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Abstract

Understanding the mechanics of folded single proteins help us understand several biological pro-
cesses. One of the established methods is Single-molecule force spectroscopy. The conformational
stability of a folded state which allows the protein to adopt different shapes and perform functions
can be characterised by its viscoelasticity. Pulling the single protein and observing its nanome-
chanical response can provide insight into its functioning. We use sequentially arranged 8 domains
[-27 the immunoglobulins (IgG) of titin and measure its stiffness and internal friction to understand
the mechanics of a folded single protein. We will use a special interferometer-based atomic force
microscope for direct and simultaneous measurement of stiffness and internal friction. In addition
to this, we will also perform the unfolding of titin (I-27) protein at higher pulling frequencies and
micro-sec-time resolution using high-speed force spectroscopy. In this project, we will perform
protein unfolding at different frequencies. We will use interferometer-based AFM to pull the pro-
tein at different frequencies ranging from 100 Hz to 2 kHz and HS AFM to go further to 100 kHZ.
The direct measurement of stiffness and friction of folded states has been recently established us-
ing special interferometer-based AFM but not at several ranges of pulling rates and frequencies.
We will compare the data we get from interferometer-based AFM and high-speed AFM. The aim
of this project is:

1. Directly measuring the stiffness and internal friction of folded states of single protein at ranging
frequencies.

k 2. Comparing the results of protein pulling of interferometer-based AFM and high-speed AFM.
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Introduction

1.1 Proteins

Proteins are essential building blocks of all living organisms across various kingdoms. These
macromolecules play vital roles in DNA replication, metabolism, inter and intra-cellular commu-
nication, transportation of molecules and organelle, cell adhesion, cell division/degradation, cell
and tissue structure maintenance, mechano-transduction, and immune system response. Hence,
the study of the fundamental properties of proteins becomes crucial in understanding different bi-
ological processes and is helpful in curing many diseases. Once the formation and functions of
proteins are understood.

These proteins perform their function by changing their conformations. The change in conforma-
tion can be due to various environmental factors, such as changes in pH and temperature or under
an applied force. There is a strong correlation between their structure and function, which leads to
such conformal changes. There are a variety of proteins that work under forces. The mechanical
properties of such proteins are essential to understand their function. The mechanical properties
of these proteins are essential to understand their functions. Various techniques have been devel-
oped to investigate their mechanical properties, such as Atomic Force Microscopy(AFM), Optical
Tweezers and Magnetic Tweezers. In this chapter, I will briefly introduce proteins, their function,
formation, and different applications in the human body. I will also discuss the technique used to

investigate the thermodynamics and kinematics of protein folding and unfolding in detail. These



techniques include studying protein in bulk and single molecule levels. The focus of my discussion

will be single-molecule force spectroscopy using AFM.

1.1.1 Protein structure

Proteins are polymers of amino acids. They are also known as polypeptides, which are made
of monomer units of amino acids. Amino acids are organic compounds containing the amine
group (NH>) and the carboxylic group (-COOH). Each amino acid features a central carbon atom
bonded to an amine group, a carboxyl group, a hydrogen atom, and a unique side chain (R group).
This R-group characterizes the amino acid. For the polymerization of amino acids to protein, the
carboxylic group of one amino acid reacts with the amine group of another amino acid, releasing
H, O in the process (dehydration). The product of this dehydration reaction is a dipeptide (fig. 1.1)
with two amino acids bound with a peptide bond (C-N). The dehydration process continues, adding
new amino acids to the chain, forming a polypeptide chain. The end with —NH, group is called the
N terminus and -COOH is called the C terminus of the protein. This polypeptide chain is known as
the protein’s primary structure. All amino acids are attached with covenant bonds in their primary
structure. As the length of the polypeptide increases, this primary structure can bend and fold
into regular patterns, such as alpha helices and beta sheets. These patterns are stabilized by non-
covalent bonds between the amino acid backbones, such as hydrogen bonds, Van der Waals force
etc. These interactions and the higher structures depend on the amino acids’ variety and sequence.

The secondary structure is categorized mainly in two parts on the basis of their arrangement:

* o-helix: A right-handed coil stabilized by hydrogen bonds between one amino acid’s car-
bonyl group and another amino acid residues ahead. Each of these a-helix contains 3.6

amino acids.

* 3 sheet: Two or more polypeptide chains align side-by-side, forming hydrogen bonds be-
tween their backbones. These sheets can be arranged in parallel or antiparallel. configura-

tions

These secondary structures fold upon themselves in a unique 3D arrangement known as the tertiary
structure. Again 3D structure is maintained by non-covenant interactions such as H-bonds, ionic
bonds, disulfide bonds (-SH), and hydrophobic interactions. Some proteins consist of multiple
polypeptide chains assembled into a single functional unit, forming the quaternary structure e.g.

Hemoglobin.

1.1.2 Protein Classification

There are thousands of different proteins in our body, each having a different function. The func-

tion a protein performs depends on its structure and conformation. It is essential for the protein
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Dipeptide

Figure 1.1: Amino acid contains amine group(NH,) and carboxlyc group(COOH). The figure
represents the formation of peptide bond between two amino acids by dehydration(release of H>O)
and fo. By the same process multiple amino acids can react and form a polypeptide in its primary
structure.



to change its conformation and acquire the desired structure in order to perform its specific task.
If it does not acquire the specific conformation, then it is said to be misfolded. These changes in
conformation depend on the interaction of the protein with its environment. On protein’s structure
and interaction, the protein is mainly of three types:

Globular Proteins: The globular proteins are folded in such a manner that their hydrophobic
side is buried deep within their body. They take a spherical shape and are water-soluble. Due
to their water solubility, they freely move inside the cell and perform various functions, such as
the transportation of other molecules, such as enzymes and antibodies. Interestingly, many of the
fibrous proteins are made up of globular proteins, e.g. the muscle protein has Ig domains, which
are globular proteins. A few other examples are haemoglobin, insulin, and antibodies.

Fibrous proteins: Fibrous proteins are made up of polypeptide chains arranged in a parallel
axis. They are built up into long fibres or large sheets. They are typically very strong and hy-
drophobic. They play the role of structural proteins, providing mechanical stability and support.
Examples include collagen (in skin and bones), keratin (in hair and nails), and elastin (in skin and
ligaments).

Membrane proteins: The cell membrane separates the cell from its environment. This mem-
brane is made of lipid bilayer. The membrane proteins are embedded in the cell membrane and
organelles inside the cell. They help transport molecules across the membrane. Some of the exam-

ples are aquaporins (water channels) and ion channels.

1.2 Unfolding of protein

There is a strong relation between the structure and function of the protein. The function of pro-
tein is the 3D structure it attains in the environmental condition. The 3D structure depends on all
the different amino acids that make it up. To get a complete picture of the understanding of the
proteins, we have to answer three major questions: (i) How does the protein attain its primary 3D
structure? (i1) How Does the protein change its conformation/ perform folding and unfolding? (ii1)
How does the protein avoid misfolding?

Several earlier studies have used different methods to unfold the protein. The protein is denatured
in these experiments, and some observable parameters are recorded under different reaction coordi-
nates. These studies are either Bulk Studies or single molecule studies. In Bulk studies, the average
behaviour of the proteins is observed. The unfolding can be caused by different methods, such as
increasing temperature, applying pressure or dissolving in some denaturation agent(e.g. urea). The
protein is directly investigated under different experimental conditions in single molecular studies.
Unlike bulk studies, we can study local and small features in single-molecule experiments, such
as measurement of the intermediate state of the protein unfolding process. In past decades, many

techniques for the measurement of single molecules have been developed. These techniques can be
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mainly classified into two categories: single-molecule fluorescent microscopy and single-molecule
force spectroscopy.

In Single-molecule fluorescent spectroscopy, a fluorescent molecule is attached to the molecule(protein)
and observed under a specific wavelength laser. By focusing a laser beam on the sample and using
highly sensitive detectors, fluorescence emitted by individual molecules can be detected.

Another powerful technique in single-molecule studies is single-molecule force Spectroscopy(SMFES).
Various studies have investigated the thermodynamic and kinematic properties of single molecules[5,
7, 12]. In SMEFS, the unfolding of protein is observed by applying external force onto it. Three
major methods widely used for applying forces on single molecules are Optical tweezers, Mag-
netic tweezers and Atomic force microscopes. The Optical tweezers provide the most sensitivity
among these methods [18]. This technique traps a bead under a focused laser(optical trapping).
The trapped bead acts like a small spring. Proteins and other molecules can be attached with the
bead on one end, and force can be applied to the molecule while the other end is kept stable.
Optical tweezer can apply forces of the order of a few pN. Another technique for studying the
mechanical properties of biomolecules is using magnetic tweezers, which use superparamagnetic
beads in a controlled magnetic field. Another widely used tool for single-molecule force spec-
troscopy (SMFS) experiments is the atomic force microscope (AFM). AFM is the main technique

that I used in this project, so I will discuss it in detail in a later section.

1.2.1 Principle behind Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of Scanning probe microscopy(SPM). This technique
was first invented by Gerd Binnig, Calvin Quate, and Christoph Gerber in 1986. The precursor
to the AFM, the scanning tunnelling microscope (STM), uses quantum tunnelling phenomena to
probe the conductive surfaces, and it is performed under ultra-high vacuum (UHV) conditions. But
AFM does not require any such conditions. In Atomic force microscopy, a sample is probed under
a microscopic cantilever, and the interaction between the sample under study and the cantilever tip
produces some deflection in the cantilever 2.4. This deflection in the cantilever can be measured
using different techniques, such as using a laser or an interferometer. This technique can be used on
a diverse variety of samples, including organic, inorganic materials, conducting or non-conducting,
and living samples such as cells. The AFM experiments are modified for various conditions, such
as in a liquid medium, air or ultra-high vacuum. In different modes, AFM can be used for various
purposes. It is widely used as an imaging tool that can provide 3D topography of surface elasticity,
viscoelasticity of material can be used as a force manipulation tool to measure surface properties.
Depending on the setup, the resolution of an AFM can be a few nm laterally and a few A in
imaging and pN in force spectroscopy experiments. For a slight bending in the cantilever §, the

stress applied due to the interaction can be estimated using Hook’s law F = k0, where is the force
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Figure 1.2: Schematic shows how the laser position changes on the photodetector due to the de-
flection in the cantilever. This deflection can be measured by proportionality %(X(I] —Ip) of the
four quadrant photo detector.

constant of the cantilever. Typically, the deflection signal of the cantilever is measured in volts,
and then this signal is converted into nm using the sensitivity coefficient. Then, the cantilever is
calibrated to get the spring constant using different methods. For example, when using a laser to
measure the deflection of the cantilever, as shown in 1.2 a slight deflection in the cantilever causes
a change in the position of the laser spot on the four-quadrant photo-detector. The change in the
laser’s position can be calculated by subtracting the upper half detector signal from the lower half,
and lateral deflection can be calculated by subtracting the right half detector signal from the left
dy

half. In the figure, the deflection of the cantilever 7= is proportional to I} — I.

1.2.2 Force spectroscopy Experiments using AFM

One of the most widely used applications of AFM is measuring mechanical properties applying
force by micro-cantilever, known as Force Spectroscopy. These measurements can be in Static

Mode or Dynamic mode.

Static mode SMFS: In Static mode, also known as contact mode, a protein is attached from

one end with the cantilever tip and the other end to the sample surface either with specific binding
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or unspecific binding. It is pulled with a constant velocity or is kept at a constant force. For
constant speed, the force vs extension(fig 1.3) in the protein curves is obtained, and this is known
as constant speed pulling. In the case of constant force, it is known as the force clamp experiment,
and the protein’s extension is recorded. Both techniques are widely used to investigate the protein’s
mechanical, kinematic and thermodynamic properties[3, 10, 12, 27]. In these studies, the cantilever
is modelled using Hook’s law. The force in the cantilever is proportional to its deflection for small
deflections in the cantilever. Figure 1.3 shows a typical static mode SMFS experiment; herein (I),
a polyprotein attached to the tip from one end cantilever from another it is pulled with constant
velocity, and the cantilever deflection is measured using the photodetector in (ii) due to the force
applied by the cantilever the domains of the ply protein unfold one by one. (iii) Corresponding to

each unfolding in (ii) we can see the peaks in Force vs extension curve.

1.2.3 Force Spectroscopy on Proteins

In the AFM force spectroscopy experiment, the attachment of the protein from the cantilever and
the surface is either non-specific(no linkers used for the attachment) or some Poymer linkers bind
the ends(N and C- terminus ) of the proteins with some specific binding. The protein has a two-state
energy landscape with an energy barrier between them (transition state TS); when force is applied
to such protein, their energy landscape tilts and lowers the barrier energy, in turn increasing the
probability of unfolding.

After unfolding, it loses all the native interactions. Applying further force on the unfolded protein
reduces its entropy. Hence, the protein has an excess to less number of conformations. Due to the
reduction of the entropy, the protein exerts an entropic force on the cantilever. This was first derived
by Marko Siggia with Worm Like Chain (WLC) model[17] and later validated by Bustamante [6].
Worm Like Chain model:

The minimum length scale or persistance length of the WLC model is the shortest among other
models describing polymer behaviour. That means the correlation of a component dies out very
quickly along the polymer length. The relation between the force and extension in WLC is given
by:

kT 1 1 x
F()C)— D <4(1—X/Lc)_3_Z+L_C> (11)

where L., p are contour length and persistence length, kg, T are the Boltzmann constant and abso-

lute temperature and x is the extension in the polymer.

1.2.4 Models for protein unfolding

Bell-Evans-Ritchie model: This model was first developed by Bell[2] as a model for of cells

to cells adhesion; later, this model was adapted to explain the dynamic strength of molecules by
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the attached protein. (iii) Peaks in the extension corresponding to each unfolding even in (ii)
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A 4

Figure 1.4: Figure: Dotted line shows energy landscape of a protein having transition barrier AGyg
at x;5 in between its two states When a force F is applied on the protein, the energy profile tilts and
the barrier reduces to AG;, — Fx;g

ko is the initial unfolding rate and k(F) is the unfolding rates when force F force is applied..

Evans and Ritchie[9]. According to this model, the rate of unfolding a protein having an energy

landscape similar to that of fig 1.4 is given by:
ko = Aexp(—AG/kgT) (1.2)

Where A = (a;o—;;’,‘) depends on the protein’s energy landscape and the damping experienced by the

protein. When a force F is applied, the energy landscape tilts and increases the unfolding rate as:

k(F) = Aexp(—(AGys — Fixis) [kpT) (1.3)

k(F) = koexp(—Fx;5/kpT) (1.4)

Bell-Evans-Ritchie model is used to predict the unfolding at lower loading rates, but it fails at

higher loading rates [22].

1.2.5 Viscoelasticity of folded protein

As discussed earlier, proteins are biomolecular machines. They are constantly moving and chang-
ing their structure in order to perform their function. The ability to change their structure is a crit-
ical factor for function. For example, myoglobin changes its conformation to capture and release
0;. So, to understand the protein’s function, it is crucial to understand the protein’s mechanical
properties. The stiffness and the internal friction are key parameters that characterize the mechan-

ics of the protein. The stiffness of the protein is quantified by performing a force spectroscopy
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experiment on the protein by measuring the extent of deformation under force. The internal fric-
tion can be quantified by measuring energy dissipation during motion within the rugged energy

landscape.

1.2.6 Stifness measurements of Protein using AFM

Typically, in AFM measurements, unfolding force is measured using force-extension curves. The
unfolding forces can be used to estimate energy landscape parameters using the Bell-Evans-Ritchie
model and the stiffness(k) of protein is measured.[24]. Wang and Zocchi used a different approach;
they measured the strain response of the domains of Guanylate Kinase by applying oscillatory
stress.[29, 30]. They applied the Maxwell model to the protein domains, meaning they represented
the domains with spring and dashpot in series. They attached proteins between two gold nanopar-
ticles, oscillated them, and found the stiffness 5 pN/nm and damping coefficient of the order of
1073 kg/s. However, the experiment was a bulk study, not on a single molecule. Hence, many
rheological models can describe the mechanical behaviour of the protein. One of these models is
Kelvin—Voigt, which describes the behaviour of a material with a spring and dashpot attached in

parallel.
Kelvin voight model

This model is used for materials that behave more like solids than fluids. The material is repre-
sented as a spring(E) and a dashpot(n)) attached together in parallel. The spring represents the
material’s stiffness, and the dashpot represents the viscosity(fig. 1.5). The following equation

defines the stress-strain relation in this model:

o=né+Ee (1.5)

where o is the stress and € is the strain across the system. The mechanical response of the

kelvin-Voight model when oscillatory rheology is performed:

0T
G(w) = Gy (1-1— 1+Iwr) (1.6)

If the spring and the dashpot are in series, it is called the Maxwell model.

1.2.7 Dynamic AFM on proteins

As discussed earlier, the internal friction of protein can be measured by performing oscillatory
rheology on the protein and measuring the dissipated energy due to oscillations. Therefore, we
must apply sinusoidal stress to a single-folded protein and compute the phase lag caused by energy

dissipation to determine the protein’s viscoelasticity. So, it is very important to measure artefact
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Figure 1.5: Representation of Maxwell model and Kelvin Voight model (a) and (b) respectively. In
Maxwell model the spring and the damper are attached in series, In case of Kelvin Voight model
the are attached in parallel.

13



free the amplitude and phase lag of the cantilever’s response. The quantification of amplitude and
phase lag becomes difficult because of the challenges faced when correctly quantifying the dynam-
ics of the cantilever. Near resonance phase lag and false peaks are observed. This can be solved
when the cantilever tip is excited directly using photothermal or magnetic methods(discussed in
later chapter.) So, for successfully measuring the viscoelasticity of the protein, off-resonance, with

small amplitude measurements, is suggested [16, 8]

1.3 Titin 127

Titin is the largest known polyprotein(m.w. ~ 3MDa, size ~ 1 um). Titin if found in cardiac
and skeletal Muscles. The I-band of titin is responsible for the passive elasticity of the muscles.
The I-band of titin comprises mainly two tandem immunoglobulin-like(Ig) segments with a small
PEVK segment. There are 200 IG domains in the I-band. 127 is one of those IG domains. The
127 domain is unique to cardiac muscle. It is a -sheet structured globular protein with seven
B-strands and 89 amino acids(fig 1.6)[15]. The titin is widely studied in AFM experiments. The
well-defined unfolding behaviour of titin makes it a useful model system for my research into
protein mechanics. The 127 homo-polyproteins exhibit a distinctive ”sawtooth” unfolding pattern,
as demonstrated by AFM investigations. There is an intermediate state to the unfolding of titin,
which starts to occur at forces > 95 pN. Once the domain unfolds completely, it adds 0.66 nm to
the unfolded chain.

1.4 Motivation and Objective

Proteins are a vital bio-machinery in the human body, and it is essential to understand their
structure-function relation. This can help us to synthesize proteins and/or cure many diseases.
Due to technical advancements in tools like NMR and electron microscopy, we understand the
protein’s ensemble-averaged structure. But it is a dynamic molecule; it changes its conformation
to function. So, to better understand the protein, we need in-depth information about its mechan-
ical properties. Over decades, using force spectroscopy experiments, new tools and techniques
have emerged to study the mechanical properties of biomolecules, such as AFM and optical and
magnetic tweezers.

Recently, the viscoelastic behaviour of a single protein has been measured using Interferometer-
based AFM via dynamic force spectroscopy experiments [8]. It was done for frequencies from
400 Hz to 2 KHz. The study shows the protein 127 having a transition state between its native and
unfolded state

High-speed AFM allows us to go beyond these frequencies and speeds. We can see how the vis-
cous and elastic response changes over frequencies ranging from 2 kHz to 100 kHz and make

some observations by the results. The method to measure the viscoelasticity by interferometer-
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Figure 1.6: Figure showing seven 3-strands of titin 127 molecule. source: ( https://www.rcsb.
org/structure/1TIT)
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based AFM is well developed [8]. I want to find a method to measure the same on High-speed
AFM and compare the results with those that of already been calculated.
So my objectives of this project are as follows:

1. Perform experiments on Interferometer Home-built AFM and calculate the viscoelasticity

with the already established model of dynamic force spectroscopy.

2. Perform dynamic force spectroscopy experiments in High-speed AFM at much higher frequencies(2-
100 kHz).

3. Eshtablsih new method to calculate the viscoelasticity from the data

4. Compare the two data to conclude the result.

1.5 My work

We have to perform dynamic force spectroscopy experiments on the proteins to measure the vis-
coelastic behaviour of the 127 protein at different frequencies. For this the polyprotein of 127
(x8domains) was purified from the plasmids. I have chosen a robust way of immobilising the
protein on the sample surface and pulling it from a specific site using the interaction of co-
hesinllIl/dockerin. Functionalization of the protein provides repeatability of experiments and fixes
the reaction coordinate for each pulling event.

My work was a collaboration between the lab of Dr Shivprasad Patil, IISER Pune and Dr Felix
Rlco, Aix Marseille University. In the first three months of my project period, I worked with Dr
Patil to repeat the results of viscoelastic measurements done earlier[8] and later, with Dr Rico, I
would do dynamic force spectroscopy on the same protein at higher frequencies using High-Speed
AFM. My main goal of this thesis is to devise a way to calculate the viscoelasticity of the folded
domain of a single protein at higher frequencies.

To measure the viscoelasticity of the folded protein, we have to calculate the energy dissipation
of the protein when sinusoidal stress is applied to it. Due to the protein interaction, the strain
response of the protein changes its amplitude and phase. The protein is modelled as a simple
Kelvin Voight model. The equations of Kelvin Voight’s model are solved to calculate the effective
stiffness(k) and internal friction(y). But to achieve this, we need to measure artefact-free am-
plitude and friction. Hence, we suggest doing the small amplitude off-resonance measurements.
Interferometer-based AFM has a great advantage in the small amplitude off-resonance regime as it
measures the displacement of the cantilever rather than the deflection, which will be very small. In
interferometer-based AFM we use lock-in amplifier which us the change in phase and amplitude

which are the observables of the experiments. These observables are then used in the calculation of
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viscoelasticity. Similarly, we will have to calculate the amplitude and phase change of the applied

oscillations and the stress response to calculate viscoelasticity.
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Methods and Materials

2.1 Protein purification and Functionalization

Titin is the larges known polyprotein(m.w. ~ 3MDa, size ~ 1 um). The I-band of titin is respon-
sible for the passive elasticity of the muscles. The I-band of titin comprises mainly two tandem
immunoglobulin-like(Ig) segments with a small PEVK segment. There are 200 IG domains in the
I-band. 127 is one of those IG domains. It is a globular protein with 89 amino acids.[15] It has
seven f-strands. It is well-studied in the literature, and that is why we are choosing it as a standard
for comparing our results.

We want to do the specific pulling of the protein for our experiments. This means we want to im-
mobilise the protein from a specific site (N or C terminus) to the surface and pull the construct from
another construct with the cantilever. Our construct has 8 repeats of titin 127 domain with dockerin
complex covalently immobilized via ybbr peptide. The 8 domains were cloned with ybbr tag at the
N-terminus and dockerin at the C terminus. On Cantilever cohesin III is attached via maleimide

and APTES. The cohesin I1I/dockerin bond formation is used for the specific pulling of the protein.

Purification of Protein

Protein, one of the most singular fundamental components of the cell, is periodically syn-
thesized through translation via ribosomes of the functional genetic code of any living cell, the

messenger RNA. Hence, it should come as no surprise when we can excruciate the same process
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for an independently expressing plasmid by utilizing a cell’s translational machinery at a time
in synchrony with the cell’s own translation period. This is exactly what we did with our vec-
tor(PET28a(+)) containing our protein of interest as a gene, which can be accommodated into a
translational reading frame (see Vector Diagram for more specifics) with the gene’s very own start
and stop codon. This was done until the protein was expressed in plentiful amounts within the cell
so as to ease further the process of the protein’s actual biochemical purification.

Expression System

For this purpose, the host was chosen as the BL21 DE3 E. coli cells, which are prokaryotic in
nature were perfect for accommodating our expression vector PET28a (A prokaryotic expression
vector), which expressed one particular domain (I-band repeat number 27) of a eukaryotic protein,
Titin in 8 consecutive homologous repeats, that didn’t require any post-translational modifications
to fold correctly into it’s native state. Our host of choice had very low codon bias, i.e., its transfer
RNAs didn’t have rare anticodons against our gene.

Protein Expression and Purification

 Following the "Heat shock™ protocol, our plasmid was transformed into the BL21 host and

then incubated in an incubator at 37 C for a few hours to recover.

* Aseptic culture transfer was performed periodically from the tube to Luria Broth agar plates
so as to get isolated pure cell culture. This was done along with adding the Antibiotic against
which our plasmid is resistant (Kanamycin in the case of Titin) to ensure any foreign bacteria

and even untransformed cells couldn’t survive and show up in the culture.

* This culture was then transferred into a pretty large 1 ml Luria Broth and then transferred
into the incubator for the growth of the cells. They were grown until their O.D 600 (Opti-
cal Density at 600 nm) reached 0.6 (the late log phase of the bacterial cells). At that stage,
they were induced with IPTG (Isopropyl-f-D-thiogalactopyranoside), which basically in-
duces the transcription of our gene of interest and its subsequent translation to the protein of

interest.

* The expression of the protein was allowed to occur overnight inside the incubator, after
which they were taken out and centrifuged, and the supernatant was discarded. The pellet
containing the cells was dissolved in 1X PBS to reconstitute, and this mixture was again
centrifuged. The pellet from the second round of centrifuge was dissolved in Buffer A
(20 mM HEPES, 500 mM NaCl) and sonicated under high frequency in order to lyse the
cell membranes and the cytosolic contents (Including our protein) could come out (Note:
A Protease inhibitor PMSF was added to prevent degradation of protein from an external

protease).
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» Along with this, an empty PD10 column was washed thoroughly with SDS detergent, ethanol
and MilliQ and then finally loaded with Ni 2+ -NTA beads with a micropipette (mouth of the
tip cut) and a plunger (Our protein contains 6*His residues at its N-terminus, which acts as
a ligand for Ni 2+ -NTA, is present in the column so that only our protein gets immobilized

while the rest gets washed away).

 After incubation, the column was thoroughly washed with Buffer A (As our protein is dis-
solved in the same Buffer) for 5-7 times in a similar manner by using a plunger and a mi-
cropipette, following which the sonicated cellular lysate was centrifuged in an Oakridge
flask (This was done so as to ensure the soluble protein got separated from the cellular de-
bris) following which the supernatant was collected and subjected to Ni 2+ NTA affinity

chromatography by incubating it within the already washed column.

* Then, using the micropipette and plunger, the flow-through containing non-specific proteins

was collected and discarded during the washing.
Protein Quantification and Storage

After this, an elution buffer was prepared by dissolving Imidazole to the appropriate con-
centration within Buffer B (20 mM HEPES, 150 mM NaCl). An elution buffer acts as a
chemical remover of our protein of interest from the stationary column by competing for
chemical interaction with the same column (Ni 2+ NTA in this case) with the protein of
interest. The imidazole ring is the central hydrocarbon ring within Histidine, which inter-
acts with the column, and henceforth its only through a solution of excess Imidazole that
these non- covalent bonds between the Column and our Protein is broken. These elutes are

collected in a same falcon tube, giving a net volume of 2.5 ml in the end.

* Now, in order to measure the concentration of our protein, we took a diluted solution of this
fraction in Buffer B and a Blank containing the same volume of Buffer B, and then we mea-
sured their Absorbance at 280 nm. Through this Absorbance, we calculate the concentration

of the protein by using. Beer-Lambert’s law:-

A=FExcxl 2.1

where A = Absorbance( has no units, since its a ratio)

E = Molar Extinction Coefficient(M 'cm=1) L = Length of column ( in cm)

* Now, to further concentrate this protein, it was Dialysed against the same concentration of

Buffer B( Dialysis is a process through which excess salts and ions dissolved along with an
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organic substance is removed through the process of Diffusion from a region of their higher
concentration to a region of their lower concentration through a semi-permeable membrane
through which only small salts and ions can pass through).

In our case, the Dialysis was done against 150 mM HBS( Buffer B) to get rid of the imidazole

from the eluted fraction.

* Now, finally, our proteins final concentration was measured using the same aforementioned
method, and then stored in 10 Nitrogen at -80 C.

So, finally, the concentration of ybbr-(titin-127)x8-dockerin is ~ 4 uM in 25 mM Tris pH 7.5,
150 mM KCl, 5SmM CaCl,. The Coenzyme A is at 20 mM in coupling buffer 50mM Nay POy,
50 mM NaCl, 10 mM EDTA at pH 7.2. Coh III is at ~ 100ug/mL ybbr-Cohesin-III in 20 mM
Hepes-NaOH buffer pH 7.5, 1 mM MgCI2. We have Sfp at 10 uM in 50 mM Hepes, 10 mM
CaClz.

2.1.1 Functionalization of Protein

Pulling proteins with non-specific binding has many drawbacks. The efficiency of the events per
cycle is very low (< 1%), and with non-specific binding, we do not have much control over where
the protein is getting pulled. So to tackle these issues and to increase the reproducibility Func-
tionalization of protein. One of the robust method of functionalizing proteins for HS AFM is
established by using dockerin/cohesin III complex [26]. The interaction of this ultrastable dock-
erin/cohesin III complex can withstand force up to 300 pN, which is higher than the unfolding

forces of most protein domains. Below, I will explain the functionalization process in detail.

1. The cantilevers and Glass coverslips were cleaned with acetone for 10 minutes.

2. The coverslips were immersed in Piranha solution(3:1 of H,SO, : H;O;) The Piranha Solu-
tion was washed off by sonicating the coverslips in Acetone, Methanol, and then Milli Q for

5 mins each. The surfaces were dried off with a dry flow of Argon.

3. The coverslips and the cantilevers were UV cleaned for 15 mins.

Explanation: Piranha cleaning and UV-ozone cleaning cause the Oxidation of all the con-
taminants, and it also activate the glass surface to create Si-OH groups, which create an ideal

surface for silanization using ATPES((3-Aminopropyl)triethoxysilane)

4. They were dipped in 5% APTES solution in Ethanol(pure). Explanation: In the Silanization
reaction, the Si-OH group of APTES and Si-OH of the glass surface reacts to form Si-O-Si
bonds in the presence of 99.9% Ethanol.
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. The Cantilevers and the coverslips are then rinsed properly with 99.9% Ethanol to wash off

unattached APTES.

Then cantilevers and the coverslips are baked in the oven at 80°C for 1 hr. Immediately after
this, they were immersed into Sodium Borate buffer in incubation at 4°C overnight. Expla-
nation: Baking and keeping them overnight in alkaline conditions causes the deprotonation

of the amine group of APTES which would later help in the attachment of other linkers.

Day 2

. They were rinsed 5 times with Milli Q.

They were incubated in SmM of NHS-PEG-Maleimide for 1-2 hrs. Explanation: The NHS
group in the linker would react with the amine group in APTES and the PEG-maleimide will
attach to APTES via an ”’-NH-" bond, which leaves out NHS in the process.

. Rinsed again 5 times in MilliQ. And then incubated in 20mM of Coenzyme A dissolved in

coupling buffer(50 mM Na;POg4, 50 mM NaCl, 10 mM EDTA pH 7.2 ) for 1 hour at room
temperature. Explanation: This step ensures the attachment of Coenzyme A to the entire
linker, via the;] ‘thiol-maleimide’ coupling reaction between the ‘SH’ group of Coenzyme A

and the ‘NH’ group of maleimide via the Michael addition reaction.

Cantilevers and coverslips were rinsed 5 times in Milli Q and now they are ready for protein

attachment.

For Coverslips: Incubated in varying concentrations of titin(from 8§ uM to 30 uM), in
reaction buffer 50 mM Hepes-NaOH, pH 7.5, 20 mM MgCI2 and ImM CaCl2 in presence
1uM Sfp for 1 hour at room temperature for 2 hours.

For Cantilevers: Incubated in varying concentrations of Cohlll(from 8 uM to 30 uM), in
reaction buffer 50 mM Hepes-NaOH, pH 7.5, 20 mM MgCI2 in presence 1uM Sfp for 1
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Figure 2.2: Molecular structures of NHS-PEG-Maleimide and Coenzyme A

hour at room temperature for 2 hours. Explanation: Both the constructs of Titin and CohlIII
contain a ybbr sequence at their N-terminus. This sequence is a peptide that is specifically
targeted by the Sfpl enzyme for attachment with CoA-R( The ‘R’ in this case is the entire
linker described so far). This reaction causes attachment of the functional group ‘R’ with
the ybbr sequence along with the entire protein, leaving out CoA in the process. This is how

Titin and Cohlll get immobilized with the linker onto their respective surfaces.

12. After this the cantilevers and the coverslips were rinsed with PBS(pH 7.2) 5 times and then
stored in PBS till the experiment.

2.2 Atomic Force Microscopy

Atomic Force Microscopy(AFM) is a type of scanning probe microscopy (SPM). In SPM,a sharp
probe is used to interact with the sample, and a change in some parameters is utilized to extract the
sample properties due to that interaction.

In AFM, a micro-cantilever is used as a probe. One end of the cantilever is fixed, and the other
end has a tip that is made to interact with the sample(Fig.2.4). The interaction causes a deflection
in the cantilever, which a detection scheme detects. When the deflection is small, the cantilever
behaves like a Hookean spring. According to the application, the AFM is used in different modes.
Static Mode: Also known as contact mode, the cantilever continuously stays in contact with the
surface, dragging the tip along the path and taking the deflection of the cantilever to adjust the

distance from the surface to maintain constant deflection.

Dynamic mode(dAFM): Also known as tapping mode, where the cantilever oscillates with a
frequency and the interaction with the sample causes a change in amplitude, frequency and phase.
According to the feedback parameter, there are two types of dAFMs, Amplitude modulation(AM
dAFM) (where a change in amplitude is used for the feedback mechanism) and Frequency modu-

lation(where a change in frequency is used for the feedback mechanism)
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Figure 2.3: Schematic of Polyprotein ybbr-(titin-127)x8-dockerin with ybbr tag at the N-terminus
and dockerin at the C terminus. On Cantilever cohesin III is attached via maleimide and APTES.
The cohesin I1I/dockerin bond formation is used for the specific pulling of the protein
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Figure 2.4: Schematic of AFM where laser is used to measure the cantilever deflection. When there
is a small deflection in the cantilever, it causes the change in the laser position on the photodetector.

2.3 Commercial AFM

A commercial AFM has five major elements: detection system, cantilever tip assembly, can-
tilever/sample motion controller, feedback circuit and data acquisition. We have used JPK Nanowiz-
ard II for some calibrations and protein concentration optimization.

In commercial AFM, a laser is used to measure the deflection in the cantilever; this is known as
optical beam deflection detection method. The laser is aligned on the back of the cantilever, as
shown in Fig.2.4. With the help of an adjustable mirror, the beam is reflected on a four-quadrant
position-sensing photodetector. The photodetector senses the vertical and horizontal motion of
the cantilever. The photodetector’s output voltage signal changes correspond to the cantilever’s
deflection. The optical sensitivity of the detection system is measured by taking a force curve on
a hard surface. If the surface is clean and there is negligible indentation on the surface then the
force curve (deflection in V vs base position) should be linear. The inverse of the slope of this
linear fit will be the optical sensitivity. Therman noise method determines the force constant of the
cantilever in the commercial AFM [13]. This method is based on the equipartition theorem. When
the cantilever is in equilibrium with its surroundings, the average value of each quadratic term in
Hamiltonian is given by: |

1
—k. <72 >= —kgT 2.2
2C<Z> 2B ( )
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where Kg, T, k., < z2 > are Boltzmann constant, absolute temperature, force constant of the can-
tilever, and mean square displacement, respectively. Here < 7> > (¥ < z2 >) (fig 2.5 ) is the sum
of the mean square displacement corresponding to each eigenmode; this can be estimated by mea-
suring the power spectral density (PSD). We can apply Lorentzian fit to the fundamental frequency

mode by in-built functions, which will calculate the k.

2.4 Home built interferometer based AFM

Just like the commercial AFM, our Home-Built AFM also has five major parts 2.6:
1. Displacement detection system
2. The cantilever tip assembly
3. Cantilever and Sample motion controllers.
4. Feedback circuit
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Figure 2.6: Schematic of home-built AFM.The magnified portion shows the alignment of the opti-
cal fibre parallel to the back surface of the cantilever.

5. Data acquisition and the display

The home-built AFM uses a displacement scheme instead of deflection detection. The advantages

of using displacement detection are discussed in detail in later chapters.

2.4.1 Displacement detection system:

The alignment of the optical fibre on the cantilever’s back surface is done with the help of inertial
nanopositioners. This creates a Fabri-Perot cavity between the cantilever surface and the cantilever
cross-section. The aligned end of the optical fibre acts as a partly reflective mirror. The partly
reflective mirror is prepared by first cleaving one end of the 9um diameter optical fibre with a high
precision cleaver and then dipping in a metal-organic solution of Zitanium-(1V)-ethylhexoxide and
p-xylene with 1:2 weight ratio and then the end is flashed above a Butane torch. It makes the end
of the optical fibre ~ 25% reflective. An infrared laser(A =1310nm) other end of the fibre is passed
through the fibre, which partly reflects back from the prepared end and partly transmits through;
this transmitted part further gets reflected from the back surface of the cantilever and then again
passing through the optical fibre. These two reflected beams(from the partially reflective mirror
and the cantilever) interfere with each other, and the interference depends on the distance between
the two reflective surfaces. The photo-diode detects the interfered laser, as shown in the figure.
2.7 The distance between the optical fibre and the cantilever is maintained constant at the point of

maximum sensitivity (Quadrature-point). This arrangement gives the resolution of orders of A.
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Figure 2.7: Figure shows partly reflective optical fibre aligned parallel to the back surface of a gold-
coated cantilever which acts as a mirror. This arrangement creates a Fabri-Perot cavity, where the
interfered laser is passed to a photo-detector, which converts the laser signal to a current signal as
a function of the distance between the mirrors.

2.4.2 Nano-positioners

The alignment of the optical fibre is done using this nanopositioner assembly, which consists of
two perpendicular plates, each held by magnets and there are three shear piezos arranged in such a
way that they provide X, Y, Z, ¢ and ¢ motions when applied logical pulses.

2.4.3 Detection Sensitivity

The photo-diode output voltage per unit displacement of the cantilever. To determine the detection
sensitivity after the parallel alignment of the optical fibre and cantilever, the optical fibre is oscil-
lated by applying 100V amplitude sinusoidal voltage to the fibre piezo while the cantilever is kept
stationary. The oscillating fibre generates an interference pattern at the photodiode. The system
plots the output voltage vs the fibre motion and we can find the maximum slope using find quadra-
ture automatcally and we can lock the position of the cantilever to the optical fibre(quadrature

point).

2.4.4 Sample Stage Movement

The sample stage consists of three components: a platform for the sample cell, the hammer and
the scanner piezo. The approach of the cantilever and the scanning is done by moving the sample
cell, which is mounted on the sample stage and has stable magnetic contact. The Hammer piezo
is used for the approach of the sample to the cantilever, and the Scanner piezo for the X, Y, and Z

movements during the experiment [20].
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2.4.5 Phase Sensitive Detection

Lock-in Amplifier SR830(Stanford, US) has been used for digital signal processing in Home-
built AFM. The cantilever is excited using diether piezo from the Lock-in Amplifier’s internal
oscillations. The detector’s output, containing the signal from the oscillating cantilever, is fed into
the Lock-in Amplifier. The lock-in amplifier then isolates and measures the amplitude and phase
of the cantilever’s oscillation. The amplitude and the phase are the observables of our experiment
and are further used to extract the properties of the sample. Phase-sensitive detection is a powerful
method used to extract a signal even if it is buried in high noise[4]. As there are two parameters
we need to extract, we need two phase-sensitive detectors(PSDs). The PSD1 multiplies the input

signal and the reference signal and gives:

Vespr = V,ViSin(fit — @) Sin(f,t — ¢,) (2.3)

T Cos((y— S+ (0= 9) — [Cos((+ S+ (0+0))] 24)

The output of Vpgp; is passed through a low-pass filter which filters out the higher-frequency

Vesp1 =

component (f;+ f,) and we are left with:

Vi Vs
2

[Cos((fs = fr)t + (95— 01))] (2.5)

Vpsp1 =

In our case, we are using the internal oscillations of the lick-in amplifier to excite the cantilever

and also for the reference signal so, f = f; then the equation 2.5 becomes:

V.V
Vpsp1 = ) [Cos((¢s — ¢r))] (2.6)
VPSDI ~X = VSCOS((])) (2.7)

where ¢ = @5 — ¢, is the phase lag between the reference and the signal.
To measure the Amplitude we use another PSD with reference signal phase shifted by 90°. Similar

to Vpsp1 the multiplied signal from Vpgp; is:
Vpspa = V,ViSin(fst — ¢5)Sin(frt — ¢, —90°) (2.8)

Following the same steps as PSD1, we pass the signal of PSD2 through a low pass filter and

we have f, = f; Vpsp> becomes:

Vesn = “[Cos((9 — by — 90°))] 2.9)
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VPSDZ ~=Y = VSCOS(¢) (210)

From the equations 2.7 and 2.10, we can calculate the Amplitude and the phase lag of the signal

A=VX?%+Y?2 (2.11)

Y
O = arctan)—( (2.12)

as:

It is important to note that we did not consider the noise in Vj as the frequencies average out to

Z€r0.

2.5 Theory of Dynamic AFM

Introduction

There are two major modes in dynamic AFM: Amplitude modulation dAFM and frequency mod-
ulation dAFM. The feedback parameters of the two modes are different, AF-AFM uses amplitude
as feedback parameter and FM AFM utilises both frequency and phase.

For viscoelastic materials, measurements of creep or relaxation are carried out for minutes or hours,
which is impossible for cases such as proteins. Here, dynamic techniques such as dynamic AFM

are used where sinusoidal stress is provided, and the response is measured.
o (t) = o,sin(ft) (2.13)
the stress-strain relation for elastic solids is:
o =ke (2.14)

where , 0, g, are the stress and the strain, and k is Young’s modulus, the strain response will
be:

e(t) = %sin( 1) (2.15)

here the strain amplitude is =2 and the response is in phase with the stress. For viscous liquids,

de o©
— = 2.16
i (2.16)
where 7 is the coefficient of viscosity, the strain response will be:
Oo Oo . T
E(t) = —cos(ft) = —sin(ft — = (2.17)
(1) = peos(f1) = sin 1= )



the strain response lags behind by Z from the stress provided.

For viscoelastic materials, the phase laf will be ¢ where 0 < ¢ < %

G() . G{) . .
e(t) = —sin(ft — ¢) = —[sin(ft)cos(@) — cos(ft)sin(§)] (2.18)
nf nf
Hence, the response is a combination of both viscous and elastic responses. To separate these
two, one needs to calculate the amplitude of the strain and phase lag with respect to the sinusoidal

stress provided.

As a result, the response combines elastic and viscous responses. Calculating the strain ampli-
tude and phase lag in relation to the given sinusoidal stress is necessary to distinguish between the

two responses.

2.5.1 Point Mass Model

This simple yet useful model describes the dynamic of a cantilever with a spring attached to a point
mass[21]. It describes the dynamic of the cantilever as a forced damped oscillator. The effective
force constant of the cantilever is represented by the spring with spring constant k ( fig.2.8). The

equation of the damped oscillator can describe the motion of the cantilever as:

d*z(t) dz(t)
a2 T dt

+kc(Z_Zo) =F (2.19)

where m = 0.25 m, is the effective mass of the point mass corresponding to the cantilever and
cantilever m., Y the cantilever’s real mass, and its damping coefficient z is the displacement of
the cantilever from its equilibrium position zg and F; is the external force on cantilever due to

interaction. This paper checks the validity of the point mass model.[21]

2.5.2 Exciatation mode

As shown in figure 2.8 one can use the two excitation schemes for dynamic force spectroscopy ex-
periments. The point mass model’s essential assumption is that the cantilever’s frequency response
is far from its fundamental mode. The cantilever’s resonance frequency from this mode is fy, k.
being the cantilever spring constant and 7}, being the damping coefficient. These parameters are
calculated by fitting a Lorentzian to the power spectral density(2.5) in commercial AFM.

Base Excitation: As shown in fig2.8(a), the cantilever’s base is excited sinusoidally with Ae'/".
The cantilever is modelled with a point mass model, with spring constant k. moving in a sur-
rounding medium with damping coefficient y.. Due to the attached sample, the cantilever feels

some interaction force F;. The force equation of the point mass can be obtained by modifying the
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equation 2.19 as:
d?z(t) dz(t)

Al —

m— =+ e +ke(z(t) —AeV") = F; (2.20)
_ dz(t

Fr=kz(t) + 7% 2.21)

m: effective cantilever mass and z is the deflection in the cantilever. For linear viscoelastic
material, we can assume the Kelvin-Voigt model; then we can write the interaction force as F; =
kz(t) + }7dfl—(tt). Here k and ¥ are the stiffness coefficient and friction coefficient, respectively. Putting

the value of F; we can write the equation 2.20 as:
mz+ (ke + &)z + (74 7:)z = keAgexp(ift) (2.22)

2.5.3 Tip Exciatation:

Similarly, for fig2.8(b) when the tip is directly oscillated with force Fye'/! the equation of motion

for cantilever (b) can be written as:

d*z(t) dz(t) i
m—a t et kez(t) — FoeV' = F; (2.23)
mz+ (ke + &)z + (7+7:)2 = keAgexp(ift) (2.24)

Here, A is tip’s amplitude due to the applied force Fy Both 2.23 and 2.24 are the equations of
forced damped oscillators and can be solved for the values of k and 7.

2.5.4 Near Resonance Measurements

For both tip excitation and base excitation the cases the equations can be solved as forced-damped

oscillators. The solution of the forced damped oscillator is well known as:
kcAO

B2 (12 4

Al = (2.25)

vf

T e (1-2)

(2.26)

where fy = \/% and y=7+7
So, in theory, if we accurately measure the A and the ¢ due to the interaction as the oscillated

frequency, we can calculate the k and 7. However, measuring the amplitude and the phase response
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Figure 2.8: Schemetic of the point-mass model in two different modes of excitations. The force
constant of the cantilever is represented by the spring constant k. and the interaction of the sample
is represented by a spring k; and damper 7; in parallel (Kelvin—Voigt model) (a) Base excitation
with Ae'/" and (b) Tip excitation with Fye'/" with help of magnetic excitation or other methods.
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without any artefact has always been very challenging. When the measurements are done on or
near resonance, it is very difficult to characterise the cantilever’s dynamic. The dynamic of the
cantilever itself dominates the pN and nm scale interaction of the protein interaction. Also, it is
very difficult to control the amplitude and predict the phase behaviour of the cantilever[19, 14, 31].
One of the solutions to this problem is directly exciting the tip by magnetic[11] or photo-thermal
[28] methods. Because of these issues, it is suggested that dynamic force spectroscopy experiments
be performed on an off-resonance regime. In the later section, we will discuss the advantages of

the off-resonance regime.

2.5.5 Off-Resonance Measurements

When working at a frequency much far below the resonance frequency of the cantilever (@0 << @)

2

the term ( — Jf—j) in equation 2.25 and 2.26 becomes 1 also, the damping coefficient of the
0

cantilever 7, is much less than that of the friction coefficient of the interaction y. Hence y = 7¥.

And the equations 2.25 and 2.26 becomes :

kcA
IA| = < 20 — (2.27)
v/ (ke +k)2 +(7f)
vf
t =— = 2.28
an¢ kot F) (2.28)
Equation 2.28 can be becomes:
- vf
ke+k)=— 2.29
(ke +F) tan¢g (2.29)
We can substitute this equation in equation 2.27, and we have:
kcA
| = — (2.30)
Va2 + (2
By solving this equation, we get the:
k.A
y ﬁ&'mp (2.31)
And
- A
k= ke (EO'COW - 1) (2.32)

Off-resonance measurements primarily aim to drive the cantilever at a low enough frequency to

cause very little inertial force and damping, allowing the cantilever to be modeled as a static system.
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If the cantilever has no sample attached, then F' ~ (A-Ag)k, where (A—Ag) is the deflection. Also,

¢ ~ 0 means no phase lag between the drive and the response.

2.5.6 Displacement detection scheme

As discussed earlier, there can be phase lag due to hydraulic damping while working with a can-
tilever oscillated near resonance. It will also be difficult to control the amplitude near resonance.
Interacting with the sample can increase the cantilever’s resonance frequency, reducing its ampli-
tude and the phase lag. This decrease in phase lag due to the resonance frequency change can
cause misinterpretation. So, it is better to reduce the phase lag due to hydrodynamic drag as much
as possible.

To satisfy the condition of true off-resonance, cantilevers with higher stiffness and good quality
factors are recommended. Figure 3.4 shows two cantilevers’ amplitude and phase plots (point mass
model). The left curves are for a cantilever with low stiffness and quality factor, and the right two
for a cantilever with higher stiffness and quality factor. Suppose we are working at a frequency
of 350 Hz (shown by a dotted line); when an additional interaction stiffness is attached to the
cantilevers(a and c), there is a significant change in the phase lag in the case of the cantilever with
lower stiffness. However, the stiffer cantilever had negligible phase lag even before the interaction
stiffness was attached. Later, there is negligible change in the phase lag due to the extra stiffness.
Also, a small amplitude is recommended to maintain the material’s linear response. So, considering
all these issues, the cantilever has a higher stiffness of 0.6-1 N/m and a high resonance frequency in
the water of 25-50 KHz, which is used in interferometer-based AFM measurements. This allows
us to reach a true off-resonance regime where the phase lag is negligible due to hydrodynamic
damping, and the only phase lag that will be observed will be due to the interaction with the
sample. The amplitude is kept around 1 nm to maintain the linear response. However, the drawback
of using a stiffer cantilever is that they also have lower force sensitivity. The change in amplitude
will be much less due to the interaction. Hence, they will have a low signal-to-noise ratio, which
is impossible to measure using the conventional deflection detection scheme(fig 2.9 ).

As I mentioned earlier, the home-built AFM uses an interferometer-based technique to measure
the displacement of the cantilever. This displacement detection scheme has a great advantage over

the conventional deflection detection used in the commercial AFM when working off-resonance.
Experiments on Home built:

After the purification of the protein, we had to decide the working concentration of the protein.
For this purpose, we performed Non-oscillatory pulling experiments on Commercial JPK AFM.
After optimization of the concentration, we decided to continue the experiments on the working
concentration of 25 u of titin 127-dockerin and 27 Cohesin.

At this concentration, we got > 20% of the curves with 5 or more unfolding events, which is
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—(Ag — A)

A{J A:Interferometer based dectection [/4[] — A }:Conventional Detection

Figure 2.9: The difference between the conventional detection(Ag — A) and displacement detec-
tion. The cantilever is excited by the base with amplitude Ao, and the tip has amplitude A; the
conventional detection measures Ao —A which has a much lower signal-to-noise ratio than the dis-
placement detection, which measures A directly.

significantly higher than that of non-specific binding(~ 1 —2%).

One of the issues I faced during the experimentations on home-built AFM is [ used Aluminium
backside coated cantilevers (k=0.6 N/m) HQ:NSC36/Au BS With fy = 65kHz. Initially, we used
aluminium backside-coated cantilevers. Still, during the experiments, we realised that the Alu-
minium coating of the cantilever is reacting with the PBS buffer and leads to the formation of H;
bubbles on the cantilevers, which removes the Al coating and reduces the sum signal of the AFM.
We tried coating the cantilevers with 4 nm Cr and 45 nm Au from the back side to resolve this.
However, that also did not work as the coating got scratched during the functionalization and ex-
periment. Finally, we used backside-coated cantilevers and functionalized them and they worked

properly on the Commercial AFM.

As discussed earlier in this chapter, the inertial nanopositioners are used to align the optical
fibre parallel to the back surface of the Cantilever. Although this alignment is done in the air Before
performing any experiment in the home-built interferometer-based AFM, we have to align the .
This alignment is done in the air. However, after functionalization, our cantilever is coated with
cohesin protein which is to be kept wet. Otherwise, the protein will denature. We had difficulty
aligning it fast enough so that the proteins in the cantilever didn’t dry. The fastest alignment we

could do was 4-6 mins, which is long enough for the protein to get destroyed.
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Figure 2.10: Plots of the solution of forced damped oscillator(Point mass model). a.)Phase and
amplitude response of cantilever with low stiffness and quality factor b) same cantilever as a) but
extra stiffness interaction is added to the cantilever stiffness. c¢) Cantilever with high stiffness and
quality factor d) same as c) with extra stiffness interaction is added to the cantilever stiffness.
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Figure 2.11: Setup of High-speed AFM
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Figure 2.12: The Aluminium of backside coated Al cantilevers reacts with the PBS buffer and leads
.to the formation of H; bubbles on the cantilevers, which removes all coating from the experiment
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To continue with the same functionalization method, we would have to reduce the alignment time
essentially.

To resolve the issue of fibre alignment, along with other issues, my lab colleagues have been
working to redesign some aspects of the home-built AFM. With the new design, we will not have
to realign the optical fibre every time we change the sample or the cantilever. In this new design
(by Hrishikesh Ingole ), the relative orientation of the optical fibre holder and the cantilever holder
is kept fixed and minute adjustments can be made using the nanopositioners.

Once we set this new design, we will hopefully be able to do the alignment quick enough.

2.6 High Speed AFM

Since its invention in 1986, continuous developments have been made to improve the AFM and
use it for many applications. It was initially used to probe hard surfaces in the air. In later de-
velopments, it was adapted for use in biological materials. There have been continuous attempts
to make it much faster. Although it could capture biological samples’ mechanical properties and
image their topography, the imaging rates were always significantly slower than most biological
processes scientists wanted to capture. The scanning rate was majorly limited by the sampling rate,
which, in turn, depended on the cantilever’s resonance frequency. The cantilever’s geometry and
dimensions decide the cantilever’s resonance frequency. For rectangular cantilever the relation of

the resonant frequency and its dimension is:

1 [k

fo=5\ (2.33)
Where k, m is the spring constant and mass of the cantilever, t, w, L are the cantilever’s thick-
ness, width and length, and E is the Young’s modulus of the cantilever material. With the tech-
nological advancement over time, the small enough cantilevers (2 x 6 ¢ m ) were made. In 2001,
Ando et al. [1] introduced the first High-speed AFM. The resonance frequency of this cantilever
was ~ 1 MHz underwater, so the Experiment could be performed at a much higher scanning rate.
They could capture live biological processes at work with much faster feedback control and nm
accuracy. With this high-speed AFM, they could capture the walking of myosin on actin at video-
speed imaging rates. Before this walking of myosin was just theorized, capturing such processes
gives much depth of these processes. The small size of the cantilever provides the capability of
using it at the order of magnitudes faster(up to mm/s) than the speeds that could be reached by

conventional AFM(~ 10um) also, we could reach frequency 100s of KHz.

For High-Speed force spectroscopy High cantilevers AC10DS, Olympus and BL-AC40TS are
used. The resonating frequency of the AC10 and AC40 cantilevers underwater is 400 kHz and 25
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kHz, with spring constants 0.09 and 0.1, respectively. The dimensions of the ACI10DS cantilever
are 9x2x0.13 um. The dimensions of the BL-AC40TS cantilever are 38x16x0.2 um.

For my experiment, [ used RIBM SS-NEX 2.13

Experimental procedure for HS AFM. I usually 4-5 Imm diameter glass coverslips and a
few cantilevers for the HS AFM. I clean the surfaces and the cantilevers and did the functionaliza-
tion as discussed in section 2.1.1. After the functionalization, the surfaces and the cantilevers are
kept in PBS(pH 7.2) until the experiment is performed. Using the surfaces and cantilevers within

1-2 days is suggested for best results.

1. After washing with alconox and milli Q thoroughly, the cantilever cell (fig 2.13c¢) is filled
with 150 ul of reaction experiment buffer(PBS).

2. Then the cantilever is screwed into the cantilever holder. This is then fixed on the top of the
inverted microscope. It gets held in its position with the help of magnets in the cantilever

holder and the stage below.

3. For the sample surface attachment with the sample stage (scanner), vacuum grease is used.
With the help of thin copper wire, very little grease is applied on the sample stage. The 1 mm
diameter coverslip is then rubbed dry with kimwipes tissue, quickly placed, and bit pressed
on the greace applied earlier. With no time delay, a 3 p/ drop is drop cast on the coverslip to

prevent it from drying.

4. After alignment of the laser on the back of the cantilever, the scanner is placed on top of the

cantilever cell as shown in fig 2.13a.

5. The cantilever calibration is done using the one-step calibration method[25], which is coded
in a MATLAB program.

6. Once the approach is made and we start taking force curves, the cantilever is oscillated
by applying a sinusoidal voltage signal to the cantilever using the external wave generator
Agilent 33500B.
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(a) HS-AFM with sample stage and can- -
tilever cell mounted . (b) Sample stage

(c) Cantilever cell.

Figure 2.13: Setup of High-speed AFM
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Part 11

Discussion and Conclusions
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Discussion

3.1 Experimentation of High-Speed AFM AFM

We used Olympus AC40-TC-C2 and Olympus BL-AC10DS-A?2 cantilevers for the high-frequency
force spectroscopy experiments. The AC40 cantilever has a spring constant (k) = 0.09N/m and
resonance frequency ~ 25 kHz in water, it has dimensions 38x16x0.2 um. The AC10 cantilever
has a spring constant (k) = 0.1N/m and resonance frequency > 100 kHz in water, it has dimensions
9x2x0.13 um. These cantilevers are suitable for our aim to go to higher frequencies and still
maintain the off-resonance regime.

With AC10 cantilever, we did experiments of frequencies up to 5 kHz and with AC10 we did
experiments of frequencies 50kHz and 100 kHz.

As discussed earlier, the HS AFM uses deflection detection, which has a much lower sensitivity

than displacement detection in the interferometer-based AFM.

3.2 Data Analysis

As discussed earlier (sec 2.4), the interferometer-based AFM uses displacement detection, unlike
the deflection detection in HS AFM. With phase-sensitive detection and a lock-in amplifier, we
directly get Amplitude(A) and Phase(¢) changes of the given oscillations as experimental param-
eters in the case of interferometer-based AFM. We can then solve the equations 2.31 and 2.32 to

get k and 7. On the other hand, we use deflection detection, so to use the same method to calculate
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k and ¥, we have to extract Amplitude(A) and Phase(¢) changes from this data.

First, I converted the deflection signal into Force vs time data with the help of existing Python
code. I Fourier transformed the data from the time domain (??) to the frequency domain (fig.
3.1). In the figure 3.1, the measurements are done at 5 kHz, as we can see the peak at that exact
frequency. Other than that peak, everything else is noise. The signal-to-noise ratio is less. So, we
can get the amplitude data from Fourier and transform the deflection data. However, getting the
phase change from the deflection data is hard. Without the A and ¢, we can not calculate k and
¥. Also, the Fourier transformation is for all data of a single force curve, so we do not get any

event-specific details from the Fourier-transformed data.

So, the same method to calculate the k and ¥ can not be applied to the deflection data we got
from HS AFM; hence, we had to consider other possible methods to calculate the viscoelasticity
from deflection data.

One of the ideas we got from the work done by Rigato et al. [23]. In this work, they studied the
microrheology of cells and calculated the complex shear modulus G*.

In this work, the cells are indented at several different frequencies, and the G* is calculated for all
of them.

When a pyramidal cantilever tip is intended into a surface such as a cell, the Force-indentation

relation is given by:
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_ 3Etan¢

F= 4(1 —2) G-1)

where E is the elastic modulus, & = z* —zc — d is the indentation, and v is the Poisson’s ratio.

The shear modulus and Elastic modulus are related to the equation:

E(1—v)
2

We can substitute equation 3.2 into 3.1, and we can Fourier transform the whole to go into the

G= (3.2)

frequency domain and we get:

_ (F-FR)(1-v)
= 351an9 (5 — &) G-

Here F(®) and &(®) are now in the frequency domain.

F(o)
Gx o< m (3.4)

Where
Gx=G1+1iGy 3.5

Here G| and G, are Shear storage and shear loss moduli. G* represents the viscoelasticity

property of a material.
(1-v)

In equation 3.3 the 5 5 depends on the geometry of the cantilever. So So if we calculate the

force in the frequency domain and find its ratio to the extension in the frequency domain(which is
indentation in the case of cells) it will be equivalent to some K*
F(o
K*:Kl—i—zKZoc% (3.6)
Where K1 and K2 will be some elastic and viscous modulus. We would have to find the exact
equation relating to these terms.
So, we can not directly measure the amplitude and the phase change due to the interaction. We
convert the F(t) into frequency domain F(®).
I am taking the raw force curve files and converting the force from the time domain to the frequency
domain to somewhat relate the ratio of F(w)/d ® to some K*
Where K* might be some complex elastic modulus.
Till now I have collected Data using two cantilevers AC10 and AC40 at frequencies SkHZ,
10kHZ, 5S0kHZ and 100kHZ.

I will follow the same idea and try to draw some conclusions from the pattern we see in the
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Figure 3.2: Plots Deflection in nm with soothed using savitzky window length = 1001, and peak
detected

unfolding events of force curves.
After correcting the force and calculating the extension by data analysis, I Fourier transformed

the force and the extension in Windows of 5 ms. I plot the K* comparing it with force as in Fig. 3.3

3.3 Conclusion

From the experiments done on the Interferometer based AFM, the direct values of force constant
k and internal friction ¥ can be measured and have been in past study [8]. Viscoelasticity can also
be estimated using the concept of Complex shear modulus, such as done in [23] on cells. We will

further analyse our data for different frequencies and estimate these values.
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