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Summary

Summary

The work reported in this thesis describes the protocols developed for the
realisation of a synthetic sarcomere like machine (MYOMAC) consisting of a single
actin filament interacting with a linear array of motor proteins regularly distributed
on an inorganic nano-structured surface. The mechanical output of the bio-
machine will be measured through a Dual Laser Optical Tweezers (DLOT, range
0.5-200 pN, force, and 1-10,000 nm, displacement). The correct polarity of the
actin filament (5-15 um long) is controlled by attaching its barbed end to a trapped
bead via gelsolin protein. The motor protein chosen for MYOMAC is myosin from
frog skeletal muscle because this is the myosin with the most reliable reference
values of mechanical, kinetic and energetic parameters provided by in situ studies
on intact fibres from frog skeletal muscle. The protocols for the preparation of fully
functional myosin Il from frog skeletal muscle, recently established in the
Laboratory of Physiology of Florence, have been further refined to produce its
proteolytic fragments, HeavyMeroMyosin (HMM) and Subfragmentl (S1), to be
used in the myosin-based machine. S1 has been characterized in transient kinetic
experiments using a stopped flow apparatus. As expected for a fast myosin
isoform, frog S1 showed a large rate constant for actin-myosin dissociation by ATP
(k+2 ~500 s™, 1/K; ~850 uM at 5°C) and a low ADP affinity (Kapp ~700 uM at 5°C).
HMM has been characterized using the In Vitro Motility Assay (IVMA). The sliding
velocity of actin filaments (Vg) on HMM dispersed on a nitrocellulose-coated glass
slide was 6.91 + 0.06 pm-s™ at 25°C, ~20% higher than on whole myosin, and
showed a high temperature sensitivity. The effect of the substrates on the ability of
frog HMM to propel actin filaments was tested by comparing Ve obtained on
nitrocellulose, trimethylchlorosilane (TMCS) and poly(methylmethacrylate)
(PMMA). The highest value of Vg was obtained on TMCS (Vg ~20% higher than on
nitrocellulose). Mechanical measurements with HMM fragments have been done
in a simplified version of MYOMAC, where the motor proteins are randomly
adsorbed on the flat tip of an etched optical fibre (diameter ~5 um) the position of
which is controlled by a piezoelectric actuator with nanometer precison. The HMM
array is brought to interact with an actin filament attached to a bead trapped by the
DLOT and then the HMM coated tip is pulled away from the filament. Statistical
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analysis of the unbinding events shows that the rupture force of a single actin-
HMM complex is ~13 pN.
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Chapter 1 — INTRODUCTION

1.1 Rationale

1.1.1 The function of the molecular motor myosin Il in muscle

The motor protein myosin Il produces force and shortening in muscle during
cyclic ATP-driven interactions with the actin filament. In each actin-myosin
interaction, depending on the mechanical conditions, the myosin motor can
generate a force of several pN or a displacement of the actin filament of several
nm, as the myosin head (the myosin subfragment 1, S1, which contains the actin
binding site and the catalytic site) undergoes a structural change (the working
stroke, d). In the thick filament of each sarcomere, the structural unit of striated
muscle, myosin Il molecules are polymerized in two bipolar arrays, and in each
array the motors work in parallel pulling the actin filament toward the centre of the
sarcomere (Huxley & Niedergerke, 1954; Huxley & Hanson, 1954; Huxley, 1969).

When the external load is smaller than the isometric force generated by the
array of motors, the actin filament slides past the myosin filament and the
sarcomere shortens. In this case the myosin motors work as a collective motor,
converting metabolic energy into mechanical work during cycles of actin
attachment/detachment of individual motor domains. Reducing the load, the
velocity of shortening increases, accompanied by the increase in the rates of
energy (heat + work) liberation and ATP hydrolysis (Fenn, 1924; Hill, 1938;
Huxley, 1957; Kushmerick et al., 1969). The muscle develops the maximum power
output when it shortens under a load ~1/2 the isometric force, at which the
macroscopic efficiency is ~45% (Woledge et al., 1985; Barclay et al., 1993).

When an external load larger than the array force is applied to the active
muscle, the motor array acts as a brake, very efficiently resisting the load with
reduced metabolic cost. These properties are generated by the combination of
structure-function of myosin Il molecule with the array-type arrangement of the

molecules, mechanically coupled by their connections to the myosin filament.
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1.1.2 In situ and in vitro studies of myosin Il

The array arrangement of the myosin Il plays a critical role in determining
the high power output and the high efficiency of the sarcomere. For this reason the
mechanical and energetic properties of the myosin Il as a collective motor can be
described only in situ, in the muscle fibre, where the contractile proteins act in the
preserved filament lattice. The motor function in situ is studied with the best
temporal and spatial resolution by applying sarcomere level mechanical methods
to single fibres isolated from frog muscle (Brunello et al., 2007; Piazzesi et al.,
2007). In intact fibres, however, it is not possible to control the composition of the
biochemical milieu of the myofilaments and relate the mechanical steps to the
chemical transitions of the actomyosin cycle that leads to the transduction of the
free energy of ATP hydrolysis into work. The preparation of election for studies of
the chemomechanical coupling is the demembranated fibre from mammalian
muscle (Hellam & Podolsky, 1969; Goldman et al., 1982; Caremani et al., 2008),
but in this preparation the sarcomeric order is progressively lost in subsequent
activations.

The in vitro motility assay (IVMA) is the technique for studying the molecular
motors developed in the mid 80’s (Sheetz & Spudich, 1983; Yanagida et al., 1984;
Kron & Spudich, 1986; Ishijima et al., 1991; Finer et al., 1995) (Fig. 1.1). In this
assay motor proteins (myosin, kinesin, etc) are randomly dispersed on the
functionalized surface of a coverslip and promote the sliding of the respective
filamentous track (actin filaments or microtubules). The motility produced by an
ensemble of myosins is evaluated by measuring the velocity of sliding of the actin

filaments (Vg), made fluorescent by labelling with rhodamine-phalloidin. Vg, that

Fig. 1.1. Schematic
representation of the in
vitro  motility  assay
(IVMA).  The actin
filaments (red) slide on
the functionalized
coverslip surface
covered with myosin
molecules (grey).
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should correspond to the unloaded shortening velocity in the fibres (Vy) since axial
movement of actin does not imply significant viscous drag, is a fundamental
mechanical parameter to define the coupling between the biochemical and
mechanical steps of actin-myosin interaction. Even if the sarcomeric arrangement
of motors is lost, the IVMA offers the following advantages with respect to the in
situ approaches: (i) the method allows direct control of the protein composition of
the motility system, thus the function of the motor proteins can be defined in the
absence of the effects of cytoskeletal structures and regulatory proteins; (ii) the
use of purified proteins allows direct comparison of the motor mechanism of
myosin Il from skeletal muscle with that of other motors (like myosin V and
kinesin); (iii) genetically modified proteins or mutant proteins can be easily
examined. Major limits of the IVMA are that the motor ensemble is arranged at
random and that the only mechanical output of the motors is the velocity at which
actin is propelled in the absence of load.

The limits mentioned above could be overcome if we could measure the
mechanical properties of myosin Il in an isolated sarcomere, or, alternatively, in a

sarcomere-like synthetic machine as that proposed in the following paragraph.

1.1.3 The project of a Myosin Based Machine (MYOMAC)

MYOMAC is a synthetic sarcomere machine that consists of a single actin
filament interacting with a linear array of motor proteins myosin Il regularly
disposed on a nanostructured surface (Fig. 1.2). Under these conditions, when the
actin filament is brought to interact with the motor array, the ensemble of myosin
motors provides the condition for cyclic interactions with the actin filament,
developing steady force and shortening. The experiments will be carried out in an
flow cell that allows the biochemical composition of the solution to be rapidly
changed. The mechanical outputs (force and shortening) will be measured by
means of a double laser optical tweezers apparatus (DLOT) able to control either
the length or the load with an adequate dynamic range (0.5-200 pN force and 1-
10,000 nm shortening) and frequency response (force and length changes with

~2ms rise time).
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The nanostructured support for the myosin motors allows to control the
geometry of the myosin array in a way similar to the half-sarcomere, opening the
possibility to study the effect of the steric organization of the motors on the
mechanical and energetic properties of the motor array. MYOMAC, with respect to
the skinned fibre preparation, allows the coupling between the biochemical and
mechanical step of the actomyosin cycle to be investigated at picomolar and
nanoscale level by the rapid control of the biochemical composition of the solution.
The new assay finds application in different fields of research: in muscle
biophysics and physiology it will allow understanding how functional diversity of
muscle types depends on different myosin isoforms and the molecular and
supramolecular mechanisms of maximization of power and efficiency; in muscle
pathology it will allow investigation of the molecular basis of genetic diseases and

therapies mostly related to regulatory and cytoskeletal proteins.

dual beam
optical tweezers

myosin motor

gelsolin

'/ o Nkl‘ o
laser focus @ e

Fig. 1.2. Schematic representation of the MYOMAC experiment. The actin-attached bead is
captured in the focus of the DLOT, the array of myosin motors is defined by the pattern of the
edges on a micro-fabricated silica/quartz structure carried by the piezoelectric nano-positioner.
Dimensions: bead diameter 1.5 pm, actin filament length 10 ym, distance between the myosin
motors in each array ~100 nm.

actin filament :
2 P ST G

silica nanostructure

1.1.4 Aim of the thesis

A motility system like MYOMAC allows any kind of molecular motors (non
processive and processive motors, native and engineered proteins) to be tested.
At this stage, there is a compelling reason to use, as motor protein, the myosin
from frog skeletal muscle. In fact, the most reliable reference values for
mechanical, kinetic and energetic parameters of sarcomeric myosins are provided
by studies on intact fibres from frog skeletal muscle (Woledge et al., 1985). The
protocols for the extraction and purification of fully functional myosin Il molecules

from frog skeletal muscles have been recently developed in the Laboratory of
6
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physiology of the University of Florence (Elangovan et al., 2012). The myosin
molecules prepared with these protocols preserve their enzymatic activity and
have a long lasting IVMA activity. However preliminary tests revealed that whole
myosin Il molecule is not suitable for developing the nanostructured array of
motors. In fact, it has been observed that when a solution, with the myosin
molecules at the physiological ionic strength, is introduced into the experimental
chamber, the proteins tend to aggregate and bind to any surfaces, also included
the stem carrying the nanostructured surface. This problem was solved using the
proteolytic fragments Heavy Mero Myosin (HMM) of the whole myosin Il molecule,
or its sub-fragment S1, which do not self-aggregate at the physiological ionic
strength, as they are deprived of the LMM portion responsible for the
polymerization of the molecules into filaments. HMM is still a dimeric motor, while
S1 is monomeric. These features will reveal particularly useful in future
experiments on MYOMAC aimed at investigating the physiological role of the
dymeric nature of the motor protein.

The aims of this thesis are: (i) the development of the protocols of
purification of frog myosin Il fragments HMM and S1 with long last viability to be
used in myosin-based machine devices; (i) kinetic and mechanical
characterization of the myosin Il fragments using both transient Kkinetic
experiments and IVMA; (iii) test for selection of the best coating for attachment of
the myosin motors to the nanostructure; (iv) mechanical measurements on a
simplified version of the MYOMAC consisting of a few myosin motors randomly
dispersed on the flat tip of an etched optical fibre.
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1.2 Background

1.2.1 Structure of the skeletal muscle

The skeletal muscle is the basis of the movement and locomotion of all
vertebrates. The muscle is made of a large number of elongated cylindrical cells
(the muscle fibres), spanning the length of the muscle and attached to the bones

Muscle
A

A band

C: Myofilaments

B T i
\ roponin

_ Myosin

o-actinin

Fig. 1.3. Different level of organization of the skeletal muscle. A. Skeletal muscle in living frog, from
the tissue to a single cell or fibre, and from the single fibre to the myofibril. B. The sarcomere, the
structural unit of striated muscle. C. Thick (red) and thin (orange) filaments with regulatory (troponin
and tropomyosin) and structural (nebulin, titin and a-actinin) proteins. D. Arrangement of thick and
thin filaments in the cross-section of the sarcomere at different positions along it.
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via the tendons (Fig. 1.3). These cells are multinucleated with diameter ranging
from 20 to 200 um and are cross-striated with a periodicity of about 2.0 um (at the
slack length). Most of the intracellular space within the fibre is occupied by
myofibrils, cylindrical structures of 1-2 um in diameter, that run along the length of
the muscle fibre and contain the contractile proteins, actin and myosin, arranged in
thin (actin) and thick (myosin) filaments that are in register across different
myofibrils and provide the striated appearance to the muscle fibre.

1.2.2 Structure of the sarcomere

From a structural point of view the skeletal muscle is classified as striated
muscle. In fact, under the light microscope, the skeletal muscle appears striated
due to the regular repeat of dark bands (A bands) and light bands (I bands).
Electron microscopy (Fig. 1.4) reveals that the striations are due to the regular
repeat of two sets of filaments: the 2.6lum

thick filaments (1.6 pm long, 12
nm in diameter) due to
polymerization of the myosin
molecules and the thin filaments (1
um long, 8 nm in diameter) due to
polymerization of actin molecules.
The thin filaments extend from the
Z disk, at the centre of the | band,
and partially interdigitate with the
thick filaments in the A band. The
centre of the A band is bisected by
a dark M line, containing proteins
that link the thick filaments

together in the cross-section of the 21um

myofibril. The zone in the A band,
. . . Fig. 1.4. Electron microscopy images of the
where there is no overlap with thin  sarcomere showing the arrangement of thick and
. . thin filaments producing the striated appearance of
filaments is called H band. The muscle. Upper panel. Sarcomere length 2.6 um.
Lower panel. Sarcomere length 2.1 ym. Sarcomere
shortening is the result of thin filaments sliding into
lines defines the structural unit of thick filaments, as indicated by the reduction of the
widths of | and H bands while the width of A band
the striated muscle, called remains constant.

portion between two consecutive Z
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sarcomere that repeats along the whole fibre. Muscle shortening occurs by
reciprocal sliding of the thick over the thin filaments (Huxley & Niedergerke, 1954,
Huxley & Hanson, 1954).

As seen in the cross-section of a myofibril, thick and thin filaments are
arranged in a double hexagonal lattice in the overlap zone (Fig. 1.3, 3). Each thick
filament is surrounded by 6 thin filaments, while each thin filament is surrounded
by 3 thick filaments, thus the ratio of the thick filaments over thin filaments is 1:2. A
different symmetry is visible from the cross-section at the level of the Z line, where
thin filaments and other cytoskeletal proteins are arranged in a tetragonal pattern
(Fig. 1.3D, 5): each thin filament from a sarcomere is connected, across the Z line,

to 4 thin filaments from the next sarcomere.

1.2.3 Structure of the thin filament

The thin filaments are made by the polymerization of the globular protein
actin (G-actin, 42 kDa) and the regulatory proteins troponin and tropomyosin. In
the presence of ATP the actin monomers polymerize spontaneously to form the
backbone of the thin filament, F-actin, that has a double helical symmetry.
Troponin is a complex made of three subunits: troponin C (TnC), troponin T (TnT)
and troponin | (Tnl). The elongated tropomyosin dimers are associated to form a
helical filament that lies in the major groove of the actin filament. Each
tropomyosin dimer spans seven actin monomers and the troponin complex is also

associated to actin every seven repeats (Fig. 1.5A).

A C +end Fi i )
. ig. 1.5. The thin filament.
A. Thin filament structure,
relative positions of
troponin and tropomyosin
on the backbone of the
double helix of F-actin; B.
Crystallographic model of
G-Actin (blue), with bound
ATP (red) and Mg2+
(green); C. High resolution
structure of F-actin made
by 9 G-actin monomers,
each coloured differently.
F-actin is a polarised
structure and the distance
between subsequent
binding sites for myosin in
the same strand of the
double helix is about 5.5
nm.

Tropomyosin Troponin complox

G-actin

5.5nm

10
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The crystallographic model of the G-actin (Kabsch et al., 1990) shows that it
consists of two similar domains each of which contains a 5-stranded B-sheet and
associated a-helices and has a binding pocket for ATP and Mg?* (Fig. 1.5B). The
high resolution model of F-actin is then derived from the structure of G-actin and
the X-ray diffraction patterns of oriented actin filament gels (Holmes et al., 1990;
Holmes et al., 1993). The model consists of 9 actin molecules arranged in 6 left-
handed turns repeating every 36 nm (Fig. 1.5C). The actin monomers are
asymmetrical, so that the ends of F-actin are structurally and functionally different.
The polymerization of the filaments occurs only with addition of G-actin at the
barbed end (the + end), that in the sarcomere is connected to the Z line) and the
actin filament slides on myosin molecules only toward the free end (the - end), that
in the sarcomere points toward the M line. The binding sites for myosin in each

strand of the double helical F-actin are spaced 5.5 nm apart.

1.2.4 Structure of the thick filament and the myosin molecule

The thick filament is made by the myosin molecules polymerized so as to
produce two bipolar arrays of motors that pull the two actin filaments from the two
halves of the sarcomere toward the centre. There are about 150 myosin molecules
per half-thick filament. The globular part of the myosin molecule, the myosin head,
projects from the thick filament in crowns of three couple of heads at an angle of
120°. Subsequent crowns emerge with axial periodicity of 14.3 nm and are rotated
by 40° so that their helical periodicity is 42.9 nm (Fig. 1.6A). As a consequence of
the antiparallel arrangement of the molecules in the two halves of the thick
filament, a region of ca 160 nm in the centre of the filament, formed by the tail of
the myosin molecules, called the bare zone, is free of heads. The thick filament
contains structural proteins such as protein C and titin. These proteins have been
shown to play an important role in the organization of the thick filament structure
(Seiler et al., 1996) and in the conservation of filament alignment.

The myosin molecule is a dimer with molecular weight (MW) ~520 kDa,
consisting of two heavy chains (MW 220 kDa), each composed of a 150 nm ‘tail’
and a globular ‘head’ at one end, and two pairs of light chains (each light chain
with MW 20 kDa) (Fig. 1.6B, a). Each heavy chain can be enzymatically separated
in different fragments depending on the enzyme used for the digestion and the
solution composition (Fig. 1.6B, b): (i) in the absence of Mg?*, digestion by trypsin

11
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results in two fragments, the Light MeroMyosin (LMM) that forms most of the tail,
and the Heavy MeroMyosin (HMM), with two elongated globular head regions; (ii)
digestion with trypsin in the presence of Mg?* results in three fragments, the two
globular S1 portions or heads, a rod-like S2 portion, the short part of the talil,
proximal to the head, emerging from the thick filament, and the LMM, the long part
of the tail lying in the filament backbone. In this conditions the enzyme cuts the
heavy chain molecule just above the regulatory light chain binding site, towards
the N-terminal end of the molecule, so that the S1 portion loses the regulatory light
chain (see Fig 2.1 in Materials and Methods section); (iii) digestion with papain
results in the same fragments as trypsin digestion in the presence of Mg?*, but in
this case the enzymatic cut occurs before the light chain binding site and the S1
fragments retain the whole light chain. The LMM, the myosin tail, is a coiled-coil a-
helical structure, about 2 nm in diameter and 150 nm long, while the heads are
about 15 nm long and up to 5 nm wide. Myosin rods have self assembly
properties, that is, they bind to each other to polymerize in low salt solution.

The crystallographic structure of the myosin has been determined only for

the S1 fragment, comprising the first 843 residues, in the absence of ATP (Fig.

A B C

Heavy a
chains

Upper 50K
domain

Actin
binding ﬂ‘é ;
COOH domain ¥ 4

Light
% chains

NH, NooCOC0000000000000000 292 hm
150nm —

Regulatory
light chain

HMM | enzymatic

digestion
Fragments : Essential

/ i“
/ light chain - W
(7,

LMM fragments

0?51 +\:z\\\

Fig. 1.6. The thick filament and the molecular motor myosin Il. A. Schematic representation of the
myosin molecule disposition on the thick filament in vertebrate skeletal muscle. The myosin heads
project from the thick filament in crowns of three couples of heads every 14.5 nm with an angle of
120°; B. a) Schematic representation of myosin Il motor. The molecule is a dimer composed of a
couple of heavy chains and two couples, one for each heavy chain, of light chains; b) The heavy
chains can be split by proteolytic enzymes. The numbers (1) and (2) indicate the proteolytic site of
trypsin and papain respectively; C. Crystallographic model of the S1 fragment. The N-terminal
region of the molecule contains both the ATP hydrolysis site and the actin binding site. The C-
terminal acts as a lever arm and contains the binding site of the light chains.

12
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1.6C) (Rayment et al.,, 1993b). The S1 portion that includes both the site of
attachment to actin and the site for ATP hydrolysis, has an elongated head,
containing a 7-stranded B-sheet and associated a-helices. The long a-helix that
constitutes the C-terminal region of the head, the so called “lever arm”, provides
the connection to the S2 portion attached to the thick filament. Using the electron
density maps of actin filaments decorated with myosin heads, it is possible to fit
together the crystallographic structures of actin and myosin S1 and recover the
relative orientation of the myosin head and the actin filament (Rayment et al.,
1993a). The comparison of the ATP-free S1 structure with the structure obtained
with ATP analogues (as ADPAIF™) in the catalytic site produced a model for the
working stroke consisting in an interdomain structural change that implies rotation
of the lever arm about a pivot on the catalytic domain that is firmly attached to
actin. The length of the lever arm amplifies, to up to 11 nm, the axial movement at
the level of the head-rod junction The interaction of myosin with actin is the trigger
for the working stroke. The interaction starts with a weak electrostatic interaction
that is followed by a stronger hydrophobic interaction and further ionic interactions.
Thus the first complex formation has a marked dependence on ionic strength and

is probably driven by long range ionic interactions.

1.2.5 The actin-myosin ATPase cycle

The free energy required for the execution of the working stroke is provided
by the hydrolysis of a molecule of ATP in the catalytic site of the S1 portion of the
myosin molecule. The products of ATP hydrolysis are adenosine diphosphate
(ADP) and inorganic phosphate (Pi). The acto-myosin ATPase cycle can be
described as a series of precisely coupled mechanical, structural and biochemical
events for the conversion of chemical energy into movement (Fig. 1.7). The steps
of ATP hydrolysis cycle of the acto-myosin complex have been defined with
protein solution studies by Lymn & Taylor in 1971 using a rapid-mixing apparatus.
In these studies the key concepts of the biochemical mechanism of the
crossbridge cycle are defined: (i) the reduction of myosin affinity to actin by ATP
binding; (ii) the reduction of the affinity between myosin and ATP hydrolysis
products by actin binding. In particular even if myosin is able to rapidly hydrolyse
an ATP molecule in the absence of actin, the hydrolysis products are rapidly
released only if actin binds to myosin (Fig. 1.7 step 4-6). The acto-myosin complex
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after the hydrolysis product release, has a high affinity for ATP and the ATP
binding induces the fast irreversible dissociation of the complex (step 1) followed
by the rapid hydrolysis by myosin of ATP into ADP and Pi which both remain
tightly bound to the myosin head (step 2). The cycle restarts because myosin with
the hydrolysis products tends to bind (step 3). As indicated by calorimetric studies
of the enthalpy changes associated to the various steps of the cycle, most of the
free energy is released in correspondence of Pi release (White & Taylor, 1976).
This finding suggests that the biochemical step coupled with the working stroke is
Pi release (Fig. 1.7A step 4 and 5). The kinetics of the ADP release step is strain
dependent in muscle myosin (Nyitrai & Geeves, 2004; Geeves & Holmes, 2005)
so that this step becomes the rate limiting step during muscle contraction at high
load and explains how the reduction of load on the contracting muscle increases
both ATPase rate and energy liberation. The structural changes of the myosin
associated with the biochemical steps are schematically represented in Fig. 1.7A.
According to crystallographic model (Rayment et al., 1993a) the working
stroke in the myosin head consists in the tilting of the lever arm, constituted by the

light chain domain, about a fulcrum in the catalytic domain. As demonstrated by

A 2 Fig. 1.7. The actin-myosin
ATPase cycle. A.
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the increase of the intrinsic fluorescence of tryptophan residues, the myosin head
recovers the initial state (pre-working stroke) during step 2, when it is detached
from actin and hydrolyses an ATP molecule.

1.2.6 Actin-Binding Proteins

Actin is an essential component of the cytoskeleton of eukaryotic cells.
Indeed, actin filaments are involved not only in the contraction of muscle cells but
also in the generation and maintenance of cell morphology and polarity, in
endocytosis, intracellular trafficking, cell motility and division. In the cytoplasm, the
assembly and disassembly of actin filaments, and also their organization into
functional higher-order networks, are regulated by a lot of actin-binding proteins
(ABPs) (Dos Remedios et al., 2003). Classification of these ABPs can be reduced
to seven groups on the basis on their specific activity. (i) Monomer-binding
proteins sequester G-actin and prevent its polymerization (e.g., thymosin p4); (ii)
F-actin-depolymerizing proteins (e.g., CapZ and profiling); (iii) Filament end-
binding proteins cap the ends of the actin filament preventing the exchange of
monomers at the pointed end (e.g., tropomodulin) and at the barbed end (CapZz);
(iv) Filament severing proteins shorten the average length of the actin filaments by
binding sideways along F-actin and cutting it into two pieces (e.g., gelsolin); (v)
Cross-linking proteins contain at least two actin binding sites and promote the
formation of filament bundles, branching filaments and three dimensional F-actin
networks (e.g., Arp2/3); (vi) Stabilizing proteins bind sideways along an actin
filament and prevent depolymerization (e.g., tropomyosin); (vii) Motor proteins use
F actin as a track to generate movement (e.g., the myosin family of motors).

Some of these proteins belong to more than one group, for example
gelsolin is capable of severing the actin filaments and capping its barbed end
(Gremm & Wegner, 2000) and the Arp2/3 complex can nucleate filament

formation, elongate filaments and establish branch points in actin networks.

1.26.1 Gelsolin

Gelsolin is an ubiquitous Ca®" activated protein with the property of severing
and capping actin filament in eukaryotic cells. It has been implicated in the
regulation of cell motility, in the transduction of signals into dynamic

rearrangement of the cytoskeletal architecture, and even in the stimulation of
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programmed cell death in certain vertebrate cells (Kwiatkowski et al., 1989;
Kothakota et al., 1997).

In the presence of calcium, gelsolin severs actin filaments and caps their
barbed end, thereby preventing monomer addition to their fast-growing ends. The
gelsolin-capped barbed ends are highly stable and allow the disassembly of
populations of actin filaments by subunit loss from pointed end (Pantaloni &
Carlier, 1993; Perelroizen et al., 1996). Gelsolin activity is controlled by several
elements: gelsolin is sequestered by phosphatidylinositol 4,5-bisphosphate (PIP,)
at cell membrane (Janmey et al., 1987) and held in an inactive state; hydrolysis of
PIP, releases gelsolin into the cytoplasm; calcium activates free gelsolin allowing it
to cap and sever actin filaments and selected filaments are uncapped by PIP2-rich
membrane allowing actin polymerization to proceed (Janmey & Stossel, 1987,
Allen, 2003).

Gelsolin is a 80 kDa protein composed of six compact domains (100-125
amino acid residues), termed G1-6 (Kwiatkowski et al., 1986), that are connected

by linker regions of varying lengths (Fig.

1.8) Studies of proteolytic fragments of
gelsolin  (Kwiatkowski et al., 1985;
Chaponnier et al.,, 1986; Hwo & Bryan,
1986) and subsequent investigations of
recombinants of individual segments
(Way et al., 1989; Pope et al., 1991)

identified three actin binding regions with

different actin binding properties and
calcium dependence: a  calcium
independent strong monomer binding
fragment (G1), a calcium independent
filament binding fragment (G2-3), and a
calcium dependent monomer binding
fragment (G4-6).

Protein crystallography has

. e 2+ . . . .
Fig. 1.8. Schematic representation of the identified a Ca”™ binding site in each
topology of the six domains of gelsolin gelsolin domain. The type 2 Ca2+-binding

protein. B sheets are depicted by arrows and
o helices as rectangles. sites are responsible for the structural
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change that activates gelsolin. Type 1 sites, with lower calcium affinity, are located
at the interface between actin:G1 and actin:G4 and likely modulate the affinity of
activated gelsolin for actin (Choe et al., 2002).

There is still a debate concerning the number of actin filament subunits that
are involved in actin-gelsolin interaction and to which actin subunit in the filament

the G4-6 fragment is bound.

1.2.7 Bead Tailed Actin (BTA)

Actin filaments have a well-defined polarity (section 1.2.3). Based on
arrowhead pattern created by decoration of actin filament with myosin, one end of
the filament is called barbed end (+) and the other pointed end (-). The two ends
are functionally different as regards motor protein movement and force generation
(see section 1.2.3) and for this reason it is necessary to control the polarity of the
actin filament in in vitro experiments.

As outlined in the previous section, gelsolin protein is capable of severing
and capping the barbed end of actin filaments. These gelsolin properties have
been exploited to attach the proper end (the barbed end) of an actin filament to the
polystyrene bead trapped by the laser (Suzuki et al., 1996). The bead-gelsolin-
actin filament complex slids smoothly in IVMA experiments trailing the bead at its
end (this is why it has been called bead-tailed actin filaments (BTA)). Using this
preparation it has been possible to estimate the torque and axial rotation
generated by the sliding force in IVMA (Suzuki et al., 1996; Sase et al., 1997) and
measure, with the optical tweezers, the unbinding force and the load dependence
of the lifetime of the actomyosin rigor bond (Nishizaka et al., 1995; Nishizaka et
al., 2000).

The BTAs have been also used to measure the rupture force of ABPs-Actin
filament interaction in vitro (Miyata et al., 1996; Ferrer et al., 2008) showing that an
actin filament attached to a bead by gelsolin protein can bear force up to 150 pN.

In this thesis, the BTA preparation is used to set the correct polarity of the
actin filament interacting with the myosin array in the simplified version of
MYOMAC.
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1.2.8 In vitro studies of motor proteins

Motor proteins have been studied using a wide range of different
approaches that can be grouped in: (i) in solution techniques (e.g. biochemical
transient kinetics) that allow direct measurements of several kinetic parameters of
the ATPase cycle of motor proteins; (ii) in vitro assays (e.g. In vitro motility assay,
optical tweezers methods, etc.) where the motor proteins are studied at single
molecule level; (iii) in situ techniques (e.g. intact and skinned single fibres
mechanics) that allow studying motor proteins in their native arrangement.

The in vitro assays, differently to the others approaches, enable rapid
detailed control of the biochemical environment, the use of protein engineering
and single molecule mechanical measurements. A key limitation of the in vitro
techniques is the loss of the in vivo ordered arrangement of the motor proteins
with potential disturbances of the mechanics of motor function (Tanaka et al.,
1998).

In this thesis two, among the most commonly used in vitro techniques, in
vitro motility assay and optical tweezers, are used to study the kinetics and
mechanics of myosin motors from frog skeletal muscle. Below an overview and a

detailed description of this two techniques is presented.

1.28.1 In vitro motility assays (IVMAS)

The In vitro Motility Assays (IVMAs) are among the most powerful
techniques to study the motility systems considering the relative simplicity of their
realization and the possibility to apply these techniques to a wide range of different
motility systems in different conditions. In these assays the motility of purified
motor proteins along purified cytoskeletal filaments is reconstituted in cell-free
condition. The IVMAs are performed in two major configurations. In the first
version, motor-coated beads are observed as they move along oriented arrays of
actin filaments or microtubules that are immobilized on a surface (the bead assay,
Fig. 1.9 A) (Sheetz & Spudich, 1983; Spudich et al., 1985). In the second and
most common version (the gliding motility assay, Fig. 1.9 B) (Kron & Spudich,
1986; Kron et al., 1991), fluorescent cytoskeletal filaments are observed as they
are transported by randomly oriented immobilized motors. In this assay the length
and sliding velocity (V) of the filaments and the fraction of motile filaments can

been readily measured using a fluorescence microscope. In this thesis the gliding
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Fig. 1.9. In vitro motility assays. A. Bead assay. The cytoskeletal filaments are attached to the
substrate and the bead moves under the action of the motor proteins adsorbed on its surface. B.
Gliding assay. In this case the cytoskeletal filaments glide on the motor protein coated surface. In
bead assay the action of the motors moves the bead toward the plus end of the filament, in the
gliding assay the filament moves with the minus end leading.

motility assay is used to characterize frog myosin Il activity and in the remainder of
the text the term in vitro motility assay or IVMA will be used to refer to this
configuration.

In 1987, Toyoshima et al. showed that the S1 portion of the muscle myosin
[l is sufficient to move actin filaments in vitro demonstrating that (i) no portion of
the myosin rod is required for movement generation; (ii) the motor portion of the
molecule is located in the myosin head. The IVMA experiments have also
demonstrated that the direction of movement is determined by the actin filament
polarity and not by the orientation of motor proteins (Toyoshima et al., 1989),
suggesting also that myosin molecules have a great flexibility that allows
reorienting of the molecules to sustain the movement. The direction of the
movement is defined by filament polarity for any motility system, also using kinesin
and microtubules as motor protein and track (Howard & Hyman, 1993). In all
cases in the gliding assay the filamentous track moves with its minus end leading
while in the bead assay the motor moves the bead toward the plus end.

One of the most important advantage of the IVMA approach with respect to
in situ approach is the possibility to easily investigate the motility properties of
engineered motor proteins. This advantage has provided many new insights into to
the mechanism of force and movement generation by myosin molecule. A series
of mutant of Dictyostelium myosin with shorter and longer neck region have been
used in IVMA to test the swinging lever arm model (Uyeda et al.,, 1996). As
predicted by the model, it was found that the step size and consequently the actin
sliding velocity, increases linearly with the neck length. Another mutant of
Dictyostelium myosin containing an S456L substitution in the switch 1l region has
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been used in in vitro motility assay to investigate the role of switch Il loop of the
myosin head in the chemo-mechanical coupling (Murphy et al., 2001). The sliding
velocity on the mutant was one tenth of that on wild type as a result of the longer
time the myosin mutant spends in the strongly bound state and the shorter step
size. In contrast, the ATPase rate remained unchanged. These findings indicate
that the ATPase activity had been uncoupled from the mechanical activity and
demonstrate the crucial role of switch in relating the nucleotide state to the
conformational state of the myosin molecule.

The in vitro motility assay approach has given an important contribution to
the study of the functional differences between different myosin isorfoms. In
skeletal muscle, Myosin Heavy Chains and Myosin Light Chains exist in different
isoforms that combine to give rise to a large number of myosin isoforms
(Schiaffino & Reggiani, 1996). It is generally accepted that the mechanical
properties of skeletal muscles, e.g. the unloaded shortening velocity, Vo, are to a
large extent determined by the myosin isoform expressed in their fibres.
Accordingly to this hypothesis, IVMA experiments have shown that different
myosin isoforms translocate actin filaments at distinct velocity (Lowey et al., 1993;
Canepari et al., 1999). Moreover, the hypothesis that ADP release step (K.app) Of
the actomyosin ATPase cycle is the major determinant of the unloaded shortening
velocity (Vo) of myosin isoforms (Siemankowski et al., 1985; Weiss et al., 2001;
Capitanio et al., 2006; Nyitrai et al., 2006; lorga et al., 2007) has been confirmed
using the IVMA approach. kapp was measured of pure slow and fast myosin
isoforms (Canepari et al., 2012) and of myosin Il from frog skeletal muscle
(Elangovan et al., 2012). In all cases, the value of k.app was of the right magnitude
for the ADP release step to be considered the process that determines Vy in situ.

In the in vitro motility assay the motor proteins are adsorbed to artificial
functionalized surfaces. Conventionally, nitrocellulose films are used as a
substrate for protein adsorption, but different silanized surfaces, polymers and lipid
bilayers have also been used (Bunk et al., 2003; Sundberg et al., 2003; Albet-
Torres et al., 2007; Albet-Torres et al., 2010; Persson et al., 2010). In 2003, Bunk
et al. assessed five different resist polymers for HMM adsorption using IVMA. One
group of resists (MRL-600.1XP and ZEP-520) exhibited high quality motility of
actin filaments in terms of sliding velocity and fraction of motile filaments.

However, for all resists, Vg was about 30% lower than nitrocellulose-functionalized
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surfaces. A second group of resists (PMMA-200, PMMA-950 and MRI-9030)
showed a low quality of motility with only few smoothly moving filaments. These
differences in actin motility between the two groups of resists was exploited by the
authors to confine the actin filament movement.

Silanes are a family of chemical compounds synthesized starting from
silane through substitution of one or more hydrogen atoms with different chemical
groups. Motor protein adsorption on surfaces derivatized with different silanes has
been studied in IVMA, correlating the actin filament sliding velocity with the
chemical and physical properties of the surfaces including contact angle, surface
charge and RMS roughness (Sundberg et al., 2003; Albet-Torres et al., 2007;
Persson et al., 2010). The highest motility quality has been observed when HMM
fragments were adsorbed on Trimethylchlorosilane (TMCS) coated surfaces (VF
~20% higher than nitrocellulose coated surfaces). Moreover it was reported that
the capability of HMM to propel actin filaments is influenced by the contact angle
of negatively charged HMM adsorbing surfaces. The degree of negative surface
charge is negatively correlated with both contact angle and sliding velocity. These
results are consistent with a model according to which the impaired function of

HMM adsorbed to lower contact angle and higher negatively charged surfaces is

A B

Fig. 1.10. Mode of motor proteins absorption on functionalized artificial surfaces. A. Model for HMM
adsorption on strongly negatively charged surfaces (e.g. SiO,) and low negative charged surfaces
(e.g. TMCS-derivatized surface). On low negative charged surface, HMM is assumed to adsorb
only via the C terminal end of the tail segment (configuration 1). For adsorption on strongly
negatively charged surfaces, in addition to this configuration, the model provides two other
configurations (2 and 3) that involve adsorption via the myosin head. Configurations 2 and 3 are
believed to be possible mainly as a result of electrostatic interactions. As illustrated by the presence
of short actin filaments, only configuration 1 is able to bind actin filaments. B. Schematic
representation of the overall charge distribution on the myosin molecule surface. Note the
negatively charged S2 domain, negatively charged light chain binding domain with light chains and
the positively charged head domain (from (Albet-Torres et al., 2007)).
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attributed to different mode of HMM adsorption rather than to different HMM
densities (Fig 1.10, (Mansson et al., 2008)). Indeed, entropically driven adsorption
of the C terminal, flexible, S2 domain would be likely on both the high and low
contact angle surfaces (configurationl in Fig. 1.10A). In contrast, electrically driven
adsorption of the myosin head via positively charged regions, most notably the
actin-binding site (Fig. 1.10B), would be more likely on low contact angle-high
negatively charged surfaces (configuration 2 and 3 in Fig. 1.10A). This would
result in myosin heads devoid of actin binding site and impaired actin propelling

capabilities.

1.2.8.2 Single molecule mechanics: The optical tweezers

Force plays a fundamental role in all the motility systems. Force is
generated in the cell during processes as diverse as chromosomal segregation,
replication, transcription, translation, translocation of proteins across the
membrane, cell locomotion, among others. The study of these processes has
been revolutionized over the last 20 years by the development of single molecule
manipulation techniques that permit measurement of force and displacement
generated by single molecules ranging from cells to proteins. Single-molecule
techniques allow following reactions at single molecule level and thus obviates
problems associated with population averaging inherent in ensemble
measurements. Rare or transient phenomena that are otherwise hidden by
averaging can be resolved, provided that the measurement technique has the
required resolution.

The most commonly employed single molecule techniques are force atomic
microscopy (AFM) (Binnig et al., 1986; Lee et al., 1994), optical tweezers and
micro needle manipulation (Kishino & Yanagida, 1988; Cluzel et al., 1996;
Essevaz-Roulet et al.,, 1997). In optical tweezers experiments a micro sized
particle as cells, bacteria, viruses and artificial beads, with an index of refraction
higher than the surrounding medium is trapped by optical force in an electric field
gradient near a laser focus (Ashkin & Dziedzic, 1987; Ashkin et al., 1987; Smith et
al., 1996). Because the optical trap functions as a mechanical potential well and
displays virtual spring properties, forces may be measured by following bead
displacement from its equilibrium position in the trap centre. Optical tweezers are

typically compliant (<1 pN-nm™) and possess a force resolution in the sub-
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piconewton (pN) range. On the other hand, the maximal trapping force, which is
determined by several factors such as the diameter and refractive index of the
bead, the numerical aperture and geometry of the optical system, and the incident

optical power, is typically smaller than 200 pN.

Applications of optical tweezers

Optical tweezers instruments exploit the optical force of light to trap small
particles. Though the existence of optical force, or radiation pressure, has been
theoretically demonstrated by Maxwell in 1873, its experimental demonstration
had to wait until the turn of the century. The reason for this lapse is that radiation
pressure is very feeble. Milliwatts of power impinging on an object result in
piconewtons of force. In 1960s, the advent of lasers began to offer researchers the
possibility to study radiation pressure through the use of intense, high collimated
sources of light.

In 1970, A. Ashkin demonstrated that tiny particles such as small dielectric
spheres could be trapped and manipulated by employing two counter-propagating
laser beams and predicted the optical manipulation of atoms and molecules. An
alternative optical trapping scheme, reported in 1986 (Ashkin et al., 1986) simply
consisted of bringing a beam of laser light to a diffraction-limited focus using a
microscope objective. In the right conditions, the intensity gradient of light near the
focal region can achieve stable three dimension trapping of dielectric object. The
term optical tweezers was coined to describe this single-beam scheme. In 1987
Ashkin and collaborators showed that optical tweezers could manipulate living
specimens such as bacteria, viruses (Ashkin & Dziedzic, 1987) and cells (Ashkin
et al., 1987; Ashkin & Dziedzic, 1989) and that through the proper choice of
wavelength, optical damage to biological samples could be minimize, opening the
doors to the possibility to apply optical tweezers to a wide range of biological
systems.

Since its implementation, the optical tweezers have been utilized to study
the kinetic and mechanical properties of single molecules. Generally, in these
experiments a micro-sized bead, used as a handle attached to the molecular
system under investigation, is manipulated with optical tweezers. The biophysical
properties and dynamic structures of the double stranded DNA have been

investigated attaching two microbeads to either ends of a ds-DNA molecule, one
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was held by suction on the tip of a micropipette and the other manipulated with
optical tweezers. Using this configuration, Smith et al. (1996) have shown that ds-
DNA of A phage undergoes a highly cooperative structural transition,
overstretching transition, at a force of ~65 pN. Recently, the DNA overstretching
transition has been reinvestigated with a dual laser optical tweezers provided with
a fast force clamp system (Bianco et al., 2011) which opened the possibility to
directly determine the kinetics of overstretching transition.

Optical tweezers have been extensively employed to study the mechanics
of motor proteins. The movement generated by conventional kinesin has been
studied by trapping and tracking a kinesin-coated silica bead with optical tweezers
(Svoboda et al., 1993). These experiments showed that the processive motor
kinesin moves along microtubules with steps of 8 nm. With a similar approach and
finely controlling the load applied to the molecule, the force-velocity relation of
kinesin has been described (Svoboda & Block, 1994). In these experiments
kinesin velocity (stepping frequency) decreases linearly with increasing force and
stops at a load of ~6 pN (stall force).

Muscle myosin 1l is not a processive motor and spends a large fraction of
the ATPase cycle time detached from actin, thus the method of single molecule
measurement must be adapted to prevent the motor from flying away under the
effect of thermal agitation when it is detached. The most used experimental
configuration to study the mechanics of myosin Il with optical tweezers is the three
bead assay, TBA (Fig. 1.11). In this approach, an actin filament is suspended
between two beads trapped in two distinct optical traps and brought into contact
with a single myosin molecule adsorbed on the surface of a third bead (Fig.
1.11A). In this way brief actomyosin interactions are detected by the reduction of
the noise of the bead position due to the increased stiffness of the system (Fig.
1.11B). Using this configuration the step movement and the force produced by
single myosin molecules (Finer et al., 1994) and S1 fragments (Molloy et al., 1995)
have been measured. The values measured were 11 nm movement and 4 pN
force for the myosin and 4 nm movement and 4 pN force for S1. Another important
mechanical parameter that can be measured with TBA is the stiffness of the
myosin molecule. Once the compliance of actin-bead links is taken into account

the values for stiffness of rabbit HMM (Veigel et al., 1998) and pure fast and slow
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isoforms of rat myosin (Capitanio et al., 2006) were 0.7 pN-s™, 0.9-1.4 pN-s™ and
0.35-0.4 pN-s™ respectively.

During its transient interaction with an actin filament, myosin generates a
unitary filament displacement or working stroke (d). d for both non muscle myosin |
(Veigel et al., 1999) and smooth muscle myosin (Veigel et al., 2003) has been
found to be composed of two steps. The first 6 nm step, occurring immediately
after the myosin binding to actin, was attributed to the conformational change
coupled with the Pi release. The second step, smaller in amplitude, was attributed
to a conformational change in the myosin head promoted by ADP release (Veigel
et al.,, 1999; Veigel et al., 2003). Recently, using a system with higher time
resolution and low ATP concentration (< 50 uM), it has been shown that also
muscle myosin Il performs the working stroke through two steps (Capitanio et al.,
2006). However. the high speed of the muscle myosin working stroke, the short
lifetime of its interaction with actin and the large series compliance intrinsic to the
TBA, makes muscle myosin kinetics difficult to be measured in single molecule
experiments. In this respect, a step forward has been done maintaining the actin
filament pre-loaded (Capitanio et al., 2012) with the TBA configuration under force
clamp control, so that upon binding, the myosin immediately experiences the load
on the actin filament. In this way the temporal resolution of the system has been
greatly improved and interactions as brief as 100 ys can be detected. However,
also with this version of TBA, due to interaction speed of myosin I, the size and

rate of the working stroke can be measured only at [ATP] of 50 uM at maximum,
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Fig. 1.11. The three bead assay. A. Schematic representation of the experimental set up. Each end
of a biotinylated actin filament is attached to a streptavidin coated bead. The beads are held by two
different optical tweezers and the actin filament is brought into contact with a third bead coated with
myosin molecules. The myosin concentration on the bead is low enough to guarantee the
interaction of a single myosin molecule with the actin filament. B. Typical experimental traces of
bead position obtained projecting the image of the beads onto a charge-coupled device camera.
The myosin bonds to actin are detected by the reduction of Brownian motion. The difference
between the mean positions of the bound state and unbound state measures the myosin working
stroke size.
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much lower than the physiological value, preventing the possibility for the method

to resolve the mechano-kinetics of the motor under physiological conditions.
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Fig. 1.12. Geometric optics of gradient force and single beam optical tweezers in the Mie regime. A.
Ray-optic picture of the gradient force. A parallel beam of light (white arrow) with a gradient
intensity (shaded region, the darker color indicates higher light intensity) impinges the surface of a
sphere with a higher refractive index than the surrounding medium. The relative thickness of the
two representative rays (red arrows) symbolizes the difference in the intensity. The rays are
refracted, generating the reaction forces acting through the sphere’s center (black arrows). The
brighter ray produces a force larger than the dimmer ray. The sum of all rays in the beam generates
a gradient force that pull the sphere toward the brighter region of the light. (inset) Vector diagram
indicating the change of momentum for the higher intensity ray. The difference in momentum (black
arrow) generates a force equal and opposite on the sphere. B. Single beam optical trap. The light
(white arrow) is brought into a focus through a converging lens (e.g. a microscope objective) and its
beam profile has an intensity gradient (shaded region). The two representative rays (red arrows)
are bent by the interaction with the sphere. The resulting forces (black arrows) pull the sphere
upwards, towards the focus. (inset) Vector diagram indicating the change of momentum for the left
ray. The difference in momentum (black arrow) generates an equal and opposite force on the
sphere.

Theory of trapping

Radiation pressure utilized in optical trapping originates from the
momentum change of photons as the light is adsorbed, emitted, scattered, or
reradiated by matter. Radiation pressure can manifest itself in several way.
Perhaps the most common form is the scattering force, which is defined as the
force due to light scattering that is proportional to the light intensity and acts in the

direction of light propagation. This force may also be regarded as a consequence
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of the momentum delivered by scattered photons. However, in optical tweezers
the trapping is due to the gradient force which is instead proportional to the spatial
gradient of light intensity and acts in the direction of the gradient.

The origin of gradient force can be explained using geometric optics when
the dimension of the trapped particle, d, is greater than the wavelength of light, A,
a condition referred to as the Mie regime (Fig. 1.12). Instead, when d<A, the
Rayleigh regime, the gradient force can be viewed as arising from the polarization
of the particle induced by the electric field component of the light. The polarized
particle is then attracted towards the highest intensity region of the field. Below we
will focus on the Mie regime since most of the biological application of optical
tweezers fall in this regime.

When a beam of light impinges the surface of a spherical particle with a
refraction index higher than the surrounding medium, the rays of light are refracted
so that their direction of propagation changes according to Snell’s law. Since the
rays of light carry a momentum, a change in their direction produces a change in
their momentum. By conservation of momentum law, the rate of change of
momentum in deflected rays conveys equal and opposite rate of change in the
momentum to the spherical particle. The rate of change of momentum produces a
force according to Newton’s second law.

When a dielectric sphere is placed in a light gradient, the change in the
momentum of all rays refracted at its surface generates an asymmetric force,
tending to push the sphere towards the brighter region of light (Fig. 1.12A). When
a beam of light is brought into a focus with a convergent lens as a microscope
objective, its profile has an intensity gradient. In this case a dielectric sphere
placed in the focused beam experiences a net force pointing towards the focus of
the light (Fig. 1.12B). Thus in the absence of other forces, the sphere is stably
trapped in the focal point of the light. Unfortunately, also the scattering force, due
to the reflection of the light at its surface, acts on the sphere. This force tends to
push the sphere out of the trap. To overcome this loss mechanism, the optical trap
must be designed to have high trapping force. From what mentioned above it is
clear that the rays of light coming from the edge of the microscope objective
contribute the most to the trapping force. In practice this means that a microscope

with a high numerical aperture must be used to generate the greatest trapping
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force. For the same principle, overfilling the back aperture of the objective with the
laser beam leads to a higher trapping force (Ashkin, 1992).

The principles mentioned above form the basis of the most commonly used
single beam optical tweezers (Ashkin et al., 1986). However, an alternative optical
tweezers approach that can overcome the loss due to the presence of scattering
force uses a dual-beam design (Ashkin, 1970) (Fig. 1.13). In this configuration, two
microscope objectives face each other and focus two separate laser beams to the
same spot (Dual-laser optical tweezers, DLOT). Since the scattering force due to
reflection is approximately the same for each laser, these forces cancel out each
other and the axial trap stability is greatly enhanced. Dual-laser optical tweezers
are therefore able to generate higher trapping forces for a given laser power and

can be constructed with lower NA

* { microscope objectives. The

disadvantage of such an instrument lies

mainly in its complexity. While single-
A beam optical tweezers can be
constructed using a single laser and a
commercial microscope, a dual-beam
instrument is typically custom-built from
v optomechanical components.

Importantly, the two laser beams must

be aligned to within less than a bead

{ diameter and the resulting
measurements must be corrected for

Fig. 1.13. Schematic representation of the  errors due to the drift in the relative
scattering forces in the DLOT. The two pair of .

representative light rays (black arrows) are ~ beam alignment. Because of these
reflected (at the surface of the sphere (red
arrows). On each side of the trap the
scattering forces generated by the reflection
are equal in amplitude and opposite in

direction. Then the net scattering force acting beads of diameters less than one ym.
on the bead is zero.

alignment issues, single-beam

instruments are preferable for trapping

Measurement of force
Optical tweezers can be used to directly measure forces on trapped objects.

If a refractive particle is held at some position away from the focus of the laser
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beams, it experiences an attractive force towards the focus because of the action
of gradient force described in the previous section. Thus, the potential well defined
by the optical trap can be thought of as a spatially-defined virtual spring with a
stiffness (spring constant) of k and the force acting on the trapped particle is
proportional to the distance between the centre of the particle and the focus of the
laser, Ax. In other words optical tweezers force, Fr, can be described by the
equation:
Fr=-k-Ax Q)

Thus, if the trap stiffness is known, measuring particle position allows the
determination of the force acting on the bead. Modern image analysis techniques

are able to measure the position of a

micron-sized-bead with an accuracy of

~10 nm. Considering a value of ~0.1
pN-nm™ for stiffness of common optical
tweezers, ~ 1 pN force resolution may
be reached. Hence the force resolution
is increased by decreasing the trap
stiffness. Other more sophisticated
position sensing methods have been
\ employed to increase the force
resolution. In 1990, Denk & Webb used
the optical interference pattern between

> beams displaced by small distance to

'y

determine the change in position of a

Fig. 1.14. Measurement of force on a trapped bead in an optical trap. Bead position

particle. In the dual-laser optical tweezers the may also be measured with high
back apertures of the objectives is underfilled.

In this way, the trapping lasers can be used precision by using guadrant
to measure the force on the trapped patrticle. .

The axial displacements of the laser beams ~ Photodetectors (Finer et al., 1994) or
(Ax) measure the change in light momentum

and then the force on the particle. projecting the positon - in the

condenser back focal plane — of the
trapping laser, after it has left the optical trap, onto a position-sensing photodiode

(Ghislain et al., 1994). These approaches yield sub-piconewton force resolution.
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In dual-laser optical tweezers, the trapping laser itself can be used to
measure the force acting on a trapped patrticle. As shown in Fig. 1.14 laser light
entering and exiting a refractive particle has its momentum changed by the
presence of the particle. This momentum change, and thus the force acting on the
particle, is equivalent to the change in the direction of propagation of the light,
which can be directly measured by imaging the beam position using a position
sensitive photodiode detector (Smith et al., 2003). This method requires that all the
photons entering the trap must be collected after they have left the trap. As a
consequence the objective lens back aperture needs to be underfilled by the laser
beam, decreasing the trapping force. However, a dual-laser optical tweezers
instrument can sacrifice some trapping force considering the advantages of this
approach for force measurement. Indeed, using this method the force calibration is
independent of particle’s size, shape or refractive index, its distance beyond the
coverslip, the viscosity or refractive index of the buffer and variations in laser
power (Smith et al., 2003). In this work a dual-laser optical tweezers instrument is
used because the dynamic range of force of a single laser (1-20 pN with a 900
mW laser) would be not adequate for the MYOMAC. Instead, with the same power
laser, the dynamic range of the dual laser would be 1-200 pN, adequate to
measure the force of MYOMAC.

1.2.8.3 Solution studies: Transient kinetics of motor proteins

It is generally accepted that the sequence of events in the actin-myosin
ATPase cycle is essentially the same for all muscle myosin. The different
properties among myosin isoforms can therefore be attributed to modulation of the
rate constants and equilibrium constants of individual molecular events. The
kinetics and equilibrium properties of single events of the ATPase cycle can be
investigated using transient kinetic methods in which the reactants are mixed by
means of a fast-mixing apparatus, such as the stopped-flow spectrophotometer,
and the reaction is followed monitoring the changes in optical properties of the
solution. Transient kinetics techniques have been applied to a large number of
members of myosin family (Coluccio & Geeves, 1999; Bloemink et al., 2007; lorga
et al., 2007; Adamek et al., 2008; Taft et al., 2008; Bloemink et al., 2011). As

regards skeletal muscle myosin, the method has been used to investigate the
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kinetic mechanism that determines the difference in maximum shortening velocity
of fibres containing different myosin isoforms.

It has been proposed (Siemankowski & White, 1984; Siemankowski et al.,
1985) that the maximum shortening velocity of a single muscle fibre could be
limited by the lifetime of strongly attached cross-bridges, that is controlled by the
rate of cross bridge detachment. If a muscle fibre shortens at the maximum
velocity Vo and the working stroke size is d, then the lifetime of strongly attached
crossbridges, t, cannot be greater than d/Vy, without producing a drag on moving
filaments. Thus 1/t is the minimum value of the rate constant (kmin) controlling
cross-bridge detachment. This relation can be expressed as:

kmin :\ﬁ
d

Using transient kinetic approach, Siemankowski et al. (1985) have estimated the

(2)

rate of release of ADP (k-app) from the actin-myosin complex for a series of myosin
isoforms isolated from different muscle types. They found a good correlation
between kapp and the unloaded shortening velocity (Vo) of the fibres and
suggested that kapp could define kmin and limit cross-bridge detachment and
velocity of shortening. This idea was confirmed subsequently (Weiss et al., 2001)
for a wider range of myosin isoforms. Recently, the problem has been
reinvestigated using HMM fragments from different pure myosin isoforms (Nyitrai
et al., 2006). Using HMM it could possible to study the biochemical transient
kinetics of different myosin isoforms at ionic strengths comparable to those used
for shortening velocity measurements in skinned fibres, enabling a simpler
comparison of the values. It was found that the relative contributions of k-app and
kiatp in defining the shortening velocity could be different for the slow and fast
isoforms at different temperatures and demonstrated that the rate of ATP induced
actin-myosin dissociation plays a significant role in defining Vo of fast isoforms in
contrast with the original hypothesis that ADP determines V.

Transient kinetics studies on S1 from frog skeletal muscle (Ferenczi et al.,
1978a; Ferenczi et al., 1978b) did not produce definitive results because of both
the great lability of the frog proteins in those studies and the limited time resolution
of the method. In this thesis, the kinetics of frog S1 has been reinvestigated under
controlled temperature conditions using a high temporal resolution stopped-flow

apparatus.
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Chapter 2 - MATERIALS & METHODS

2.1 Preparation of proteins

2.1.1 Preparation of HMM and myosin S1 from frog skeletal

muscle

Frogs (Rana esculenta) were kept in a humid environment at 4-6 °C for no
longer than 2 months. The animals were sacrificed by decapitation followed by
destruction of the spinal cord in agreement with the official regulation of the
European Union (Directive 86/609/EEC) and with Schedule 1 of the UK Animals
(Scientific Procedures) Act 1986. Muscle from thigh and legs were used because
they contain mainly fast twitch fibres that are the source of a well-established set
of mechanical and energetic data from frog skeletal muscle. A single frog provides
about 3-4 g of muscle tissue from hind limb musculature. Myosin Il was prepared
following the protocols recently developed in the Laboratory of Physiology of
Biology Department, University of Florence (Elangovan et al., 2012).

S1 and HMM fragments were prepared by chymotryptic digestion of myosin
Il as follows. The purified myosin was precipitated adding 10 volumes of BED

Fig. 2.1. SDS-PAGE gel showing the
10 9 8 7 6 5 4 3 2 1 complete purification process of the
2 myosin fragments, S1 and HMM, from
- ., 172 frog skeletal muscle. Wells 2,3 and 4
. 1o refer to steps of the myosin purification
i and are common for both HMM and S1
35 purification processes.
1. Protein marker;
70 2. Proteins extracted from frog muscle;
&g 3. Discarded supernatant of the myosin
prep;
4. Purified myosin;
40 5. S1 prep: chymotriptic digestion;
6. S1 prep: Purified S1 fragment;
7. S1 prep: Undigested myosin and
: s tails;
T . i 8. Rabbit S1 fragment;
e - 9. HMM prep: Purified HMM;
o 10 HMM prep: Undigested myosin and
tails

50

14

30
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buffer (NaHCO3 0.1 mM pH 7.0, EGTA 0.1 mM and DTT 1 mM). After 10 minutes
the solution was centrifuged at 10000 rpm for 30 minutes at 4 °C (centrifuge
Allegra 25R Beckam coulter). The supernatant was discarded and the pellet
(containing myosin) was dissolved with the digestion solution. For HMM
purification the solution contained: KCI 750 mM, KPi 10 mM pH 6.5, MgCl, 2.5
mM, DTT 2 mM and EDTA-free antiprotease cocktail from Roche. For Sl
purification the solution contained: KCI 750 mM, KPi 10 mM pH 6.5, EDTA 1 mM,
DTT 2 mM and EDTA-free antiprotease cocktail from Roche. The digestion was
performed on ice with constant gently stirring, adding to the solution o-
chymotrypsin (Sigma Aldrich) to a final concentration of 0.2 mg-ml™. After 3 hours
for HMM and 2 hours for S1, phenylmethylsulfonyl fluoride (PMSF) to a final
concentration of 2 mM was added to the solution to quench the reaction and the
mixture was incubated for further 30 minutes with constant stirring on ice.
Undigested myosin and insoluble myosin fragments were precipitated by dialysing
the digestion mixture overnight in cold room against the dialysis buffer (KCI 30
mM, MOPS 20 mM pH 7.0, MgCl, 5 mM, DTT 2 mM). The HMM or S1 fragments
were separated from the precipitated material by centrifuge at 13000 rpm for 15
minutes at 4 °C in a bench centrifuge. The pellet was discarded and the
supernatant, containing the HMM or S1 was kept. The absorbance at 280 nm
(A230) was measured using a spectrophotometer and the protein concentration

was calculated from the following equation:

A I
C(mg-ml™*) = —2% .dilution
(mg-mi) =" 3)

where C is the protein concentration, &g is the protein molar absorptivity at 280
nm wavelength (HMM & = 0.65 ml-mg *-cm™) and | is the path length in cm.
The degree of purification of the fragment was checked by SDS

polyacrylamide gel electrophoresis (Fig. 2.1).

2.1.2 Preparation of actin

G-actin was prepared from rabbit leg muscles using the procedure of
Pardee and Spudich (1982). G-actin, frozen with liquid N, was stored at -80 °C
and used for up to one year. G-actin was polymerised into F-actin by adding
HEPES 20 mM, KCI 10 mM, MgCl, 2 mM, ATP 100 uM, B-mercaptoethanol

0.01%. F-actin was fluorescently labelled according to the method of Kron et al,
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(1991) by incubating it overnight at 4 °C with excess of phalloidin-tetramethyl
rhodamine isothiocianate (TRITC) (5:1 TRICT: actin molar ratio). Labeled F-actin
was stored at 4 °C in aliquots covered with aluminium foils to avoid exposition to
light and used for up one week. For the stopped flow experiments, the actin was
selectively labelled with pyrene at cysteine 374 (pyr-actin) as described by Criddle
et al. (1985) (the average labelling content was ~90%).

2.2 Transient kinetics experiments

2.2.1 Stopped-flow spectrophotometer

Biochemical kinetics of the myosin fragments were defined using the
Stopped-Flow Spectrophotometer apparatus developed in Mike Geeves laboratory
(University of Kent, Canterbury, Millar & Geeves, 1983). The typical Stopped-Flow
Spectrophotometer (Figs 2.2 and 2.3) consists of two air-driven drive syringes
(containing the reactants), mixing and observation chambers, a stop-syringe and a

data recording and evaluation system.

Fig. 2.2. Schematic set up of the
stopped-flow apparatus. The two air- Fluoresgencs |
driven drive syringes force the Optical ¥
reactants to enter into the mixing Path Absorbance
chamber and then the observation Call
chambe_r. The reactions are followed T Stopping
monitoring the fluorescence or Syringe
absorbance in the observation
chamber. The mixed volume is 1
defined by the stopping syringe. .

A |::‘ |::‘ B

A 4
Drivia

The reaction was initiated by simultaneously triggering the drive syringes,
forcing the reactants through the mixing device into the observation chamber. The
reactants were mixed in ratio of 1:1. The volume mixed was determined by the set
volume of the stop-syringe, which triggered the data recording by activating a
micro switch. The observation chamber was equipped to measure either
absorbance (and light scattering), or fluorescence changes in the reaction mix. By
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manipulating the monochromator, photomultiplier and filters, the desired excitation
and emission wavelengths were selected, while the data recording and evaluation
system were adjusted for the optimal time scale of acquired data. Since the
samples were mixed in a 1:1 ratio the actual enzyme/substrate concentration in
the observation cell was halved.

Rapid kinetic stopped flow experiments were carried out on a stopped-flow
system (model SF-61 DX2, Hi-tech Ltd., Salisbury, UK) fitted with a 75 watt Xe/Hg
lamp and monochromator. This apparatus allowed controlling the temperature in
both the mixing and observation chambers. Pyrene was excited at 365 nm, and
emission was monitored at 389 nm (KV389 cut-off filter). All the transients shown
are the average of 3-10 shots of the stopped-flow apparatus. Data were stored
and analyzed using KinetAsyst software provided by Hi-Tech Scientific. The
concentrations used to describe the experimental conditions in this thesis refer to

the final concentrations in the stopped-flow reaction mixture. The standard error of

the exponential fits is typically less than 1% of the estimated parameter.

Fig. 2.3. Image of the stopped-flow apparatus (left) fitted with the Xe/Hg lamp and monochromator
(right).

2.2.2 Kinetic data analysis

The stopped flow was used to investigate the ATP induced dissociation of
the actin — myosin S1 complex and the ADP affinity of myosin S1. The data
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obtained were interpreted in terms of the model described in scheme 1. In this
scheme the equilibrium constants of single reaction are indicated with capital
letters while the rate constants are indicated with lowercase letters. In the
proposed model, a very rapid equilibrium is reached between A-M and ATP after
mixing actin-S1 with ATP, defined by the association constant K; and followed by
iIsomerisation of the ternary complex (A-M-T), which limits the maximum rate of
actin dissociation from the complex (k.2) (Geeves et al., 1986). Therefore, in the
pseudo first order conditions, the observed rate constant for ATP induced actin-

frogS1 dissociation (kops) is defined by the following equation:

[ATP] @

1 AP
K

1

kobs = k+2

For the fast isoform of skeletal muscle myosin, ADP is in rapid equilibrium with
actin-S1 complex compared with the rate of ATP induced actin-S1 dissociation. In
scheme 1 the ADP equilibration is controlled by Kapp. Under these conditions,
ADP and ATP compete effectively for A-M binding site and Kqps, for a fixed ATP
concentration, is given by the following equation:

ko
1_{_@
KAD

kobs = (5)
Where kg is the observed rate constant of ATP induced actin-S1 dissociation in the

absence of ADP and defined by equation (4). Kapp represents the affinity of actin-

S1 complex for ADP, and is expressed as dissociation constant: Kxpp =Ko /Koaop

ATP
. Kl 3 k+2
AMT———Z AMT ———> M- T+A
ADP
ADP Kinpp

Knoe \ | Knpp

A-M-D

Scheme 1. Proposed model for ATP induced dissociation of actin-frogS1 complex in the absence
and presence of ADP. ATP is in rapid equilibrium with A-M and the rate of dissociation reaction
(ks2) is limited by the irreversible isomerisation step. ADP competes with ATP for the A-M binding
site. M=S1; A=actin;T=ATP; D=ADP.
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2.2.3 Thermodynamic data analysis

The ATP-induced actin-S1 dissociation experiments were carried out at
different temperatures to have the constrains to define the thermodynamic
parameters (enthalpy and entropy) of the reaction. The effect of temperature on
the equilibrium constant K; was displayed in the Van’'t Hoff plot (InK; versus
1/absolute temperature) and fitted with the Van’'t Hoff equation to estimate the

enthalpy AH° and the entropy AS° of the reaction:

AG®  AH® 1 AS°
INK, = -2 =20 =
RT R T R

(6)

where AG° =AH’-T -AS’, R is the molar gas constant, T is the temperature in
Kelvin, AH° is the reaction enthalpy (standard state) and AS° is the reaction
entropy (standard state).

The activation energy of the dissociation reaction was defined by
investigating the effect of temperature on the rate of the reaction k., and plotting
Inks> as a function of 1/absolute temperature. The plot was analyzed using the
Arrhenius equation:

1 _ 1 1 ,
Ink,, =—2C" | jp[Ke-T)__AHT 1 AS® (ke T 7)
R-T h R T R h

where AG* =AH* -T-.AS*, R is the molar gas constant, T is the temperature in
Kelvin, kg is the Boltzmann constant, h is the Planck constant, AH¥ is the activation

enthalpy and AS* is the activation entropy.

2.3 IVMA experiments

2.3.1 Preparation of the flow cell for IVMA

The flow cell was prepared based on Spudich and collaborators method
(Kron & Spudich, 1986), Nitrocellulose 0.1% dissolved in pentyl acetate was
smeared on the coverslide and allowed to dry. The treated coverslide was
mounted over the microscope slide with double sticky tapes as spacers, to
delimitate a flow cell. The flow cell was kept on ice. The solution in the flow cell
was changed by adding from one side with a pipette while sucking by capillary

action from the other side with filter paper.
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For the IVMA tests with different substrates the HMM adsorbing surfaces
were prepared as follows. The TMCS derivatized coverslips were obtained by
exposing the coverslip to vaporized TMCS (Sigma Aldrich) for about 10 minutes.
The PMMA surfaces were prepared by cutting directly a piece of PMMA with the
same dimension (24 x 60 mm) as a glass coverslip.

In the experiments with a saturating density of HMM on the surface, HMM
0.5 mg-ml* solution was incubated into the flow cell for 5 minutes. For
experiments with varying HMM surface density, HMM concentration of the
incubation solution was varied. After HMM incubation, the unbound HMM was
washed away with a solution containing BSA 1 mg-ml™. Then the flow cell was
perfused with TRICT labelled F-actin (diluted in AB-buffer, 1:1000) and incubated
for 2 minutes. The reaction mix with final desired pH, ionic strength, temperature,
MgATP along with methylcellulose 0.5%, anti-photobleaching agents Catalase (20
ng-ml™t) and Glucose oxidase (100 pg-ml™), Glucose (5 mg-ml*) and DTT (10
mM), was added and the flow cell was sealed with silicon grease. After adding the
reaction mix with MgATP the flow cell was mounted in the apparatus for data
acquisition. In the case of low ATP concentration (<100 pM), the ATP regeneration

system was also added (creatine phosphate 0.1 mM, creatine phosphokinase 10

ug-mi).

2.3.2 Composition of the solutions

The composition of the experimental base buffer in control conditions was:
Imidazole, 25 mM (pH 7.5 at 25 °C), KCI 33.5 mM, MgCl, 4 mM, EGTA 1 mM,
saturating free MgATP (2 mM), ionic strength 60 mM, pH 7.5 at room temperature

(~ 25 °C). The ionic strength value of 60 mM was chosen from the data in literature

Fig. 2.4, Schematic
representation  of  the
temperature controller. G:
Glass slide, A: aluminium
plate, P: thermoelectric
modules, T: thermistor, B:
heat sink for the hot
surface of the modules, W:
pipes for the circulating
water. The arrow indicates
the direction of the
fluorescence signal.

Fluorescence
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(Homsher et al., 1992; Elangovan et al.,, 2012). The value is smaller than the
physiological value because at ionic strength above 60 mM the motility quality
decreases due to the diffusion of actin filaments away from the surface. Base
solutions were made 2x concentrated and diluted to reach 1x concentration in the
assay. The pH of the solutions was adjusted at the final temperature.
Methylcellulose 0.5% w/v was added to the flow cell solution, to increase solution
viscosity and reduce actin diffusion, thus increasing the probability of interaction of
actin filaments with myosin (Uyeda et al., 1990). Methylcellulose was prepared in
stock solution with concentration of 1.2% by dissolving it in water and dialysing

overnight to ensure the complete solubility.

2.3.3 Temperature controller

The temperature of the IVMA flow cell was continuously monitored with a
negative temperature coefficient (NTC) thermistor glued to the aluminium plate
carrying the flow cell. The thermistor provided the feedback signal for a
temperature control circuit, the output of which fed two thermoelectric modules
(Melcor, CP 1.4-1.71-10L) stuck to the bottom of the aluminium plate carrying the
flow cell (Fig. 2.4). The sink for the hot surface of the two thermoelectric modules
was made of an aluminium chamber with cold water circulation. The temperature
inside the flow cell, measured with an independent miniature thermocouple probe,
differed from that of the aluminium plate by less than = 0.5 °C in the whole range
of temperature used.

2.3.4 Fluorescence imaging and data acquisition

The images of the fluorescent actin filaments have been recorded exploiting
the fluorescence dedicated optical line of the dual laser optical tweezers (DLOT)
(Bianco et al., 2011) (Fig. 2.5). The optical line for the fluorophore excitation was
composed by a laser Melles Griot MGL 532 (532 nm wave length, 100 mW power)
and a band-pass filter (Semrock, FF01-542/20-25 CW 542 nm). The laser power
at the sample level was a few milliwatts, to obtain an optimal compromise between
high fluorescence signal and low photobleaching rate. The fluorescence signal
collection was maximized by using an objective with high numerical aperture (NA)
(Nikon PlanApo water immersion 1.2 NA), an high efficiency EEV CCD camera
(Princepton Instrument Inc., Pentamax system), efficient filters and dichroic mirrors
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with high quantum vyield and transmission spectra optimized for TRITC. The
sensitive surface of the EEV CCD camera was 7.7x7.7 mm (512x512 pixel CCD
with single pixel dimension of 15x15 pm) with very high quantum efficiency and
could attain high signal to noise ratio (S/N) even at fast acquisition rates (5 MHz).
The magnification of the fluorescence image was ~300x, corresponding to 80 nm
per pixel. Movies, made by sequences of images with 250 ms exposure time, were

recorded and stored in the computer for further analysis.

Trapping Trapping
laser 1 || e laser 2

Fig. 2.5. Image of the DLOT. The continuous lines represent the optical paths of the DLOT. Black:
optical line of the two infrared lasers that generate the optical tweezers (845 nm); Cyan: optical line
of the bright field illumination (470 nm); Green: optical path of the green laser used for the
fluorophore excitation (532 nm); Orange: optical path for the fluorophore emission (580 nm), with
the fluorescence camera at the end of the path.

2.3.5 Data analysis

2.35.1 Tracking of filaments

Actin filament tracking was accomplished by analysing sequences of
images with a custom built program developed with LabVIEW software (national
Instrument). Background fluorescence was excluded by setting a threshold for the
intensity in each pixel: the intensity was assumed to be zero in the pixels with
intensity values below the threshold, whereas pixels with intensity values above

threshold were unaltered. The threshold value was set so that the objects
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remaining in view were only actin filaments. Filament velocity was calculated with
the method of the centroid movement, determining the change in the position of
the centre of mass of the actin filament under inspection in two successive images

according to the equation:
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where Cy and C, are the centroid coordinates, x; and y; are the coordinate of the i™
pixel on the x axis and on the y axis and l; is the intensity corresponding to that
pixel.

Playing the movie backward and forward, smoothly sliding filament were
selected manually by eye and each selected filament was analysed individually.
The filament was selected by choosing a rectangle around the actin filament. The
position of the centroid of the filament in the first frame was calculated according
to equation (8). The position of the centroid of the same filament in the next frame
was found by enlarging the filament box from the previous position and using the
eguation again. This tracking process was continued for all frames selected. After
determining the centroid position in successive frames, the frame-to-frame velocity
of the actin movement was calculated as the distance moved between two
consecutive frames multiplied by the frame frequency (Homsher et al., 1992). The
centroid position in each frame and length of the filament were stored for further
analysis.

To be considered representative of the sliding velocity in situ, the filament
movement had to match a quality level established according to the following two
criteria (Homsher et al., 1992): (i) a minimum distance of continuous movement (>
2 um) and (i) a minimum value (cut-off) of the ratio SD/mean, that is 0.3
depending on the framing rate, 5 Hz.

According to the criteria mentioned above only filaments showing smooth
continuous movement were used for the analysis to estimate Vg because only in

this case V¢ could be comparable to the fibre unloaded shortening velocity (Vo).
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2.3.5.3. Estimate of Vg
The mean sliding velocity and its standard deviation were obtained by
fitting, with a Gaussian equation, the distribution of the values collected from the
analysis of the frame-to-frame velocity in each filament:
Nn=Y,+Ae 2°° 9)
where n is the number of measurements, V is Ve determined frame to frame, Vmean
is the mean of the distribution, o is the standard deviation of the distribution, Yq

and A are constants used for fitting.

2.4 Mechanical measurements on a limited ensemble of

myosin motors

2.4.1 Preparation of the bead tailed actin

For the array of motors to exert force pulling the actin flament away from
the trap, the filament must be attached to the bead with the (+) end (barbed end).
The bead tailed actin (Fig. 2.6) was prepared on the basis of the protocol
developed by Suzuki et al (1996). Bovine plasma gelsolin (Sigma Aldrich) was
cross-linked to the carboxylated polystyrene bead (1-2 um in diameter, Kisker
Biotech GmbH & Co. KG) with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC, Sigma Aldrich).The average number of actin filaments attached to the bead

was controlled by crosslinking an appropriate amount of bovine serum albumin

Fig. 2.6. Fluorescent image of a bead-tailed actin filament with the right polarity to be pulled by tl
myosin array. Bead diameter 1 ym, actin filament length ~14 ym.
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(BSA) to the bead. The bead was washed with a modified AB-buffer (Imidazole 25
mM pH 7.4; KCI 25 mM, MgCl; 4 mM, CaCl, 0.1 mM, ATP 0.1 mM, DTT 1 mM and
NaNs; 3 mM) and mixed with 0.2 mg-ml™* actin filaments labelled with rhodamine
phalloidin (Sigma Aldrich). Before infusion into the flow cell, bead-tailed actin
filaments were diluted in modified AB-buffer containing 1 mg-mlI* BSA to avoid
adsorption of the bead to the glass surface. Our measurements indicate that the
strength of the bead-gelsolin-actin chain is > 100 pN and thus it is adequate for the

force range generated by the motor ensemble.

2.4.2 Preparation of the support for the ensemble of HMM

In the final version of MYOMAC the support holding the motors will consist
in a nanostructured surface obtained by grating the tip of an etched optical fibre by
focused ion beam.

A simplified version of the MYOMAC for the preliminary measurements
reported here provides that the number of HMM interacting with the actin filaments
is limited by using as support the flat tip of the etched fibre (3-8 um in diameter).
The etched fibres were prepared in the laboratory of Dan Cojoc at IOM, CNR
(Trieste) as follows. Single mode optical fibres for wavelengths from 450 to 1500
nm were etched in 40% hydrofluoric acid solution for 40 min to remove the
cladding and shape the core of the fibres. Fibres for 800 nm have been found to
be the best in order to obtain, by etching, a flat substrate with diameter of ~5

micrometers and a relatively large cone angle.

2.4.3 DLOT set up for mechanical measurements

The mechanical output of the MYOMAC is measured using a DLOT (Fig
2.5) (Smith et al., 1996) that allows force measurements in the range of 0.5-200
pN and movement in the range of 1-70,000 nm. In the DLOT two counter
propagating diode lasers (150 mW, 845 nm, THORLABS, Inc., Germany) are used
to form a single optical trap in the experimental flow cell. The two laser beams
have orthogonal polarizations, which allow their optical paths to be separated
using polarizing beam splitters. The two laser beams are focused in the
experimental flow cell through two water immersion objectives (Olympus,
UPLSAPO 60XW, NA 1.20). The light exiting from each of the two objectives is

projected on two position-sensitive detectors (PSD), which monitor the XY and Z
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force components acting on the trapped bead. The force is measured using the
conservation of photon momenta (Smith et al., 2003).

For mechanical measurements on the myosin based machine, the actin
filament was attached to the trapped bead acting as the force transducer and the
optical fibre with the array of myosin motors was joint to the flow chamber the
position of which is controlled by a 3-way piezoelectric nanopositioner acting as a
motor length transducer. Bright-field microscopic images of the beads and fibre,
illuminated with a blue LED (470 nm), were detected using a % inches CCD
camera (Bitron VIDEO). Two National Instruments boards were used for
instrument control and data acquisition. A PClI 6030E board with 8 digital
channels, an upper frequency limit of 100 kHz, was used for data generation and
acquisition. Second, a PCIl 6703 board was used to align the lasers and to
modulate the pressure in the flow cell by controlling solenoid valves. Data
acquisition was controlled by using custom-written LabView algorithms.

The system was implemented with (i) a temperature control of the flow cell
and (i) a rapid force clamp mode (Bianco et al., 2011). The control can be
switched from length-clamp mode to force-clamp mode by exchanging the
feedback between the signal from the stage positioner controlled by the
piezoelectric nanopositioner and the signal from the trapped bead. The frequency
response of the system is limited by the rise time of the piezoelectric stage (t,
measured from 10 to 90% of the step). t; has been minimized to ~2 ms with a new
stage (PDQ375, Mad City Lab, Madison WI, USA.) with dedicated electronics

specifically devised in collaboration with the Mad City Lab technical staff.

2.4.4 Flow chamber for mechanical measurements

The experimental flow chamber was made by two coverglass slides
separated by two layers of parafiilm cut in order to obtain two streams of flow
inside the chamber (Fig. 2.7). In this way it is possible to obtain two compartments,
one used for mechanical measurements, where the etched optical fibre is
mounted, and the other used to introduce the BTA. Separated compartments allow
avoiding uncontrolled protein interactions. The chamber is sealed to withstand the
fluid pressure by heating the two parafilm layers.

Since the distances between the compartments inside the flow cell are on

the scale of the centimeters, the movements of the chamber-nanopositioner
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system is brought to the adequate range by mounting the piezoeletric stage on an

automated micropositioner that is able to generate 2-axes motion up to 25 mm
(MicroStage series, Mad City Lab, Madison, WI) (Fig. 2.5).

Flow in

Flow'in

Fig. 2.7. Schematic
representation of the
experimental chamber. In the
chamber, the flow that comes
from the upper stream (blue
and red arrows) and the one
that comes from the lower
stream (red and yellow arrows)
remain separated, since they
have the same pressure. This
allows two distinct
compartments to be
generated. The etched optical
fibre is mounted, in the lower
compartment, upstream the
intersection of the flows. The
dimensions of the flow
chambers are reported in the
figure.
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Chapter 3 - RESULTS

3.1 Transient kinetics studies on the fragments from

frog myosin

3.1.1 ATP induced dissociation of actin-S1 complex

For transient kinetics studies, S1 is preferred to HMM because the total
ATPase activity of myosin molecule resides in the S1 fragment, while it also has a
higher solubility.

In the absence of ATP the S1 fragment forms a tight stable complex with
actin. This complex can be rapidly dissociated adding ATP to the solution. Actin-
S1 complex dissociation kinetics can be conveniently followed by monitoring the
increase in fluorescence of pyrene-labeled actin (pyr-actin). Fig. 3.1A shows the
fluorescence transient observed at 5°C when 1 uM actin-frogS1 is mixed with 20
uM ATP in the stopped flow spectrophotometer. The observed transient is well

described by a single exponential equation with an observed rate constant (Kops) Of
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Fig. 3.1. ATP-induced dissociation of pyr-actin-frogS1 at 5°C. A. Fluorescence transient obtained
mixing 1 pM pyr-actin-frogS1 with 20 pM Mg-ATP. The transient was fitted with a single
exponential equation (continuous red line). B. Relation between kq,s and [ATP]. The data points
were obtained from 3 different S1 preparation. Continuous line is the hyperbolic fit to the data with
equation (4). The estimated parameters were: 1/K; = 849 + 111 mM, k., value of 527 + 31 s™.
Experimental conditions:5°C, 100 mM KCI, 20 mM cacodylate pH 7.0, 5 mM MgCl, and 1 mM
NaNa.
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6.15 + 0.04 s™* and amplitude of ~7%. At 5°C keps Shows a hyperbolic dependence
on [Mg-ATP] according to equation (4) (Fig. 3.1B). The hyperbolic fit to the data
gives an equilibrium constant 1/K; of 849 + 111 uM and a k., of 527 + 31 s™.

The rate of ATP-induced dissociation was determined in the range of
temperatures between 5 and 15°C. In Fig. 3.2A are shown the fluorescence
transients obtained mixing 1 uM pyr-actin-frogS1 with 50 uM ATP at 5, 10 and
15°C. At all temperatures the transient is well described by a single exponential
equation and Kops is 10.70 + 0.18 s, 16.28 + 0.14 s and 32.09 + 0.34 s™ for 5, 10
and 15°C respectively. kops Values are plotted as a function of [Mg-ATP] at each

temperature in Fig. 3.2B.
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Fig. 3.2. ATP-induced dissociation of pyr-actin-frogS1 and its temperature dependence. A. Pyrene
fluorescence transient of 1 uM pyr-actin-frogS1 mixed with 50 uM ATP at 5, 10 and 15°C.
Continuous lines are the fit of the traces with a single exponential equation. B. ky,s dependence on
ATP concentration at 5, 10 and 15°C. The data were obtained from the same S1 preparation. k.,
and 1/K; at each temperature were estimated from hyperbolic fits with equation (4) (continuous
lines); C. Arrhenius plot of k.. AH* and AS* were derived from the slope and the intercept of the
linear fit, respectively. D. Van’t Hoff plot of 1/K;. AH’, AS® were derived from the slope and the
intercept of the linear fit, respectively. Experimental conditions: 100 mM KCI, 20 mM cacodylate pH
7.0, 5 mM MgCI2 and 1 mM NaN3.
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5°C 10°C 15°C
Keo (57 515+ 25 746 + 63 832 + 57
1/K 4 (uM) 841+ 91 1071 + 177 598 + 101

Table 1. Kinetics parameters (mean + SE) of the ATP induced dissociation of pyr-actin-frogS1 at
different temperatures.

In the range of temperatures used, kops Shows a hyperbolic dependence on
ATP concentration according to equation (4) and the hyperbolic fit to data gives
the estimates of ki, and 1/K; (Table 1). At temperatures above 15°C, the relation
could not be reliably determined because kq,s values at high [Mg-ATP] were too
fast to be measured with the required precision.

The maximum dissociation rate constant k., increases from ~500 s™ at 5°C
to ~850 s at 15°C. An Arrhenius plot of the data (In k.2:1/T, where T is the
absolute temperature) is shown in Fig. 3.2C. The parameters AH* and AS*
obtained by fitting Arrhenius equation (equation (7)) to data are listed in Table 2.
The activation enthalpy (AH* ~32 kJ-mol ™) and activation entropy (AS* ~170 J-K°
L.mol™) are positive and in agreement with values previously determined for rabbit
S1 (lorga et al., 2007).

The values of 1/Kj, the reciprocal of the equilibrium constant for the
formation of the complex actin-S1-ATP, are in the range of 600-1000 uM and
roughly independent of temperature as shown by the Van’t Hoff plot (In Ky:1/T) in
Fig. 3.2D. In fact the thermodynamic parameters AH" and AS’ estimated with Van't
Hoff equation (equation (6)) are not different from zero (Table 2) (lorga et al.,
2007).

3.1.2 ADP affinity of frog S1

Myosin from frog skeletal muscle is thought to have the same kinetic
characteristics of the fast myosin isoforms from mammalian skeletal muscle, that

have been well characterized in transient kinetics studies (Weiss et al., 2001,

AH* (kJ-mol™) AS* (3K mol™) AH’ (kJ-mol™) AS’ (3-K'-mol™)

Frog S1 31.9+97 167 £ 35 23.6 +98.7 -22.44+ 27.9

Table 2. Thermodynamic parameters (Enear)) + SE) of the ATP induced dissociation of pyr-actin-
frogS1 estimated using equation (6) (AH, AS) and equation (7) (AHi, AS*).
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Nyitrai et al., 2006; lorga et al., 2007). The most relevant kinetic characteristic of
the fast myosin isoforms concerns the ADP release step. In particular fast isoforms
have a weaker ADP affinity and a higher rate constant for ADP release than the
slower isoforms. Furthermore, in fast isoforms, the ADP is in rapid equilibrium with
actin-S1 complex compared with the rate constant of ATP induced actin-S1
dissociation; therefore the ADP acts as a competitive inhibitor of ATP dissociation
reaction as described by equation (5). To define the ADP affinity for frog myosin,
we have determined the effect of [ADP] on the ATP induced dissociation of
actin-S1 complex. In these experiments 500 uM ATP were pre-mixed with different
ADP concentrations and then mixed with 1 uM pyr-actin-frogS1.The [ADP] used
ranged from O to 2000 uM. Fig. 3.3A shows the fluorescence transients obtained
using 50 uM, 1 and 2 mM ADP. For all [ADP] the transients are well fitted with a
single exponential function and at 5°C kops is 127 + 2 s, 73.7 + 1.0 s* and 31.26 +
0.26 s™ for 50 uM, 1 and 2 mM ADP concentrations, respectively. Pre mixing the
ATP with various concentrations of ADP results in a marked slowing of the
observed reaction and kops sShows a hyperbolic dependence on increasing [ADP]
(Fig. 3.3B). The hyperbolic fit of the data with equation (5) gave a value for Kapp of
644 £ 71 uM. The high value of Kapp indicates a low ADP affinity as expected for a
fast myosin isoforms. In fact Kapp for rat 2X and 2B isoforms is ~550 uM and ~530

uM respectively (Nyitrai et al., 2006).
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Fig. 3.3. ADP affinity (Kap) of frogS1. A. Pyrene fluorescence transient of 1 uM pyr-actin-frogS1
mixed 500 uM ATP preincubated with 50 uM, 1, 2 mM ADP. Continuous lines are the fit of the trace
with a single exponential equation. B. Plot of kyps as a function of [ADP]. Continuous line is the of
the data with equation (5). Experimental conditions:5°C, 100 mM KCI, 20 mM cacodylate pH 7.0, 5
mM MgCl, and 1 mM NaNs.
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3.2 IVMA experiments on the fragments from frog

myosin

3.2.1 Ve in control conditions

For IVMA studies the HMM fragment is the most suitable specimen, as it
maintains the dimeric nature of the whole molecule. The sliding velocity (Vg) of
actin filaments over a nitrocellulose coated surface carrying HMM from frog
skeletal muscle in control conditions is shown in Fig 3.4. Vg, obtained from 86
filaments selected from 4 slides and 2 HMM purifications, was 6.91 + 0.06 pm-s™.
Ve is about 30% higher than the value obtained using whole myosin molecule
under the same conditions (Ve = 5.28 + 0.09 pm-s™; Elangovan et al., 2012), in
agreement with what previously observed for rabbit (Kron & Spudich, 1986;
Toyoshima et al., 1987). This is likely related to rise of a drag force when the
myosin molecule is used, due to the aspecific interactions between myosin tails
and actin filaments (Guo & Guilford, 2004).
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Fig. 3.4. Frequency distribution of the frame to frame velocity of actin filaments (Vg) on HMM
fragments from frog skeletal muscle under control conditions. Vg was grouped with bin size of 0.5
pm-s'l. The continuos line is the least-square fit using the gaussian equation (9). Estimated
parameters are (mean + SE): 6.91 + 0.06 pm-s™

3.2.2 Effects of HMM concentration
For MYOMAC experiments it is of crucial importance to control the number

and spatial frequency of molecular motors interacting with the actin filament. This
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can be achieved by maximizing the probability that only one motor protein is
deposited on the tip of each pillar that composes the final version of the
nanostructured surface. For this purpose it is also important to define the proper
motor concentration to be used. In this view, we have determined if and how the
HMM concentration affects Vg and what is the minimum HMM concentration
required, by incubating for 5 minutes the flow cell with solutions with different HMM
concentrations in the range 0.025-0.4 mg-ml™. Fig. 3.5 shows the relation between
Ve and HMM concentration in the incubation solution. In the range of myosin
concentrations of 0.2-0.4 mg-ml™*, V¢ remained almost constant (average value
4.70 + 0.06 mg-ml™) independently of the HMM concentration. This agrees with
the results of similar experiments done using the whole myosin molecule from frog
muscle (Elangovan et al., 2012). At concentrations below 0.2 mg-ml?, Vg
decreases progressively with the reduction of the [HMM]. With the threshold
conditions selected according to the criteria described in Methods, no sliding was
observed when the flow cell was incubated with [HMM] below the 0.05 mg-ml™.

Fig. 3.5. Relation between
Ve and frog HMM
concentration. Ve was
2® determined in the range of
4 e [HMM] 0.025-0.4 mg-ml™.
. * Each point (mean = SE from
o 4 at least 30 filaments) was
= @ obtained from the same
= M HMM  preparation.  The
St 21 / dashed line connects the
d points for sake of clarity.
M Experimental conditions: 60
/ mM ionic strength, 2 mM
d ATP, pH 7.5 and 20°C.

T T 1

0.0 v 0.1 ' Of2 ' 0.3 04
[HMM] (mg mi™)

3.2.3 Effect of temperature

The dependence of Vg on temperature was determined under otherwise
control conditions in the range of temperatures between 5 and 25°C. As shown in
Fig. 3.6A, in the whole range of temperatures used, the sliding velocity increased
with the increase in temperature from 0.691 + 0.017 pm-s™ at 5°C (2 slides) to
7.80 + 0.14 pm-s™ at 30°C (2 slides).
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To better define the temperature dependence of Vg, the data of Fig. 3.6A
are used to build the Arrhenius plot of Fig. 3.6B, where log Vg is plotted versus 1/T

(the reciprocal of absolute temperature) according to the equation:

E. 1
10g(VF) =I0g(K) + ot [;) (10),

where E, is the activation energy, R is the gas constant (8.314 J mol™ K*%). The
slope of the relation (E4/(2.303 x R)) estimates E,, while the ordinate intercept of
the relation (log(k)) is the kinetic prefactor. As previously found for both frog and
mammalian myosin (Homsher et al.,, 2003; Rossi et al., 2005; Elangovan et al.,
2012), the slope of the relation, and thus E,, reduces at higher temperature.
Assuming that the change in the slope occurs at ~20°C (1/T < 3.4 x 10®), E, was -
27.95 + 5.85 kJ mol™ in the range 20-30°C (dashed line) and -85.01 + 4.79 kJ mol
! in the range 5-20°C (dotted line). Compared to the values previously determined
on frog myosin (Elangovan et al., 2012), E, is similar in the range of 20-30°C but
higher in the range of 5-20°C. In this range, however, E, is similar to the value
found with mammalian HMM and fish myosin (Homsher et al., 2003; Grove et al.,
2005; Rossi et al., 2005).
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Fig. 3.6. Temperature dependence of Vg on frog HMM. A. Relation between Vg and temperature
(°C). All points (mean + SE, from 2 slides and at least 30 filaments) were obtained from the same
HMM preparation. B. Arrhenius plot of data from A. The dashed line is the linear regression to Ve
data for temperatures = 20°C (1/T =2 3.4 x 10'3), the parameters estimated by the fit are: slope -1.46
+ 0.29, intercept 5.71 + 0.96; the dotted line is the linear regression to Vg data for temperatures <
20°C (1/T < 3.4 x 10”%), the parameters estimated by the fit are: slope -4.78 + 0.25, intercept 17.03
+ 0.88.
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Fig. 3.7. Comparison of Vg for both myosin and HMM from frog skeletal muscle adsorbed on
different substrates. A. Frequency distribution of Vg on myosin adsorbed on glass (green),
nitrocellulose (black) and TMCS (red). The data come from the same myosin preparation; B.
Frequency distribution of Vi on HMM adsorbed on PMMA (blue), nitrocellulose (black) and TMCS
(red). Since no actin movement was observed on HMM adsorbed directly on glass surface, PMMA
was chosen as a third substrate. The data come from the same HMM preparation. The continuos
lines are the fit to the data with equation (9). Vg estimated by the fits are reported in table 3.
Experimental conditions: 20°C, ionic strength 60 mM and pH 7.4.

3.2.4 IVMA on different substrates

The results obtained with the classical surface functionalization with
nitrocellulose are compared to those obtained with other kinds of coatings, PMMA
and TMCS, to select the best substratum for the myosin motors in relation to the
ability to move the actin filament. As shown in Fig 3.7A (for myosin) and B (for
HMM) and summarized in table 3, the highest values of Vg were observed when
the surface was functionalized with TMCS. Vg is ~20% higher on TMCS than on
nitrocellulose for both myosin and HMM. These results are in agreement with
those reported for HMM from mammalian skeletal muscle (Sundberg et al., 2003;
Albet-Torres et al., 2007).

Glass PMMA Nitrocellulose TMCS
?{%?_Z'.?_ Ve s sg) 2.79 + 0.07* 492+008  576%0.14*
HMM Ve 426+006*  563+004  6.82+0.04*

(um-s'l; mean + SE)

Table 3. Values of V¢ for both myosin and HMM from frog skeletal muscle adsorbed on different
substrates.
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Fig. 3.8. Single unbinding events of frog HMM. A. Schematic representation of the experimental
protocol arrangement. Frog HMM (0.4 mg-ml'l) are randomly dispersed on the tip of the fibre (grey)
functionalized with nitrocellulose. The actin filament is attached to the polystyrene bead (dark grey)
by gelsolin protein (yellow). The pink shadow schematically represents the DLOT used to trap the
BTA; B. Representation of the mechanical protocol consisting in the movement of the motor
support away from the actin filament in the perpendicular direction C. Force trace of three
unbinding events of frog HMM obtained pulling the fibre at the velocity 1 um/s. D. Frequency
distribution of the rupture force. Continuous line: three-Gaussian fit to the data with ¢ constrained
to be the same. Dashed line: Single Gaussian functions reconstructed using the parameters
obtained fitting the data with three-Gaussian function. Estimated parameters: C;: 12.85 + 0.35, C,:

24.16 + 1.15, C3: 34.21 + 2.01 and o: 8.94 £ 0.59. Experimental conditions: 20°C, 60 mM ionic
strength and pH 7.4.

3.3 Mechanical measurements on a limited ensemble of

myosin motors

3.3.1 Rupture force of the actin-HMM complex in ATP free
solution

The first mechanical measurements have been done using the DLOT on a
simplified version of the MYOMAC assay. In this version HMM are randomly
dispersed on the flat tip of an etched optical fibre (3-8 um in diameter, Fig. 3.8A).

In this way the number of myosin motors interacting with the actin filament is
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limited by the dimensions of the etched optical fibre. Binding-unbinding events
between the motor proteins and the bead tailed actin filament in ATP-free solution
were observed by moving (1 pm-s?) the myosin motor covered surface
perpendicular to the actin filament (Fig. 3.8B).

Fig. 3.8C shows the time course of force for three unbinding events,
identified by the rapid drop of force. The frequency distribution of the force of
unbinding events is shown in Fig. 3.8D. The distribution can be fitted by three
Gaussians with the same sigma (c: 8.94 + 0.59 pN) and centre at 12.85 + 0.35 pN,
24.16 + 1.15 pN and 34.21 + 2.01 pN. The rupture force distributes in a range of
forces 7-50 pN with frequency peaking at forces multiple of ~13 pN.
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Chapter 4 — DISCUSSION

This thesis reports the achievements towards the realization of a synthetic
sarcomere like machine (MYOMAC), consisting in the interaction of an actin
filament with an array of myosin motors carried on a nanostructured surface.

The main goals reached in this research are: (i) Preparation of the myosin
motors from frog skeletal muscle (both myosin molecule and proteolytic
fragments); (ii) test on the kinetic and mechanical properties of the motors with
transient kinetic techniques and In vitro motility assay; (iii) attachment of the
barbed end of the actin filament to a bead, to control the correct polarity of the
actin filament in the machine; (iv) realization of a flow chamber with several
compartments so that the elements of the machine are brought into contact in a
controlled way; (v) mechanical measurements of the interactions between the
actin filament and the motor array in a simplified version of MYOMAC in which the
support for the motors is provided by the flat tip of an etched optical fibre; (vi)
measurement of the rupture force of a single actin-myosin bond in ATP free

solution.

4.1 Kinetic properties of myosin motors in solution

The muscle myosin selected for the machine is extracted from the skeletal
muscle of the frog, the species that has provided the standard mechanical and
energetic parameters of myosin motors in situ (Woledge et al., 1985). However, no
definitive data are present in literature about the kinetic properties of frog myosin
especially as regards its proteolytic fragments that are the preferred preparation
for the machine. Transient kinetic techniques are applied for the first time to S1
from frog skeletal muscle to determine: (i) the dissociation of actin-S1lcomplex by
ATP and its temperature dependence and (ii) the affinity of S1 for ADP. As
expected for a fast myosin isoform, frog S1 showed a fast monophasic actin-
myosin dissociation by ATP (k:» ~500-s, 1/K; ~850 uM at 5°C) (Fig. 3.1) and a
low ADP affinity (Kapp ~650 uM at 5°C) (Fig. 3.3). Moreover, the maximum
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dissociation rate constant k., increased from ~500 s at 5°C to ~850 s™ at 15°C
(Figs 3.2B and C). Both the activation enthalpy (AH* ~32 kJ-mol™) and activation
entropy (AS* ~170 J-K'-mol™) estimated with the Arrhenius plot of ki,, were
positive and in agreement with the values previously estimated for rabbit S1
(Siemankowski et al., 1985; lorga et al., 2007). Conversely, the equilibrium
constant for the complex formation was almost independent of temperature (Fig
3.2 B and D) and the thermodynamic parameters AH° and AS° were not
statistically different from zero.

The kinetics of the two biochemical steps in solution measured above
should be related to the kinetics of myosin during unloaded shortening of a muscle
fibre. The rate constant for the dissociation of ADP from acto-S1 complex (K.app)
can be calculated assuming a second order rate constant for ADP binding to acto-
S1 complex (k:app) of 10° Mt-s, the minimum value for a diffusion limited step
(Siemankowski & White, 1984; lorga et al., 2007) and knowing Kapp (=650 puM).
The value of kapp for frog myosin is (Kapp-K+app=) 6500 s In a fibre shortening at
Vo, Kmin, the minimum value of the rate constant that limits the shortening velocity,
can be easily calculated using equation (2). In single fibre from frog skeletal
muscle at 5°C Vo=~2.5 ym-s™ and d=~7 nm (Piazzesi et al., 2003; Piazzesi et al.,
2007), and therefore kmin ~350 s™. Thus the value of k.app from transient kinetics is
~20 times higher than the kmi, from fibre measurements, demonstrating that the
ADP release step cannot be rate-limiting at Vo. Consequently the rate limiting step
must be a subsequent step in the ATPase cycle, that is the isomerization step that
follows the ATP binding and leads to dissociation. Actually k;,, the rate constant
for this step measured in solution from frog S1 is 500 s™, in good agreement with
kmin (350 s™) value calculated from fibre measurements at V.

The value of kapp calculated in this work is also ~20 times higher than the
value estimated in IVMA experiments on frog myosin Il (Elangovan et al., 2012). In
fact the ordinate intercept of the relation of d/Vg versus 1/[ATP] in Fig. 9 of
Elangovan et al. (~300 s™) should correspond to the rate of ADP dissociation
according to the equation (8) in Elangovan et al.:

i_ 1 . 1
Ve Koaop  [ATP]-K,arp

The contradiction derives from the fact that in that work the ATP induced

dissociation of the actin-myosin complex is considered to occur as a single step.
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According to our solution kinetic studies and scheme 1, this is an oversimplification
of the reaction and the ordinate intercept of d/Vg:1/[ATP] relation in IVMA
experiments depends on whatever is the rate limiting step at saturating ATP, likely
the isomerization step. Indeed, the value found by Elangovan et al. is in good
agreement with the value of ki, measured in this thesis.

4.2 IVMA with frog myosin fragments

For the first time the HMM fragments prepared from frog skeletal muscle
have been successfully used in IVMA experiments. Frog HMM shows a long
lasting capability to propel the actin filaments and in almost all the experiments the
actin filaments move continuously and smoothly.

Ve measured in control condition on frog HMM is 6.91 + 0.06 um-s™* and is
~20% higher than the value obtained using whole myosin Il molecule (Elangovan
et al., 2012). Since the only difference is the presence of the tail in whole myosin
molecule, the lower value of Vg is likely due to the load generated by aspecific
interactions between the tail of the myosin molecule and the actin filaments. In
support to this hypothesis it has been found that addition of LMM to the
experimental solution slows down the sliding velocity of actin filaments in IVMA
with rat HMM (Guo & Guilford, 2004).

The difference in Vg between HMM and whole myosin Il remains also when
the motor proteins are adsorbed on different substrates. Nitrocellulose, TMCS-
derivatized surfaces and PMMA/glass have been used as myosin motor adsorbing
surfaces to establish the best substrate to be used in MYOMAC experiments. For
all substrates, Vg with HMM was 15-20% higher than with whole myosin Il (Fig.
3.7). Moreover, as already observed for mammalian myosin (Sundberg et al.,
2003; Albet-Torres et al., 2007), the highest value of Vg was observed on TMCS-
derivatized surface.

The effect of temperature on Vg has been measured in the range of
temperatures 5-30°C (Fig. 3.6A). In the whole range, V increased with increase in
temperature, however, as already observed for mammalian myosin isoforms
(Rossi et al., 2005) and frog myosin Il (Elangovan et al., 2012), the temperature
sensitivity of Vg of frog HMM is higher in the lower temperature range (5-20°C)
(Fig. 3.6B). The lower sensitivity at temperatures beyond 20°C is not due to
denaturation of the myosin or to a change in the pH of the solutions since (i) the
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effect of temperature on Vg has been found to be fully reversible; (ii) the pH of all
solutions is adjusted at the final experimental temperature. Therefore, as already
suggested for mammalian myosin (Rossi et al., 2005), the change in temperature
sensitivity could be due to a change in the catalytic activity of the molecule or in

the step of ATPase cycle that limits V.

4.3 Rupture force of actin-HMM bond in ATP free

solution

A simplified version of MYOMAC, where the motor proteins are randomly
dispersed on the flat tip of an etched optical fibre, has been used to measure the
force of unbinding events between frog HMM and actin filament. The rupture
forces are distributed in a range of values 7-50 pN. The frequency histogram can
be fitted with three Gaussians with the same o (9 pN) and centre at 13 pN, 24 pN
and 34 pN (Fig. 3.8D). This indicates that rupture forces of amplitude ~13 pN can
occur either as single events or in clusters of two or three events. Therefore, up to
three bonds at maximum can be formed in a relatively small region of the actin
filament as a consequence of the clustering of HMM on the tip of glass fibre. A
rupture force of 13 pN is in agreement with previous measurements on rabbit
HMM (~9 pN, (Nishizaka et al., 1995)) and rat HMM (~15 pN, (Guo & Guilford,
2006)) using single beam optical tweezers.

A multi-peak distribution of rupture forces has also been found for the
unbinding events of actin-HMM using Atomic Force Microscopy (AFM) technique
(Nakajima et al., 1997) and a streptavidin coated bead to attach, on one side, the
biotynilated tail of rabbit HMM and, on the other, the biotynilated tip of the AFM
cantilever. The rupture forces in that work distribute around two force regions
centered at 14.8 pN and 24.7 pN, similar to the first two peaks of the rupture force
distribution observed in this work.

The comparison of our data with previous measurements demonstrates the
power and the reliability of the method under development for the mechanics of
the MYOMAC. In fact (i) the DLOT expands the dynamic range of force (up to 200
pN), to make it adequate to record forces from an array of myosin motors,
overcoming the force limits imposed by single laser trap methods; (ii) the method

of attaching the actin filament to the bead via gelsolin ensures the right polarity for
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the interaction of actin with the motor array and at the same time the adequate

strength of the actin-bead link for the range of forces developed by a motor array.
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