 force curves: this number of curves can be
easily recorded in an afternoon of operation. However, very rarely a single day
of data harvesting is enough to build a significant statistic on the system being
probed: see [6.§] for discussion.

6.2 Why multimodular?

Very rarely is a single globular protein molecule stretched by mean of SMF'S.
In most cases, multimodular proteins (i.e. proteins made of individual globular
modules linked in tandem, like pearls on a necklace) are stretched. There are two
essential reasons for that. First, a globular protein is often a short object, with
lateral dimensions ranging between 2 and 5 nm. This means that when the AFM

begins to unravel it, we are still well into the “blind window” masked by aspecific
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Figure 6.1: A) Example of AFM operation in force spectroscopy of multimodular pro-
teins. The tip goes down on the surface “fishing” a protein molecule. The extension
of the piezoelectric positioner Az, stretches the protein that bridges it to the tip. In-
creasing the distance between tip and cantilever, the conformational space available to
the molecule decreases, and the reduction in entropy generates a restoring force that
deflects the cantilever of Az. (states 1 and 2). This entropic force can be described by
the WLC model of polymer elasticity. When one module unfolds (state 3), the contour
length of the protein increases, relaxing the force on the cantilever to near zero. The
cycle repeats until the last module unfolds, thus creating the sawtooth pattern in B).
The last peak is created when the protein detaches from the tip or the surface. C),
a model of the topology of a protein module and two flanking linker sequences. Left:
before unfolding, the module behaves a hidden loop (red) kept together by a point-like
interaction (orange); the sequence in blue yields the measured contour length. Right:
after the interaction breaks, the hidden loop becomes exposed, and the total contour
length increases; the difference between the two contour lengths equals the length of the

previously hidden loop. A and B from[I5§].
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interactions: distinguishing reliably the protein signal from aspecific signals is next
to impossibldﬂ Second, we do not have any control on where the protein is picked
up: the tip curvature radius is often about ten times larger than the protein itself;
when the tip squashes down the protein, it can be physisorbed to the tip and to the
surface from any point. So we not only do not know what portion of the protein we
are stretching: we do not even know the direction of the force vector with respect

to the protein, which is of fundamental importance for data interpretation.

In a multimodular protein, instead, we can ignore both problems. First, such
a protein can be long enough so that the unfolding of first modules will happen
well away from the aspecific interactions (for example, a fully folded protein made
of 6 Ig-like modules in tandem is long more than 25 nm) Second, given a protein
segment bridging tip and surface, we can “sacrifice” the modules forming the ends
of the bridge, while studying the mechanical behaviour of the modules in between.
In this case we are sure that, if our multimodular protein is made of modules
connected by their N and C termini, the force vector pulling the protein is parallel
to the N-C direction, allowing us to make considerations on the actual unfolding

pathway of the protein.

There is also an historical reason for multimodular proteins being studied by
mean of SMFS: many of them have an actual mechanical function. Titin, a huge
muscle protein made of tens of folded independent modules that works as a “shock
absorber” in muscular fibers, is the prototype multimodular protein studied by
mean of SMFS, and most of our knowledge on protein mechanical behaviour comes
from experiments on titin or titin modules. SMFS is however today applied also on
proteins that are globular or even, as we will see in this thesis, natively unfolded.

To study such proteins, we need to insert them inside a multimodular construct
(see [6.4] for discussion).

2If the protein is linked to the surface via a self-assembled monolayer of organic molecules
(SAM), thus passivating the surface, it is possible to effectively eliminate most aspecific interac-
tion. This kind of setup is beginning to be investigated in SMFS use[I59]
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6.3 The mechanical unfolding of a multimodular

protein

6.3.1 Understanding the sawtooth pattern

When a single multimodular protein has been fished by the tip, a characteristic
regular sawtooth pattern appears on the force curve (see Figure . Why is it so?
In understanding force curves, it is always useful to build a model of your system
as a simple flexible chain(s) kept together by point-like interactions (see Figure
C). Regions belonging to two categories can be defined in the chain. The free
chain is the portions of the chain that are not kept enclosed by an interaction.
The hidden chain is the portion of the chain that is enclosed by an interaction.

Let us consider a chain where interactions define a number of equal hidden
loops, under tension. In each moment, the only portion of the chain contribut-
ing to the elastic response is the free chain. The hidden chain, being locked by
the interactions, does not participate to a first approximation to the mechanical
response of the system. The length of the free chain is also called the contour
length of the molecule. When one of the interactions breaks, the loop hidden by
the interaction becomes instantaneously free. The overall contour length abruptly
increases, with a sudden change in the elastic response of the molecule. More
precisely, a longer chain is much more compliant than a shorter chain: the system
therefore suddenly relaxes, with the force acting on the cantilever coming back to
near zero. If the AFM keeps pulling on the molecule, it will stretch the free chain
again, until another interaction breaks, and so on. The cycle takes place until the
chain detaches from the tip or from the surface. Each cycle draws a peak on the
force curve; the last peak corresponds to the detachment of the molecule from the
tip or the surface. The distance between peaks approximately corresponds to the
length of the hidden loop that has been freed.

We have now built a reasonable model of the mechanical unfolding of a mul-
timodular protein. Each module behaves as a hidden loop containing most of the
folded protein. Linker segments between the modules form the free chain. The
mechanical unfolding of most protein modules studied so far is surprisingly catas-
trophic: that is, when a bundle of critical bonds break, the whole fold collapses

and the chain unravels with little or none residual resistance.
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molecule
detachment contact

point

unfolding peaks

Figure 6.2: Example of an actual force curve from the unfolding of a multimodular
protein. Six unfolding peaks coming from individual modules, plus the final detachment
peak are clearly visible. A WLC fit is superimposed to the two first unfolding peaks and
the detachment peak.

6.3.2 Polymer elasticity and the WLC model

What remains to be explained is the characteristic profile of the rise of each peak,
that is, the elastic response of the polypeptidic chain.

The deformability of an ideal random chain molecule (approximations of which
are a polyethylenglycol molecule, a DNA molecule or a non-structured polypep-
tide chain) is controlled by its entropic elasticity. When a stretching force is

applied to the polymer, its conformational space is shrinked: less and less con-
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formations become available, until at full elongation there would be ideally only
one conformation available (a straight, rigid chain). Given that a large majority
of conformations are virtually at the same energy, entropy dominates the process,

generating an opposing force.

The force (F) versus extension (x) profile of entropic elasticity is can be modeled
by the worm-like chain model (WLC) of entropic elasticity, a statistical model for
polymer chain conformation that models the chain as a flexible, continuous string
[160]:

kyT' (1 r\~2 1
“7(3*1(“3) —:1) (61)

The parameters describing the chain in the model are L, the contour length
and p, the persistence length of the chain molecule. This latter is defined as the
distance at which the curvature of the chain in a single point can influence the
curvature of neighbouring point, and it is a measure of chain elasticity: the more
the persistence length is high, the more the molecule is rigid. The WLC model

describes very well the entropic elasticity of molecules, as long as L >> p.

The WLC model predicts a non-Hookean, highly non-linear elastic response of
the molecule (Figure B). While extension approaches the complete elongation,

the resisting force rises steeply and approaches infinity.

Fitting the force curves with the WLC model is standard practice in SMFS
because it yields easily the two essential parameters L and p. It is extremly
important to remind that only by obtaining L from the WLC fit the true
contour length of the object can be retrieved: simply measuring the distance
between peaks can give rise to significant errors in the estimate of the contour
length. p can give more subtle informations on the nature of the molecule into
stretching that are otherwise unavailable. While the expected L are often well
known (they usually correspond to the length of the protein modules into study),
p is usually unknown and depends both on the size of the polymer unit and other
factors. For polypeptides, p is often in the range of 0.3-0.5 nm, next to the size of a
single aminoacid unit. Variations in p have been investigated to discover equilibria

between cis-trans forms of proline residues[135].
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6.3.3 Deviations from the WLC model

When the elasticity deviates from the WLC profile, this implies the existence of an
enthalpic component in the response of the molecule extension. Such deviations
can be the result of intramolecular rearrangements and/or of rupture of chemical
bonds.

Examples of this are the force-extension profiles of double stranded DNA and
polysaccharides (see Figure. Force curves of individual dsDNA molecules show
a WLC profile followed by a characteristic plateau around 60 pN. This profile has
been attributed to a force-induced phase transition in the DNA structure: the base
pairs separate and change their stacking. Only when the transition propagated to
the whole DNA chain, the polymer behaves entropically again.

The forced stretching of polysaccharides induces different “humps” and plateaux,
depending on the nature of the polysaccharide. Such deviations from the WLC
profile has been attributed to force-induced chair-boat transitions in the sugar
units, also thanks to steered molecular dynamics simulations.

In proteins, a classic example of deviation from the WLC profile is the hump
displayed by the initial stretching of 127 titin modules. This hump corresponds
to an elongation of 0.7 nm of the individual modules, happening at a lower force
than the unfolding (about 100 pN)[162]. Other deviations show as smaller peaks
superimposed on the main force peak, as evidenced for example in angiostatin
[163] (see also [I]).

6.3.4 Basic information extracted from protein SMF'S data

Force spectroscopy can basically yield three raw variables related to the behaviour
of a protein molecule under tension: the increase in contour length AL, , the
unfolding force F,, and the persistence length p (see for definitions of the first

and last parameter).

AL, We have seen the force-extension curve of a homomeric polyprotein features
a series of equally spaced force peaks as the protein is stretched between the tip
and the surface, with each peak marking usually marking the unfolding of a single
domain except for the last, which is the detachment of the protein from the tip or

the surface breaking the mechanical bridge.
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Figure 6.3: Examples of deviation from the WLC model. A, stretching of A DNA
molecule, showing a plateau at around 70 pN indicating the overstretching structural
transition of DNA (from JPK website). B stretching of dextran molecule, showing com-
plex transitions at different heights, due to the distortion of the sugar rings constituing
the polymer (depicted in C) (from [I61]). D, characteristic hump indicating the 127
domains structural transition prior to mechanical unfolding (from [162]) E, double peak

in angiostatin module unfolding, showing an unfolding intermediate [163].
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By fitting with the WLC model the rising part of each peak, we can know
the length of the hidden loops being exposed by the unfolding of each domain
(see . However we have also seen that, formally, each peak indicates the
release of an interaction that needs to be broken to proceed in unraveling the
polymer. That a complex protein fold must unfold by mean in an all-or-none
fashion is often only a useful approximation: in practice, unfolding intermediates
are quite often discovered. Intermediates will appear therefore as “humps” or
smaller peaks superimposed on the force curve (see . Measuring the lengths
of the hidden loops uncovered by the intermediates, when combined with molecular
dynamics simulations of the unfolding process, can uncover information on the

actual mechanical unfolding pathway.

p The WLC fit also yields the persistent length p. A change in p usually indicates
a change in the properties of the monomers constituting the polymer. As expected,
this value is usually relatively poorly informative for proteins: the p of polypeptide
chains is usually in the range between 0.3 and 0.4 nm[164], close to the length of a
single aminoacid. A notable exception was the measure of p monitoring the proline

cis-trans equilibrium in the PEVK unstructured segment of titin [I35].

F,, Protein mechanical unfolding is a thermally driven probabilistic process: ac-
tually, the force never directly breaks a bond. Instead, force tilts the protein energy
landscape until the barrier to unfolding becomes of the order of k7" or smaller (see
Section . Therefore, strictly speaking, we cannot talk about an “unfolding
force” , but only of a most probable unfolding force. Moreover the actual force

distribution depends on the pulling speed (more precisely on the loading rate, that

is — )*| and therefore any given unfolding force is a relative value.

The distribution of the unfolding forces measured for a given module should
contain information on the distribution of thermal energy available to each mod-
ule prior to unfolding. This distribution is not Gaussian, but it has a character-
istic shape skewed towards the lower forces[165][166]. This shape contains also
informations on the kinetic parameters that describe the mechanical unfolding en-

ergy landscape: more precisely, in a single-barrier, single-well approximation, /¢

31deally, any protein domain will eventually unfold even at zero force, statistically. In general,
the slower the pulling, the lower the most probable unfolding force. See Section @
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(interaction lifetime) and X, (barrier position along the reaction coordinate X).
However, in practice experimental errors make it difficult to extract reliably those
parameters from force distributions alone. The method of choice to obtain the

kinetic parameters is based on the depndence of the unfolding force on the pulling

speed (see 6.7.1)).

AW  The difference area between the approaching and retracting curve gives the
energy irreversibly dissipated by the system during the unfolding process. This
area, by itself, should be expected to contain little information on the effective
AG of the system. However, exploiting the thermodynamic Jarzynski’s equality,
approaches have been attempted to obtain free unfolding energy information from

the work dissipated in unfolding curves[167].

6.4 The polyprotein strategy for SMFS protein

analysis

As explained above a non-multimodular protein has to be studied by insert-
ing it into an artificial multimodular construct. Even for natively multimodular
protein, building an artificial construct is advisable. In fact, in presence of differ-
ent modules of approximately equal length, it is practically impossible to assign a
specific force peak to a specific module. To analyze the mechanical behaviour of a
module, the best strategy is to build a so-called polyprotein, a perfectly repetitive,
artificial protein made of several identical modules in tandem.

Building a polyprotein not only avoids concerns about the aspecific interactions
and the pulling direction, but provides a number of fundamental advantages. Mul-
tiplying the number of modules in a molecule means that for each molecule we have
many signals to analyze, thus amplifying the rate of data acquistion. The period-
icity of the polyprotein signal is a natural fingerprint of the desired molecule that
allows better discrimination of the signal of the protein into study from aspecific
signals or contaminants. Using polyproteins allows also for “spatial amplification”
of otherwise undetectable features: small aminoacid insertions[I68],conformational

intermediates close to the native state[162] and misfolding events[169].
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6.4.1 Building polyproteins

Two strategies have been developed to this end:

1. Genetic engineering of head-to-tail DNA concatamers[I70]. First implemen-
tations used a single restriction site, concatamerization and selection of the
desired number of repeats after gel separation; a cassette strategy relying
on different restriction sites has recently been established. This is the most

used current strategy.

Advantages:
It allows for specific modules to be inserted at desired position (chi-
maeric polyprotein)
Requires only standard molecular biology techniques

Head to tail directionality automatically obtained
Disadvantages:

Only N-C terminal orientation is possible
Highly repetitive DNA sequences are prone to recombination

Slow, sometimes difficult expression and purification

2. A solid-state strategy where repeats are assembled post-translationally from
chemically joining monomers via disulfide bonds [I71]. It requires the pro-
tein to be easily crystallized. Residues on the protein surface that are in
close proximity with other monomers in the unit cell are modified with cys-
teines. Solid-state oxidation in the crystal leads to assembly of monomers
into disulfide-linked strings. The same strategy can be employed without
crystallization (by oxidizing the proteins in fluid and engineering exposed

cysteines in desired positions), but losing directionality.

Advantages:

Fast; once the protein has been engineered multimers can be obtained

in a few days

Permits every kind of orientation, not only N-C
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Disadvantages:

Requires a crystal to be readily available or to lose directionality
Highly repetitive DNA sequences are prone to recombination

Impossible to insert a specific module in a specific position

6.4.2 Polyprotein design and heteromeric polyproteins

The simplest polyprotein design is the homomeric polyprotein, i.e. a protein
construct made only of identical repeats of the same module. Unfortunately, not
all proteins are suitable for such a design. The signal of the protein may be
particularly complex, and if weak signals add all together at the beginning of the
force curve, interpretation can become difficult. Aggregation-prone proteins (like,
for example, amyloid-forming proteins) are obviously best not assembled together
in a polyprotein. Not all modules, furthermore, guarantee to fold independently
in a polyprotein construct. Finally, if the signal of the protein is not guaranteed
to be a simple, strong unfolding peak, we lose the “fingerprinting” advantage.

For these reasons, heteromeric polyproteins are today the strategy of choice for
the SMF'S study of protein modules. In this strategy, two different protein modules
are inserted in the construct: here we call them the markers and the analyte.
The marker is a well characterized protein module, proved to independently fold
robustly in a multimodular construct, that yields a simple, strong unfolding peak
immediately characterizable. Usually the Ig-like titin modules like 127 and 128
satisfy correctly all these requisites. The analyte is the protein module that is the
object to the study.

The marker and the analyte are usually alternated in the sequence in a “sand-
wich” pattern (MMMAMMM) (Figure A). This pattern has the advantage
that we know a single unit of the analyte has been stretched if and only if we ob-
serve four or more peaks coming from the unfolding of the markers. By measuring
the initial contour length and the separation between marker peaks, one can be
sure of the nature of the object pulled, thus making data analysis considerably
easier and safer (see for discussion).

Another possibility is the alternate (MAMAMAMAM) polyprotein (Figure
6.4.2) B). An alternate polyprotein allows for amplified data acquisition, at the
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100 nm

Figure 6.4: Polyprotein strategies for SMFS and corresponding experimental curves.
A)Top: Sandwich pattern. The analyte (red pentagon) is flanked by marker modules
(blue circles) at left and right. If at least four signals from the markers appear, the
analyte will be surely have been stretched. Bottom: example of force curve from a
sandwich polyprotein (I27)s-synuclein-(I127)3 , from the author (see Part [[V). B) Top:
diagram of alternate pattern polyprotein. Bottom: example of force curve from alternate
pattern[172]. Notice that, as expected, the order of peaks reflects the hierarchy of

mechanical resistance of different modules and not their actual order in the construct.

expense of interpretation of signals if weak signals sum up in a complex fashion at
the beginning of the stretching. A sandwich polyprotein sees the stretching of only
one analyte molecule per successful pulling, but any signal coming from the ana-
lyte is unmistakenbly coming from a single analyte molecule. Choice between the
approaches thus depends on the nature of the analyte; the sandwich polyprotein

is usually the safest alternative.

6.4.3 Open problems in polyprotein design

As of 2008, this is the state of the art in polyprotein design. However, it is
clear that many more factors than currently recognized have to be considered for

polyprotein design. An ideal marker in fact has to:
1. Be easily distinguished from the analyte

2. Interfere as little as possible with the analyte
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Due to the stochastical nature of the bond rupture, the first requirement cannot
be fulfilled by a difference in force. The marker requirement about force usually is
simply: as strong as possible, to increase the odds of having the analyte signal in a
known place in the force curve (i.e. before the first marker unfolding peak). A dif-
ference in unfolding length, instead, can be measured with high precision, and can
be easily used to distinguish a known marker from the analyte. Unfolding length
depends only on the nature of the fold and on the module sequence length, and
therefore does not change randomly or depending on buffer conditions. Unfolding
length can therefore often be predicted, at least roughly, for the analyte and the
marker as well. Unfolding length can also be shortened for a given protein module
by engineering disulfide bonds in the module structure, mostly retaining mechan-
ical properties, as successfully demonstrated by the group of Julio Fernandez[157]

The second requirement is more subtle. A polyprotein construct puts the
analyte and the marker in extremly close proximity, and it can be expected this
alters the analyte surrounding environment and therefore the analyte properties.
There is evidence that even modules belonging to naturally multimodular proteins,
and that therefore have evolded to be independently folding units, are slightly but
measurably influenced by the nature of neighbouring modules[I73][174]. In any
case, the presence of two large moieties flanking the analyte unit has entropic

consequences that must be taken into account[175][38].

It can be possible, however, to design the marker to minimize and control
these influencing effects (see also Figure . The most important factor is the
electrostatic nature of the marker and analyte surfaces. Markers having an elec-
trostatic charge complementing that of the analyte should be avoided, since it is
virtually certain that the analyte and the marker will strongly interact, potentially
the analyte structure and leading to spurious analyte-marker detachment signals
on the force curve. On the same basis, markers and analytes with large exposed
hydrophobic patches should be avoided too. It is conceivable that the best combi-
nation is that of markers and analyte with roughly the same electrostatic charge,
leading to repulsion and minimization of marker-analyte interactions. Tailoring
the surface of an already known protein module, although requiring substantial

work, can be made, as shown by[176].

Apart from marker tailoring, other improvements could be made. Simple exam-

ples of that include additional rigid sequences, for example polyproline stretches,
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Figure 6.5: Simple length-charge diagram showing two parameters to be taken care of in
the choice and design of markers for polyprotein construct for SMFS. Protein modules
with lengths too similar to those of the analyte should be excluded because their length
(and, consequently, their signal) is at risk of being confused with that of the analyte itself
(yellow area). Protein modules of opposite electrostatic surface charge should be avoided
too because they can interact too much with the analyte, creating spurious interactions
and altering the analyte conformation (pink area). The optimal modules should lie in

the areas in white.

could be added between the markers and the analyte to increase separation. The
same rigid sequence could be also exploited at the ends of the molecule, to increase

the odds of the polyprotein construct to be picked up at the very end.

Advanced hypotheses for marker design include the possibility of building
“modular” marker libraries, in which markers are joined to the analyte by mean
of click chemistry, so that different suitable markers are exploited for different
purposes and proteins, without having to redesign a whole polyprotein each time.
Non-protein markers can also be considered, as for example polysaccharide mark-
ers: however stretching polysaccharides do not give rise to clear-cut peak signals
and can easily adhere to proteins, thus making their usefulness as markers still

uncertain.
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6.5 Molecular determinants of the mechanical

stability of proteins

Despite early claims, SMFS experiments have shown that there is little overlap
between chemical and mechanical stability of proteins. Thermodynamical stabil-
ity AG or melting temperature 7,,, = AG/AS do not correlate with mechanical
stability [I77]. This is due to chemical and mechanical unfolding basically follow-
ing different pathways [I78], thus having different unfolding barriers. Moreover,
mechanical stability is not a property of a protein fold itself, but, being force a
directional variable, it is a function of both protein structure and of pulling geom-

etry.

6.5.1 Secondary and tertiary structure

In general, beta-rich structures can be more mechanically resistant than alpha
helix-rich structured’ This has been confirmed both experimentally and by a
wide-range survey of the Protein Data Bank by mean of coarse-grained Go models
[179].

The underlying reason of this hierarchy lies in the geometry of the bonds,
particularly of the hydrogen bond network, with respect to the direction of the
force vector. In this respect, two different general classes of geometries are distinct:
zipping geometries and shearing geometries. In zipping geometries, two different
protein strands are connected by hydrogen bonds parallel to the force direction. In
this case, force is applied on a single bond that rapidly “unzips” , leaving exposed
to force the next bond and so on, until the whole couple of strands has unzipped.
In every moment, only a single bond is under direct tension, and therefore the
net force required to unfold the protein is never vastly superior to that required
to break a single hydrogen bond. Therefore, zipping geometries have very low
mechanical resistance (sometimes even under the AFM detection threshold).

In shearing geometries, instead, bonds are perpendicular to force direction.
Thus, to unfold the protein many bonds have to break at the same time (and

following a different geometry). This event is exponentially less probable, at a

4This does not mean that all beta structures are stronger than all alpha structures: it means

that alpha-helix structures can never be as strong as some classes of beta structures
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given force, than the breaking of a single bond, and thus much higher forces are
needed to make it happen. Shearing geometries have unfolding forces ranging from
100 to more than 200 pN at standard AFM loading rates?|

Strong shearing geometries are almost practically always found only among
beta-sheet rich proteins. Alpha-helix bundles are not as tightly bound as beta
strands, and tend to peel from each other in a zipping-like fashion (as dramatically
seen in the case of the double helix coiled-coil of myosin[155]). Alpha-helix proteins
have been much less studied by mean of AFM: the ones studied unfold at forces
well below 100 pN. The mechanical unfolding of alpha-helix bundles tends to be
more complex and less catastrophic than that of beta sheet proteins, as it has
been seen for spectrin[I81] although it has been disputed when using different
setups[182].

6.5.2 Pulling geometry

Force is a vector quantity, therefore the mechanical stability of a protein will
depend not only on the magnitude but also on the direction and application point
of the force. Zipping and shearing geometries, by definition, are relative to the
vector orientation. Therefore it can be expected that by varying the direction of
the force vector, we can switch between zipping and shearing geometries in the
same protein.

This concept has been first demonstrated not in proteins, but in DNA oligomers,
by comparing the rupture forces of two oligomers of the same sequence, in which
the orientation of the tails was different. The two configurations were measured
to be thermodynamically and kinetically identical when probed with bulk meth-
ods, but the complex with shear geometry had an approximately 3-fold higher
mechanical stability [183].

In proteins, it has been recently possible to experimentally pull some pro-
teins from directions different from the canonical N-C direction. Such experiments
took advantage of the existence of naturally occurring covalent linkages for inter-
nal aminoacid residues in the proteins ubiquitin and E2lip3. These experiments

showed that, depending on the pulling direction, the mechanical stability of the

5The different mechanical resistance between shear and zipping geometries was already pre-

dicted on the basis of molecular dynamics simulations of proteins [180].
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Figure 6.6: Pulling geometry effects on protein mechanical unfolding. A Shearing wvs
zipping geometries in proteins stretched from the N and C termini. The mechanical sta-
bility determinants of two Ig-like modules (127 from titin and C2A from synaptotagmin
I) are patches of backbone hydrogen bonds that can either be orthogonal (shearing ge-
ometry, left: the A’G patch of the 127 module) or parallel to the direction of applied force
(zipping geometry, right: AG patch of the C2A module.) The zipping geometry leads to
a lower mechanical stability, presumably because the bonds are subject to force one by
one. The shear configuration requires instead an all-or-none mechanism of breakage. B
The mechanical stability of ubiquitin depends on pulling direction. The most probable
force required to unfold the ubiquitin domain is higher when the force is applied to the
N and C termini (left) than if the force is applied between the K48 residue and the C
terminus (right). The application points of the force are indicated in red. Caption and
image adapted from [I58]

same protein can vary dramatically (from <20 to 170 pN in the case of E2lip3).
Coarse-grained simulations have also permitted to observe the same pattern for a
wide range of proteins, allowing to map the mechanical resistance of a fold in func-

tion of the residues on the sequence where force is applied. This analysis showed
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that nearly every protein module shows ample variance in its mechanical stability
depending on geometry, with low-resistance geometries (“Achilles’ heels” being

potentially selected for use by unfoldases in the cell[184].

6.5.3 Disulfide bonds

The presence of disulfide bonds can dramatically alter the mechanical properties
of a protein. Being covalent bonds, disulfide bonds become mechanically labile
only at forces of about 1-1.5 nN, five to more than ten times higher than those
necessary for the unraveling of non convalent interactions in a protein fold. Usually
the protein is already detached from the tip or the surface when forces become
strong enough to overcome the disulfide bond. In practice this means that disulfide
bonds act as “locks” that can exclude whole protein segments from the action of
force. This has a direct influence on the protein apparent contour length in the
SME'S force curves: the unfolded protein domains will appear shorter than they
truly are, loops being hidden by the disulfide bond (see Figure [6.7)).

This has been dramatically shown experimentally thanks to the work of Dis-
cher et.al. [I85] and of Bustanji and Samori [I86] on V-CAM and angiostatin,
respectively. Both groups showed that the action of reducing agents modulating
the redox state of disulfide bonds is readily apparent in the AL, statistics. Bus-
tanji and Samori also showed that it is possible to discriminate and quantify the
different population of partially reduced states, displaying different topologies, in
protein modules containing more than a single disulfide bonds, by looking at the

contour lengths.

6.6 The physics of protein mechanical unfolding

6.6.1 Equilibrium and non-equilibrium unfolding

In single-molecule mechanics, the superimposition of approaching and retracting
force curves usually indicates, at least approximately, that the mechanical process
is thermodinamically reversible. More often, the approaching curve is markedly
different from the approaching one, if not completely flat, indicating that the

mechanical process occurred far from equilibrium. The hysteresis, i.e. the area
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domain --> 56 a.a.
loop --> 38 a.a.

Figure 6.7: Disulfide bonds hide portions of a protein domain from an external force.
Left: Two-dimensional sketch of a protein domain of length L containing an internal
disulfide bond. The resulting topology of the domain allows to distinguish an inner
loop of length Ly, enclosed by the disulfide bond. Right: The disulfide bond acts
as a barrier to mechanical unfolding. The apparent contour length L, that will be
directly accessible to force in the same protein sketched left, is therefore given by Ly, =
L — Ligop + SSpond , where SSponq is the length of the disulfide bond itself (this can be
safely neglected). If Lj,,, encloses a large fraction of total L, the presence or absence of
a disulfide bond can effectively switch the protein between two radically different elastic

states: a locked, inextensible one and an unlocked, compliant one.

between the approaching and retracting curve, is a measure of the energy dissipated
in the process.

In the loading rate range available to SMFS, very few proteins act as true elastic
elements, storing and yielding elastic energy reversibly with little heat dissipation.
Notable examples are elastomeric structures like that of elastin [I87], the PEVK
and N2B domains of cardiac titin[I35] [I37], the EH domain of myomesin[I8§].

The mechanical unraveling of the myosin II tail is an example of a near-
equilibrium peeling of secondary structure elements. The two long coiled alpha
helices unzip from each other at next to constant force, producing a plateau (see
Figure , center). Relaxing the molecule brings the helices back in coiled-coil,
following the same pathway[155].

Most proteins, however, display equilibration rates much slower than the timescales

accessible to SMF'S experiments. In proteins it is usually impossible to distinguish
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Figure 6.8: Equilibrium and non-equilibrium elastic structures in protein unfolding.
Left: The protein elastin behaves a reversible entropic spring, with nearly complete
superposition between approaching and retracting curve[I87]. Middle: Unraveling of
the mysoin II coiled-coil displays a reversible plateau region, again demonstrated by
the superimposition of approaching and retracting curves[I55]. Right: The unfolding of
(B-sheet rich polyprotein is instead a highly dissipative process, as shown by the large
hysteresis between the approaching and retracting curves (light blue). Adapted from

[158].

the collapse of tertiary structures and the subsequent unraveling of secondary
structures, as for RNA: the unfolding of most protein domains appears as a coop-
erative process where the module mostly resists to the force until a critical bundle
of bonds breaks up: in this case the whole fold collapses and subsequent unraveling

takes place with little or no resistance.

6.6.2 Description of single barrier mechanical unfolding

Since most folds are mechanically defined by what looks like a single, strong in-
teraction, a discussion of the behaviour of a non-covalent bond under a stretching
force is suited to describe it. As sketched in Figure |6.6.2 a bond can be, in first
approximation, described by an energy profile where a barrier confines the bound
state away from the dissociated one. The energy difference between the bound and
the dissociated state controls the relative populations of the two states. This en-
ergy gap can be measured by traditional bulk ensemble techniques, but as pointed
out above, by measuring only the energy difference we learn very little about the
relations between force, lifetime and affinity that describe the dynamics of a bind-

ing event. In general, any bond or interaction has a limited lifetime, so if we wait
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Figure 6.9: The energy landscape of a binding interaction is tilted by the application of
an external stretching force. (A) Energy landscape at zero force of a pair of interacting
molecules. A barrier whose height is Ej is located at X; along the reaction coordinate-
that is, the distance between the molecules. (B) When a force is applied the free energy
profile is tilted downwards by an amount equal to the mechanical work F'dz that is done
on the system (represented by the straight tilted line), where F' is the stretching force and
dz is the elongation along the force vector. (C) The extent of the reduction of the height
of a barrier is greater the further is the location x; from the equilibrium configuration.
(D) A force vs. loading rate logarithmic plot of the most probable unfolding force of
angiostatin Kringle modules upon a mechanical stress (from [163]). The plot shows a
linear dependence between the force the loading rate kv (where k is the elastic constant
of the cantilever and v the loading rate).
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for a sufficient amount of time we will observe it to break. Whenever an exter-
nal force f that breaks apart the bound components is applied, the bond lifetime
under that force is described by :

togs (f) = koffl(f) = lpexp [Elzb(;)] (6.2)

where k, is the diffusive relaxation time and Ej, (f) is the height of the energy
barrier that confines the bound from the dissociated state.

The pulling force tilts the energy landscape (Figure m B). Evans and Ritchie
[165] were the first to model the change induced by an externally applied force on
the energy profile of a bond, starting from a pioneering study by Bell [I89], and
on this basis they analysed in detail the physical quantities that, as we will see
below, can be measured in force spectroscopy experiments. The energy barrier
at the transition state is reduced by the application of the external force, the
dissociated state is made more favoured, and therefore the lifetime of the bond
decreases. The application of an external force properly directed thus supplies
some encouragement to the binding to fail. The energy distortion shown in Figure
6.6.2| quantitatively changes the bond lifetime in an exponential way, as described
by Equation (6.2, where the height of the barrier is reduced of an amount corre-
sponding to the work performed along the reaction coordinate by the force f along

a distance x; (the distance of the barrier from the minimum).

e T e
(6.3)

The overall effect is a downward tilting of the energy landscape. The extent

1

toff (f) = koff (f)

= tpexp [

of the reduction of the height of the barrier is greater the further the location x,
from the equilibrium configuration (Figure C).

To relate the bond lifetime to the measured values of the force at which a bond
fails, one has to consider the dissociation equation of an isolated pair of interacting

molecules. The master equation is

dp1
dt

where p; (t) is the likelihood of being in the bound state and pg (t) = 1 — p; (¢) is
the likelihood of being dissociated. k,s¢ and k,, are the dissociation and binding

= —koss (t) p1 (t) + kon () po () (6.4)
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constants of the complex. This equation, when a force is applied as to separate

the bound components, reduces to

B — ks (21 (1) (65
because, keeping on pulling, they move apart and thus the rebinding probability
vanishes.

When an elastic probe (like for example the AFM cantilever) acts as a pulling
spring at constant speed, the applied force usually increases with time. The rela-
tionship between dynamics and mechanics is better described by the loading rate
ri(f) = Z—{ = ks (f)vs , where k, is the spring constant of the full system com-
posed of the force sensor and the tethered molecules and vs is its pulling speed.
By using this parameter the force becomes the integration variable, instead of the
time. By introducing the force dependent expression of k,s/(f) in the master equa-
tion and solving the differential equation thus obtained, the probability density of
the bond survival as a function of the applied force, 7.e. the distribution of the

unbinding forces, is obtained.

() ks 0[S ks OKT ([ fn
w(f) = T exp[ka+ T (1 exp(ka)>} (6.6)

It is then possible to calculate the value of the force at which this distribution

has a maximum. This is the most probable unfolding force measured in the SMF'S

experiment:

P ot =2 () (67)

6.7 Mapping the mechanical unfolding pathway

6.7.1 Dynamic SMFS

Dynamic SMFS is the most widespread and straightforward technique (albeit time
consuming) to obtain energy landscape parameters from force spectroscopy data.
The technique simply requires to obtain force curves at different loading rates and
finding the relationship between the most probable unfolding force and loading

rate.
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The most probable rupture force (f*) of the interaction depends upon the
loading rate (r;) because the likelihood of the bond failing under an external force
depends on the time spent at the same force. Under the application of a ramp
of force the time spent by the bond at a certain force is controlled by the pulling
velocity. If the velocity is so high that this time is shorter than the bond lifetime
at the same force, the bond is likely to fail only at a greater force. The value of
the most probable rupture force therefore increases with the pulling velocity, i.e.
with the loading rate. This dependence is expected to be a weak one, like the
logarithmic one, (see Equation[6.7) because it comes out from the balance of two
effects. On pulling faster, the most probable rupture force becomes greater, but
at the same time, the dominant barrier is lowered, thus leading to a decrease of
the bond lifetime and also of the most probable force at which the rupture takes

place.

The force-induced reduction of the height of the barrier being greater the fur-
ther is its location along the reaction coordinate (see Figure C), as predicted
by Equation [6.7] a linear plot of the most-probable-rupture-force versus the loga-
rithm of the loading rate is therefore obtained (see Figure 2D). This dependence
makes it possible to determine not only the barrier location (x;), but also the
unbinding constant at zero force koss (0). The spatial location of the barrier ()
is given by the slope of that linear relationship, and therefore if k, is assumed to
be constant, only knowledge of v is needed. On the other hand k,¢s (0) depends
both upon the slope and the constant term. This is the reason why an accurate
evaluation of the effective loading rate ksvs is needed. The velocity v is set within
the dynamic range accessible to the instrument and is known with very high ac-
curacy. The value of k; was assumed by many authors to be determined by the
spring constant of the cantilever only. Most recently it has become understood
that kg should include also the elasticity of the stretched molecule. On the other
hand, the elasticity of the molecule depends on the conformational space it can
explore. This space is gradually narrowed on increasing the extent of the stress
applied to the molecule. This is the reason why Dettmann et al. [190] proposed
to evaluate k, values from the slope of the final part of the force peaks, i.e. when

the molecule is in a stretched state that is very close to the bond rupture point.

Unfortunately, in most cases, noise and irregularities of the peak profile often

make somewhat arbitrary the definition of a meaningful “slope” . This problem
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can be circumvented by obtaining k,;; and x; from Monte Carlo simulations of the
mechanical unfolding. The simulations normally assume a two-state model for the
unfolding potential barrier and the WLC elasticity model for protein elongation.
The energy parameters of the barrier are adjusted to fit the experimental force
distribution and the dependence of the rupture force data from the pulling speed.

In this model the unfolding probability of any module at each step is

P = NkopAt (6.8)

where N is the number of unfolded modules and At is the time interval. With
this method the loading rate is implicit in the calculation, being a function of
cantilever elastic constant and of molecule p: these parameters must be given
to the simulation as explicit data [164]. If there is some knowledge about the
interactions involved in mechanical unfolding, more refined models can be used
[191].

Evaluations of not only the intrinsic rate coefficient and location of transition
state, but also of the free energy of activation, can be extracted by taking into
account that the tilting of the energy landscape not only decreases the height
of the barriers, but also subtly shifts them towards the equilibrium minima (an
example of Hammond effect)[192]. Because of this shift, the mean rupture force
becomes a non linear function of the logarithm of the loading rate. Nevertheless
at low to intermediate speeds a linear fit of this model is quite good. Dudko et
al. [192] therefore warn that, in this case, one might incorrectly attribute the
curvature appearing at higher force loading rates to the switch from one dominant

free-energy barrier to another.

6.7.2 Protein engineering analysis

Another way to understand protein mechanical unfolding pathways is perturb-
ing the system by mutations, and observing the result. In this way, unique in-
sights can be obtained. For example, several mutants of the 127 titin domain have
been studied. The insertion of glycine loops into 127 modules was used to show
how SMFS could capture length differences down to the single aminoacid[168]
. Mutants containing proline were employed to demonstrate mechanical unfold-

ing intermediates[162] and to study the effect of mutations on protein mechanical
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stability[193]. The existence of the 127 unfolding intermediate was further char-
acterized by mean of substitutions and deletions[I78]. Best et. al. developed the
mechanical equivalent of the ® value analysis[194], used to probe the conforma-

tional effect of a mutation by measuring the ratio:

 AAGN -4
 AAGN_p
that is, the ratio between the native-transition energy gap and the native-

d (6.9)

denatured energy gap. This is a measure of the amount of native structure that
is present in the neighbourhood the mutated residue in the transition state. This
kind of analysis however assumes Ax, to stay constant between the wild-type and

mutant protein.

6.7.3 Molecular dynamics simulations of mechanical un-

folding

SME'S itself can only know of interactions, their forces and the lengths of loops
enclosed by them. As such, they cannot provide information at the atomic level
on the nature of the probed interactions[35]. As of today, most structural insights
on the atomic behaviour of protein chains under an external stress come from
steered molecular dynamics (SMD) simulations[195]. SMD can reliably predict
the relative mechanical stability of homologous modules and the location of force-
bearing residues [196].

Despite useful, SMD simulations suffer of onerous computational requirements.
This leads to several limitations in what can be obtained by them. The time
scale available to SMD is often of the order of a few nanoseconds. Conversely,
the required pulling speed of the simulation must be orders of magnitude faster
than the fastest available dynamic range of AFM (which works in the millisecond
to second range). The physical correspondence between the simulation and the
experimental results is thus unclear. Moreover, simulations conducted in explicit
solvent often cannot simulate correctly the water molecules while the molecule
extends: the bubble of water surrounding the molecule tends to “evaporate” , and
simulations of the latest unfolding phases correspondingly suffer of artefacts.

In spite of these difficulties, experiments and simulations usually agree strik-

ingly with each other, their combination being the approach of choice for dissecting
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the mechanical unfolding pathways at atomic level.

Recently, it has been shown that coarse-grained simulations, which mimick
the system at the aminoacid level rather than at the atomic level, can provide
surprisingly good results[I84] in predicting the general features of unfolding path-
ways and relative force magnitude of protein folds. Being computationally much
lighter, they could explore time scales much more similar to the experimental ones
and help the experimenter to know what to look for. This permitted to survey
known protein folds in the Protein Data Bank, obtaining a proteome-wide scan of

mechanical behaviour of proteins[179].

6.8 SMFS data analysis

While much has been written on the experimental, “hands on” side of force spec-
troscopy, much less attention has been dedicated to the aspect of data analysis
(see [197] for an exception). This lack of information is even more visible con-
sidering the fact that SMFS data analysis is all but standardized, and that while
basic practical skills inherent to SMFS can be learned in less than a month, inter-
pretation of force curves is often the most bewildering and difficult stage for the
SMFS experimenter, more so when analyzing a new protein. Force curves, in fact,
are rarely if even close to ideal. Force curves are intrinsically different from many
spectroscopies in not relying only on the absolute positions of their signals, but
mostly on the relationship between its features.

In fact, only about 1% of force curves usually contains data good enough to be
used for interpretation. This means that 99% of curves has to be discarded. Most
of these curves (about 70-90%) will simply contain no signal at all: this is actually
a desired feature, since a higher rate of success implies a higher probability of
picking up two or more molecules instead of only one. The remaining ones will
contain force curves from the stretching of two or more molecules, contaminants,

fragments or simply interactions and objects that resist interpretation.

6.8.1 Recognizing aspecific interactions

The first part of SMFS force curves is often obscured by aspecific interactions
(see |5.3.1)). Moreover, small fragments or contaminants being casually stretched
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between the tip and the surface will appear as short, irregular peaks in the initial
part of the curve. Such signals are at risk of being confused with genuine signals
coming from the molecule into study. In general, interactions should not be mea-
sured unless they fall clearly outside this blind window. A rule of thumb is: if a
peak is separated by aspecific signals by a significant number of points near the
baseline, meaning the system has relaxed, it can be took into consideration.

A second control can be made on lengths. If the interaction comes from the
molecule and not from aspecific interaction between the molecule and the surface,
the contour length measured on the peak will be next to that of the full molecule. If

the measured contour length is unreasonably shorter, the interaction is suspicious.

6.8.2 Recognizing single molecule events

The force spectroscopy “blind fishing” strategy of course does not guarantees
that only single molecules will bridge the tip and the surface. Two, three or more
protein molecules can easily fit on the large tip surface. The significance of AFM
as a single molecule technique relies not on the absolute certainity of picking up
only a single molecule, but on the ability to recognize the signal of single molecules
from that of multiple molecules.

In principle, signals from multiple molecules contain the same information of
multiple signals from a single molecule. In practice however the signals add up and
make impossible to assign features to one of the two molecules or both. Therefore
only signals from single molecules must be selected. In fact, signals from multiple
molecules are a common plague of SMFS experiments. To be avoided, usually the
concentration of the molecule on the surface has to be balanced so that actually
picking molecules becomes a rare event (about 10-1% of all force curves). This
way, Poisson statistics guarantees that a large proportion of these events will come
from single molecules.

Recognizing single molecule events depends on the features of the molecule
itself. In general, however, a very strong suspicious marker of multiple events
is a reverse hierarchy of forces. When stretching a single object weak bonds
fail before strong ones, so usually force peaks are distributed approximately in
a crescent hierarchy. When multiple molecules are picked up, instead, shorter

molecule segments will resist force before longer ones are fully stretched. Therefore,
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larger peaks from the detachment of shorter molecules can easily precede smaller
peaks from the unfolding of longer ones.

In the case of polyprotein, another tell-tale pattern is the presence of a “stag-
gered” sawtooth pattern, where the step between two peaks is minor than the
length of the domains, but the step between couples of peaks is equal to this
length. This is usually the fingerprint of two polyprotein molecules being catched
and unfolding together.

6.8.3 Recognizing objects

SME'S force curves are exceptionally poorly informative, by themselves, on the
nature of the molecule being stretched. SMFS by itself gives no data on the
molecular structure, but only on the force of intramolecular interactions and of
the lengths of loops enclosed by them; moreover it is often hard to have a priori
data on the intramolecular interactions that can be probed mechanically.

For this reason, having a thoroughly characterized marker is of immense help.
The tell-tale pattern of marker modules in a polyprotein construct (see ,
with its characteristic spacing between peaks of reasonable size, allows to recog-
nize curves containing the signal of the analyte from those due to possible contam-
inants. Of course, the pattern alone is not enough. Curves with similar patterns
can come from dimers, from partially unfolded molecules (due to protein-surface
interactions), from fragments and contaminants. Not being able to characterize
exactly what molecule has been stretched means, simply, that we do not know
what we have stretched and therefore we are unable to do any inference.

For this reason, appropriate controls must be made. Since length is the only
structurally constant variable that can be safely probed by mean of SMFS, usually
such controls are made on length. In particular, the following lengths have to be

controlled, since they are best known a priori:

1. The initial contour length. This parameter gives the contour length of the

object before it is being stretched.

2. The final contour length, measured on the detachment peak. This parameter

gives the length of the whole unraveled object.
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It is important that the two lengths are consistent. Picking up a shorter section
of a polyprotein, say, 4 modules out of 6, means that (1)four peaks will be observed
(2)the final contour length will be equal to 4 modules unraveled (3)also the initial

contour length must correspond to that of 4 folded modules.

Applying such simple controls on the choice of the signal to include in the

statistics often means to surprisingly increase the value of the data measured.

6.8.4 Recognizing patterns

Of course if everything on SMFS curves was expected a priori, SMFS experiments
would be of little value. Recognizing unexpected patterns is therefore a crucial
(and difficult) skill: but it is the most important, since it allows to discover new

conformations otherwise difficult if not impossible to observe with other techniques.

In general, every pattern that (1)repeats regularly between different force
curves and (2)belongs to interpretable, recognizable objects should be investigated.
Such patterns can range from whole new signals appearing on the force curve to

subtle differences in the shape of the peaks.

Usually analyzing force curves requires hundreds, if not thousands, of force
curves to be reviewed. In such a sea of data, of which an overwhelming majority
is discarded, a rarely occurring but repeating pattern can easily be lost. For this
reason a conservative and iterative approach is best. Data are therefore analyzed
two times: first, the dataset is cleaned from obviously useless signals, but keeping
generously “suspicious” or “dubious” signals together with the clearly “good”
ones. These data (usually already less than 10% of the initial dataset) are then
kept apart. After a significant number of these curves has been chosen, a second
review is made on these, now trying to apply as rigorous as possible criteria for
their classification. Both in the first and in the second review, notes are taken
on curves that are selected, and in the second also on curves that have not been
selected. Curves not selected in the second review are not thrown away: they can
still contain material and information that will be of interest later, or that contains
significant information that will become apparent only after successive rounds of
data analysis. It is also good practice to mix review rounds between operators,

and/or to do that collectively, so to reduce subjective bias.
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6.8.5 Data analysis automation

It is obvious that in SMFS analysis as described there is space for considerable
operator bias. A further, important step for SMFS would be an at least partial
automation of data analysis. Unfortunately the impressive instrumental achieve-
ments of SMFS have not been joined by a parallel development of data analysis
software. Most disappointingly, no prominent software platforms emerged as stan-
dard mainstream in the SMFS community (most laboratories use home-made data
analysis scripts), thus making efforts many efforts in this direction failing to be
widely adopted.

As of today, most efforts on data analysis automation have been focused on
automatic elimination of the large percentage of curves recognition of unfolding
peaks and automatic measurement of peak force and distance[198][199]. Although
very useful in reducing the time needed for data analysis, such approaches still do
not help in lending rigour to the criteria used for selecting curves to measure and
to classify different patterns.

A possible step in this direction could be applying multivariate analysis on a
large set of variables describing the force curves (for example, average distance
between peaks, average peak force, folded contour length etc.). Even a simple
cluster analysis made on the correlation of different variables could help in quantify,

and thus rationalize, the criteria used for selecting and classifying force curves.

6.9 Force clamp SMFS of multimodular proteins

Force clamp SMFS (FC-SMFS) is the other main AFM-based SMFS technique.
As the name says, whereas CS-SMF'S keeps speed constant, FC-SMFS keeps force
acting on the molecule constant. The evolution of the system under constant force
is then followed in time. The output of FC-SMFS is a time wvs length graph,
where the length is the surface-tip distance. In the case of multimodular proteins,
the classical plot shows a characteristic “staircase” where each step marks the
unfolding of a domain: the height of a step is, approximately, the length of the
module (just like the distance between peaks in CS—SMFS)E] and the length of the

6In practice, the height of a step depends on the clamp force, following the WLC function.

At low forces the unfolded domain will not be fully stretched, therefore a domain will appear
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step is the time before the next unfolding. Since this time is probabilistic, the only

clear parameter identifying the protein domain here is the length[200].
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Figure 6.10: Forced unfolding, refolding and unfolding again of a ubiquitin polyprotein
by FC-SMFS. (A) Plot of the chain extension as a function of time, (B) corresponding
plot of the applied force. The external applied force is first set at a high force (122 pN)
to encourage the folded protein to unfold (steps 1-3 correspond to the unfolding of three
ubiquitin domains) then released to a lower force (15 pN) to increase the likelihood of the
refolding, and finally set to 122 pN again. If in this last phase unfolding signals appear
again, this means that refolding was successful. It is possible to see different stages in the
refolding trace: the fast elastic recoil of the unfolded polymer (4), and then a continuous
but fluctuating collapse as the protein folds (from 4 to 5). At 14 s the polyprotein was
again stretched back to 122 pN. A stepwise pattern analogous to that at the beginning
is present, confirming that the polyprotein modules had indeed folded again. The initial
steplike extension is the elastic stretching of the folded polyubiquitin.The inset line above

the time scale shows the different refolding stages. Figure edited from [201].

FC-SMEF'S has enormous potential, since it allows to obtain kinetic parameters
of proteins under force directly, without having to resort to dynamic force spec-
troscopy or other workarounds. Moreover it shows promise of identifying unfolding

intermediates with finer resolution than conventional CS-SMF'S: for example, while

shorter than at high forces.
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the 127 unfolding intermediate on CS-SMFS resolves only as a smooth hump when
multiplied for a significant number of domains (see Figure , it can, at least in
theory, show as a well-resolved step if the clamp is set at enough low force. How-
ever FC-SMFS is still suffering technological limits, because of the unavoidable
cantilever drift and the force feedback noise (about 50 pN); the feedback speed is
also limited, in best cases, to approximately 3 ms, which is barely enough to obtain
clear-cut unfolding steps. Further improvement in the experimental set up through
the employment of smaller force probe[202] [203] in order to strongly decreasing

the noise level and/or through faster feedback controls are being developed.

Most strikingly, the possibility of quenching the force at any chosen value al-
lowed observation of the refolding of these multimodular proteins under different
mechanical loads[201] (see Figure [6.9). The time taken to fold was shown to be
dependent on the contour length of the unfolded protein and the stretching force
applied during folding. The folding collapse was marked by large fluctuations in
the end-to-end length of the protein, but these fluctuations vanished upon the final
folding contraction. Afterwards, the force was raised again in order to control the
extent of the refolding. The interpretation of these results was done in the light of a
polymer coil-to-globule transition, where the chain starts from an almost fully ex-
tended state and then collapse in a compact form as it would do a polymer placed
in a poor solvent. In any case the recorded refolding trajectories are presently
not clear enough to understand each detail of the folding of a complex object
such as a multimodular protein construct. Recent theoretical considerations have
shown that protein refolding in this kind of force-quenching experimental set up
may not be directly comparable to temperature-quenching protein refolding: the
initial state[204] and also the reduced degrees of freedom[205] affect the preferred
refolding pathways. More recently, the group of J.Fernandez showed possible evi-
dence of force-clamp followed refolding on a real single protein, instead than on a

multimodular construct[159].
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6.10 Limits and perspectives

6.10.1 SMFS as a structural technique

SMEF'S experiments are still far from being a structural technique: they can de-
tect structural differences in a sample of molecules, and large (>100 pN) force
peaks are highly suspect of belonging to beta-structured modules, but can do lit-
tle more. The most detailed analysis achieved so far by mean of SMFS is the
sequential pulling of a-helices from monolayers membrane proteins[206]. There-
fore, molecular dynamics simulations or time-consuming mutational approaches
are needed to gather structural information on mechanical unfolding (see .

Two routes are currently in development to overcome these limitations. The
first is acquiring a better force resolution, as to be able to solve the unraveling of
single hydrogen bonds and, ultimately, the secondary structure of the protein into
study. Currently the only limit to force resolution is cantilever thermal fluctuation
due to thermal noise. A reduction of the size of the force sensor, keeping the same
stiffness, should improve the signal-to-noise ratio[207]. Small cantilevers have been
tested and allow a resolution of about 7-10 pN, two to three times better than
that achieved with standard cantilevers [203][I55]. Usage of these cantilevers is
however still extremly limited in the SMFS community due to them still being
scarcely available commercially, their high cost and technical difficulties (optical
interference, fragility).

The second route is that of coupling optical and force measurements on a single
molecule. By using appropriate FRET[| probes and optical equipment, it could be
possible to see what residues are being pulled apart mechanically during a SMFS
experiment. The titanic technological challenges still prevent this to be a common-
place approach, but the first attempts have been made[208]. It is not improbable
that in the next few years such instrumentation will be put in commerce, thus

boosting the detailed molecular comprehension of mechanobiological processes.

6.10.2 Increasing data throughput

SMF'S experiments can be extremly time consuming, especially if a single module

in a “sandwich” construct is being probed. To build a decent statistical sample,

"Fluorescence Resonance Energy Transfer

92



CHAPTER 6: SMFS INVESTIGATION OF MULTIMODULAR PROTEINS

often weeks of experiments are needed. Speeding up the process would make it
easier for SMFS to become a “routine” analytical technique.

The first approach is increasing the raw data throughput by using multiple
tips, like in the “tip arrays” [209] and the “Millipede” [210] devices. This method
has the advantage of allowing for “reference cantilever” to be used, effectively
removing problems due to mechanical noise and thermal drifts.

The second approach is transforming SMFS from a blind fishing expedition
to scope-aided hunting. Today there is little control on the general state of the
protein on the surface, and none at all on the actual molecules picked up. The
heterogeneous mixture on the surface contains fragments, denatured, misfolded,
aggregated proteins that at best are a distraction and at worst degrade the quality
of the statistical sample. Imaging of the sample, allowing to pick up only “good”
molecules leaving behing “bad” ones, would be of exceptional help in increasing
both the data throughput and the confidence in data. However, proteins are
soft materials that are difficult to reliably image with conventional AFM imaging
modes, and therefore, with the exception of systems like 2D crystals[206] it is
unclear how this could be achieved with conventional protein deposition. Using
self-assembled monolayers as a platform, however, makes it possible to obtain
better control on the sparseness and attachment of proteins on the surface, and
therefore this method shows some promise about improving singling out single

proteins on the surface.
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Hierarchical mechanochemical
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The complexity of things - the things within things - just seems to be endless.
I mean nothing is easy, nothing is simple.
Alice Ann Munro
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Chapter 7

Background and theorical

elaboration

7.1 Disulfide bonds as molecular switches

Disulfide bonds are commonly thought to have been selected by evolution to
serve one main purpose: to sustain and protect the native conformation of a
protein[211][212]. In fact a disulfide bond is rare in intracellular proteins but is a
common feature of proteins that work in the extracellular space, i.e. a space that
offers a particularly challenging environment for protein folding. The disulfide
bonds reduce the conformational space accessible to the native folded structure of
the proteins, by linking adjacent strands with a covalent bond (Figure A). The
disulfide bonds can even form a sort of ladder in a protein structure that must be
maintained in a particularly harsh environment. That is for instance the case of
laminin 7-chain, a structural protein of the basement membrane[213] (Figure
B).

This point of view looks at the disulfide bond just as an inert structural feature.
On the other hand the disulfide bond can be reversibly cleaved and reformed by
various physiological agents. It is therefore natural to imagine that the disulfide
bond can also act as a reversible switch able to be turned off and on. In fact,
several protein functionalities have been already proposed to depend on switching

mechanisms based on disulfide bonds.
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Figure 7.1: Disulfide bonds protect the protein folding. (A) Cross-strand disulfides
connecting a beta hairpin in the influenza virus B neuraminidase (from[214]. (B) The
structure of the laminin gamma chain (1 KLO in the Protein Data Bank) is an example
of a structure with a high concentration of disulfide bonds. The fully oxidized structure
is a rigid rod kept together by a ladder of 12 disulfide bonds.

7.1.1 Disulfide bond cleavage as a mechanism for protein

function control

Extracellular regulation by disulfide cleavage has been specifically demonstrated in
secreted proteins like thrombospondin-1[215], von Willebrand factor (vVWF)[216]
and plasmin[217], in cell-surface receptors including CD-4 T cell receptor|218],
integrins[219] and the HIV gp120[220] . The functional effects of this regulation
are different and not always clear.

Disulfide regulation directly affects the multimer size of vWF[216] and trig-
gers the auto proteolysis process that leads to the production of angiostatin from
plasmin[217]. In the case of the CD-4 receptor both oxidised and reduced forms
of the molecule co-exist in equilibrium on the T-cell surface, and T-cell activation

leads to a shift to the reduced form. This suggests a definite but still unknown
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functional role of the disulfide reduction in the CD-4 receptor[218] and indicate
that the reversible cleavage of disulfide bonds in extracellular proteins may be an
important tool for the regulation of their function. CD-4 disulfide reduction has
been shown to block HIV infection[221].

In all these cases, except in that of plasmin, disulfide cleavage is triggered by
the action of unspecific oxidoreductases of the protein disulfide isomerase (PDI)
superfamily like thioredoxin or PDI itself. There is a general evidence that free
thiols are exposed on the extracellular face of many plasma membrane proteins
and that PDI controls the exofacial thiol/disulfide equilibrium[222]. Thioredoxin
and PDI are known to be secreted outside the cytoplasm and to be present and
active on the cell surface, despite the lack of obvious secretory signal sequences
for both proteins[223][224][225]. It is still unclear if these proteins act as single
turnover reductants or if they act in a catalytic-like manner: in the latter case a
PDI- or thioredoxin-reductase system fuelled by NAD(P)H, for example, must be
present. Evidence for a working extracellular thioredoxin/ thioredoxin-reductase

system has been found[226].

The main plasmin reductase has been demonstrated instead, quite surpris-
ingly, to be phosphoglycerate kinase (PGK), the sixth enzyme of the glycolytic
pathway[227]. PGK appears to act with a still unknown disulfide independent
mechanism unrelated to that of oxidoreductases of the PDI superfamily. There is
a definite functional difference between dithiol-disulfide redox exchange and thiol
independent mechanism for disulfide reduction. The first class of proteins have
broad specificity and require at least two additional factors to act catalitically:
this means they are unlikely to act in a specific and efficient fashion. The sec-
ond mechanism, although still unclear, can act both catalytically and with high

specificity.

Disulfide bonds can also be enzymatically reformed in the extracellular ma-
trix. Sulphydryl oxidases are disulfide bonding catalysts that seem to act in the
extracellular matrix along with PDI[22§].
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7.2 Coupling the redox equilibrium of a disulfide

bond with an external mechanical force

The cleavage of a disulfide bond therefore seems a fast, specific and reversible
switch for protein functions. However,in all the cases known in which a biochem-
ical signal is triggered by disulfide bond cleavage, it is still unclear which is the
structural mechanism that underlies this kind of regulation. The common ex-
planation postulates that the cleavage of the disulfide bonds itself can trigger a
conformational switch and therefore directly influence the protein function. This
purely redox switching mechanism, although it can directly affect protein flexibil-
ity, is not expected to be very effective in altering the protein conformation, and
it is unclear how widespread it may be[229].

In some cases disulfide bonds somehow trap an otherwise frustrated fold, that
relaxes in the minimal energy state only once the disulfide bond is broken. This
can be the case of disulfide bonds that have high potential energy stored: exam-
ples are cross-strand disulfides[214] and vicinal disulfide turns[230]. However, the
cleavage of most extracellular disulfide bonds is known to be reversible[229] and
the existence of highly strained disulfide bonds is not expected to be general. Af-
ter the cleavage of the disulfide bond, it should be difficult for a protein to “come
back” and reform spontaneously a disulfide bond that stores high potential en-
ergy. Even if there are rare cases of reversible conformational switches triggered
by disulfide bonds[231], the general rule is that disulfide bonds do not drive the
folding, but merely stabilize protein structures[232].

Therefore, after the cleavage of a disulfide bond it might be desirable to “help”
the system to drive the protein to the specific structural change that is required
to activate a specific functionality. This help might have a mechanical origin.
In the course of my Ph.D. work, a theorical framework has been elaborated on
the possible relationship between disulfide redox regulation and mechanochemical

regulation.

7.2.1 Mechanical effects of disulfide bonds

An effective functional switch should be fast, specific, and reliable. A mechanical

switch or a redox switch based on a disulfide bond, taken alone, fulfil only partially
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these requirements.

We have seen that just the opening of a disulfide bond can hardly lead to the
relevant conformational changes that are expected to be required to activate spe-
cific functionalities. We have seen also that mechanical processes are able, instead,
to deeply affect the structure and, therefore, the functionality of an extracellular
protein (see Chapter . What these latter processes lack is a reliable control of
the induced molecular extension.

Disulfide bonds create topological loops that drastically affect the mechanical
behaviour of a protein molecule under external force, by covalently connecting
cysteines that are distant in the protein primary sequence. Being covalent, the
disulfide bonds can withstand forces up to a few nanonewton[233]. The stretching
forces normally generated in vivo have been estimated to range from one to a
few tens of piconewton[31][33]. These forces would not be enough to break a
disulfide bond. The action of the force will therefore bypass the loop enclosed by
the disulfide bond (Figure : the contour length measured in a single molecule
force spectrum thus results apparently shorter than that expected simply on the
basis of the total number of its aminoacid residues (see also Section [6.5.3)).

An experimental evidence of this effect has been given by the human angio-
statin K1-5 molecule[I86]. Angiostatin is a protein composed of up to five very
similar modules, called kringle domains. Each kringle domain has a globular struc-
ture defined by three internal disulfide bonds, forming a characteristic triple-loop
topology[234] (see Section [10| below). The most external bond of each domain
encloses practically all the module.

In the fully oxidized configuration angiostatin behaves as a short, inextensible
molecule with an apparent contour length of a few nanometers, contrary to a
contour length of the order of 150 nm, in the fully reduced form. By chemically
reducing the disulfide bonds the internal topological loops of the kringle domains
become accessible to the action of the force and can mechanically unfold. The more
the reduction proceeds, the larger is the portion of each module that can unfold
under force. The presence or the absence of disulfide bonds therefore modulates
the mechanical properties of the polymer among states with different extensibility.
In the case of angiostatin, the triple loop topology of kringle domains makes three
different mechanical states to be accessible in each domain.

An analogous but simpler system has been described for the Ig-like domains of
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melanoma cell-adhesion molecule (Mel-CAM)[I85].

7.2.2 The redox modulation of the protein mechanics can

switch new protein functionalities

e A
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Figure 7.2: The coupling of cysteine redox and mechanical regulation. Left: If a cryptic
site is enclosed in a loop defined by a disulfide bond, mechanical force alone is not able to
break the constrain and free the site. Only after the reduction of the disulfide bond, the
protein fold can be mechanically unraveled and the cryptic site revealed, thus allowing
binding. Right: The same logic applies for two synergic binding sites that must be placed
at the correct distance to simultaneously bind their target. Also in this case reduction of
the disulfide bond makes it possible to deformate the protein fold as to allow the correct

displacement of the synergic binding sites.

The mechanisms proposed in [3| by which a mechanical stress can be transduced
into a biochemical signal, can meet a finer tuning whenever they are coupled to
a redox equilibrium based on disulfide bonds. In fact, in the absence of disulfide
bonds, potential cryptic sites are exposed each time there is a tensile stress on the

protein. On the other hand, if the cryptic site is enclosed in a loop defined by a
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disulfide bond, the site will be hidden by default, and it would be exposed to a
mechanical stress only after having unlocked the disulfide bond.

A signalling pathway on the cell surface can be therefore based on the over-
expression and/or activation of extracellular disulfide reductases, that can finely

control the exposure of cryptic sites in mechanically stressed proteins (Figure [7.2)).

7.2.3 Candidate proteins

The structure of laminin strongly suggests the possibility that such a regulation
mechanism might act in the basal membrane of vascolar endothelium. The basal
membrane is the specialized extracellular matrix that sustains the growth and
the survival of vascular endothelium [213] and it is normally subjected to the
mechanical forces generated by migrating endothelial cells. Laminin is a trimeric
protein and is one of the main structural components of the basal membrane.
The structure of laminin shows a striking “ladder” of disulfide bonds in the ~
chain[235], and also three exposed disulfide bonds in the a-2 chain [236] (Figure
A).

Thioredoxin has been shown to be able to reduce laminin disulfide bonds and
this reduction seems to alter the growth of endothelial cells [237]. Moreover, the
binding sites for nidogen (another essential component of the basement membrane)
located on the 11114 domain of the laminin gamma chain geometrically match with
disulfide-connected loops in laminin. These binding sites are at least partially less
active when reduced[238], suggesting a mechanism in which binding affinity could
be locally regulated by a redox equilibrium.

Cell adhesion molecules and transmembrane molecules are normally subjected
to the mechanical stresses generated along the ECM-cytoskeleton pathway. Many
of these molecules also present disulfide bonds in their structure and constitute
therefore other candidates for a disulfide-controlled regulation mechanism. It has
been proved that the CD4 receptor activity is regulated by disulfide reduction
[221], and that the mechanical properties of a cell adhesion molecule (CAM) can
be modulated by mean of its disulfide bonds [I85]. The vascular cell adhesion
molecules (VCAMs) and CD2[239] are two other examples of the many cell adhe-
sion molecules that contain disulfide bonds in their structures.

Integrins are the transmembrane molecules that mediate cell adhesion. Also
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these molecules contain disulfide-bonded modules and their reduction has been

shown to lead to integrin activation[219].

7.2.4 Mechanoredox controls in the extracellular matrix

The majority of structural proteins present in the various kinds of ECM contain
disulfide bonds. In ECM, as any other polymer gel, the degree of crosslinking
strongly influences the gel mechanical behaviour. There is evidence that at least
some ECM components are crosslinked by means of disulfide bonds[240]. Given
also the presence of reductases and disulfide isomerases in the extracellular space
we must expect that a disulfide bond mediated crosslinking can be a quite diffused

phenomenon.

7.3 Angiostatin

Angiostatin is an internal fragment of plasminogen, and it has been discovered
through its antitumoral and antiangiogenic action in mice[241]. Three isoforms
of angiostatin are known, depending on the plasminogen kringle domains they
contain (K1-3, K1-4 and K1-5). Angiostatin has been among the first endoge-
nous angiogenesis inhibitors known, acting by both inhibiting endothelial cell
migration[241][242], and eliciting endothelial cell apoptosis[243], thus suppressing

tumour growth in animal models[241].

7.3.1 Kringle structure

Kringle domains are compact, rigid folds that are unusual in having virtually no
recognizable secondary structure. The only secondary structure is tipically an
antiparallel S-sheet composed of 2-3 amino acids per strand (Figure A).
Kringle domains share a triple loop topology defined by three disulfide bond{]
(Figure A). Each domain is 78-80 aminoacid long. Angiostatin kringle domains
show considerable sequence identity, of about 50% [244], that reflects in nearly

equal three-dimensional structure for all domains. The linker sequences between

!The name of the domains in fact comes from the kringle biscuits, which loosely remind the

topological diagram
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the kringle domains are non-structured and of variable length (from 3 to 30 amino

acids).

Figure 7.3: Kringle domains structure. (A) Three-dimensional structure of the kringle
domain K1 of angiostatin. The [(-sheet (blue colored), the disulfide bonds (yellow
colored) and the cystein residues (red colored) are evidenced. (B) Sketch of a two-
dimensional structure of a kringle domain. The three disulfide bonds (yellow colored)

determine the typical triple-loop topology.

The function of kringle domains is usually of protein recognition. Kringle
domains contain characteristic lysine binding sites[245], with the notable exception
of angiostatin K3 domain.

The only multikringle structure known in atomic detail is that of angiostatin
K1-3[234]. In the crystal, the three kringle domains orient themselves to form a
triangular bowl-like structure, kept together also by an interkringle disulfide bond
between K2 and K3.

7.3.2 Angiostatin production

Angiostatin is produced by step-wise proteolysis of plasminogen[217][246]. First,
the N-terminal fragment of plasminogen is cleaved by the plasminogen activators

uPA and tPA, or by some metalloelastases. The resulting fragment is known as
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plasmin. The reduction of two disulfide bonds of K5 by PGK and the sequential
proteolysis of the plasmin protease domain leads to angiostatin K1-4 (plus a frag-
ment of K5). The agent responsible of K5 disulfide reduction has been shown to
be phosphoglycerate kinase (PGK)[227]. Other disulfide reductases are however
able to cleave K5 disulfide bonds, like thioredoxin and protein disulfide Isomerase
(PDI)[217]. The K1-5 fragment can in turn be processed by matrix metallopro-

teinases resulting in generation of K1-3 and K1-4 isoforms.

7.3.3 Angiostatin proposed mechanisms of action

There is considerable uncertainity on the mechanism of action of angiostatin at
the molecular level. Although cell surface receptors for angiostatin have been iden-
tified, it is not clear which receptors actually transduce the inhibitory or proapop-
totic signals. Also, the intracellular signaling pathway triggered by angiostatin is

yet to be characterized.

e Tetranectin and ECM of endothelial cells have been shown to be ligands
for angiostatin K1-4[247]. The binding of tetranectin was shown to inhibit
the interaction between K1-4 and the ECM, and blocks angiostatin anti-
proliferative activity, suggesting that angiostatin action is related to its in-
teraction with the ECM[247].

e Angiostatin can bind the o and [ subunits of mitochondrial F1-FO ATP
synthase, inhibiting ATP synthesis. Most surprisingly, the same ATPase is
uniquely expressed at the surface of endothelial cells[248]. The inhibition of
cell surface ATPase has been proposed to alter pH inside the cell and act
as an apoptotic trigger. The binding of K1-5 to the endothelial ATP syn-
thase leads to caspase-mediated endothelial apoptosis. Inhibiting caspace-
mediated apoptosis also abolishes K1-5 activity[249]. It is then possible that
the specific action of angiostatin on endothelial cells is due to angiostatin

recognizing cell surface ATPase.

e Integrin av 43 on the surface of endothelial cells is a ligand of both angiostatin[250]
and plasmin[251]. Plasmin is an angiogenic agent, so it has been proposed
that angiostatin acts as a negative competitor to plasmin in its binding to

integrin.
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e Focal adesion kinase (FAK) is activated by angiostatin, inhibiting endothelial
cell migration and promoting endothelial cell apoptosis[243]. FAK activation
seems related to the angiomotin receptor[252]. Angiomotin is able to bind
angiostatin on the surface of endothelial cells, despite its sequence not sharing
obvious characteristics of a cell surface receptor. Angiomotin makes cells able
to internalize angiostatin. Angiostatin internalization then leads to FAK

activation

7.3.4 Kringle structures activities

Various studies have investigated the activity of single kringle domains and their
combinations, to dissect the action of angiostatin modules at molecular level. The
studies showed that the activity of multikringle structures is far from being simply
the sum of its parts, and it is instead arising from complex synergic and antago-
nistic effects.

K5 and K1 have been identified to be the most potent domains regarding
inhibition of endothelial cell growth, while K4 is virtually inactive[244][253]. The
ranking order of endothelial cell growth inhibition is K5 > K1 > K3 > K2 > K4.

The antiproliferative activity of K1-4 is boosted by synergic effects, its ef-
fect being higher than that of the single domains composing it[244]. K1-3 shows
however even more powerful activity. It seems that K4 is not required, or even
disadvantageous, for anti-endothelial growth activity.

K35 is especially powerful. It is the most anti-proliferative kringle domain, and
by itself it is several times more poweful than K1-4[253]. K1-4 and K5 together
acts synergically, and correspondigly the full K1-5 is the most powerful inhibitor
of cell growth.

Synergystic and antagonistic effects are evident in kringle domains, their effects
being combined as covalently bound dimers or multimers are markedly different
even from their effect as combined domains in solution. The K2-3 fragment for
example displays a lower activity than the one of K2 and K3 alone. On the
contrary, the K1-3 fragment displays higher anti-proliferative activity than the one
of K1 and K2-3 alone. When combining the two fragments, however, antagonistics
effects appear and the activity of K1+K2-3 is comparable with the one of K2-3.

Synergistic and antagonistic patterns have been found also for antimigratory
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activity. Antimigratory and antiproliferative activities seem to be poorly corre-
lated. K4, while being almost inactive against proliferation, is the most active
antimigratory domain of angiostatin, both alone or in the K1-4 fragment. K1-3,
on the contrary, is a poor antimigratory agent[242]. The K2-3 fragment has an-
timigratory activity comparable with the one of K4. K1 shows a very low activity
and has been found to be responsible of the modest activity of K1-3, which is
markedly lower than K2-3 one. The combination of the two individual fragments
(K1 and K2-3) leads to an high activity, comparable to the one of K2-3 alone.
The latter also shows a higher activity than the combination of the two individual
domains K2 and K3. K5 shows an activity comparable to that of K4[254].

7.3.5 Kringle activities and disulfide bonds

Angiostatin K1-4 activity is abolished if disulfide bonds are reduced and kept
cleaved by alkylation of cysteines. This has been usually interpreted as proof of the
native fold structure in angiostatin activity[244][242]. However this model is based
on the assumption that disulfide bonds reduction strongly alters the conformation
of kringle domains. Force spectroscopy experiments have shown that kringle do-
mains maintain a significantly folded structure even after all three disulfide bonds
have been completely reduced[186]. K5 also displays higher anti-migratory activity
when reduced[254]. K4 contains cryptic fragments that are more active than the
whole folded domain, but that are buried in the fold in the oxidized state[255].

7.4 A mechanoredox hypothesis for angiostatin

7.4.1 Mechanical forces acting on angiostatin

The non-addictive behaviour of kringle fragments angiostatic activity, with the
complex combination of synergistic and antagonistic effects (see [7.3.4)) is coherent
with a mechanochemical model of angiostatin action. Cryptic angiostatic sites
buried in equilibrium multi-kringle conformations[255], or the existence of syner-
gistic sites, would be likely affected even by small mechanical forces acting on the
protein.

Angiostatin binding partners suggest it is subject to mechanical forces in phys-
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iological conditions. Its ligands include components of the ECM (tetranectin and
fibrin) and the integrin av 33 on the surface of the endothelial cells (see[7.3.3). In-
tegrins are a crucial point in the ECM-cytoskeleton mechanical communication[34] [256].
Angiostatin therefore binds components that relay forces between cells and the
ECM. Another cause of applied force on angiostatin might be the continuous re-
modelling of the ECM structure and conformation. These relative movements of
the ECM components would apply mechanical tension to an angiostatin molecule
connecting two different points of the membrane.

Angiostatin, in fact, acts in the dynamic process of angiogenesis, which is a
place in which significant mechanical forces take a physiological role. Donald Ing-
ber proposed ha mechanism in which the control of blood vessel growth is piloted
by local modifications of cellular force balances and the tensegrityP] of ECM[34]. At
the beginning of angiogenesis, in fact, various proteases are overexpressed. These
enzymes digest structural matrix proteins, freeing protein cryptic sites and soften-
ing the ECM. The default tension that endothelial cells exert on the ECM stretches
and thins the digested regions of the ECM: this in turn enhances the tension acting
on the focal adhesions of the cells surrounding the proteolyzed ECM. Endothelial
cells react to this modification of the tensile forces network by migrating towards
the proteolyzed zone, duplicating and rebuilding the ECM behind them. This
proteolysis-migration cycle continues at the apex of the growing blood vessel, that
“tunnels” literally in the ECM.

There are a number of experimental results that support this model. Tension
forces in the extracellular matrix directly controls the growth of new vessels[257].
Endothelial cells morphogenesis is regulated by the action of mechanical forces
on integrin inside the ECM[258]. The nascent blood vessels morphogenesis is
regulated by the ratio between ECM stiffness and forces generated by endothelial
cells[259).

7.4.2 Forced unfolding accessibility of kringle domains

The stretching forces normally generated in vivo by cells and ECM, ranging from
one to a few tens of pN[31][[32], would not be high enough to break the disulfide

2Tensegrity is a portmanteau of “tensional integrity” . It refers to the integrity of structures

as being based in a synergy between balanced tension and compression components.
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bonds enclosed in the kringle structure (see [7.3.1]) (see Section and Section
. Importantly, one of these bonds directly connects the N and C termini of
the domain. Therefore, disulfide bonds act as mechanical barriers that completely
prevent angiostatin mechanical unfolding in oxidizing conditions[186].

A reducing environment, however, could cleave one or more of the disulfide
bonds. This in turn would enable mechanical unfolding of the angiostatin domains,
thus creating a mechanism similar to that describe in Section [7.2]

The hypothesis is worth investigation since it is known the angiostatin disul-
fide bonds are physiologically reduced. Proteolytic generation of angiostatin from
plasmin requires reduction of K5 disulfides (see by mean of various reducing
agents. Kringle disulfide equilibria are therefore fundamental for the existence of
angiostatin itself. Moreover, as seen in Section [7.3.5] the activity of kringle do-
mains is known to be modulated by disulfide reduction. While these effects have
often been attributed to a loss of kringle structural integrity, SMFS established
that disulfide bond integrity was not necessary to maintain the angiostatin folding

integrity (otherwise, no unfolding peaks could be observed)[I86].
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Chapter 8
Rationale

As explained above, there are strong reasons to think of disulfide bond redox state
as being intimately connected with mechanical processes leading to biological sig-
nalling. There are also strong hints of angiostatin being a significant example
of this kind of mechanochemical coupling. Having already characterized angio-
statin behaviour in different reducing conditions by mean of SMFS in the same
laboratory[186], we continued investigation of the same system to elucidate the

following points:

e Characterizing the redox equilibrium and the consequent mechanical proper-
ties of angiostatin in the physiologically relevant redox conditions, with the

use of physiological reducing agents.

e Characterizing the details of angiostatin mechanical unfolding by mean of
SMF'S experiments and molecular dynamics simulations (in collaboration

with the group of Prof.Rita Casadio, University of Bologna)
e Reconnecting these data with the physiological understanding of angiostatin

The work was aimed at characterizing angiostatin as an example of coupling
between redox and mechanical processes. To our knowledge, this is the principal
and most detailed work in which this link has ever been established. This work,
and the theorical elaboration surrounding it, have been the first, to our knowledge,
to suggest the coupling of redox and mechanicall processes as a signalling pathway

of potential interest for understanding extracellular processes.
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Chapter 9

Materials and methods

9.1 Force spectroscopy experiments with dithiotre-
itol

A drop of purified angiostatin K1-5 (Calbiochem) solution (20 mL, 0.5 mm) in
HEPES buffer (pH 7.4), previously incubated with dithiotreitol (DTT) (100 mm; 2
h, 37 8C; which is more than enough to reduce all kringle disulfide bonds[186][260])
was deposited on a clean glass surface that had been rinsed with water, acetone
and ethanol, drawn through a Bunsen flame and rinsed again. After a deposition
time of 30 min, the sample was then inserted into a fluid cell. The force spec-
troscopy experiments were performed in micro filtered PBS buffer with DTT (100
mm) with a Nanoscope IIla multimode atomic force microscope (AFM; Digital
Instruments) using sharpened silicon nitride (SisNy) tips (from Park Scientific), at

room temperature.

Cantilever spring constants were measured by their thermal spectrum (range
between 40 and 60 pN/nm). The loading rate values reported in Figure [10.2]
were computed by taking into account that they are related to the pulling speed
through the elasticity of the bridge, which is composed of by both the molecule
under stress, and the AFM cantilever. After analyzing the experimental data, we
estimated that an equivalent spring constant of 27 + 3 pN/nm can be assigned to

the bridge for the speed range that we used.
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9.2 Force spectroscopy experiments with thiore-

doxin

Angiostatin (0.13 mm) was incubated for 30 min at 37 *Cwith an activated human
thioredoxin (hTRX; from Calbiochem) solution (20 mm, angiostatin/hTRX molar
ratio about 1:150). After the reduction, angiostatin was alkylated for 30 min in
the dark by adding iodoacetamide (from Fluka) at a 5-10 mM final concentra-
tion in order to avoid the oxidation of h'TRX-reduced Cys residues, and to block
hTRX activity. Angiostatin was finally purified from hTRX and iodoacetamide
by using YM-30 ultra free Microcon (from Millipore; 4 °C). We found that this
simple purification step was enough to avoid interference in the force spectroscopy
experiments, due to engagements of the residual h"'TRX rather than angiostatin
molecules. One drop of the final solution (0.5 mM) was used for the force spec-
troscopy experiments, following the protocol described above, but without DTT
in the fluid cell buffer.

The activation of the enzymatic site of h'TRX was obtained by incubation with
DTT (from Sigma-Aldrich; 1 h, 37 °C, 1 mm) in HEPES buffer (pH 7.4). The
activated hTRX was purified by using YM-3 ultra free Microcon (from Millipore)
at 4 °C(final DTT concentration below 50 mm). Control force spectroscopy ex-
periments performed with DTT at 50 mm ruled out any detectable reduction of

angiostatin, which would have been contributed by the DTT.

9.3 Force spectroscopy raw data analysis

The unfolding force curves were selected by keeping only those clearly presenting
the sawtooth profile that is characteristic of angiostatin single-molecule mechanical
unfolding for analysis. More specifically, the measured curves showed a) from 2 to
4 peaks (1-3 unfolding peaks plus final detachment); b) peaks whose height was
similar besides the case of the last peak that must be the highest (or at least as
high as the others); ¢) no indication of plateaus or other features superimposed
on the sawtooth profile. We observed no significant evidence of the two-stage
unfolding described for disulfide-bonded domains[261] probably because in our

case the disulfide bonds are already naturally accessible to the solvent; however
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we cannot completely rule out that some sporadic occurrence of these effects might
have entered our statistics.

The selected curves have been analyzed by a custom MatLab program which
performs a double-parameter fit on each unfolding peak. The fit function is a
worm-like chain (see equation and the two fitted parameters are the persistence
length (range of variation from 3.5 to 7 A ) and the contour length. The fit is not
normally performed on the entire peak profile: in this case, it is advisable in fact
to exclude the final part of the peak, because it can be affected by small enthalpic
deviations from the entropic elasticity profile. The analysis software allows one to
directly select the fit interval on the curve plot.

For dynamic single-molecule force spectroscopy analysis, the single unfolding
peaks have then been separated into three classes according to their contour length
increase: I (12.5 + 4 nm), IT (21 + 2.5 nm) and III (30.5 £ 3 nm), according to
their triple Gaussian distribution (see Figure . Only the peaks that belong
to one of these three classes have been used for dynamic SMFS analysis.

9.4 Monte Carlo simulations

Monte Carlo simulations of the stretching experiments were performed according
to a previously published procedure[262]. with a time step of 107° s and a protein
composed of two modules (the case of three unfolding modules, although observed,
was rare enough in our experiments to be neglected). Three different contour
length were used, corresponding to the three observable levels of reduction. The
dependence of the unfolding force on the pulling speed was simulated at the same
five different pulling speeds used in the experiment. The single stretching cycle
was repeated 500 times for each set of conditions. Fit of the experimental speed
dependence with the simulation was obtained by a two-step procedure. First, the
barrier position leading to the same slope in the linear dependence was identified.
This is possible since the slope only depends from the barrier position. Second,
once the correct slope was identified, the intercept ensuring the best fit of the data
was identified. The Monte Carlo analysis has been used for fitting of the linear
force dependence, but fitting the single experimental force histograms with that
obtained by mean of Monte Carlo was unsuccessful, probably because they were

too noisy.
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9.5 Steered molecular dynamics simulations.

SMD simulations were performed according to[263]. The kringle domain was sol-
vated with the TIP3 water model, and the energy of the system was minimized.
After this, the kringle water box was heated over 10 ps and then equilibrated
with a thermal bath at 300 K for another 10 ps. The SMD simulation was per-
formed with a time step of 1 fs, a uniform dielectric constant of 1, and a cut-off of
Coulumb forces with a switching function from 10-13 A . The molecular dynamics
were carried out using the CHARMMI19 force field, and by fixing the C-a atom
of one terminus and applying an external force to the other C-a terminus. For
each kringle, 5 different simulations were performed at 1 A /ps pulling speed. The
pulling direction was chosen along the vector from the fixed atoms to pulled one.
The value of the spring constant k was set to 10 KT A ~2, corresponding to the
thermal fluctuation of constrained C-a at 300 K.

Simulations with these values of £ and v correspond to pulling with a stiff
spring in the drift regime. The K2 and K3 structures have been extracted from
the human K1-3 protein structure[234] (PDB ID: 1KI0); the K4 structure from
the structure labeled 1IKRN in the PDB.[264] The SMD simulations were carried
out with NAMD 2.5[265] and the solvated kringle domains were obtained by using
the TIP3 water model with the GROMACS 3.0 program[266]. Both programs
were executed on a double processor Intel Xeon 2.4 GHz machine with the Debian

GNU/Linux operating system.

9.6 Protein-protein docking simulation.

According to the procedure described in the previous section, the crystal structure
of K1-3, with only one disulfide bond reduced for each kringle, was solvated in water
and its energy minimized. The whole system was heated and equilibrated at 300 K
and then a SMD simulation of 500 ps was performed. For the docking procedure,
only a fragment of the K2-3 of 1KIO structure was considered. The stretched K2-
K3 fragment was obtained after 140 ps of steered molecular dynamic simulation.
The two subunits of F1 ATPase were extracted selecting the chains A and E of
the crystal structure labeled 1BMF in the PDB[267] Docking of the angiostatin
fragment to the ATPase was performed by using Z-DOCK.[268] Patches of 10 A
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radius centered on the relative binding sites were considered.
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Chapter 10

Results

We have studied the mechanical unfolding of the angiostatin domains in their
different redox states at the simulation level by the steered molecular-dynamics
(SMD) approach[263] and at the experimental level by new SMFS experiments.
Because of the setup of the SMFS experiments (see below), the simulations ad-
dressed only the K2, K3 and K4 domains, since no reliable unfolding data for the

two terminal K1 and K5 domains could be obtained.

10.1 Steered molecular-dynamics simulations of
the angiostatin mechanical unfolding under

reducing conditions

The simulations showed that, when the three disulfide bonds of the angiostatin
domains are fully reduced, the mechanical unfolding of K4 and K2, is controlled by
the sequential rupture of two critical sets of interactions: first the hydrogen bonds
sealing the C- to the N-terminal break, then a short antiparallel 5-sheet ruptures
(see Figure . The failing of the three hydrogen bonds that sustain this 3-sheet
corresponds to the dominant peak in the simulated force-elongation profiles (see
figure A) and to an energy barrier located at an elongation of 23 + 4 Afrom
the fully folded, native structure. This peak is preceded by 13 + 2 Aalong the
elongation coordinate by another peak or hump, which is due to the rupture of
the set of hydrogen bonds connecting the N and C termini. The structure of this
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Lys76 Cys73

Figure 10.1: The triple-loop topology of an angiostatin kringle domain (K4) defined
by the three internal disulfide bonds (black). The two critical noncovalent interactions
that control the mechanochemical unfolding of the angiostatin domains are the hydrogen

bonds connecting the N and C termini (light gray) and a short (-sheet .

intermediate is shown in Figure [10.1

The SMD simulations were also performed on the partially reduced states of
K2 and K4, in which their two internal Cys22-Cys61, and Cys50-Cys73 bonds are
not reduced. As shown in Figure [I0.1] their simulated force-elongation profiles
do not substantially change with respect to the totally reduced state; the double
humped profiles of figure are maintained, despite the topological blockades
due to the unreduced disulfide bonds (Figure . In conclusion the simulations
showed that, when at least the most external Cysl1-Cys78 bond is reduced, the
mechanical unfolding of K2 and K4 is controlled by a double-well, free energy
landscape like that shown in figure B, which has a metastable intermediate,

whose structure is depicted in figure [10.1].

In the case of K3, the rupture of the five hydrogen bonds connecting the N
and C termini and the failing of the 3-sheet occurred without any relaxation into
an intermediate in between (see Figure A). The intertwining of these two
ruptures in K3 is due to the greater number of hydrogen bonds connecting its N
and C termini: there are five instead of two or three, as in the case of K2 and K4,
respectively. In the case of K3, the rupture of the fifth hydrogen bond takes place

when the (-sheet is already under tension.
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Figure 10.2: Force-elongation profiles of the A) K2, K3 and K4 angiostatin domains,
and the corresponding B) double- or C) single-well free-energy landscapes that can be
inferred from the SMD simulations on the K2-K4 or K3 domains.

10.2 Stretching single angiostatin molecules un-

der reducing conditions by SMF'S.

When single molecules of angiostatin are experimentally stretched by the SMFS
methodology, force curves with sawtooth shaped peaks like that in Figure[10.2] are
recorded. Therein, each peak corresponds to the unfolding of one single domain.

As demonstrated by a previous study[186] the state of reduction of the relevant
domain can be assigned to one of the three reduction stages based on the contour
length increments of each peak with respect to the previous one: I (Cysl-Cys80
opened), IT (Cys1-Cys80 + Cys22-Cys63 opened) and IIT (Cys1-Cys80 + Cys22-
Cys63 + Cysb1-Cys75 opened). This is made possible by the fact that as the
reduction of the disulfide bonds proceeds, a larger portion of each domain module
can unfold under the external force, and the distance between the peaks increases,
as also shown previously[185] [186].

About 50% of the recorded peaks exhibit either a shoulder or a double tip at
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Figure 10.3: Structure of the partially unfolded and partially reduced intermediate that
is mechanochemically populated in the K2 and K4 domains. Theside chains evidenced
are those involved in the hydrogen bonds between the N and C termini that break apart

in the first unfolding step.

their crests, like that in Figure C-F. This statistic is maintained for all three
reduction states. The length increment between the two tips, or between the tip
and the shoulder, ranges from 10 to 20 A, and their force is approximately equal
(ratio 1st/2nd tip: 0.95 £ 0.15). Therefore, the profile of these double-tipped
peaks matches the energy profile that results from the simulations, and is shown
in figure for the K2 and K4 domains.

The assignment of these double-tipped peaks to K2 and K4 is confirmed by the
frequency of their occurrence, which is in accord with the expected mechanochem-
ical population of the intermediate that was identified by the SMD simulations
of those two domains. The other peaks with a single-tipped shape fit the case
of K3, which according to the same simulations, should not have any on-path

intermediate.

Normally the SMD simulations are used to provide an atomistic interpretation
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Figure 10.4: The double-humped force-elongation profiles obtained by SMD simulations
of the K4 domains in the (I-III) reduction stages. The double-well energy landscape
inferred in Figure 2 B for the completely reduced case therefore applies also to the other

reduction stages.

for the experimental SMFS force extension data. In this case, due to intrinsic
limitations of these data (see below), dynamic SMFS (see data have been
used to support the energy landscape depicted by the SMD simulations. We
recorded and analyzed about a thousand force curves under different reducing
conditions and at different pulling speeds (from 100 nm s~! to 5600 nm s~1). All
the peaks were then assigned to the [, II, or III state of reduction (see[186], Chapter
|§| and Figure and each data set, corresponding to each state, was analyzed
separately.

For each pulling velocity, a histogram like that in Figure [10.2| was obtained,
and the most probable unfolding forces, corresponding to each of the three peaks,
that is, to each different reduced stage, were reported vs. the natural logarithm of
the loading rate (Figure [10.2)).

For the reduction stage III, an energy barrier at an extension of 16 £+ 8 A(as
shown in Figure m B ) was mapped from the slope of the linear dependences of
the force upon the loading rate (Figure A). The fit of the experimental unfold-

ing data by Monte Carlo simulations[164] confirmed the value of the energy barrier
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Figure 10.5: Snapshots of the SMD simulation of the mechanical unfolding of the K4
domain with A) only the most external disulfide bond unlocked (state I) B) all three
disulfide bonds reduced (state III). In both cases the first barrier to mechanical unfolding
is connected to the rupture of the hydrogen bonds between the N- and C-termini. The
second barrier is due to the general disruption of the protein core. This takes place in B
with the full unzipping of the b strands that is made possible by the reduction of all the
three disulfide bonds. The SS bridge in A allows only a distortion and twisting of the
(B-sheet . On the other hand, this distortion is sufficient to disrupt the core structure of

the protein through its invasion by solvent.
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A) v M M

Figure 10.6: A) and B) Typical angiostatin force-elongation curves (black) recorded by
AFM-based single-molecule force spectroscopy. The worm-like chain lines are colored
according to the state of reduction (I, IT and III) that can be assigned to each unfolding
peak. The last peak of all curves is the detachment peak (fit line in gray). The cor-
responding unfolded portion of the kringle domain is colored in red in the 2D sketches
over the fitting lines. C) to F) Unfolding curves showing typical double-tipped unfolding
peaks (arrows) revealing the population of the on-path intermediate predicted by SMD
simulations with the structure reported in Figure 3. Scale bars (in the center) are 100
pN (vertical) and 10 nm (horizontal). The last peak of each curve is the detachment
peak. The large vertical portion visible at the left of C, D and E is the final part of the
unspecific adhesion signal, and is not related to protein unfolding. All the scale bars are
100 pN (vertical) and 10 nm (horizontal).
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Figure 10.7: A triple Gaussian function with three peaks centered at 12.5, 21 and 30 nm
fits the distribution of the unfolding length increments of the unfolded domains, obtained
from the contour length increment of each single peak with respect to the previous one.
According to Bustanji et al.[I86] these values are in good agreement with the unfolding
lengths expected for the three (I-II-III) thiol-disulfide reduction stages (about 13.5, 20
and 28 nm). These stages are sketched on the top of each relative band with the portion
of the domain accessible to mechanical unfolding (and, therefore,corresponding to the

observed average length increment) shaded in dark gray.

position, and estimated a lifetime, extrapolated at zero force, of the order of 10'° s,
which is consistent with those reported for domains with [-sheet structures[269)].
This 16 + 8 A position most likely results from the limited capability of the dy-
namic SMFS to resolve the two barriers that were found by the SMD simulations,
and to confine the intermediate identified in K2 and K4 at about 10 and 23 A.
This lack of resolution of the SMFS data is likely due to the intrinsic limitations
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Figure 10.8: Dynamic force spectroscopy of angiostatin domains in the reduction stages
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(see for description). The most probable unfolding forces that correspond to the

kringle domains in their three reduction stages (I, II and III) were reported vs. the

natural logarithm of the loading rate in A (stage III), C (stage I) and D (stage II). The

energy landscape extrapolated from the plot in A is sketched in B.
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we have met in the curve analysis, which come from the dissimilar structures of
the domains.

The dynamic-force spectroscopy analysis for the reduction states I and II (see
Figure D) locates the barrier at extensions of 10 + 8 and 8 + 4 A | respec-
tively. The barrier position is therefore almost cut in half when the reduction of
the disulfide bonds is not complete. The simulations suggest that, in the reduction
states I and II, the 8 structure is partially blocked by the two internal disulfide
bonds (Cys22-Cys61, and Cys50-Cys73), and the nature of the second and final
unfolding barrier is markedly different from that of state III: the strands of the
(-sheet are not fully broken apart, as in the case of that latter state, but rather
distorted, with the residues 14-22 fully exposed to the solvent (see Figure .

In conclusion, we should expect that when a molecule of this protein expe-
riences a force, once at least the Cys1-Cys78 disulfide bridge has been reduced,
the intermediate depicted in Figure becomes populated in the K4 and K2

domains. This structure does not correspond to any intermediate in K3.

10.3 Stretching angiostatin in a condition that
mimics the redox environment on the sur-

face of a tumor cell.

The physiological significance of the states and the structures identified by the
above study of the unfolding energy landscapes of the different reduction states of
angiostatin domains, with regard to their antiangiogenic activity, is linked to the
possibility that the same protein experiences in vivo the conditions that are re-
quired to reach them. We therefore translated the SMF'S experiments to conditions
mimicking the in vivo environments that this protein experiences on the surface
of a tumor cell. Due to the absence of in vivo studies, and because of the extreme
difficulty of assigning a reduction state in that environment, there is consider-
able experimental uncertainty on the physiological reduction state of angiostatin
kringle domains. We have seen how the SMFS can make this kind of assignment
possible[I86] in vitro, but not under in vivo conditions. We therefore carried out
SMFS in vitro experiments aimed at reproducing the redox environment that is

possibly met by angiostatin on the surface of a tumor cell.
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Human thioredoxin (hTRX) is a widespread disulfide reductase present in the
extracellular space[225] and it is active in altering the thiol-disulfide equilibrium
of cell surface proteins[218][270]. Its reducing activity is ensured by the concurrent
extracellular secretion of thioredoxin reductase (TRXR)[226]. Furthermore TRX
is greatly overexpressed on the surface of highly metastatic tumors[271][272].
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Figure 10.9: The distribution of the unfolding contour lengths obtained by mechanically
unfolding angiostatin previously incubated with human thioredoxin. The peak at 12 nm
fits the estimated 13.4 nm elongation that corresponds to the reduction of the Cysl-
Cys78 disulfide bond only.

We performed the pulling experiments after having treated angiostatin with
hTRX at a concentration of 20 mm, which is of the same order of magnitude
as that found on the surface of mammalian tissues[272]. After this treatment, we
blocked the reduced state by treating the sample with iodoacetamide. Force curves
with the characteristic sequence of saw-tooth peaks, like those previously obtained
with DTT were obtained. From the length increments in the force curves recorded
after the treatment with hTRX, the statistical distribution of the reduction stage
of each unfolded kringle domain was obtained (see Figure . This histogram
demonstrates that under those conditions, this enzyme almost selectively reduces
the Cys1-Cys78 disulfide bond. The coupling of this reducing enzyme to mechan-
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ical stress can therefore lead to the intermediate structure of Figure [10.1]

This result strongly indicates that the angiostatin kringle domains can be
present in vivo, not only with their native, fully oxidized and folded structure,
but also with a series of partially reduced and partially unfolded structures. If
we empirically assume that these structures can act as the antiangiogenic active
forms of this protein rather than the native one, as commonly believed so far, a
set of puzzling activity data can be accounted for, which has been so far unex-
plained. As explained in the following two paragraphs, one can both explain by
using this assumption the triggering mechanism of the cell antimigratory activity
of several fragments of angiostatin, and propose a cooperative binding mechanism

of angiostatin to the endothelial cell surface ATPase.

10.4 Mechanochemical tuning of the binding of

angiostatin with cell surface ATPase.

The binding of angiostatin K1-K5 with the endothelial cell surface ATPase has
been recently proposed to mediate its antiproliferative activity by triggering caspase-
mediated endothelial cell apoptosis activation[249]. A simple structural rationale
for the binding of angiostatin to a single ATPase a-helix has been proposed by
Geiger and Cnudde[245]. The docking was based on the kringle ability to bind a-
helices.[234] [245] [273] According to these authors the binding could be sustained
by the interactions between exposed helices in the o and ( subunits of ATPase,
and the surface containing the LBS binding sites of the kringle domains.

By performing docking simulations between ATPase, and a stretched and par-
tially reduced (see below) angiostatin K2-K3 fragment, we found that a cooper-
ative binding between ATPase and adjacent kringle domains can be settled. An
increased binding affinity should result from this mechanically-induced,two-site
interaction (see legend of Figure . The simulations showed that when the
K2-K3 fragment is stretched, once its external disulfide bond has been reduced,
its elongation takes place first at the expense of K3 only (see Figure . K2
starts unfolding only after the opening of K3, and then reaches the intermediate
conformation described above. In this elongated structure of K2-K3, the Glu221
and Arg220 residues of K2 are at an average distance of 51 A from the Asp309
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t =140 ps

Figure 10.10: Mechanically stretching the K2-K3 fragment. SMD simulations show that
when the K2-K3 fragment with the Cys1-Cys78 disulfide bonds reduced in both domains
is mechanically stretched, the unfolding starts in K3 first (A). The five hydrogen bonds
connecting the C and N termini are broken first. Afterwards, because of the rotation of
one of the two strands of the 3-sheet with respect to the other, the three hydrogen bonds
that sustain this sheet fail (B). The unfolding of K2 starts at this point and reaches the
conformation of its intermediate (C). In the meantime the conformation of K3 remains
almost unchanged with respect to that in (B). The folding of the two more internal
topological loops of the two domains is prevented by the Cys22-Cys61 and the Cys50-
Cys73 disulfide bonds, which are not reduced. The preserved integrity of the folding of
most sections of the two domains is confirmed by the RMSD values of the structures of
the K2 and K3 domains as in (C), with respect to their native structures: 0.8 A and 2.2
A |, respectively. The resolution of the structure (1KI0) used in the simulations is in fact

of the same order of magnitude as these two values.
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and Lys311 of K3 (see Figure . The 51 A distance makes it possible to those
two angiostatin sites to bind in concert to the residues Lys496-Glu499 in chain A
and Lys472-Asp471 in chain E of F1-ATPase (Figure A and [10.12] Those
angiostatin binding sites are instead only 12 A apart in the native structure of
the K2-K3 fragment[234] thus preventing its concerted binding to ATPase to take

place.

10.5 Mechanochemical tuning of the exposure of
the K4 fragments with the highest antimi-
gratory activity.

The binding of angiostatin to an ectopic, plasma membrane form of ATPase, is one
of the mechanisms postulated for its antiangiogenic activity, even if certainly not
the only one[275][245][249]. By the same mechanically induced elongation process
that can make it possible for the K2-K3 fragment to settle a two-site binding
to F1-ATPase, the metastable intermediate of the K4 domain becomes thermally
populated. This intermediate can account for a set of puzzling data on the cell
antimigratory activity of several fragments of angiostatin.

Among its five kringle domains, K4 is the one with the highest activity[242],
and its linear K4-A and cyclic K4-C fragments showed even higher activity than the
entire K4 domain[255] (Figure B). These two fragments are partially buried
in the native structure of the kringle. In the intermediate form, however, the
opening of the C-N termini ensures accessibility to the most active linear fragment
K4-A, and to the K4-C loop. It should be mentioned, that the looped conformation
of the K4-C fragment, which is apparently required for its antimigratory activity,
is in this intermediate that is preserved by the integrity of both the 3-sheet and the
other two Cys22-Cys61 and the Cys50-Cys73 disulfide bonds. We should therefore
expect that whenever the reduction has gone beyond the rupture of these latter
disulfide bonds, a decrease in activity might result. This prediction is confirmed
by the activity data reported by Ji et al.[242].
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A) chain A

Figure 10.11: A) Mechanochemically induced binding of the § subunit (in blue) and the «
subunit (in brown) of the F1-ATPase with the K2-K3 fragment (in magenta), which was
elongated according to the energy landscapes in Figure and the structure in Figure
Amino acid numbering refers to the crystal structures used in the simulation. B)
Topology of the K4 domain that indicates the fragments (K4-A: red and K4-C: blue)
whose antimigratory activity is higher than that of the full domain[255].
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ATPase chain A ATPase chain E

Figure 10.12: Binding energies and specific interactions that sustain the K2 and K3
binding to ATPase. The two most critical amino acid binding determinants of the
docking showed in Figure A are for K2: Glu221-Lys496, and Arg220-Glu499,
whereas for K3 they are: Asp309-Lys472, Asp471-Lys311, and Asp471-Arg312. The K2
and K3 amino acids are numbered following the 1KIO structure in the Protein Data
Bank; the ATPase amino acids are numbered following the 1BMF structure in the PDB.
The docking energies were calculated according to S. Liu et al.[274] Binding energy
values of -4.99 and -5.20 Kcal/mol were obtained for the interaction of ATPase with K2
or K3 in their native structure, respectively. When a K2-K3 fragment is in its native
form, only one of those two interactions can be settled: either with K2 or with K3.
When K2-K3 is instead in the elongated form shown in Figures [10.10] and [T0.11] A, its
binding to ATPase can be sustained by the interactions with both domains. The single

binding-energy values were found to increase to -5.14 and -5.61 Kcal/mol for K2 and
K3 respectively, leading to an overall estimated binding energy of -10.75 Kcal /mol. In
conclusion, the elongation of the K2-K3 fragment not only increases the angiostatin-
ATPase binding affinity, by making possible a concerted binding of both domains, but
it also increases slightly the binding affinity of each of them.
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Discussion and perspectives

In conclusion, the SMFS experiment carried out with hTRX indicates that the
angiostatin kringle domains can be present in vivo not only in their native, fully
oxidized and folded structures, but with a series of partially reduced and partially
unfolded structures, including that of the intermediate depicted in Figure[10.1 We
propose that these structures act as the active antiangiogenic forms of this protein,
rather than the native one, as commonly believed so far. In Figure[I1.T]a model is
proposed for the mechanochemical control of the triggering of antiproliferative and
antimigrative activities of angiostatin through the production of those partially
reduced and partially unfolded structures. This model follows closely a general
model for the combined action of redox and mechanical switches that we have
recently hypothesized (see .

The mechanochemical paradigm proposed here has broad implications for redox
biology. It applies in particular to other kringle fragments of multimodular pro-
teins, like prothrombin, apolipoprotein(a) and hepatocyte growth factor, whose
role in angiogenesis has been proved[275][276]. Moreover it also applies to the
main components of the basement membrane-like thrombospondin-1, laminin or
perlecan, which, like angiostatin, are composed of independent modules containing

internal disulfide bonds[235][277][278] and experience mechanical stresses in vivo.
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Figure 11.1: Two-switch model of how force and oxidation state can work in tandem
for an enhanced antiproliferative and antimigratory activity of angiostatin. A reducing
environment[271][272] is able to reduce the most external disulfide bonds of the kringle
domains. The mechanical stress that is constantly being developed in the ECM environ-
ment, where angiostatin is located[28], now can mechanically unfold a topological loop
of 40 amino acids. The resulting partially elongated, and partially unfolded structure of
angiostatin (see Figure can be biologically active, as shown for the cases of a K2-
K3 fragment and the K4 kringle domain. Hierarchical activation of those two switches
can lead i)to an enhanced binding of a K2-K3 fragment to ATPase and therefore to an
increased antiproliferative activity of angiostatin (see A); ii) to exposure of two

segment chains that bring antimigratory activities higher than that of the native K4 full

domain (see Figure [10.11| B).
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11.1 The hierarchy of redox and mechanical reg-

ulation

In the scheme in Figure [7.2] Figure [11.1] and the above discussion, a definite hi-
erarchy between redox chemistry and mechanical regulation was assumed. The
redox switch has been depicted as the upstream regulator that controls the ac-
tivation of a downstream mechanical switch. Evidence is emerging however that
the also reverse is possible -that is, mechanics can control chemistry. Specifically,
redox regulation in the extracellular space can be influenced by mechanical forces.
Bhasin et al. [261] have observed that the kinetics of reduction of a disulfide bond
buried in modules of the adhesion molecule VCAM-1 can be greatly enhanced by
mechanical unfolding of the surrounding protein fold. Steered molecular dynam-
ics simulations indeed showed that the buried disulfide bond becomes exposed in
the very first steps of the mechanical unraveling of the modules. This makes it
possible for the reducing agent in solution to attack the buried disulfide. In turn,
the opening of the disulfide bond allows for further unraveling of the module. In
the case of VCAM-1, therefore, multiple redox and mechanical switches may be
sequentially activated.

A recent work by Wiita et al. [I57] proved that an external mechanical force can
directly alter the reduction kinetics of the covalent disulfide bond, independently
from its accessibility. In this work, a disulfide bond has been artificially engineered
on 127 titin modules and then kept at a constant force by means of the single-
molecule force clamp technique, in the presence of DTT. The reduction rate of the

bond has been measured to be exponentially dependent on the applied force.
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Part 1V

Probing the conformational
diversity of the intrinsically
unstructured protein a-synuclein

at the single molecule level
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The most exciting phrase to hear in science, the one that heralds new discov-
eries, is not “Fureka!l” | but “That’s funny...”

Isaac Asimov
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Chapter 12

Background

12.1 The a-synuclein protein

a-synuclein (a-synuclein ) is a 140-amino acid (aa) intrinsically unstructured pro-
tein expressed in the human brain, especially in the presynaptic terminals. Its
physiological function is uncertain, but there is evidence it is involved in vescicle
fusion and trafficking[279]. a-synuclein became subject of much interest as being
at the center of the aetiology of various central nervous system pathologies, called
synucleopathies. In fact , Lewy bodies and Lewy neurites are intracellular inclu-
sions, mostly containing a-synuclein , found in the brain of Parkinson disease[280]

and multiple system atrophy[281] patients.

12.1.1 a-synuclein sequence

a-synucleins is a well conserved protein among many ogranisms|282]. In humans,
the a-synuclein gene encodes at least three a-synuclein isoforms by alternative
splicing[283]. a-synuclein -140, the full transcript, is also the majority form of
the protein and the most studied. a-synuclein -126 is an isoform deprived of the
exon 3 (residues 41-544) while a-synuclein -112 results from the deletion of exon
5 (residues 103-130).

The full sequence of a-synuclein -140, can be divided into three regions:

e The N-terminal region, residues 1-60, is an amphipatic region (consisting of

four 11-amino acid, imperfect repeats with the consensus sequence KTKEGYV)
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with a-helix propensity with similarity to apolipoproteins binding domains[282].

e The central, hydrophobic region (residues 61-95) includes the highly aggregation-
prone NAC sequence[284].

e The C-terminal region, residues 96-140, mostly includes acidic residues and

contain numerous prolines, and has no structural propensity.

12.1.2 a-synuclein physiological function

a-synuclein is an abundant brain protein (up to 1% of protein content in neuronal
citosol), yet there is still considerable uncertanity on its physiological function. [285].
a-synuclein is located at the pre-synaptic termini, both free and bound to the
plasma membrane or vesicles[286]. About 15% of a-synuclein is usually found to
be membrane-bound[287]. These data suggest that a-synuclein may play a role in
vescicular trafficking and synaptical function in the nervous system|[284][282].
There is considerable biophysical evidence suggest that a-synuclein modulates
the organization of membrane lipid components. In fact, a yeast genome screen-
ing showed that genes correlated with a-synuclein toxicity are involved in lipid
metabolism and vescicle turnover[288]. Changes in the expression of a-synuclein
are related with modifications in the plasma membrane fluidity and balance of fatty
acids[289]. a-synuclein binds vescicle made of phospholipids that expose negatively
charged surfaces[289]. The geometry of the vescicles is also important: a-synuclein
is more affine to little vescicle than large ones. The reason for this preference can
lie in the higher surface-to-volume ratio of small vesicles or, intriguingly, in the
difference in local curvature between small and large micelles[290]. Coupling of
a-synuclein with negatively charged lipid bilayers or vesicles has profound effects,
altering their molecular structure, disrupting the bilayer and leading to the for-
mation of small vescicles [291]. There is also an antioxidant effect of a-synuclein
on the lipid membrane and it has been suggested that a-synuclein could be a

physiological antioxidant in the nervous system[292].

12.1.3 a-synuclein in pathology

a-synuclein is known to be involved in a group of interrelated centeral nervous

system syndromes called synucleinopathies. These diseases include multiple system
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atrophy, Parkinson’s disease (PD), and dementia with Lewy bodies (DLB)[293]. In
addition to these three diseases, the current list of the synucleinopathies includes
(but is not limited to) neurodegeneration with brain iron accumulation, type I
(also known as adult neuroaxonal dystrophy or Hallervorden-Spatz diseases), pure

autonomic failure and several Lewy body (LB) disorders, including diffuse Lewy
body disease (LBD) and the LB variant of Alzheimer’s disease[280][293] [289].

Synucleopathies share the histological hallmark of neuronal inclusions enriched
in amyloid aggregates of a-synuclein molecules. The deposits are found in specific
neuronal types, like dopaminergic ones, and in the glia. In Parkinson and multiple

system atrophy, these are known as Lewy bodies.

Genetic analysis of familial Parkinsonis unveiled three a-synuclein mutants in-
volved in the disease: A30P, A53T, and E46K [294][295][296]. Apart from causing
early onset Parkinsonism in patients, the mutant proteins are also more prone to
form nonfibrillar aggregates[297] and Lewy bodies-like fibrils in vitro[298]. More-
over, several environmental factors linked to PD have been found to increase in
vitro propensity of a-synuclein to aggregate into fibrils[289]. Among these there is
exposure to organic solvents like carbon disulfide, several pesticides like rotenone

and heavy metal ions (in particular divalent cations like copper or iron).

12.2 The problem of a-synuclein conformational

equilibrium

a-synuclein has been defined a “molecular chameleon” [299]. The structure of a-
synuclein is, in fact, extremely sensitive to its environment and can be easily modu-
lated by even subtle changes in environmental and sequence conditions. The list of
known a-synuclein conformations includes both monomeric and oligomeric/multimeric
conformations, in both a-helix and [-sheet secondary structures. a-synuclein , in
fact, has the uncanny ability to span practically the whole ensemble of confor-
mations available to protein sequences. a-synuclein could therefore prove, in the

future, to be a model system to investigate the general folding problem.
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Figure 12.1: Intramolecular contact maps of a-synuclein as found by [301] (A) and [302]
(B). Darker colors indicate in both cases residues more probable to be in contact than

in a pure random coil.

12.2.1 Monomeric conformers

Disordered conformers Monomeric a-synuclein in dilute buffer solutions char-
acteristically acquires an intrinsically unfolded, extended conformation[300]. This
conformational state has been thoroughly characterized by NMR techniques and
can be described as a set of non-random, flexible structures kept together by long-
range interactions. Bertoncini and coworkers[301] found evidence for hydrophobic
clusters, long range interactions and calculated several putative native-state clus-
ters from spin-labeled NMR. These clusters consistently showed that the highly
acidic C-terminal region contacts the N-terminal region, shielding the central, hy-
drophobic NAC region. Polyamine binding was found to release long-range inter-
actions and, interestingly, to increase fibrillation rate. Dedmon and coworkers[302]
almost at the same time used the same technique, finding similar results but quite
a different contact map, in which the C-terminal tail more closely contacts the

middle, NAC region instead of the N-terminal region.

Also, a pre-molten globule state has been identified as prevalent in several
conditions like high temperature, low pH, metal ions and others|[134][300].
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Folded conformers «a-synuclein , strikingly, can assume both a-helix and -
sheet folded conformations, depending on its environment. «-helix secondary
structure is acquired on associating with membranes[303]. Circular dichroism anal-
ysis of a-synuclein associated with phosphatidylserine/phosphatidylcholine single-
layer vescicles clearly show the loss of random coil signal with a 195 nm mini-
mum and the acquisition of a-helical spectrum|[304]. Using NMR, these dramatic
changes were attributed to the formation of an a-helix -rich conformation in the N-
terminal fragment (100 residues)[305][303]. The a-helix pattern disappears around
residues 43 and 44[304]. The structure was then detailed as formed by two a-helices
(3-37 and 45-92) joined by a well structured loop[306] [303]. In contrast, the acidic
C-terminal tail beyond residue 98 never structures, and remains exposed to the
solvent[307] [306].

Alcohols in solution tend to increase the content of secondary structure in a-
synuclein , with a complex pattern in which a-synuclein shifts between different
structural states depending on alcohol type and concentration|308]. In general,
normal alcohols tended to induce (3-sheet structures, while fluorinated alcohols are
a-helix forming agents, as expected. The a-helix and (-sheet conformers found in
those conditions are initially monomeric, but tended to polymerize with time; in
particular S-sheet structures have the distinct tendecy to precipitate as amorphous
aggregates. a-helix rich globular oligomers, with well-defined tertiary structure,
can be formed in high concentrations of trimethylamine N-oxide[309].

It must be noticed that, apart from association with lipid layers, all of these
conditions are highly non-physiological and therefore their study, while yielding
essential information on the conformational complexity of a-synuclein , cannot be
reliably related with physiological structuring of a-synuclein . The conformational
diversity of a-synuclein is simply too high and too sensitive to its environment to

deduce consistent structural information from such studies.

12.2.2 Polymeric conformers

a-synuclein can associate in a variety of oligomeric and polymeric forms. Sim-
ply incubating a-synuclein at high temperature leads to dimerization and then
aggregation[I34]. A number of conformationally distinct oligomers of a-synuclein

are known. Notably, in presence of metal cations a-synuclein can form different
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types of oligomers: incubation with Cu?*, Fe?*, and Ni?* yielded 0.8-4 nm spheri-
cal particles, similar to a-synuclein incubated without metal ions; incubation with
Mg?*, Cd?*, and Zn?* instead resulted in formation of 5-8 nm spherical oligomers;
and Co?" and Cd?" generated even larger oligomers, with annular structure of 70-
90 nm diameter in the case of Cd*" and 22-30 nm in the case of Co®*[310].

AFM observations consistently detected a variety of oligomeric protofibrils in
a-synuclein [311][298][113][312]. Evolution of a-synuclein protofibrils starts from
spherical oligomers with sizes in the range of 2-5 nm[311][313] that slowly polymer-
ize into curved, linear assemblies and even full annular structures. Interestingly,
a-synuclein oligomers can form pore-like objects when incubated with membranes
of brain origin[311].

a-synuclein is capable to form both insoluble amorphous aggregates and insol-
uble fibrils[299]. The predominance of one form upon the other depends on en-
vironment conditions: incubation in alcohols favours the amorphous forms, while
incubation with metals generally results in amyloid-like fibrils. There is however
an equilibrium between the two forms, as a-synuclein can present both at the same
time. These insoluble polymeric forms are of interest, in being comparable with
the aggregates that form Lewy bodies into the neurons of patients with Parkinson’s
disease or other synucleopathies.

EPR experiments showed the extension of a-synuclein included in the main
fibril framework: the last residue identified as inside the fibril is 101, while the
N-terminal boundary was about at residue 33-34[314]. The detailed conformation
of a~synuclein inside amyloid fibrils was partially elucidated by mean of hydrogen-
deuterium exchange experiments[315]. The fibrils share the common properties of
amyloid structures (see Section [4.2.1]), with a cross-beta structure of around 60 aa
including mostly residues from 39 to 101. The remaining N and C terminal tails

extend outside.

12.3 The problem of a-synuclein aggregation

There is still considerable uncertainity on the aggregation pathway of a-synuclein
. The most uncertain factors are the structural nature of the species triggering
pathological aggregation and the nature of the equilibrium between the aggregation-

prone species and the other structures.
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12.3.1 The partially folded intermediate hypothesis

The group of Vladimir N. Uversky and coworkers found evidence of a monomeric
partially folded intermediate on pathway to fibrillation[134][300][308]. Various
factors known to trigger a-synuclein fibrillation have been found to induce a-
synuclein partial folding, including high a-synuclein concentrations|[316], molecular
crowding[317], metal ions[316]. Pathogenic mutations were shown not to increase
the population of the partially folded species, therefore the higher propensity of
the mutants to aggregate was attributed to their higher ability to oligomerize[297].
The intermediate was shown to have partial §-sheet structure but to be essentially
a molten globule configuration, not a tightly folded species[300].

Interestingly, an elegant NMR experiment in supercooled -15 *Cwater reported
that a-synuclein retains backbone features typical of 3-sheet configuration even in
extremly cold-denatured conditions, with an hydrodynamic radius corresponding
to that displayed in 8 M urea. The location of 3 strands correlates well with known
features of the a-synuclein fibril[318]. It is therefore likely that at least portion of
this g-sheet structure may be somewhat more stable in the compact conformations

at physiological temperatures.

12.3.2 The extended conformation hypothesis

The group of Tom Jovin, Marcus Zweckstetter and coworkers extensively analyzed
a-synuclein conformational properties with NMR and other techniques. Spin-
labeled NMR experiments coupled to simulations suggested that long-range in-
teractions create structures where the C-terminal tail shields the NAC region by
interacting with the N-terminal region[301]. They have also found that polyamines
both release long-range interactions and increase fibrillation rates[301]. The same
effect was found and invoked for a-synuclein mutants[319] and other conditions like
increase in ionic strength[320][321] known to induce aggregation. In this model,
destabilization of the native long-range interactions of a-synuclein lead to expo-
sure of the NAC region that becomes prone to bind other a-synuclein monomers,

leading to oligomerization.
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Chapter 13
Rationale

Our knowledge of TUPs, of amyloid aggregation and, in particular, of a-synuclein
, is today mostly due to results obtained by bulk techniques. These techniques
work well in the case of a purely homogeneous sample, but suffer the following
limits when investigating both IUPs and the first steps of amyloid aggregation:

e (Cancel out most of the fluctuations by measuring time- and ensemble-averaged
properties. This means that while the fluctuations, their timescales and the
involved residues can be at least partially probed, the individual, discrete

structures populated by the molecules are hardly resolvable.

e Non-physiological conditions are often required to monitor -structured con-
formers possibly prone to aggregation. For example, in the case of a-
synuclein , stable monomeric conformers were observed only in presence of

high percentages of alcohols[308].

e Monomers are hardly singled out from early oligomers. Spectroscopic tech-
niques like FTIR or CD in particular cannot easily distinguish between
monomers, dimers or small oligomers, even if light scattering can help under-
stand the issue. An increase in structured content, therefore, cannot often

be attributed with certainity to the monomer or early oligomers.

Single molecule techniques, even if still young, should provide instead substan-

tial advantages (see [5.1)):
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e Single out monomeric conformers from early oligomers. If the experiment is
correctly designed, oligomerization is simply kept out of the way and only

monomers can be probed.

e Classifying differences between single conformers. Since single molecule are
probed, signals from each molecule can be analyzed without interference
from other molecules. Differences between discrete conformers classes can
be classified.

e Probe their conformational equilibria. By shifting the physico-chemical envi-
ronment, variation in the properties and population of conformational classes

can be monitored.

Therefore, to help untangling the problem of the very first steps of a-synuclein
aggregation (see , we decided to analyze the conformational properties of
a-synuclein at the single molecule level by mean of CS-SMFS, in collaboration
with the group of Luigi Bubacco (Department of Biology, University of Padua).
To our knowledge, this is the first time a-synuclein conformational properties
were investigated at the single molecule level, and the first time that a IUP is
investigated by mean of SMFS techniques. The experiment has been designed as
to investigate the monomer without any possible interference from early oligomers.

Moreover, while SMF'S has already shown potential to understand force-induced
conformational intermediates in systems of known structure (see , this is to
our knowledge the first time that SMFS is used as a structural technique per se

(albeit very rough).
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Materials and methods

14.1 Polyprotein design and expression

To stretch an individual a-synuclein molecule by AFM, we need handles to connect
one end of the protein to the tip and the other to the substrate. To this aim, we
followed the design proposed by J. Fernandez for the study of the random coiled
titin N2B segment[322]. A chimeric polyprotein composed of a single a-synuclein
module flanked on either side by three tandem 127 domains (Figure was
expressed [170][197][323]. These domains act as molecular handles to mechanically
stretch a single a-synuclein molecule. They also introduce well-characterized fin-
gerprint signals into the recorded force curves that make it possible to identify

the different a-synuclein conformations. To better understand the rationale of the

polyprotein strategy, see

Chimeric polyproteins were obtained starting from pAFM1-4, pAFM5-8, and
pAFM(I27)3mer vectors, kindly provided by Professor Jane Clarke (Cambridge
University, United Kingdom) and constructed according to Steward et.al. [323].
Native human a-synuclein or its A30P mutated sequences were amplified by PCR
using two different pairs of primers, each containing unique restriction sites. A first
pair contained Kpnl and Xbal sites, and a second one contained Sacl and BssHII
sites. The original eight 127 module plasmid was reconstituted from pAFM1-4 and
pAFMS5-8, obtaining the pAFM8m vector. pAFM8m was then digested with Kpnl
and Xbal and ligated to the amplified a-synuclein sequence, then cleaved by the

same enzymes in substitution of the two central titin modules to give the pAFM3s3
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Figure 14.1: Schematic representation of the polyprotein constructs used in this work:
3S3 contains the a-synuclein sequence (red) flanked on either side by three titin 127
modules (blue), the N-terminal His-tag needed for purification purposes (green), and
the C-terminal Cys-Cys tail needed for covalent attachment to the gold surface (yellow).
In 1S1, the a-synuclein moiety is flanked only by one 127 on both sides; the 3T is
made up by three I127s. In the a-synuclein moiety (enlarged), three regions are shown:
(i) the amphipathic region, prone to fold in a-helical structures when in contact with
phospholipid membranes; (ii) the fibrillogenic NAC region, characteristic of the fibril
core of a-synuclein amyloid; and (iii) the acidic C-terminal tail, strongly charged and
not prone to fold. The positions of alanine 30, site of the A30P mutation and histidine
50, which is crucial for the binding of Cu®*, are marked.

vector. By a similar strategy, the pAFM(I27)3mer vector was digested with Sacl
and BssHII, and the central titin module replaced by a-synuclein sequence, ob-
taining the pAFM1sl vector. The obtained expression plasmids, pAFM3s3 and
pAFMIsl, code for two chimeric polyproteins composed of a single a-synuclein
module flanked on either side by three tandem 127 domains or by just one, named
353 and 151, respectively. The two pAFM8m and pAFM(I27)3mer vectors (cod-
ing for two recombinant poly(I27) proteins named 8T and 3T) were transformed
into Escherichia coli C41(DE3) cells[324] (obtained from Professor John E. Walker
(Medical Research Council Dunn Human Nutrition Unit, Cambridge, United King-
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Figure 14.2: Top panel: Schematic diagram of pAFM3s3 vector obtained from cloning
a-synuclein sequence in J. Clarke’s pRSET-A modified vector and (bottom panel) repre-
sentation of the chimeric protein 3S3 coded by the cloned DNA sequence. Titin module
numbers refers to the original vector described in [323]. pAFM (I127)3mer and pAFM1s1
vectors and corresponding chimeric protein (respectively 3T, 1S1) can be described with

similar diagrams
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dom) with the agreement of the Medical Research Council center of Cambridge).
The cells were grown and the expression of proteins was induced as described in
[323]. Recombinant proteins were purified by Ni**-affinity chromatography in 20
mM sodium phosphate buffer pH 8, 500 mM NaCl; the elution from the resin was
obtained with 20 mM imidazole. After dialysis, proteins were kept at -80 °Cin
phosphate buffered saline (PBS) with 15% glycerol.

14.2 Circular dichroism experiments

CD measurements were carried out on a JASCO J-715 spectropolarimeter inter-
faced with a personal computer. The CD spectra were acquired and processed
using the J-700 program for Windows. All experiments were carried out at room
temperature using HELLMA quartz cells with Suprasil windows and an optical
path length of 0.1 cm. Spectra were recorded in the 190-260 nm wavelength range
using a bandwidth of 2 nm and a time constant of 2 s at a scan speed of 50
nm/min. The signal-to-noise ratio was improved by accumulating at least four
scans. All spectra are reported in terms of mean residue molar ellipticity [O]R
(deg cm? dmol ™).

14.3 Fluorescence experiments

Fluorescence emission spectra were recorded on a Perkin-Elmer LS 50 spectroflu-
orimeter equipped with a thermostated cell compartment and interfaced with a
personal computer using the FL-WinLab program for Windows. Sample measure-
ments were carried out using a HELLMA ultra-micro cell with Suprasil windows
and an optical path length of 10 x 2 mm. Fluorescence spectra were obtained at
25 °Cusing an excitation wavelength of 288 nm, with an excitation bandwidth of
4 nm and emission bandwidth of 4 nm. Emission spectra were recorded between

290-380 nm at a scan rate of 60 nm/min.
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Figure 14.3: Sample of purified 3S3, SDS-10% PAGE and Western blot analysis. MW,
molecular mass markers (Amersham Biosciences); lane a, final product of immobilized
metal affinity chromatography (IMAC) purification of 3S3 chimeric protein; lane b, West-
ern blotting with anti-His tag Ab; lane ¢, Western blotting with anti-a-synuclein anti-
body. The arrow indicate a band corresponding to 3S3 protein with an expected molec-
ular weight of 78119 Da which is in good agreement with observed electrophoretical
mobility. The lower band that is copurified with 3S3 is recognised only by the anti-
His tag Ab, indicating that it is probably an abortive product of translation that does
not contain a-synuclein and, consequently, the last three titin modules with the two
final cysteines, necessary for linking the protein to the gold surface. The lower band
recognised in lane c is present also in negative controls (data not shown) so it can be

considered an aspecific band.

159



CHAPTER 14: MATERIALS AND METHODS

14.4 Buffer elemental analysis

Due to the well-known structuring effects of divalent metal ions on a-synuclein
[316], an accurate elemental analysis of the buffer was performed to exclude arti-
facts in our results due to metal contamination. The high concentration Tris-buffer
solution (500 mM) was analyzed for metal contents by atomic absorption spectro-
scopies. The measured concentrations were Cu = 0.2 & 0.1 nM, Zn = 3.5 + 0.1
nM, Fe = 0.9 + 0.1 nM, and Ca = 22.5 £+ 0.1 nM. These values are two orders
of magnitude lower than the concentration required to induce structural effects on

a-synuclein [325].

14.5 Swurface preparation

Gold (Alfa Aesar, 99.99%) was deposited onto freshly cleaved mica substrates
(Mica New York Corp., clear ruby muscovite) in a high-vacuum evaporator (Den-
ton Vacuum, model DV502-A) at 10~ Torr. Before deposition, the mica was
preheated to 350 °Cby a heating stage mounted behind the mica to enhance the
formation of terraced Au(111) domains. The typical evaporation rate was 3 A
/s, and the thickness of the gold films ranged around 300 nm. The mica tem-
perature was maintained at 350 "Cfor 2 h after deposition for annealing. This
method produced samples with flat Au(111) terraces. These films were fixed to
a glass substrate with an epoxy (EPO-TEK 377, Epoxy Tech.). They were then
separated at the gold-mica interface by peeling immediately before functionaliza-
tion with the desired molecules. This procedure produced gold substrates with a
flat surface morphology due to the templating effect of the atomically flat mica
surface[326] [327].

14.6 Force spectroscopy experiments

For each experiment, a 20 ul drop of 3S3 construct solution (160 pg/ml) was de-
posited on the freshly peeled gold surface for about 20 min. SMFS experiments
were performed using a commercially available AFM system: Picoforce AFM with
Nanoscope I1Ia controller (Digital Instruments) using V-shaped silicon nitride can-

tilevers (NP; Digital Instruments) with a spring constant calibrated by the ther-
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mal noise method[I52]. The pulling speed was 2.18 uM /s for all experiments.
The buffer used was Tris/HCl (10 mM or 500 mM, pH 7.5; the 10 mM buffer
was obtained by diluting the 500 mM buffer with milli() ultrapure water). For
CuCl, experiments, the protein was deposited in a drop with the addition of a
final concentration of 1 uM CuCly and left on the surface for about 20 min, and
the experiments were carried out in 10 mM Tris/HCI with 1 pM CuCl,. Control
experiments in ditiothreitol (DTT) were made in 50 mM DTT Tris/HCI buffer.

14.7 Data analysis

The force curves were analyzed using the commercially available software from
Digital Instrument (Nanoscope v6.12r2), custom Origin scripts and Hooke , a
Python-based force spectroscopy data analysis program discussed in Part [V] Force
curves were analyzed fitting each peak with a simple WLC force versus extension
model[I60] with two free parameters: the contour length L and the persistence
length p (see . The 127 modules were characterized in terms of the length of
the polypeptide chain extended after each unfolding event.

The design of the multimodular construct is such that if the number of un-
folding signals coming from 27 modules is larger than four, we are sure to have
also mechanically stretched the a-synuclein module in the middle (see Fig. .
Among the curves showing mechanical unfolding events, however, only those fea-
turing at least six unfolding peaks were selected and analyzed. This choice reduced
the statistical sample even more, but it allowed us to recognize, in a very stringent
way, the signatures of the different conformations of the a-synuclein moiety on
each construct molecule that had been stretched. Of curves, only those displaying
an overall contour length consistent with it resulting from a single molecule and
not dimers or unknown fragments have been chosen.

It was also found that length characterization of weak interaction (see
was much noisier on curves with less than six peaks, probably due to 127 partially
unfolded segments next to the tip contributing both to spurious interactions and
broadening of the overall lengths.

To assess the statistical validity of the comparison between data obtained in 10
mM Tris/HCI buffer and those obtained in other conditions, standard chi square
tests were performed (see [15)).
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Chapter 15

Results

15.1 a-synuclein single molecules display confor-

mational diversity on the AFM timescale

To probe the native-like conformer population of a-synuclein , we performed exper-
iments in a 10 mM Tris buffer solution. We found that the profiles of the selected
force curves can be classified into three main classes (Figure [15.1)). Molecules
belonging all three classes were observed in the same experiment, in the same con-
ditions: the diversity is thus an intrinsical characteristic of the sample. Two were
unambiguously assigned to well-defined classes of conformers: one with the typical
mechanical behavior of random-coil chains and the other of -like structures. We
propose that the profiles of the third class correspond to fairly compact architec-
tures, likely to be sustained also by interactions among different modules of the

construct.

15.2 Conformers with the mechanical properties

of a random coil

In the class of traces depicted in Figure A, the force curve exhibits (from left
to right) a long initial region, without any significant deviation from the worm-
like chain (WLC) behavior (see [6.3.3), followed by a saw-tooth pattern with six

consecutive unfolding events, in addition to the last one that corresponds to the
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Figure 15.1: Conformational diversity of a-synuclein as seen by CS-SMFS. A) Example
of curve characterized by a featureless region assigned to the stretching of a-synuclein
moiety having, in this case, the mechanical properties of a random coil. This region is
followed (from left to right) by six unfolding peaks of about 200 pN, with about 28-nm
gaps between each, assigned to the unfolding of 127 domains. B) Example of the curves
featuring the 3-like signature of a-synuclein , showing seven practically indistinguishable
unfolding events of similar magnitude and spacing. C, E) Curves featuring the signature
of mechanically weak interactions, showing single (C) or multiple (E) small peaks (ar-
rows) superimposed on the purely entropic WLC behavior of the trace preceding the six

sawtooth-like peaks. D,F) show a zoom of the region enclosed by the dashed squares.
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final detachment of the molecule from the tip. The initial region thus corresponds
to the extension of a chain that occurs at low force and without significant energy

barriers limiting its extensibility.

The six unfolding peaks are spaced by 28 nm. This spacing between the peaks
corresponds to an 89-aa chain (0.36 nm per amino acid [164]), and they correspond,
as expected, to the increase in contour length of the protein after the unfolding of
one 127 domain. These six unfolding peaks are the characteristic fingerprint of the
mechanical unfolding of the six 127 modules[322]. We can therefore infer that, in
this case, the AFM tip picked up the 3S3 construct molecules at one end (probably
the His-tag terminus), while the other end was tethered to the gold surface by the

C-terminal cysteines.

The location of the first unfolding peak of 127, corresponding to the contour
length of the construct molecules prior to any unfolding event, proves that the
preceding featureless part of the trace can be unambiguously assigned to the a-
synuclein chain. In fact, the measured contour length that fits this peak is 77 £ 4
nm (Figure[15.3). Subtracting the length of the six, still folded, 127 domains from
this value (4.5 nm each [169]), a value of 48 + 4 nm is obtained. This length corre-
sponds to the chain of 140 aa of the a-synuclein . Therefore, this featureless initial
part is the signature of a-synuclein conformers with the mechanical properties of
a random coil. Their average persistence length was estimated by fitting the WLC
model at 0.36 £ 0.05 nm, consistent with that of an unfolded polypeptdic chain.
About 38% of the molecules showed this mechanical behavior in Tris/HCI buffer

10 mM (Figure [15.3))).

15.3 Conformers with the mechanical properties
of a chain containing a (-like structured
segment

A significant proportion of force curves with seven regularly spaced unfolding peaks

in the 200-pN range (in addition to the last one corresponding to the final detach-
ment) (Figure C) was also recorded.
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15.3.1 Assignment of seven-peaked force curves to the pulling

of a single 3S3 molecule

The occurrence of seven apparently identical unfolding peaks was an unexpected
occurrence. The similarity between peaks is highly suspect, and thus great care
must be taken to ensure these curves are not an artifact. However, the following
data permit us to attribute this class of curves to the unfolding of a single a-

synuclein domain inside the 3S3 construct:

e The presence of a number of unfolding events greater than that of the 127
modules in the construct cannot be ascribed to a possible simultaneous
pulling of more than one 3S3 molecule, because pulling two multidomain
constructs at the same time would not likely lead to a uniform, 28-nm spaced
separation between the 127 unfolding events (see [6.8)).

e The appearance of seven unfolding events cannot come from a construct

accidentally expressed with seven, instead of six, 127 domains because of the
cloning strategy (see [14)).

e Curves containing eight or more unfolding peaks were seldomly recorded. All
of these curves showed a total contour length of the molecule much larger
than that possible for a single 3S3 construct, and were often irregular in
appearance. These curves could be due to occasional dimers of 3S3 forming
in solution. In contrast, most curves showing seven unfolding peaks showed
characteristics consistent with the pulling of a single 3S3 molecule. The occa-
sional seven-peaked curves with characteristic incompatible with the pulling
of a single 353 molecule were discarded. To further dismiss the possibility
that curves with seven peaks can be due to dimers in solution, the sample
was tested using dithiothreitol (DTT) to avoid any disulfide-bonded dimer
formation (see . Under these conditions, the statistics of different popu-
lations was comparable to those in the standard buffer, and we still recorded

a significant proportion (about 10%) of seven-peaked curves.

e Finally, curves with seven unfolding events were well reproducible, and their
statistics were unambiguously modulated by conditions able to trigger aggre-

gation: e.g., ionic strength, the presence of Cu?" ions and, most importantly,
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pathogenic mutations (see below).

15.3.2 Features of the (-like a-synuclein segment

I R I I R I R R A IR IR
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Figure 15.2: Values of the first peak position in force curves showing seven unfolding
peaks. The height of each bar corresponds to the initial contour length of a single curve,
obtained by fitting the first unfolding peak by means of the WLC model. The dashed
line is the length corresponding to a protein construct with six 127 folded modules
plus 95 aa of a-synuclein folded into a [-like structure, and the remaining 50 aa of
a-synuclein unstructured (see Discussion section). The dashed-and-dotted line is the
length corresponding to a protein construct with six 127 modules plus the 140 aa of -
synuclein completely unstructured. The lengths of twelve randomly chosen 127 modules
have also been reported (dark gray columns) for comparison. The solid line is the nominal
127 contour length. The larger spreading of the a-synuclein data confirms the higher
conformational heterogeneity. Side quotas show the difference between the maximum

and minum observed length value for 127 (bottom) and f-like structures (top).

Because of the previous considerations, we therefore assign one of the seven
peaks to the unfolding of the a-synuclein moiety. The length (95 aa) and unfolding
force of this a-synuclein g-like folded section accidentally coincides with that of the
127 domain. This coincidence hinders the possibility to discriminate the peak of the
a-synuclein from the six of the 127 domains. Nevertheless, the assignment of these
curves to the unfolding of the a-synuclein moiety is confirmed by the position of

the first unfolding peak, ¢.e. by the contour length of the construct molecules prior
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to any unfolding event. As shown in Figure [I5.2] the position values correspond
to a chain composed of the six 127 folded modules, plus the a-synuclein moiety
with its C-terminal segment of 50 aa fully unfolded, and the remaining 95 amino
acids folded into a structure with the same contour length as a folded 127 domain
(solid line). The low propensity to fold of the 50 aa of the very acidic a-synuclein
C-terminal tail has been extensively documented[305][303][328]. Segments of the
remaining 95 amino acids are instead known to fold under different conditions into
an a-helix [305][303] or, in the amyloid, into a (3-sheet structure[329]. It must be
noted that in about 40% of the molecules, the contour length of the same folded
section is larger than that corresponding to 95 aa. The a-synuclein structural
diversity therefore includes also (-like chain portions with different lengths. This
interpretation is confirmed by comparing the variance of the folded section of
seven-peaked curves with that of 127 modules (Figure [15.2).

These curve profiles provide evidence that in 10 mM Tris/HCI buffer, about 7%
of the molecules (Figure contain a segment of the a-synuclein chain of about
95 aa folded into a structure with the mechanical property of the 127 (-sandwich
structure. This percentage of the (-like structures, as we will see below, can be

related with conditions leading to pathogenic aggregation.

15.4 Conformers displaying mechanically weak

interactions

The remaining force spectroscopy curves (Figure C) show single or multiple
small peaks (sometimes with a plateau- or dome-like appearance) superimposed
on the purely entropic WLC behavior of the trace preceding the six sawtooth-like
peaks.

15.4.1 Assignment of the mechanically weak interactions

to the pulling of the a-synuclein module

The geometry of our construct made it possible to exclude that those small peaks
might correspond to the rupture of aspecific a-synuclein -gold interactions. In

fact, if the unstructured a-synuclein was adsorbed on the surface, upon pulling
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the construct, we would have recorded the first event at a distance from the tip
contact point corresponding to the length of the three 127 modules (about 13.5
nm). The mechanically weak events we observed instead took place at an average
distance from the contact point of 60 4+ 26 nm with no events below 20 nm. They
are therefore not compatible with a-synuclein -gold interactions. We assign these
signals to the rupture of mechanically weak interactions placed at short and long

distances along the chain.

15.4.2 Features of the mechanically weak interactions

The average forces of those single or multiple small peaks of the profiles are in the
64 + 30 pN range (well above the noise level), without a defined hierarchy; often
stronger peaks precede weaker ones, evidence of topologically nested interactions.
From the difference between the contour length estimated at those small peaks and
that at the first 127 unfolding peak, one can measure the size of the topological loop
enclosed by the interactions whose rupture is monitored by the different peaks. For
a detailed discussion of the topology of these interactions, see below

More than 50% of the molecules showed short- and long-distance mechanically
weak interactions in 10 mM Tris/HCI buffer (see Figure [15.3).

15.5 Shift of conformational equilibrium due to

sequence and buffer alterations

To test the physiological significance of the conformational equilibrium as probed
by SMFS in the 3S3 construct, we did experiments in three markedly different

conditions whose trait d’union is the ability to enhance a-synuclein aggregation.

15.5.1 1 uM Cu?" buffer

It is well established that multivalent metal cations like Cu?" can accelerate a-
synuclein aggregation[330][316]. To validate our approach and to investigate how
metal cations influence the conformer equilibrium of a-synuclein , we performed
SMFS experiments on the 3S3 construct in 10 mM Tris/HCI buffer in the presence
of 1 uM CuCly. The low concentration of copper was chosen to target the His
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Figure 15.3: Population of a-synuclein conformers in the four different conditions tested
in the present work. Percentages observed for each curve type (see at 10 mM
Tris/HCI (n = 55), 10 mM Tris/HCl with 1 M Cu?* (n = 34), the A30P mutant in 10
mM Tris/HCl (n = 56), and 500 mM Tris/HCl (n = 61).

50 specific copper binding site of a-synuclein (dissociation constant K; = 0.1 uM

)[330).

The presence of 1 uM Cu?* moderately, but significantly (x? statistical sig-
nificance p < 0.01), alters the relative distribution of the a-synuclein conformers
with respect to plain 10 mM Tris/HCI (see Figure 2). In particular, the relative
population of the -like conformers more than doubles (from 7.2% to almost 18%),
with a parallel decrease of the signals coming from mechanically weak interactions.

An increase (from 38% to 47%) of random coil-like curves is also observed.
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15.5.2 A30P mutant

The A30P mutation is a pathogenic, naturally occurring human a-synuclein vari-
ant, that correlates with familial Parkinsonism[295]. The mutant protein displays
an increased rate of oligomerization[298|] and impaired degradation by chaperone-
mediated autophagy [331]. We tested the 353 a-synuclein -A30P construct to eval-
uate the capability of our methodology to probe different conformational propen-
sities in mutants of the same protein. We found that the A30P mutation induces
a striking shift in the conformational equilibrium of a-synuclein with 3-like curves
being around 37% of the sample and again, a corresponding decrease of signals
coming from mechanically weak interactions (see Fig. . In contrast with
wild-type a-synuclein incubated with Cu?*, the A30P mutant does not induce an
increase of random coil curves that are exactly in the same proportion observed in

wild-type a-synuclein .

15.5.3 500 mM Tris

Another condition known to speed up a-synuclein aggregation is high ionic strength [320][321].
SMFS experiments on the 3S3 wild type construct were performed also in 500 mM
Tris/HCI buffer. As reported in Fig. , the frequency of the three types of pro-
files radically changed in different ionic strength conditions. The most remarkable
result is, again, the significant increase in the population of the (-like structures
with buffer concentration (up to about 28%) and the parallel decrease of the per-
centage of the mechanically weak structures. An increase of random coil curves is
also observed, as occurs in the presence of Cu?*, but unlike the case of the A30P

mutant.

15.6 Fluorescence spectroscopy shows evidence

of 127-a-synuclein interactions

To probe a-synuclein -127 interactions, ensemble-averaged fluorescence spectroscopy
was performed. The autofluorescence of tryptophan residues of the 127 domains,
which are absent in the a-synuclein sequence, was used. The fluorescence spectra
reported in Figure A prove that interactions between the 127 handles and
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tracts of the a-synuclein moiety do take place, as shown by the broadening of the
spectrum of 1S1 with respect to that of the 3T construct (see and by the 5-nm
shift of the Amax. The possibility of partial 127 unfolding leading to Trp exposure
and broadening of the spectrum is ruled out by the CD data and by our force
curves, which show that 127 domains are as tightly folded in the 3S3 construct
as in an 127 homopolymer. A broadening due to subtle conformational effects on
the 127 domain that expose the 127 Trp residue is theorically possible. However,
the same experiments done with 127 and a-synuclein mixed in the solution (in-
stead than being covalently connected) show that this broadening happens only
when the a-synuclein moiety is inserted in the construct: only in that case, direct

interaction is taking place.

15.7 Circular dichroism of the 3S3 construct

CD spectra of 1S1 and 3T were recorded in which 1S1 shows some a-helical content
in the a-synuclein moiety (Figure 4B). . Subtraction of the contribution of the 127
linkers (2/3 of the CD of 3T recorded in the same 10 mM Tris/HCI buffer) from
the CD spectrum of 151 reveals a profile that is different from that of a-synuclein
in the same buffer condition (Figure 4C) but similar to that of the same protein in
the a helix structure induced by the addition of SDS [332]. This a-helical content
might be induced by the interactions between the a-synuclein moiety and the 127
domains (see Section

15.8 The distribution of mechanically weak in-
teraction lengths is differently affected by
variations in the environment or protein se-

quence.

The mechanically weak interactions were characterized by measuring the distance
between the contour length of events attributed to them and the contour length
measured on the first 127 peak in the same curves, both obtaind by a double-

parameter WLC fit. This value should correspond to the chain segment length

172



CHAPTER 15: RESULTS

>

600

400

200

Fluorescence intensity (a.u.)

300 320 3-'|10 360 380

B Wavelength (nm)
15000 -
10000
5 4
g 5000
2
§ o
[=2]
(5]
z
¢ -5000
o,
-10000+
-15000 T T T T T T T
190 200 210 220 230 240 250
Wavelength (nm)
C 20000+
100004 . -
el 0
£
o
54 L SIS T
8 -10000 L - 213(3T)
o B
200004 .__.'\ aSyn (SDS)
-30000 r

190 200 210 220 230 240 250

Wavelength (nm)
Figure 15.4: A) Fluorescence spectra of a-synuclein , 3T, and 1S1 (dotted, dashed, and
solid line, respectively). B) Circular dichroism spectra in PBS buffer of 3T, 1S1 (solid
lines). The a-synuclein contribution in 1S1 (dashed line) is calculated by subtracting the
relative contribution of the 127 domains from the CD spectrum of 1S1. C) CD spectra
of a-synuclein in PBS (solid line) and 250 mM SDS (dotted line). The a-synuclein
contribution in 1S1 (dashed line) is reported as in (B).
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enclosed by the mechanically weak interactions. In case of multiple interactions,
often only the larger one was measured (the smaller was often too weak and irreg-

ular to obtain a reliable fit).

p
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0.035¢ Cu1puM
Tris 500 mM
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Figure 15.5: Gaussian kernel density estimation of the mechanically weak interactions
lengths under different conditions. Briefly, a Gaussian function (kernel) has been cen-
tered on each data point for each data set. The sum of the kernels,normalized to have
unitary integral, is the KDE plot. Kernel bandwidth h (i.e. the Gaussian kernel stan-
dard deviation) was automatically calculated for each (%ata set such that it minimizes the
asymptotic mean integrated square error: h = o (%)g ,where o is the standard devia-
tion of data and n is the size of the data set. The plot has been calculated using Statistics

for Python (http: //bonsai.ims.u-tokyo.ac.jp/ mdehoon/software/python/Statistics/).

The larger set of mechanically weak interactions events is that obtained on Tris
10 mM (n = 19). Data recorded in other conditions show a significant decrease in
the occurrence of mechanically weak events. The resulting data sets are too small
for a significant statistical comparison to be made for each condition, but general
trends may be inferred.

We tried to understand the underlying trends by using kernel density estimation
(KDE)[333] to obtain a sketch of the probability density function of interaction
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lengths. This refined method does not suffer of biases in the choice of binning
boundaries and allows for a more objective visualization of small data sets than a
classical histogram. The KDE plot (Figure of the interaction lengths found in
Tris 10 mM and the Tris 10 mM + 1 uM CuCl, for mechanically weak interactions
events are almost perfectly superimposable, despite the difference in the size of the
data set (n = 5). The larger number of data in plain Tris 10 mM allows nonetheless
to distinguish a bimodal distribution distinguishing mechanically weak interactions
enclosing loops of 11 and 25 nm. Experiments conducted with 500 mM buffer
concentration (n = 8) and the A30P mutant (n = 6) show instead a broadening

of the KDE that may contain a shift from short- to long-distance interactions.
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Discussion

16.1 Conformational equilibria of a-synuclein as
probed by AFM-based CS-SMF'S

The first clear, striking evidence coming from the CS-SMFS experiments is that
stretching of a-synuclein molecules in the same sample, conditions and experiments
generates three (possibly four) discrete classes of signals. These classes correspond
to vastly different mechanical behaviours (from random coil behaviour to 3-sheet
-like behaviour) and, correspondingly, to different underlying a-synuclein struc-
turesﬂ It is most probable (and safe) to describe these signals as coming from
different conformational clusters, each displaying different conformations, rather
than coming from a few distinct conformers. In fact, as described below each class
of conformers displays measurable diversity.

The properties of the a-synuclein bulk of molecules therefore emerge from an
underlying conformational equilibrium between discrete conformational clusters.
The existence of a complex conformational equilibrium in a classical IUP like a-

synuclein was expected, but their measurability by mean of the AFM-CS-SMFS

!Technically, it can be argued that such diversity comes from a vast diversity of unfolding
pathways underlying a much more narrow set of structures. However, despite the recent findings
of the existence of multiple unfolding pathways[334][335], such a clear partitioning in discrete
classes was never clearly observed before in the unfolding of folded proteins. Given the unique
conformational properties of a-synuclein , it is therefore safe to attribute the differences to really

different conformations.
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technique means that these conformers have significant structure and a consider-
able life time (of the same range of that measured by the instrument: 1073 - 10°
s). However, see also Section for a discussion on the effect of 127 handlers.
Most importantly, these conformers are not dispersed as a broad multitude
of flexible conformations, but clearly divide themselves between a few discrete
structural classes. This is a novel concept in the study of IUPs, although a simi-
lar scenario was recently described by molecular dynamics simulations on the A(
Alzheimer peptide[130]. From the point of view of folding biophysics, this re-
sult is of theoretical interest. If our structural interpretations of conformational
classes hold correct, a-synuclein is not only a protein sequence able to assume
practically all possible structural states of protein (unfolded, a-helical monomer,
(-sheet monomer, amyloid polymer), depending on particular conditions: given
appropriate conditions, the a-synuclein ensemble can populate all these states at
the same time in solution. a-synuclein therefore explores a peculiar conforma-
tional energy landscape, which contains the standard energy minima associated
with protein folding, with barriers between those states below £T'. These energy
minima and/or energy barriers, in turn, shift rapidly in position and magnitude
depending on environmental conditions or subtle sequence variants. a-synuclein

can therefore prove to be a useful model system for the investigation of folding.

16.2 The population (3-like conformers is corre-
lated with the a-synuclein propensity to patho-
logical aggregation

We observed a marked increase of the population of 3-like conformers under three
very different conditions known to accelerate a-synuclein aggregation. This result
links the population of those a-synuclein monomeric conformers to the process of a-
synuclein aggregation. The first condition is the presence of a uM concentration of
Cu?*. Our results in this condition agree with the observation of a metal-induced
partially folded intermediate[134][300]. Also Rasia et al. suggested a compact
set of metal-induced conformations, noticing that the specific binding of Cu?* to
the a-synuclein N terminus requires the formation of a metal-binding interface

(pivoted on His 50), which possibly involves residues that are widely separated in
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the primary amino acid sequence[330].

The second condition is the A30P mutation. Nuclear magnetic resonance
(NMR) experiments have observed a much more flexible average conformation
of the a-synuclein mutants A30P and A53T. The increased average flexibility of
a-synuclein allows the protein to sample a larger conformational space[319]. In-
terestingly, the mean hydrodynamic radius of a-synuclein is not affected by the
A30P and A53T mutations[297][81], thus showing that the increased flexibility is
compatible with the population of compact folded structures like those singled out
by our experiments.

The third condition is a radical increase of the ionic strength. Our results in
500 mM Tris/HCI can be reconciled with the model proposed by Hoyer et al.[320]
and by Bernado et al.[321] to explain the well-documented phenomenon of the
increased a-synuclein fibril formation with increasing ionic strength. According
to that model, the increased fibril formation is explained just on the basis on
an increased freedom of the fibrillogenic NAC region caused by the release of
its interaction with the negatively charged C-terminal tail. The increased ionic
strength of the buffer leads to a more efficient charge shielding of the strongly acidic
C-terminal tail, thus relieving its electrostatic self-repulsion. This in turn leads to
the lowering of the protein-excluded volume and increases its flexibility. According
to our data in Figure 2, we should add to this model a shift of the conformational
equilibrium toward the (-like structures that takes place on increasing the charge

shielding.

16.3 Are (3-like structures really 37

16.3.1 Experimental evidence

The 200-pN unfolding force of all the seven peaks indicates that the folded section
of a-synuclein has the same mechanical properties of the 127 $-sandwich structure.
At the moment, without any independent structural characterization, we consider
and label this folded structure of the a-synuclein moiety just as (-like , in accor-
dance with its mechanical behavior. Nevertheless, its mechanical behavior is in
agreement with a (-sheet content in the S-like class of conformers. It is unlikely

that the a-helical content we observed by means of circular dichroism (CD) (see
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below) correlates with the (-like conformers. In fact, whereas [-structures, like
those of titin modules, such as 127, or tenascin, unfold at forces in the range of
100-300 pN (at loading rates of the same order), the a-helix domains, in the same
conditions, are always observed to unfold at forces almost one order of magni-
tude smaller (see [6.5). We thus have labeled as §-like those conformers with a

mechanical behavior closely matching those of structures rich in (-sheet content.

16.3.2 Evidence from the literature

The correlation of the population of these structures with aggregation conditions,
which enrich (-sheet content in a-synuclein , supports this labeling. Evidence
of some [-sheet content in the monomeric state of a-synuclein was previously
reported in the literature. Most recently by means of NMR spectroscopy in su-
percooled water at minus 15 °C, it was found that the a-synuclein chain, cold-
denatured to an hydrodynamic radius equivalent to that displayed by the same
protein in 8 M urea, retains a surprising amount of unpacked (3 strand content that
correlates with the amyloid fibril 3 structure[318]. The packing of these 3 strands
into compact structures like those observed by us is thus likely to occur in nonde-
naturing conditions and at physiological temperatures. This NMR result supports
the observation of g-like conformers in the monomeric state of a-synuclein and
links them to the amyloid 3 structure. The presence of (3 sheet structures was
indicated also by Raman spectra of this protein in aqueous solution[332]. In the
same investigation, CD spectroscopy proved unable to detect any g content. Cor-
respondingly, the CD spectra of a-synuclein recorded by us in 10 mM and 500
mM Tris were practically superimposable. We conclude that CD is not a tech-
nique sensitive enough to detect partial $-sheet content in the a-synuclein sample.
A fraction of -sheet /extended structure of about 19% was also detected, again
not by CD, but by Fourier transform infrared (FTIR) spectroscopy in dried films
of a-synuclein [292]. This fraction is much larger than that estimated by our ex-
periments in 10 mM Tris/HCI buffer (see Figure 2). However, the conditions of the
SMFS and FTIR experiments were markedly different, and in the latter case, some
template-mediated formation of § structures due to the packing of the a-synuclein
molecules in the dried films required by the FTIR measurements cannot be ruled

out.
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In conclusion, despite the fact that force spectroscopy data cannot directly
assign a specific secondary structure to the conformers we have labeled as -like |
it is most likely that they have significant 3 sheet content. Further investigation

will be needed to consolidate this point.

16.4 The nature of mechanically weak interac-

tions

By now, any structural characterization of the mechanically weak interactions
events monitored by the small peaks in force curves as in Figure Cis at
best tentative and falls outside the focus of the present work. A more detailed
characterization of these events is, however, within the range of capabilities of the

techniques proposed here and is being currently addressed in our laboratory.

16.4.1 An electrostatic model of 127-a-synuclein interac-

tion

A plausible explanation of the short- and long-distance mechanically weak inter-
actions we observed cannot exclude the interaction between positively charged
residues on the a-synuclein N-terminal and the negatively charged surface of 127
modules[263]. It has been documented that a-synuclein in contact with negatively
charged surfaces assumes an « helix structure[306] [305][303]. We might expect a
similar structural transition in the a-synuclein moiety also from the contact with
the 127 modules within the 3S3 or 1S1 constructs. This transition is indicated by
the CD spectra of the 1S1 construct in 10 mM Tris/HCI (see Figure B). We
propose that the small peaks like those shown in Figure 1D and assigned to the
mechanically weak interactions can be the signature of the interaction between
a-synuclein , possibly in « helical form, and the flanking 127 modules. It is not
surprising that more than one of those signals are present in the same force curves,
because multiple interactions of this type can occur at the same time in the same
molecule. It should be noted that the same transition does not take place when
free a-synuclein is mixed in solution with 127 modules of the 3T construct.

Considering electrostatic and hydrophobic features of the 127 and a-synuclein
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B N-term

Figure 16.1: An electrostatic model that may explain mechanically weak interactions.
(A) Schematic representation of the central portion of 3S3 construct, evidencing the 127
modules flanking the a-synuclein element (named 127N and I27C, see text). In the a-
synuclein moiety three regions are evidenced: i) the amphipatic region, prone to fold in
a-helical structures when in contact with phospholipid membranes; ii) the fibrillogenic
NAC region, characteristic of the fibrils core of a-synuclein amyloid; and iii) the acidic
C-terminal tail, strongly charged and not prone to assume any fold. The reported quotes
correspond to interactions that may lead to the small peaks observed in curves featuring
mechanically weak interactions (see text). The colors of the different regions depict the
electrostatic potential: red for the negatively charged 127 (see text) and for the acidic
C-terminal region of a-synuclein ; white for the hydrophobic NAC region of a-synuclein ;
and blue for the positively charged amphipatic region of a-synuclein . (B) Cartoon (left
panels) and solid surface representations of the electrostatic potential (central and right
panels) of titin 127 domain obtained using the program DeepView. 127 coordinates were
taken from the Protein Data Bank (PDB code: 1WAA). In the cartoon, the secondary
structure elements are colored in blue for §-strands. Surfaces were colored according
to the calculated electrostatic potential contoured from -5.0 kT'/e (intense red) to +5.0
(where k& = Boltzmann constant, T' = absolute temperature, and e = electron charge)
(intense blue). The molecular orientation in the central panel is the same as that in the
cartoon (left panel), whereas that in the right panel is rotated by 180 about the vertical

axis.
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domains, we can try, very tentatively, to associate the mechanically weak inter-
actions with those of different domains within the 3S3 construct. We can sketch
and divide the overall structure of a-synuclein into three main regions: the am-
phipatic N-terminal tail (aa 1-61), positively charged because of its Lys residues;
a hydrophobic central (aa 61-95) region containing the fibrillogenic NAC segment;
and the highly negatively charged acidic C-terminal tail. In the 353 construct the
a-synuclein N- and C- termini are flanked by partially negatively charged 127 mod-
ules (Figure , that we label 127N and 127C, respectively. Contacts between
the negatively charged region of 127N and the positive a-synuclein N-terminal
would appear as peaks that correspond to short-range distances along the primary
structure: lower than or equal to 21 nm. The peaks in the middle-range distance
of 21-33 nm, and those in the long-range distance of 27-49 nm might correspond
to contacts of 127N with the central region of a-synuclein , and to contacts of
the a-synuclein N-terminal with either the 127C or the a-synuclein C-terminal,

respectively.

16.4.2 The influence of sequence and chemical conditions

on I27-a-synuclein interactions

If the interactions are electrostatic in nature, we expect a marked difference in
their population and characteristic by changing the ionic strength, thus increasing
electrostatic shielding. In fact, the increase of the electrostatic shielding with the
buffer concentration has two main effects. First, the population of the mechanically
weak interaction featuring structures decreases from about 55% to 23% (see text,
Fig. 2), most likely because the interactions with the 127 domains that drive
a-synuclein towards a-helical structures are less favored. Second, the rigidity of
the C-terminal tail is decreased as also evidenced by the shift from the short-
to the long-distance intermolecular interactions with the increase of the buffer
concentration (see Supplementary Material Figure 3). This reduction of rigidity is
associated to an increased conformational freedom of the whole a-synuclein moiety,
and most importantly of its NAC region . The intertwining of both effects can
shift the conformational equilibrium towards the (-like structures. In fact, their
population increases from about 7% to almost 30% on passing from 10 to 500mM
Tris/HCI buffer (Figure [15.3).
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Notably, these short- and long-distance mechanically weak interactions are ob-
served to be in equilibrium with the (-like structures. The population of the
former always decreases while that of the latter increases. This result is in accord
with the observation by Zhu et al. that a driving force to « helical structures
inhibits a-synuclein fibril formation[290] and also rule out any template-mediated
[-sheet imprinting by the 127 linkers. This conclusion is confirmed by the data
on 500 mM Tris/HCI buffered solutions showing that when electrostatic interac-
tions between the a-synuclein moiety and the flanking 127 linkers are decreased,
the population of (-like conformers increase. We can also expect entropic effects
due to the presence of the flanking 127 domains to drive the protein toward more

extended conformations rather than compact conformations[175][38].

16.4.3 Other possible structural assignments

Again, the structural assignment of these signals to helical structures is only a
working model. It is true that circular dichroism shows evidence of helical struc-
tures and fluorescence of 127-a-synuclein interactions. However, there is
no data correlating these findings with the mechanically weak interactions, apart
from the electrostatic model. While strong peaks from the (-like curves have only
been related to f-sheet -rich structures, this does not hold for smaller (< 100 pN)
peaks. On the other hand, it is possible that the detaching of small helical portions
yields only very weak signals, and are therefore invisible to the CS-SMFS. If this
is the case (and currently we have no way to exclude it), others possibilities must
be taken into account.

A different, possible explanation is that these signals come from the unfolding of
other (3-sheet structures that are less folded and/or less mechanically resistant than
the g-like one, maybe being precursors of them. The decrease of the mechanically
weak interactions correlated with the increase of -like structures could indicate
both that these structures giving rise mechanically weak interactions are on the
folding pathway to (-like structures, or that they instead compete. It is however
difficult to correlate such a hypothesis with the differences found in the length
distribution of these structures in different ionic strengths, which is instead well
explained by the electrostatic model.

It is also possible that mechanically weak interaction events contain the sig-
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nature of the unlocking of a-synuclein intramolecular interactions. These latter
interactions can sustain the fairly compact structures reported by many authors
already[302][134][301]. It must be noticed this is less likely due to the weak and
“fluid” nature of these interactions, that are even more unlikely to give clear peaks
on the force curves than a helices. The pattern of those interactions should also
be disrupted by the inclusion of a-synuclein in the construct: the electrostatic re-
pulsion between the negatively charged 127 modules should hinder the long-range

contacts between the C- and N-terminal domains proposed by several authors.

16.4.4 Multimodular constructs for the measure of inter-

protein interactions?

If the assignment of these signals to [27-a-synuclein interactions is confirmed, this
would represent an unexpected methodological side effect of this study. This would
represent, to the best of our knowledge, the first time a SMF'S experiments exploits
the polyprotein strategy to measure interaction between protein modules instead

of interactions intrinsic to the protein modules themselves.

Such a methodology could have interesting advantages. The two proteins of
which the interaction is analyzed would be in a known orientation in the construct,
and their geometry would be constrained by their embedding in polyprotein. This
could allow to gain finer structural information from protein-protein interaction
assays. Using alternative linking strategies (for example, by using disulfide link-
ing), alternative orientations, and thus interaction between alternative interfaces,

could be explored.

An example application of such a technique could be the analysis of the in-
teraction between two amyloid-forming proteins. Using a polyprotein construct
containing two analytes in tandem, one could look for additional signals beyond
those coming from the unfolding of the analytes, indicating protein-protein inter-
actions, and for structuring of the analyte modules subsequent to their being in

close contact.
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16.5 Effect of the 127 handlers

When discussing the results obtained by mean of the polyprotein approach for
SMFS ([6.4), one must never forget that this is a highly non-native condition for
the protein, especially if the analyte module was not evolved to fold correctly into
a multimodular protein.

For a-synuclein this is even more problematic, given the extreme sensibility
of a-synuclein structure to environmental conditions. This does not mean that it
is impossible to extract meaningful information on the properties of the protein
in solution. While the conformational equilibria of a-synuclein as measured in
the 3S3 in a given physico-chemical environment are hardly representative of the
behaviour of a-synuclein in solution, the comparison between different conditions
can be informative. In our case, conditions leading to a-synuclein aggregation
consistently lead to a dramatic increase of the (3-like structures. It is unlikely that
the equilibrium of these structures is quantitatively similar in the 3S3 construct
and in the free protein in solution. Nevertheless the identification of a conformer
correlated, also structurally, with a-synuclein aggregation is a strong indicator
that a-synuclein , in aggregation-prone conditions, is significantly shifted towards
a (-sheet - rich phase.

The presence of bulky objects at the N and C termini of the a-synuclein mod-
ule has profound consequences on the conformational behaviour of a-synuclein
. Volume exclusion effects, combined with the electrostatic repulsion of the 127
modules, could lead to constant pulling on the a-synuclein module with respect
to conditions in solution[38][I75]. The steric and electrostatic repulsion of 127
modules hinders also the conformational space of a-synuclein N and C termini.
In general, the presence of the handlers should therefore favour more extended
conformations.

On the other hand, the presence of 127 modules mimics a strong molecular
crowding. Crowding alters the conformational properties of a-synuclein , leading
to more fibrillation-prone states[317][336]. This means that the equilibrium probed
in this work could be much more shifted towards fibrillation-prone structures by
default.

A recent study also shows that crowding slows down proteins’ intramolecular

motions[§]. This finding is notable, because it could mean that the 127 mod-
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ules not only provide linkers and fingerprints, but, increasing the lifetime of the
a-synuclein conformers, allow us probe their conformational equilibria “in slow
motion” , while the interchange between structures would be too fast if equivalent
to that in solution. While many techniques can probe fast (< 1073 s) timescales,
probing slower timescales is more difficult[§]. AFM-SMFS on the contrary can
only probe timescales well longer than the sampling interval (usually > 1073 s).
These considerations indicate that the design and use of alternative linkers or
experimental strategies may prove useful in the future to further discriminate the
effective conformational distribution of a-synuclein from alterations due to the

interaction with the linkers.
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Conclusion and perspectives

17.1 SMF'S for the intrinsically unfolded proteins

For the first time, to our knowledge, we applied the AFM-based single-molecule
mechanical unfolding methodology to a multimodular protein containing the a-
synuclein moiety. This approach brings into play three main methodological ca-
pabilities inaccessible to the bulk ensemble-averaged spectroscopies previously ap-
plied to study the structure of a-synuclein and other natively unstructured pro-

teins:

e The possibility to work strictly at the single-molecule level, thus ensuring
that the conformer distribution of the monomeric a-synuclein is detected and
quantified without interference from oligomeric soluble forms of the protein
and therefore of any possible intermolecular imprinting toward the amyloido-

genic ( structures.

e The ability of spanning the conformational space of the protein under in-
vestigation and of directly catching and quantifying all of its conformers
with a lifetime longer than < 1072 s. These conformers, because of their
longer life time, might be the most biologically relevant. Three classes of
the monomeric a-synuclein conformations, including random coil, mechani-
cally weakly folded and g-like , were characterized by our experiments. They
could be detected even in low concentration without the necessity of selec-

tively enhancing one of them by adding specific agents to unbalance the con-
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formational equilibrium, as most commonly done so far with bulk ensemble-

averaged experiments.

e The possiblity of following shifts in the population of these classes of conform-
ers in response to changing the solution conditions or the protein sequence
and to detect them even if scarcely populated. In the case of a-synuclein ,
conditions known to promote oligomerization and aggregation -like the pres-
ence of Cu?*, the A30P mutation, or a radical increase of ionic strength-
markedly shift its conformational equilibrium toward the (-like form at the
expense of other structures. These results indicate that the g-like curves
contain the signature of structural precursors to a-synuclein oligomeriza-
tion. We suggest that the different aggregation propensities and, ultimately,
the pathogenicity displayed by a-synuclein under different environmental
conditions or point mutations can be triggered by unbalancing the delicate

equilibria among a-synuclein conformers.

These capabilities can be applied also to other proteins with similar structural
properties. The human prion protein, the Alzheimer’s A@ peptide and tau pro-
tein are just the more prominent examples. In the near future, single-molecule
methodologies could play a crucial role in studies of the folding equilibria of the
IUP monomers and, in particular, in the detection and quantification of the con-

formers that can lead to aggregation of those proteins.

17.2 AFM-based SMFS as a structural technique

In this work, moreover, SMFS has for the first time been used as a structural
technique. SMF'S at the current state can hardly discriminate secondary or tertiary
structures (with the possible exception of discrimating between (-rich and non-
structures), but has proven able to discriminate between conformational classes of
a complex conformational ensemble.

In the future, it is possible that SMFS will permit also basic structural charac-
terization. The long-sought (and yet to be fully achieved) combination of SMFS
and SM-FRET techniques on the same molecule can allow to visualize in real time

the separation between known residues and the mechanical response of a protein,
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allowing to model the unfolding pathway and to infer structural properties of the

unfolded conformer.

17.3 Testing therapies against proteopathies by
mean of SMF'S

Our results suggest the feasibility of single-molecule approaches to the testing
of novel pharmacological or biophysical therapies for pathologies involving the

conformational equilibria of TUPs.

Ensemble of flexible

; Aggregation-prone PP
synuclein structures monomer Protofibrils Amyloid fibrils

—y — s

Figure 17.1: Simplified diagram of a-synuclein amyloid aggregation, with equilibria being
possible targets for therapies. The equilibrium between protofibrils and fibrils is currently
the one most available to investigation, but it should be avoided as a target, since
it could bring to the formation of toxic species. The equilibrium between monomeric
forms instead, probed by mean of single-molecule techniques, would keep the protein in

its functional state, and avoid the formation of both protofibrils and fibrils.

The work herein reported is, in fact, an addition to the very few techniques that
can hope to spot the appearance of aggregation-prone conformers before aggrega-
tion actually ensues. This is of medical interest, because there is still considerable
debate on what is the actual toxic phase in amyloid-related protheopaties, the
oligomeric protofibrils or the fully formed amyloid fibril . Disrupting the
fibril is likely to form a plethora of small, oligomeric species which can be more
toxic than the fibril itself. In the words of Vladimir Uversky, “Halting the fibrilla-
tion process at early stages associated with the formation of such small oligomers
can create more harm than cure, as these species are neurotoxic rather than neu-

roprotecive” [289).
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By using the approach herein reported, one can in principle test the effect
on a-synuclein conformational equilibria of a number of pharmacological agents,
selecting the ones that inhibit the formation of conformers correlated with ag-
gregation. However, a feasible application of this technique to mass-screening of
potential drugs requires a substantial improvement in the speed of data harvest-
ing, which currently requires from a few weeks to a few months, depending on the

construct sample purity and the kind of statistics to be built.
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Hooke: an open source software

platform for SMFS data analysis
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Control over the use of one’s ideas really constitutes control over other people’s
lives; and it is usually used to make their lives more difficult.
Richard Stallmann
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Chapter 18
Background

A little more than 10 year old, force spectroscopy is still in its infancy. This is
evident in the theorical understanding of the technique (which is far from being
complete: for example, only recently is arising that the long-held Evans model [165]
is only an approximation of deeper, more complex models[192]), with serious con-
sequences for energy landscape reconstruction) in the experimental data interpre-
tation (see for example) and in the design of appropriate constructs (see ,
as examples.

This is also evident in the more mundane tasks of the SMFS experimenter.
SMFS often requires the interpretation and analysis of thousands of raw force
curves. The analysis, in turn, relies on the recognition of features and the fitting
of these features to physical non-linear models. It is self-evident that SMFES is
essentially a computer-dependent technique. Despite this obvious truth, there is
considerable immaturity of informatic tools as applied to SMFS.

The current situation suffers of the following general problems:

e Data format balkanization. There are currently a number of manufactur-
ers building AFM equipment for SMF'S. These manufacturers all use different
and incompatible data formats, which are often poorly documented and rel-
atively difficult to reverse engineer. No single data format has ever emerged
as a standard (much less an open, freely documented standard) for SMFS
data.

e Poor quality of commercial software. Each AFM manufacturer usually

releases its own software for microscope control and data analysis. However
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the capabilities of such software, even if helpful, are often limited and not
easily extensible by the user. In general, the user cannot expect to use the

vendor-provided software for serious, custom data analysis.

e No standard software platform. While AFM imaging can rely on stan-
dard, good quality software like WSxM[337] and Gwyddion (http://www.gwyddion.net),
a single, standard software platform for SMFS data analysis has not been de-
veloped. There have been a few attemps ([338] , SPIP (http://www.imagemet.com)
PUNIAS (http://site.voila.fr/punias/klmenu/punias0.htm) but none of them

has been widespread.

e No open and/or extensible software platform. Each SMFS experiment
requires its own kind of data analysis. This in turn requires that the user
must be able to script or extend the data analysis software to his own needs.
Today, no SMFS software allows this kind of flexibility

e No standard library. However, data analysis often (even if not always)
relies on a set of standard operations (e.g. identifying peaks, WLC fitting,
finding the contact point) which are then combined together for the needs of
each experiment. However, no standard library or algorithm for these needs
emerged in the SMFS community, even if there have been a few studies on
that[19§].

The problems listed above usually result in a continuous “reinventing the
wheel” in the SMFS community. Each laboratory implements its own quick-
and-dirty scripts that on one hand all do the same things (reading the data for-
mat, fitting data, etc.) and on the other hand are often strictly bound to their
immediate needs and are often hard to adapt to new experiments with different
requirements or new data formats. This situation is frustrating because a lot of
work is unnecessary duplicated and each laboratory has to lose time writing its

own tools.
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Design and implementation

When I had to rewrite my data analysis scripts again, due to new needs arising,
I decided to shift from the usual quick-and-dirty scripting towards the developing
of a more complex, extensible application.

A data analysis software was (and is currently) developed by me, called Hooke
[]. It has currently been developed on GNU /Linux, and is known to run on Linux
and Windows. It should also run without modification on Apple OS X, but this
has not been tested.

Hooke has become the default data analysis application in our laboratory for
force spectroscopy, and has been already used for research published in high-impact
journals[I4T][339]. The software is still actively developed, “rough around the

edges” and will be published online when the documentation will be complete.

19.1 An open approach to SMFS data analysis

19.1.1 A platform for SMFS data analysis

Given the need in SMF'S analysis, of both shared foundations (operations and util-
ities that are of general interest for the SMFS community) and of strong flexibility
(each experiment requires its own analysis tools), an interesting approach could be

not that of implementing a tool, but that of implementing a platform on the top

!The name was chosen in honour of Robert Hooke (1635-1703), the scientist who coined the
word “cell” |, microscopist and one of the first investigators of elasticity. The name Hooke can
also refer to the capability to “hook” functionality to the software backbone.
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of which tools are integrated and shared. This way, both problems are solved at
the same time: a shared collection of tools that can avoid “reinventing the wheel”
over and over, and a flexible way to build new tools, using the existing ones or

adding completely new ones.

Therefore, the main tool should be made of a simple, slim kernel providing
only the necessary infrastructure and essential, general features, and an interface

on top of which tools can be built and easily plugged-in by the user.

19.1.2 The Open Source philosophy

How should these tools accessed and exchanged? Science is (at least ideally) an
open process, where information is openly and freely exchanged by participants
and where each result is built on the foundation and improvement of the precedent
ones. There is no reason to not apply a similar approach not only to science itself,
but also to the tools used for science. In fact this approach has been used for non-
scientific software development, under the name of Free Software and/or Open
Source[340]. In the open source approach, the details of the software, to the
level of source code, are available to the public and can be freely exchanged and
improved. This way, each user can improve the software or extend it to his/her
own needs. The improvements can be released again to the public, thus creating
a virtuous circle in which the software is continuosly extended and improved by

mean of collaboration.

Open source, albeit utopistic in its philosophy, proved surpisingly and excep-
tionally practical and successful and today plays a significant part in modern

computing infrastructure, including the Internet?|

Therefore, the best way to ensure the tools and the platform remain valuable
for the community in the long term and can be extended and improved by everyone
to every need is to open them and allowing free modification and redistribution of

these tools by the whole SMFS community.

2As an additional example, all software used to write this Ph.D. thesis, including the operating

system on top of which these softwares run, is free and open.
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19.1.3 Platform indepedence

A poorly confronted problem is that of platform independence, that is: the soft-
ware should not tie the user to a defined operating system hardware architecture,
especially to commercial ones. The choice of the platform to use should therefore
be independent from the choice of the software.

In a Windows®)-centric world, that of platform indepedence could seem a mi-
nor problem. However the Windows platform (like everyone else) is not optimal for
all situations. Requirements due to other softwares, security or simply user habits
and preference could make the availability of a tool running on other operating
systems, such as Apple®OS X or GNU/Linux, desirable.

19.1.4 Independence from commercial software

Most SMF'S data analysis tools and scripts so far often rely on commercial scientific
software platforms, like Matlab@®), Mathematica@or IGOR®). This used to offer
several advantages in terms of reliability and features, but has also specific disad-
vantages. Commercial licenses for these platforms are usually expensive,and there
is no guarantee that programs developed with a previous version of the platform
will run on future versions of the platforms, nor that the current version will run
on future operating systems and machines. This forces the user to a “Red Queen’s
race” E] situation: the user has to constantly buy new versions of the commercial
platform just to ensure his own software will continue to run.

Moreover, there is often little compatibility between the platforms, and this is
a strong obstacle to sharing: one used to one software platform (say, Matlab@®))
will not buy another expensive commercial software just to run software developed
on another platform (say, IGOR®)).

Finally, these platforms are usually very easy to program for quick, one-purpose

data analysis requirements, but being not designed as general-purpose program-

3The Red Queen’s race is an incident appears in Lewis Carroll’s Through the Looking-Glass
and involves the Red Queen and Alice constantly running but remaining in the same spot:
“Well, in our country,” said Alice, still panting a little, “you’d generally get to somewhere else
if you run very fast for a long time, as we’ve been doing.”
“A slow sort of country!” said the Queen. “Now, here, you see, it takes all the running you can
do, to keep in the same place. If you want to get somewhere else, you must run at least twice as
fast as that!”
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ming languages, the construction of complex tools with these programs is usually
difficult and hard to maintain.

Today however a number of high-quality, multiplatform and most importantly
free and open tools exist that have capabilities of the same level of commercial
packages. These tools can take the shape of free analogous to the commercial tools
described (like Octave and Scilab, that aim to be free replacements for Matlab(®))
or of libraries made to be used by general-purpose languages like C, Fortran, Perl
or Python, like the BLAS[341] and LAPACK]342] scientific libraries. Ironically
enough, many commercial packages actually rely on these free libraries for their
working.

Apart from highly specialized applications, it is safe to say that there is no
more the need to build data analysis tools on expensive, incompatible commercial
software platforms. Free programming languages and libraries can well be used

for this need, without significant losses on features and power.

19.2 The Hooke implementation

Hooke has a very simple interface, made of a command line and a window showing
the plot. This design was chosen because it is very common in several bioin-
formatics programs, like RasMol and PyMol[343], and allows high flexibility and
extensibility. Writing a command-line function is also much less onerous on the
programmer than writing complex graphical user interfaces, and this has to be
taken into account for easy,fast plugin writing.

By itself, Hooke is a program made to manage and visualize data sets made
of multiple independent data files encoding one or more 2D plots. These files
are organized by the operator in a playlist, analogue to the functioning of a music
player. Data files can be visualized, exported as text files or images, and annotated
by the operator. Most other Hooke functionality, included functions able to read

data files, is encoded by separate plugins.

19.2.1 Choice of the programming environment

Hooke is written in Python (http://www.python.org). The choice was made de-

pending on a variety of advantages:
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Figure 19.1: A typical Hooke session, from the author’s GNU /Linux desktop. The top
window shows the plot, the bottom window is the Hooke command line session. In the
image, the peaks command validates the convolution algorithm (see : the blue
dots on the tip of each peak have been recognized as peak maxima by the command.
Other blue dots mark the contact point and the intervals chosen by the user for two

WLC fits (red and cyan lines)
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e It is open source and available for free.
e [t is object-oriented

e [t is extremly portable, supporting a large number of operating systems and

hardware architectures: on many of these systems it is already preinstalled]

e It has a simple, fast syntax that can be grasped easily by non-programmers,
but it is powerful enough to have been deployed for full-blown scientific
applications like PyMol[343] and MMTK][344].

e [t does not need to be compiled, saving development time and allowing the

same files to run on every operating system.

e [t features free numerical and scientifical libraries of professional quality.
These libraries in turn hook to fast, compiled Fortran and C based libraries,
therefore using Python allows to combine speed of execution with speed of

development.

For scientific and numerical programming I choosed the NumPy and SciPy
libraries (http://scipy.org), the two standard numerical and scientific Python li-
braries. For the graphical user interface (GUI) part I choosed wxPython/wxWidgets
(http://www.wxpython.org), a platform-independent library that is native-looking
on all the main operating systems. This way (unlike in the case of for exam-
ple Java) the application would look integrated in the operating system with-
out having to rewrite the graphical part. For plotting, I relied on Matplotlib
(http://matplotlib.sourceforge.net), an advanced 2D-plotting Python library. wx-
Python and matplotlib are glued together by mean of the little utility wxMPL
(http://agni.phys.iit.edu/ kmcivor/wxmpl/).

All these additional components are as free and multiplatform as Python itself,

and can be easily found on the Internet.

19.2.2 The Hooke architecture

The Hooke backbone consists of two concurrent threads, the command-line in-
terface (CLI) and the graphical user interface (GUI). The CLI and the GUI are

4 A notable exception is Windows®)
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independent programs and communicate by passing messages: this means that,
in principle, one could substitute one or the other if the message passing protocol
is kept the same. However, one cannot run without the other. The CLI thread
runs in a command line terminal of the operating system. The backbone manages
the basic command interpretation, general plot drawing and interaction facilities,
a few very basic commands (like measuring the distance between two points) and
other very basic stuff like loading playlists and configuration file (see above).

All other functionality is done by mean of drivers and plugins. Drivers and
plugins use a publicly accessible application programming interface (API) and are
completely separate files. Hooke reads from the configuration file what plugins
and drivers have to be loaded at startup and loads them automatically. Plugins
are coded as Python classes defining methods encoding CLI commands or GUI
extensions. Each plugin has access to the whole runtime Hooke data structures,
including these of other plugins.

Drivers are a bit different, since they do not have to code additional function-
ality, but to provide a common interface to different data formats. Fach driver
must contain two essential methods. The first, is_me(), is a method that allows
the data format to be self-identified. When Hooke meets a new data file in the
playlist, it feeds it, sequentially, to the is_me() function of each driver, which sees
if it can be correctly assigned to that driver. The first driver recognizing the file
format takes control, reads the file and transforms it in data vectors containing the
plot informations: these are accessed by Hooke using the method default_plots().
Since of course each data format can encode additional information, every driver
can implement additional methods that the appropriate plugins can call and use, if
necessary. This way a common interface to all data formats is provided, while the
Hooke user has no need of previous knowledge on the data type he has to analyze
(or to convert it to a custom data type); however the whole content of the data
file can be accessed if needed.

As mentioned above, Hooke manages data sets as “playlists” . A playlist can
be saved as an XML file (which is by itself a plain textfile), and reloaded later. The
user navigates the playlist, sequentially or jumping around, and can annotate each
data file. Annotations can then be saved in a separate text file, and annotated
data files can be copied automatically in a folder choosed by the user. The playlist

file format has the capability to save unlimited information about each data file
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under examination

19.3 Example plugins and features

Hooke plugins have been developed to provide the general essential capabilities
required for CS-SMFS analysis. These include automatic correction from piezo
movement-deflection to tip distance-force, automatic recognition of the contact
point and worm-like chain fit of peaks

A simple median widndow filter has been implemented to smooth out noise
if needed. To correct optical interference, a simple but effective solution was
that of implementing a command that simply subtracts the (median-filtered) ap-
proach curve from the retracting curve. Since the two curves shape, in most cases,
are practically identical expect for the signals found in the retracting curve, this
method effectively flattens the retracting curve, at the expense of some added
noise. A more refined algorithm, using polynomial fits to smoothly subtract opti-
cal interference, is currently being developed.

A couple of more advanced capabilities have been developed or are in develop-

ment to help data analysis.

19.3.1 Peak recognition and filtering

As previously discussed only a small fraction of force curves contains inter-
esting signals. Recognizing these curves by hand in the large data sets produced
by SMF'S techniques is a tedious and time-consuming process. To automatize this
process, two filters have been developed.

The first, flatfilt, simply recognizes curves that possess some kind of significant
feature above the thermal noise. The filter cycles all the curves in the playlist. For

any given curve:

e A median window filter (window size = 7) is applied on the retracting curve

e A difference vector, containing the Y difference between contiguous points,

is calculated.

e The number of points in the difference vector exceeding a user-defined thresh-

old is counted
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e [f there are enough points exceeding the user-defined threshold, then the

curve is kept in the playlist, otherwise it is discarded.

This filter is of course quite raw, and requires relatively conservative settings
to safely avoid false negatives (that is, to avoid discarding interesting curves), but
on experiments on the 3S3 construct discussed in this thesis (see it has been
found to reduce the data set to analyze by hand of ~ 80-90%.

-2E-08 /
-2E-08 /
o ‘/‘Ww\‘/‘,/

-2E-08

Instrument data
Convolution (a.u.)

-3E-08 T T T
-3E-07 -2E-07 -1E-07 0E-07

Figure 19.2: Example of the convolution used by the convfilt filter on a force curve.
The blue graph is a retracting curve. The magenta graph represents the convolution of
the blue graph. The spikes in the magenta graph correspond precisely to the peaks of
the blue graph.

The second filter, convfilt, relies on automatic recognition of force peaks.
Recognition of peaks is based on a simple convolution algorithm that is an extreme
simplification of the approach of Kasas et.al. [198]. Again, the filter cycles all

curves in the playlist. For any given retracting curve:

e The contact point is found and only data before the contact point is used

e The data before the contact point are multiplied by a L-shaped vector (-6,-
1,-1,-1,-1,-1,-1) that encodes the approximate L-shape that forced unfolding
peaks show after the maximum. FEach unfolding peak should be a clearly
visible spike on the convolution (see Figure
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e The noise level of the convolution is calculated, eliminating the highest values
(which are presumibly the spikes) until noise seems converging. Average

value and absolute deviation of noise is calculated.

e Data points exceeding the user-defined threshold of absolute deviation are
counted. Usually these data will show up as “clusters” around a single force

peak: each cluster is then reduced to a single data point.

e If there are enough points exceeding the user-defined threshold, then the

curve is kept in the playlist, otherwise it is discarded.

The convolution algorithm, with appropriate thresholds, recognizes true un-
folding peaks almost 99% of the time (of course, it also recognizes other similarly
shaped peaks). The filter based on it can reduce the dataset to analyze by hand
of 90-95%.

19.3.2 Mass analysis and selection of force curve data

As proposed in to analyze the behaviour of the force experiment and the
force curve patterns objectively, it could be useful to collect automatically a large
number of variables and to analyze them by mean of multivariate statistics (like
analysis of principal components). Moreover, better and more objective data filters
could be based on selecting data clusters which are located within the range of
desired variables (for example, below the total expected molecule contour length,
or within a desired range of average peak-peak distance).

To this aim, a plugin is currently in development that scans the playlist and
collects a number of potentially interesting variables. These variables can then be
exported to be reviewed with other softwares or can be plotted in scatterplots by
Hooke itself. In the future the user may choose a region in the scatterplot and

select the curves by choosing appropriate clusters in the variable space.
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Figure 19.3: Example of scatterplot (distance of the first peak from the contact point

vs distance of the last) obtained by running the mass analysis plugin on a small set of

curves.
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Part VI

Final remarks
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Chapter 20
Sources

Most of the material presented in the thesis finds its sources in original material
and the published literature from the author.

The literature review portions of this thesis are in debt with the following works
not from the author (in random order): [61], [I58], [60], [345], [17], [85], [80], [289]
and the Fabio Grandi Ph.D. thesis.
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Chapter 21

Thank you

Gratitude is merely the secret hope of further favors.

Pierre La Rouchefoucald

Before beginning. This is of course the most read chapter of every thesis on
the planet: it could be argued that thesis are an object whose only purpose is the
interpolation of acknowledgements (just like Jorge Luis Borges conjectured that
the Divine Comedy’s only purpose is to provide a framework where to interpolate
the meeting between Dante and Beatrix). Unfortunately, it’s also the last one I'm
writing, and also in a relative hurry. So, please forgive me if I forgot you, or if
what I wrote of you isn’t something you expect. You can always look for revenge

in real life.

21.1 Family

To my family, I dedicate this work. They would deserve much, much, much more,
but that’s what I can do right now. What you did for me is a miracle that always
amazes me. [ love you all. Special mention of course for my grandmother Wilma,
a terrific, steel woman, the undisputed leader of my family. Don’t worry, grandma:
I will cut that hair and that beard (maybe).

215



CHAPTER 21: THANK YOU

21.2 Laboratory

This thesis is, among other things, the compendium of years of work spent in
a little, apparently insignificant, laboratory hidden in a fatiscent building, that
revealed instead to be a treasure of outstanding, brilliant scientists and amazing
persons. I couldn’t have hoped to spend my undergraduate thesis first and my

Ph.D. later in a place with better people.

First of all, of course, thanks to my supervisor, Prof.Bruno Samori, who choose
to bet on me when I still was a young, confused undergraduate student, offering me
an early chance to dip my toes in the misty sea of research. It was an enormous,
positive shock for my self-esteem, and for my career (or at least, I hope so). His
good nature, irresistible enthusiasm (perhaps even too much enthusiasm!), and
persistent, bold willingness to break the boundaries of established research were
the constant leitmotiv of these years in the laboratory. Also, a special mention is

due to his fine taste for wines and foods, of course.

Then, I have to thank all the guys who embraced me as their little kid when
I started working in the laboratory. Fabio Grandi, who as a graduate student
followed my undergraduate thesis and my first times of graduate studies. Clever,
exquisitely nice, beer expert and extremely patient tutor. He teached me the
basis of experimental work, data analysis and day-to-day random fun in the lab.
Thanks to you a lot. Really alot. Anna “Verzia” Bergia, the laboratory’s mother-
in-law, lifesaver, and infinitely sweet friend. She made us feel all warm and fuzzy.
Andrea “Turno” Giro, who behaved as a (damn funny) cartoon character and
that now creates cartoon characters. Giampaolo Zuccheri, essential guide in the
Dante’s Inferno of experimental work, and the deeper Cocitus of day-to-day labo-
ratory bureaucracy and correct administration. Giovanni Guarguaglini, native of
the funniest corner of Italy (Livorno) and holding high its flag. We won’t ever
forget the alcholic (to say the least) lunchs we had. Carlotta Guiducci: perennial
candidate to the Stakanov prize, yet everything you would not expect from an
engineer, and that’s what makes her special.

Other guys then joined, not a bit less special than the first. A billion special
thanks go to the Supreme Archymandrite, the Blind Explorer of the Proteiform
Amphisbaena, a.k.a. dr.Marco Brucale, someone I wish I had known before and

I wish to keep in touch for a long time. There is an uncanny, weird intellectual,
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witty feeling between us, mostly concentrated on surreal humour and obscure
subjects, that made the last years a constant source of (mostly incomprehensible
for others) damn fun. Oh, also he is an exquisite musicist, tough FreeCiv opponent
and a tremendously brilliant scientist. Shoud I also mention the unfathomable
mystery of the...No, that [ shouldn’t. An exquisite companion of me and Marco was
Mauro Lombardi, whose mix of experimental boldness, encyclopaedic knowledge of
chemistry and epileptic mental processes was always ready to explode. In laughs,
but also in fire. Flaviana Mosca: we shared the lab for a few weeks only, but there
are a couple of things we will never forget of you. Trust us. Francesco Valle, one
of the finest, most clever guys I've ever met in my life. I will forever, ever live in
the envy of his charme and social skills. And of his equally good taste for food
and physics. I felt honoured to share most of my Ph.D. with you. We cannot
obviously forget Sandro “Plasmone” Carrara, thanks for all the nice talk and for
always reminding that we have to love the Good Things of Life. One in particular,
of course *grin*. But while Sandro aimed to holiness, I had the rare honour
of sharing my office with a first-class daemon. Behold, ye mortal, the infernal
greatness of Francesco Musiani, Master of Sandworms, who gnaws aeternally in
front of his desk at the monotonous whine of accursed heavy metal MP3s! I also
shared for the office with a female rugby player (one of these creatures you usually
think live only on the Internet, until you meet them. Like me.), Alessandra Vinelli,
a damn brilliant girl that holds the secret of an incredible source of energy. What
I do in a week, she has done in a day. Twice. Kudos. And thanks to Anna
Ferretti, seductive biotechnologist with fantastic sense of humour, good taste for
comics and cinema, and an infinite joy of life. You always make me smile when you
enter the lab. Here’s a kiss. Fabrizio Benedetti, undergraduate student everyone
would be proud of, capable of killing armies with his naked hands but nonetheless
incredibily peaceful. His enthusiasm for science and adamantine sense of rigour
and ethics always teach me something. Thanks for keeping me alive despite my
subpar abilities in undergraduate mentoring. Thanks a lot to Selena di Maio, the
Pencil Angel, tremendously good friend, who was my years long bench neighbour
in the high school, and now, years and years after, again shares a work room with
me. I would never have finished high school, let alone university, without her
supporting me by lending me her pens and pencils. Thanks to Aldo Rampioni, a

nice, joyful fellow who has just now joined the laboratory and whose undestructible
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optimism and peaceful attitude are the necessary contrapunct to my pessimistic,
hysterical attitudes. And also, thanks to the “guys from the other laboratory”
, namely Emanuele, who ectoplasmatically comes and goes for his master thesis,
Andrea and Daniele, in all a team of nice guys I'd like to share more time with.
Hope to meet you at the chessboard, Daniele!

Oh, we cannot forget the three guys from abroad that, inexplicably, decided to
spend some time here. Dr.Salama, exquisite Egyptian guy whose brief trip to Italy
could have been luckier. All the best. Bo Chen, a mysterious, eerie presence from
the Far East that nicely haunted the lab. And dr.Vijayender, who introduced us

gently and warmly to Indian culture. Thanks for the time we spent together.

21.3 Significant others

Special thanks to Ambra Galassi, of course, who incredibly tolerated two months
of my anxiety and grief for writing this stuff, making me always feel loved and
quiet. Bali, Maurina. And thanks to Duke the cat, too, of course.

Then, in more or less random order. Thanks a lot to my acquired sister Susanna
Raule, one of the smartest and nicest girls I've ever met. Oh, but you already know
that, don’t you? Thanks also to Giovanni Ferretti, sweet and clever guy, someone
with which I discovered the true meaning of the abused word “friendship” . The
same of course is for Gianluca Paredi, who I'd like to see more. But he’s too much
of a womanizer to worry about bearded men like me... T also should have mentioned
my roommate and comrade Cristiano Belloni aka DJ Jane’s Conference, but he,
as a good La Spezia native, refuses any social honour and explicitly requires to
not be mentioned in this thesis. Thanks a lot to Martinka, for all the good time
we spent together, and for still being a close friend. Thanks also to Carla, for the
same reasons, and for Topper. Thanks a lot to Mauro Bonacini, perfect friend and
perfect geek, the guy who forever ruined my life introducing me to the alchemic
mysteries of Linux. Thanks to Cristina, Aulin and Napo, terrific crew from the
Padanian badlands: INDIE BAD, GABBER GOOD. Thanks to Illy, not a coffee
but a living monument to black humour. And thanks to Martina and Il Poeta,
who spent a lot of funny weekends in our home. Come back! And the whole
Electronic Drums Contest, the best music festival. Ever. And the only one where

I exhibited. And of course, I must tip my hat to the whole Asphalto crew, for the
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constant fun on the net spent in endless, pointless, remorseless flamewars. Lot of
thanks to anyone also following my rants on the Net. And of course, to the whole

ton of people I forgot but that surely deserved a mention here.

21.4 Software

This thesis could not have been written (or at least, it would have been a lot dif-
ferent) without the incredible phenomenon that is the Free Software/Open Source
community (http://www.gnu.org). An entire army of people devoted to the con-
cept of breaking information free. Nothing better could happen. This thesis had
been written on two x86 Gentoo GNU/Linux systems (http://www.gentoo.org),
running on my desktop and on my Macbook Pro laptop, respectively. The Gen-
too mailing list, forums and wiki are enormous sources of documentation (and
nice talks) that cannot be overestimated. The thesis has been written using
ETEX (http: //www.latex-project.org/), the well known professional free typeset-
ting language. Kudos to Leslie Lamport and coworkers for this incredible tool,
although I must say sometimes its old age can be felt in the dirty quirks of
the syntax. Time for a ITEX3 maybe? The KETEXcode was written using Kile
(http://kile.sourceforge.net), a splendid, featureful but elegant and easy KTEXdevelopment
environment. A lot of time has been saved thanks to this program. In turn, Kile is
part of the KDE 3 software suite (http://www.kde.org), probably the best desktop
environment available for Unix systems. Images were processed and created us-
ing Inkscape (http://www.inkscape.org) and The GIMP (http://www.gimp.org),
two state-of-the-art tools for vectorial and raster image development, respectively.
Really good stuff. PDF files containing the papers read and used for this the-
sis were read and printed thanks to KPDF (http://kpdf.kde.org), the KDE PDF
reader, showing that a good PDF reader can be made without suffering of Acro-
bat Reader disgusting elephantiasis. The papers were in turn downloaded using
Mozilla Firefox (http://www.mozilla.org), which needs no further words.

There’s also online services I have to thank. The Pubmed-to-BibTex translator
TeXMed (http://www.sbg.bio.ic.ac.uk/ mueller/TeXMed/) and Google Scholar
(http://scholar.google.com) allowed me to build the bibliography in a reasonable,
decent time.

A mention is also owed to /b/. Who knows, knows; otherwise, lurk moar.
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