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ABSTRACT

STUDY OF BINDING INDUCED MECHANICAL STABILIZATION OF PROTEINS
USING A SINGLE MOLECULE APPROACH

by

Narayan Prasad Dahal

The University of Wisconsin-Milwaukee, 2021
Under the Supervision of Professor lonel Popa

Proteins operating under force are involved in several biological processes and perform
multiple roles. While the structures and roles of numerous proteins are ubiquitous, their
involvement in binding-induced stabilization is currently poorly understood. Most protein
systems operating under force interact with their binding partners in a force-dependent
manner. Such systems are related to bacterial adhesion, cellular mechano-transduction,
and muscle contraction. With a goal of understanding mechanical stability induced
through ligand binding, | used single-molecule magnetic tweezers to study several protein
systems. This approach involves protein engineering and hetero-covalent attachment
chemistry, which, combined with magnetic tweezers, allows us to characterize the
unfolding response of single proteins at piconewton forces, over extensive periods,

approaching several hours-per-molecule.

In this dissertation, | present the findings from three different protein systems
focusing on the mechanical stabilization of proteins when interacting with their ligands.

First, | explore how bacterial protein L tunes its mechanical stability when binding to its



antibody ligand. From the change in mechanical stability of protein L in the presence of
antibodies, | determine the binding constant of mechanically reinforced states. | found
that the low avidity binding site acts as a mechano-sensor, suggesting a physiological
role for this binding interface. Secondly, | delve into talin, a major player in cellular
mechano-transduction, and explore how it interacts with a regulatory ligand, Deleted in
Liver Cancer-1 (DLC-1), under force. | found the R8 domain of talin is exhibiting folding-
unfolding transitions at physiological forces. Interestingly, | also found that the interaction
of talin with DLC-1 increases the mechanical stability of R8 domain and prevents its
mechanical unfolding. This behavior suggests that the binding of R8 with DLC-1 is
stronger than previously thought, thus explaining its role as tumor suppressor. Finally, |
investigate how a mutation known to trigger cardiomyopathy in humans affects the
mechanical stability of Myosin Binding Protein C (MyBP-C) and alters its interaction with
actin. From mechanically unfolding and refolding MyBP-C, | found that the mutation
weakens this protein and decreases its folding force. Also, | show that the mutation
hampers the binding of MyBP-C through its ligand actin. These two differences between
wild type and mutant emphases importance of MyBP-C in regulating the cardiac muscle

activity.

Overall, this dissertation aims to define the biophysical principles involved in
protein-ligand association, which have profound effects on the stability and function of the
protein substrate. My results on mechanical response of proteins enhance our
understanding on how protein unfolding and refolding in vivo, correlate with ligand

binding, might play a gain-of-function role.
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1. Introduction

1.1. Protein folding and stability

Proteins perform multiple roles in several biological processes that are necessary for the
functioning of living organisms. The diverse functions of proteins lie in the chemical nature
and spatial arrangement of amino acids inside their structure (Finkelstein and Galzitskaya
2004). Proteins have sequences formed from 20 different amino acids arranged in a
polypeptide chain. These structures give proteins their functions. All 20 amino acids are
linked together through the peptide bond formed between a positively charged amine (-
NH2) and a negatively charged carboxyl (-COOH) functional group with a side chain (R
group) unique to each amino acid (figure 1.1, A). Proteins form their structure due to the
interaction of amino acids with each other and their environment through protein folding.
Protein folding is defined as the process through which proteins acquire a specific three-
dimensional (3D) structure that allows them to perform their functions. This unique protein
structure is generally divided into four levels of organization: primary, secondary, tertiary,

and quaternary.

The primary structure of a protein is a unique linear sequence of amino acids
forming a polypeptide chain. In this structure, all the amino acids are linked to each other

in a linear chain through peptide bonds.

The secondary structure of protein is formed by the interaction between the
neighboring amino acids in the primary structure with hydrogen bonds. It consists of

alpha-helices (a-helices) and beta-sheets (B-sheets). An a-helix represents the twisting



of a polypeptide around itself along the backbone (Pauling 1992). The -sheet is formed
by hydrogen bonding between regions of adjacent amino acids to each other, running in
the same or opposite direction, which are known as parallel or antiparallel 3-sheets,

respectively.

The tertiary structure of protein is formed along the polypeptide chain from a-
helices, B-sheets, and unstructured regions. The stability of the three-dimensional folded
tertiary structure is given by the hydrogen bonds, sometimes disulfide bonds formed by
oxidation of thiol groups between cysteines, and the hydrophobic effect. Because of these
stabilizing effects, proteins mostly remain in their folded structure and can perform their
function. The folded configuration is also called the native state. This folded form of
protein which is essential for establishing binding sites, brings different structures into

proximity for interaction (Shoemaker et al. 1987).

The quaternary structure of a protein is the arrangement of multiple folded protein
subunits in a multi-subunit complex. The quaternary structure is stabilized by the non-

covalent interactions and intramolecular disulfide bonds.

The structure of proteins have three main fundamental effects on their mechanics: (i)
all proteins have their well-defined unique three-dimensional structure (Perutz et al.
1960); (i) proteins are capable of organizing themselves into their native structures
spontaneously in a suitable environment (Gutte and Merrifield 1969), and (iii) the native
or folded state of the protein is separated from the unfolded state by small barriers which

act as funnel, driving the protein in its native state (Lin and Zewail 2012).
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Figure 1.1. Schematic of a peptide bond, an unfolded peptide, and native
folded structure of protein chain. (A) General structure of protein showing regular
polypeptide backbone (NH-CH-CO)i with various side groups (R1,R2, . . . ,Ri),
whose sequence in the chain is different for each protein (as established by Sanger
in 1950s). NH groups of the backbone can form hydrogen bonds with CO groups of
the other amino acid residues. (B) A polypeptide linear chain of amino acids forming
the primary structure of protein as a polypeptide. (C) Schematic of a three-
dimensional folded structure of B1 domain of protein L containing an a- helix and
three B-strands [PDB: 1HZ5].



The covalent peptide bond between the amino acids forming the polypeptide chain is
realized by the ribosome. Folding a polypeptide into unique secondary and tertiary
structures is a thermodynamically driven transition (free energy decreases) due to the
collapse of the peptide chains and interactions between amino acids and solvent. The
most important types of non-covalent interactions involved in molecular stabilization
shaping the protein structure are hydrogen bonds, Van der Waals interactions,
electrostatic interactions, and hydrophobic effect (Raicu and Popescu 2008). Hydrogen
bonds are formed between amine and carboxyl groups of the polypeptide chain and also
with water molecules. Van der Waals interaction, caused by the electric polarization
induced in each molecule by the presence of other molecules, also helps to stabilize the
protein structure. The electrostatic interaction between charged residues is also important
to stabilize the protein. For example, the positively charged amino acids interact strongly
with negatively charged amino acids to form salt bridges. Another central aspect that
stabilizes the protein is hydrophobic effect. Hydrophobicity is the physical property of a
molecule to remove nonpolar amino acids from solvent, minimizing their exposure to
water, and burying them in the core of the protein molecule (Pace 1992; Kumar, Wolfson,
and Nussinov 2001). Finally, only discovered in 2007 (Kang et al. 2007), some proteins
have adjacent positively charged lysine and negatively charged aspartic/ glutamic acid

that can form an intramolecular lysine-asparagine isopeptide bond.

Under physiological conditions, the functional behavior of a protein depends on the
specific three-dimensional structure of the chain. The most biologically active proteins
form a folded structure with minimum energy, referred to as the native state. Changing

the conditions, for instance, by applying mechanical force, disrupts the non-covalent



interactions, making a protein lose its native conformation. As soon as the protein is
denatured by force, it becomes a polypeptide chain. Experimentally investigated protein
folding pathways show that the majority of proteins can be represented by a two-state
transition. Such pathways of unfolding events can be measured as an equilibrium process

involving two states, native (folded) state and unfolded state.

Unfolding

N Equilibrium force U

Refolding

Figure 1.2. Representation of unfolding and refolding transition at equilibrium

force.

N and U represent the native and unfolded state of protein following the two-state
transition in the diagram above. For some proteins, under certain conditions, the multi-
state unfolding events can be observed when conformations are neither fully folded nor
fully unfolded (Christensen and Pain 1991). This partially developed intermediate state
is known as the “molten globule” state. The molten globule state is formed by the sudden
hydrophobic collapse of sidechains inside the protein, providing a native secondary
structure but fluctuating tertiary structure (Ptitsyn 1987; Kuwajima 1989). This type of
unfolding transition due to the applied force includes quantitative information about the

stability of protein.



1.2. Mechanical response of protein to force

Once unfolded, a protein becomes a polypeptide chain, which follows the laws of polymer
physics. This extension of the unfolded peptide depends on force, the number of amino
acids forming the polypeptide chain under tension, and the stiffness of the chain. So,
unlike the two-state representation at equilibrium (figure 1.2), under force, the peptide
chain extends to a new extended state, several nanometers away from the native
structure (Berkovich et al. 2010). After crossing the energy barrier, the extension of the
unstructured polypeptide chain shows a nonlinear behavior as a function of force that can
be predicted from standard polymer elasticity models, such as the freely jointed chain

(FJC) and the worm-like chain (WLC). These models relate the end-to-end length of

elastic polymer (x) to the entropic force (F) (Marko and Siggia 1995).

The freely jointed chain model gives the extension as a function of force xp;c(F)

(Derivation in appendix Al),

xp;c(F) = L {coth (%) — M} .............................. (1.1)

Where b is Kuhn length which is defined as the length of rigid monomers that are free to

rotate in forming a polymer, L is the contour length, Kj is the Boltzmann’s constant, and

T is the absolute temperature.

The worm-like chain model relates the force Fy,-(x) with extension (Derivation in

appendix A2),



KpT 1 1
FWLC(X) = z {4(1—%)2 + Lic - Z} ............................. (1.2)

where p is the persistence length that gives the rigidity or stiffness of the polymer, Kz

is the Boltzmann’s constant, T is the absolute temperature and L. is the contour length

defined as the length of maximum possible extension when infinite force is applied. In
general, the end-to-end full length of polymer asymptotically converges towards the
contour length when the force increases to high values (> 100pN) (Rief, Gautel, et al.
1997; Bustamante et al. 1994). The comparison of polymer elasticity given by the WLC

model and that provided by Hookean spring is shown in figure 1.3.

Worm Like Chain

= === Hookean Spring

Force (pN)

Extension (nm) L.

Figure 1.3. Worm-like chain model showing the nonlinear behavior of
extension of an entropic polymer elasticity as a function of force. This model

describes the protein becoming an unstructured polypeptide chain after crossing the
barrier.



1.3. Mechanical unfolding of a protein

The study of force dependence of protein folding, unfolding, and binding is significant in
exploring the physical mechanism of protein dynamics especially for proteins that operate
in vivo under a mechanical perturbation. Under the stretching force, the data from a single
protein provides a view that helps to develop theories on protein structure and folding

dynamics statistics (Fernandez 2010).

In single-molecule force spectroscopy, the pico-newton range of a mechanical
force is applied to observe the dynamics of a single protein molecule. The force applied
to a protein molecule can have two effects on it, as shown in figure 1.4. First, it lowers the
energy barrier between folded and unfolded minima, causing a decrease in the height of
unfolding minima with respect to the folding minima. The energy-reduced due to this effect
would be equal to the product of experienced force and distance to the transition state.
Secondly, the applied force determines the final extension when protein becomes
unfolded, as discussed previously in section 1.1. This extension depends not only on
force but also on the number of amino acids forming the polypeptide chain and the

stiffness of the chain.

Depending on applied force, the protein molecule remains in a native (folded state)
or unfolded state. These states can be characterized by the energy landscape projection
of protein folding/unfolding obtained following the mechanical stress response (Valle-
Orero et al. 2015). The effect of force on energy landscape projection shows how the

force drives the unfolding and extension of protein.



W

Free Energy

End to End Extension

Figure 1.4. Schematics of the behavior of mechanical unfolding of protein. (A)
Native, folding Intermediate (collapse) and unfolded (polypeptide) states. (B) Applied
energy lowering the barrier between the folded and unfolded states. The effect of
force on the free energy landscape projection showing how force drives the unfolding
and extension of protein domain. At low (zero) force (black curve), the native state
has minimum free energy, and the protein remains folded. The applied high force
(blue dotted curve) lowers the free energy of transition state (energy barrier) with a
value equal to the performed work (product of force F and distance to the transition
state Ax) and lowers the free energy of the unfolded state relative to the native state.
The distance to the transition state measures the force dependent rate of change of

folding and unfolding [Adapted from: (Popa and Gutzman 2018b)].

At low (zero) force, the low free energy at the native state keeps protein folded.
When force is applied, the energy barrier between the folded and unfolded states is
lowered, which increases the probability of crossing to the unfolded state (Valle-Orero,

Rivas-Pardo, and Popa 2017). The height of this barrier can be determined from the

9



kinetics of unfolding as a function of force. The mechanical unfolding of a single molecule
gives a well-defined reaction coordinate as an end-to-end extension between the two
pulling points. For a two-state system, the sum of the distances to the folding and
unfolding transition state equals the total end-to-end extension of the molecule (Li et al.
2006). The end-to-end extension can be determined once the molecule crosses the

barrier between folded and unfolded states.

The peak of the energy barrier separating the folding and unfolding states along
the reaction coordinate (end-to-end extension) is known as the transition state (Bicout
and Szabo 2000). Force lowers the energy of the barrier with a value equal to the
performed work (F = Ax), where F is the force experienced and Ax is the distance to the
transition state (Bell 1978). Here, the rate of protein folding/unfolding dependent on the

applied force can be described by an Arrhenius term.

_ AGy—FxAx

r,(F) = Ae  ¥BT = ryexp ( I;::;) ...................... (1.3)

where, 1y, is the extrapolated rate at zero force, F is the applied force, Ax is the distance
to the transition state from the unfolded state, Ky is the Boltzmann’s constant, T is the
absolute temperature and AG,, is the free energy between the folded and transition state
in the absence of force (Derivation in appendix A3). The distance to transition state along
the reaction coordinate, Ax,,, and can be measured by fitting the slope of the observed

rate, which depends on the applied force, to the linear Arrhenius term (Bell 1978).
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1.4. Protein-ligand binding induced stabilization

Binding grooves (pockets) are regions used by proteins to attach and form complexes.
Typically, the larger protein is referred to as substrate and the small one as ligand. Since
these regions involve exposed hydrophobic sites, it is expected that a substrate in
complex with its ligand is more stable than its parts. Binding-induced mechanical
stabilization might play a key role in proteins involved in bacterial adhesion, cellular
mechanotransduction, and muscle contraction. Ligand binding can have a profound effect
on the stability and function of a substrate protein. Several established methods use the
co-localization between ligand and substrate to measure protein binding. Apart from being
subjected to false positives, these methods do not report how binding affects the
mechanical stability and function of the substrate protein. A single-molecule assay using
the change in mechanical stability to measure ligand binding was first reported for NuG2
protein, which can bind its ligand without inducing structural changes (Cao et al. 2007).
While using statistics from different protein molecules pulled at a constant speed, the
authors demonstrated mechanical reinforcement upon ligand binding. Sugar ligand
attaching to maltose-binding protein was also shown to induce a partitioning and change

in the mechanical unfolding pathway via an unfolding intermediate (Aggarwal et al. 2011).

Binding also plays a critical role in proteins involved in mechano-transduction. The
binding of vinculin to talin, the mechanical computer of cells, arrests this protein in an
unfolded conformation and prevents refolding (del Rio et al. 2009). On the other extreme,
computer simulations predicted that the binding of DLC-1, another talin partner, would not
significantly affect the stability of talin (Haining et al. 2018). The binding of small ions can

also considerably affect the stability of protein, with minor structural changes (Shen et al.
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2012). For example, the binding of copper ions to Azurin, which does not affect the
transition state, makes the protein-substrate unfold through different intermediates
(Beedle et al. 2015). Current single-molecule force spectroscopy methods aiming to
investigate binding-induced changes in the mechanical stability of a protein substrate rely
on measuring many molecules in different experimental conditions. While these
approaches produce meaningful results, they can only be applied to substrates where
ligand binding has a predictable effect. Effects such as protein aging (Valle-Orero, Rivas-
Pardo, et al. 2017), misfolding (Marinko et al. 2019), or site-specific change in mechanical
stability when there is more than one binding interface are not easily accessible with these
methods. Furthermore, several relative errors can be introduced when measuring
different molecules, even with the use of same pre-calibrated force probe (Pimenta-Lopes
et al. 2019). For example, both the tethering angle (Carrion-Vazquez et al. 2000) and the
size of the initial extension (Popa, Berkovich, et al. 2013) can change from one tethered

molecule to the another.

Finally, binding between muscle proteins is responsible for its elasticity and
contractile work. A portion of giant protein titin interacts with the myosin and myosin-
binding protein C, linking itself to the thick filament of sarcomere. This protein acts as
molecular spring of the sarcomere contributing to the elasticity of muscle (Minajeva et al.
2001). The binding of myosin binding protein C to molecular motor, myosin, and the actin
control the force applied to induce the muscle contraction (Mijailovich, Fredberg, and

Butler 1996).

The main subject of this dissertation is to study the stabilization measured from the

protein-ligand association processes using the force spectroscopy technique. This study
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is further illustrated by using three different biological systems and is described in detail

in the subsequent chapters of this dissertation.

1.5. Dissertation Overview and Research Objective

In this chapter, | presented an overview of the field. In chapter 2, | shall discuss the
experimental techniques used throughout my research in detail. Starting from chapter 3,
| discuss my work on the mechanical response of three model proteins from different
biological systems operating under force. Then, | continue to elucidate the change in
stability and function of these proteins due to the ligand binding. The overview of this

dissertation is as follows:

Chapter 2: Experimental technique and methodologies

The precise experimental method of single-molecule magnetic tweezers and
general methods utilized throughout the projects are described in this chapter. Each
chapter that discusses a particular research project includes a section, “Materials and
Methods,” in which the materials and methods used for that specific project are discussed

in detail.

Chapter 3: Binding-induced stabilization measured on protein L due to

binding antibody

An interesting system of bacteria is the secretion of antibody binding proteins (ABP)
(Sidorin and Solov'eva 2011). These proteins bind to plasma or membrane-bound
antibodies outside the antigen region or secrete ABP. Like a prey that turns into a

predator, binding ABPs to the most advanced immune molecules is thought to disrupt the
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immune response and prevent phagocytosis, giving bacteria an evolutionary advantage
(Boyanova, Markovska, and Mitov 2016). The exact mechanism and response of these
proteins during bacteria adhesion is still poorly understood (Nordenfelt et al. 2012) but is
of great importance in developing new antibiotics and mechano-active drugs (Rivas-

Pardo et al. 2018).
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Figure 1.5. Schematic of protein L binding to antibody and ribbon
representation of structure. (A) Schematics of the attachment of a multidomain
protein L (top) secreted by Finegoldia magna (formerly Peptostreptococcus
magnus), which secretes protein L as a chain of several domains: a wall domain W,
a membrane bound domain M, several C domains (varying depending on the strain),
five B domains, and one A domain. All B domains have developed binding affinity to
antibodies at the k-light chain site (B) Ribbon representation of B1 subdomain of
protein L having an a-helix and four B-strands [ Image source: (Sharma, Subramani,
and Popa 2021)].

14



Among secreted ABPs, protein L stands out as the only one that targets the x-light
chain region of antibodies (Nilson et al. 1992). By targeting this region found in ~2/3 of all
human antibodies, secreted protein L can bind not only to IgGs, which are responsible for
immune memory, but also to IgA, responsible for regulating the microbiota in the mucus,
IgM, which is an essential part of the initial immune response, or IgE, which could trigger
the release of histamine (Hoffman, Lakkis, and Chalasani 2016). Protein L is a multi-
domain immunoglobulin-binding protein originally derived and expressed from the cell
surface of species, Finegoldia magna, formerly known as Peptostreptoccocus magnus
(Nilson et al. 1993). The gene of protein L contains five components: an NH2-terminal
region domain A of 18 amino acids, five homologous repeats of domain B with 72-76
amino acids each, a COOH terminus region of two additional C domains 52 amino acids
each, a hydrophilic, proline-rich putative cell wall-spanning region W after the C repeats
and a hydrophobic membrane anchor M. Protein L binds antibody through light chain
interactions. It binds with high affinity and specificity to the variable light chain domain
(kappa light chain) of immunoglobulins without interfering with an antibody’s antigen-
binding site (Bjorck 1988) (Kastern, Sjobring, and Bjorck 1992). Since no part of the heavy
chain is involved in the binding interaction, the ability of protein L to bind to Ig classes has
a broader range than other antibody-binding proteins like protein A and protein G, which
interact with the Fc region and bind to IgG heavy chains (Akerstrom and Bjorck 1989).
Protein L binds strongly to kappa light chains of all classes of Ig (IgG, IgM, IgA, IgE, and
IgD) and also binds to single-chain variable fragments (scFv) and Fab fragments that
contain kappa light chain (Graille et al. 2002). These protein L characteristics have a

significant advantage in purifying IgGs, scFv, and Fab fragments to get pure homogenous
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antibody fragments from heterogeneous antibody fragments even if these antibody
molecules are present in limited amounts (Lakhrif et al. 2016). Full-size antibodies are Y-
shaped multi-domain protein molecules having two light (L) chains (either kappa or
lambda) and two heavy (H) chains (either alpha, gamma, delta, epsilon, or mu) linked by
a series of disulfide bonds. Each light chain displays one variable (V) and one constant
(C) domain, while each heavy chain contains one V and three C domains (Rodrigo,

Gruvegard, and Van Alstine 2015).

In this project, | demonstrated an approach based on covalent HaloTag and
SpyTag attachment which allows the measurement of the same protein molecule for
many unfolding/refolding cycles, at high forces and in the presence of various
concentrations of ligand. Using this hetero-covalent attachment, combined with the
stability of magnetic tweezers, | have investigated the mechanical response of the B1
domain of multi-domain protein L binding to kappa light chain of IgG antibodies (IgG from
mouse serum, 99% kappa). Using protein construct HaloTag-L8-SpyTag, | have
measured the mechanical stability and binding probability of protein L with IgG to
understand the force-activated binding mechanism of bacteria to disrupt the immune

response.

Chapter 4: Mechanical response of talin interacting with DLC1

Talin, a membrane-associated protein, consists of an N-terminal head and a C-
terminal tail with 2541 amino acids. The head domain is composed of a compactly folded
polypeptide chain containing FERM (4.1 protein, ezrin, radixin, moesin), and the talin tail

is composed of 63 a -helixes arranged to form a linear chain of 13 helical bundles (R1-
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R13) as talin rod (Yao et al. 2016). The essential function of talin head is to bind and
activate the cytoplasmic tail of B-integrin, and the C-terminal end of the talin tail is to
interacts with F-actin. Therefore, the binding of the talin head with integrin and binding of
actin at the talin tail gives a connection between the actin cytoskeleton inside the cell and
the extracellular matrix in a rod where talin acts as a force bearing mechanical link (Yao

et al. 2014).
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Figure 1.6. Schematic of the structure and mechanism of talin operating under
force. (A) Binding of talin to actin cytoskeleton from its rod domain and to the 3-chain
of integrin from head domain triggering integrin activation. When an extracellular
ligand binds integrin, talin experiences mechanical force unfolding and extending its
rod domains, which also triggers vinculin binding and actin recruitment. Folded R8
domain is the only binding site for DLC1-RhoA-ROCK complex, which down-
regulates the activity of any non-muscle myosin motor molecules present in its
proximity. Inset shows the direction of force applied to unfold R7R8 domain. (B)
Schematic of full length talin consisting of talin head and talin Rod. Inset shows the
ribbon structure of R7 and R8 domains of talin rod with partner DLC1 (PDB: 5FZT)
binding to a2 and a3 helices of R8 [ Image source: (Popa and Gutzman 2018b)].
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The mechanical engagement of talin rod domain with the actin cytoskeleton is
necessary for integrin activation and hence for extracellular rigidity sensing (Austen et al.
2015) (Bouvard et al. 2013). In addition to these roles in healthy cells, the dysregulation
of talin activators can lead to disease states that change cell spreading, migration, and
survival (Haining, Lieberthal, and Hernandez 2016). As talin binds to crucial components
inside the cell, it has been investigated as a mechanosensitive molecule. The talin rod
provides the structure to the molecule and contains various binding sites that are involved
in the regulation of its own activity and that of other signaling proteins. The most identified
binding sites in the talin rod are 11 vinculin binding sites (VBSs), which are buried within
the helical bundles. There are numerous other binding sites on the talin rod; one of them
is the binding site for Deleted in liver cancer 1 (DLC-1) in R8 domain (Haining, Lieberthal,
and Hernandez 2016). Deleted in liver cancer 1 (DLC-1) is a protein in humans encoded
by the DLC1 gene. It is a Rho GAP that binds talin and regulates Rho, and therefore
actomyosin contractility. It is involved in the formation of focal adhesion. The loss of DLC1
leads to reduced cell adhesion and increased metastatic potential of cells. DLC-1 only

binds to the four-helix bundle of the talin R8 domain (Zacharchenko et al. 2016b).

In this project, using magnetic tweezers as a force spectroscopy technique and
surface attachment chemistry, | have investigated how mechanosensitive domains of
single-molecule talin, specifically domains R7 and R8, respond in mechanical force and
recruits its binding partners DLC-1. The unfolding and refolding kinetics under mechanical
stress is used to measure the mechanical stability and the folding probability of the
molecule. | have also validated and characterized the interaction of R8 domain with DLC1

at a single molecule level in the presence and absence of mechanical force.
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Chapter 5: The role of myosin binding protein C during muscle contraction

interacting to actin

Myosin binding protein C (MyBP-C) is a thick-filament-associated protein in striated
muscles that performs both structural and regulatory roles in muscle sarcomeres. MyBP-
C binds to actin filaments on one side and to titin and myosin on the other side, modulating
the contraction and relaxation rates in muscles (Karsai, Kellermayer, and Harris 2011).
Cardiac MyBP-C allows the interaction of myosin with actin and contributes to the
regulation of cardiac contraction at sarcomere by sliding the thin filament relative to the
thick filament resulting in the release of the brake on cross-bridge cycling (Kampourakis

et al. 2014).

Mutation in the gene encoding cardiac MyBP-C is a common cause of hypertrophic
cardiomyopathy, decreasing the functionality of protein and making it difficult for the heart
to pump blood. So, understanding the role of MyBP-C mutant in muscle contraction is
essential in both health and disease, leading to increased interest in the protein’s function

(Ratti et al. 2011; Flashman et al. 2004).

In this project, using magnetic tweezers and surface attachment chemistry, | have
investigated the refolding and unfolding kinetics of the MyBP-C domain C3 and its mutant
C3 (R502Q) to understand how the unfolding and refolding mechanics of this domain
change due to mutation. Also, | have compared the stability of both domains by using the

measured unfolding and refolding forces and estimated their binding to actin.
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Figure 1.7. Schematic of half of a sarcomere of muscle fiber and ribbon
representation of MyBPC3. (A) Binding of MyBP-C with myosin and actin that
generates and regulates the muscle force through their interaction. This cyclic
interaction of myosin with actin regulates the muscle contraction where the myosin
motors turn chemical energy in ATP into mechanical work by binding to actin and
sliding the thin filament relative to the thick filament. Under force, the unfolding of
127 domain of titin acts as a spring and MyBP-C as the break of muscles. (B) Ribbon
structure of Myosin binding protein domain C3 consisting of 6 - strands [ Image

source: (Sharma, Subramani, and Popa 2021)].

1.6. Overview and potential roles of binding induced stabilization of

proteins

While the studies presented in this dissertation are from three diverse systems, they have
several things in common. The first system described in this dissertation is bacterial
adhesion. A bacteria known as Finegoldia magna secretes protein L containing several

domains to attach to their host to avoid dislocation by counterbalancing the high force
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flow such as that induced by coughing, urination, or mucosal flow, and to move and
sample the environment. These bacteria-secreted proteins operate under force and some
of them can withstand nanonewton range of force. The second system is cellular
mechanotransduction. Cells generate mechanical force interacting with their
environment. Cell-ECM mechanical connections are mediated by the integrin—talin
complex. Talin is a cytoskeletal protein that acts as a mechano-sensor and regulates
mechanotransduction. This protein operates under mechanical forces and interact with
other proteins to produce cross-connections. (Sharma, Subramani, and Popa 2021). The
third system is muscle contraction. Muscle fiber contains contractile units which are
known as sarcomeres. Sarcomeres are composed of three main components: actin,
myosin, and titin. All these components are held together by another protein known as
myosin binding protein C (MyBP-C). MyBP-C is a multidomain protein that unfolds under
mechanical force during muscle contraction. So, the similarities in all these proteins are
that they (a) operate in vivo under force vector and their (un)folding response represents
a gain-of -function that is still poorly understood, (b) are globular multidomain (beads-on
-string) proteins operating under force, and (c) operate through interactions with several
binding partners in a force dependent manner. Several discoveries have improved our
understanding of these binding processes: (i) it seems that the antibody binding increases
the mechanical stability of protein L, (ii) talin R8 domain fluctuate between folded and
unfolded state at physiological range of force and DLC-1 binding prevents it from
unfolding, and (iii) the damage due to the mutation of MyBP-C3 hampers on binding

efficiency with actin.
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2. Experimental Technique and Methodologies

2.1. Single-molecule force spectroscopy

Single-molecule force spectroscopy techniques have been utilized to investigate the
effect of applied mechanical force on the activity associated with the biological processes
at the single-molecule level. The recent development of methods in single-molecule
experiments has enabled us to use forces in vitro that can better reproduce the
correlations in vivo. These powerful techniqgues can probe and manipulate single
molecules by applying mechanical force in the pico-newton range and get a response of
spatial resolution in the nanometer range (Neuman and Nagy 2008). The capabilities of
these techniques can now answer the questions that arise to the scientific community in
the field of physical, chemical, and biological sciences (Deniz, Mukhopadhyay, and
Lemke 2008). For example, the utilization of high spatial and temporal resolutions of force
spectroscopy techniques makes it easier to understand biological functions, such as the
conformational changes and force-dependent kinetics in molecular interactions at a

single-molecule level (Sung et al. 2017).

Many other parameters of interest such as molecular information, effects of interaction
with binding partners, functional behavior change due to mutation, and their mechanical
properties, make single-molecule force spectroscopy techniques an attractive method to
study biological systems (Hughes and Dougan 2016). Several force-spectroscopy
techniques have been developed in the last three decades to measure these parameters,

which are used to study molecules with high spatial and temporal resolution by applying
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alow range of forces. The development of these techniques has made it possible to unfold
single-molecule proteins mechanically either at constant applied force or linearly
increasing force, to study their response (Jagannathan and Marqusee 2013). The
research works presented in this dissertation are performed using a custom-built
magnetic tweezers as a single-molecule force spectroscopy technique, to manipulate the
force applied to the single-molecule proteins in order to understand their mechanical

properties (Popa et al. 2016b).

2.2. Comparison of single-molecule force spectroscopy techniques

The most commonly used spectroscopy techniques are Atomic Force Microscopy (AFM)
(Rief, Gautel, et al. 1997; Rief, Oesterhelt, et al. 1997), Optical tweezers (Svoboda et al.
1993; Smith, Cui, and Bustamante 1996), and Magnetic tweezers (Allemand, Bensimon,
and Croquette 1996; Popa et al. 2016b). In AFM, the deflection of a cantilever is
measured using a laser beam and position-sensing detector to obtain force and
displacement for force spectroscopy (figure 2.1, A). The cantilever is attached to one end
of the protein sample while the other end is immobilized on a surface. The force and
position of the tip are measured as the surface is moved away from the tip, providing the
force-extension curve of the sample. In optical tweezers, two independent single-beam
traps are formed using an infra-red laser, and each end of the sample is held in one trap
in a dumbbell geometry (figure 2.1, B). Force is applied by moving the position of one of
the traps relative to the other. (Neuman and Nagy 2008). In magnetic tweezers, a pair of
strong magnets are placed above the sample to generate force to a paramagnetic bead
(figure 2.1, C). The extension of single molecule is measured with respect to the non-

magnetic, polystyrene reference bead attached to the surface. Due to the active
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correction mechanism for the focal drift, magnetic tweezers can measure for longer period

of times, of several days per molecule tether (Popa et al. 2016b).
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Figure 2.1. Schematic diagrams of single molecule force spectroscopy
techniques. (A) Atomic Force Microscope, (B) Optical tweezers, and (C) Magnetic
tweezers. [Image source: (A) and (B) (Neuman and Nagy 2008) and (C) (Popa et al.
2016b)]

Each of these techniques have their own advantages and disadvantages over the
others. AFM is good for high force range and for higher pulling rates. AFM and optical
tweezers both have better sampling resolution compared to magnetic tweezers. Magnetic
tweezers have some significant advantages over AFM and optical tweezers. First,
Magnetic tweezers can apply pulling force either small as sub-pico Newton or large as
close to nano newtons. AFM can only apply pulling force greater than 10-20 pN for several

seconds, and optical tweezers cannot generate forces higher than 65pN because the
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DNA linker used to keep protein far from the laser beam overstretches at that force.
Neither AFM, nor optical tweezers can be used to measure for longer periods (few hours)
due to cantilever drift, or thermal damage of the sample induced by the infrared laser
respectively. Another advantage of magnetic tweezers is that there is no direct physical
contact to the bead used to apply force, avoiding transmission of mechanical noise. Third,
unlike in optical tweezers, photon-damage to the sample or photon-induced background
noise do not occur in magnetic tweezers. Also, using magnetic tweezers prevents the
heat produced as a side effect of high-power lasers in experimental system (Neuman and
Nagy 2008). Fourth, unlike AFM and optical tweezers, which cannot measure molecules
for an extended period because of drift and thermal damage, magnetic tweezers can
apply the pico-Newton range of forces to single molecules for an extensive period due to
the use of an active correction mechanism for the drift (Popa et al. 2016b). Fifth, for optical
tweezers or AFM, to operate in a force clamp mode requires the implementation of a
feedback signal to adjust the position of the optical trap or cantilever, respectively.
Magnetic tweezers do not require feedback to maintain a constant force as they have an
intrinsic force clamp, given by the low decay of magnetic field with magnet-sample
separation. A change of length due to a domain unfolding decreases the distance
between the paramagnetic bead and the permanent magnets of ~15 nm for protein L
which results in a change of force of ~104 pN which is negligible in comparison to the
force being applied. Finally, because no laser beam is used in magnetic tweezers,
solution impurities have no significant effect in the measured end-to-end length. These

unique features and specificities make magnetic tweezers the most promising technique
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to study the single-molecule proteins operating under force, especially for my research

objectives.
AFM Optical Magnetic
tweezers tweezers
Force Range (pN) 10 — 10* 0.1-100 1073 — 102
Spatial resolution (nm) 05-1 0.1-2 1—-10
Temporal sampling resolution (s) 1073 10~* 107t —1072
Attachment duration (min) 0—-1 0-5 0—10°
Displacement range (nm) 0.5 — 10* 0.1-—10° 5—10*

Table 2.1. Comparison of single-molecule force spectroscopy techniques
[Table source: (Neuman and Nagy 2008) (Popa et al. 2016b)] .

2.3. Magnetic Tweezers

Force is a key parameter that is involved in most biological phenomena. For example,
protein folding/unfolding events can be affected by applying mechanical force (Fernandez
and Li 2004). Protein-ligand interaction in mechanotransduction is regulated by binding
force (Wang, Yan, and Goult 2019), mechanical functions of muscle proteins are force-
driven (Tskhovrebova et al. 1997), the motion of motor-proteins generate force (Finer,

Simmons, and Spudich 1994). Thus, applying force on a single molecule and studying its
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response to probe fundamental processes is essential in biophysical studies. The
manipulation of molecular behavior of a single molecule involving biological processes
requires the mechanical force of the pico-Newton scale, and such measurement

approaches also require having the high spatial resolution of nanometer scale.

In biophysical studies, the magnetic force has been used quite extensively to study
DNA. The first magnetic tweezers were assembled in 1996 by Strick, Bensimon, and
Croquette, who used them to explore supercoiled DNA’s elasticity (Strick et al. 1996).
Since then, Magnetic tweezers have been widely accepted as a relevant force
spectroscopy technique to measure the force applied to single molecules. Extensive
works have been done to develop and improve the magnetic tweezers setup over the
past two decades. Back in 2015, the groups of Fernandez from Columbia University and
Jie Yan from National University Singapore, managed to adopt magnetic tweezers for the
study of protein. Unlike DNA, which are long molecules, proteins are short linkers, and it
was thought to be an impossible task to manage to tether single protein to a magnetic
bead. As a protein is ~5 nm attached to a bead of several microns, tens to hundreds of
tethers would be forming between a bead and the surface. This challenge was solved
with the introduction of a surface chemistry based on homoligands, which allowed for the
first time coverage of ~ 1 molecule/um? and enhanced magnetic tweezers for proteins

(Popa et al. 2016b).

2.3.1. Basic Principle of Magnetic Tweezers

The basic principle behind magnetic tweezers relies on the usage of two magnets in a

parallel configuration to create an external magnetic field between the north and south
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poles (figure 2.1, C) (Le et al. 2016; Javadi, Fernandez, and Perez-Jimenez 2013). Force
is applied to the target molecule due to the magnetic field gradient, perpendicular to the
field lines via paramagnetic beads. In a single-molecule magnetic tweezers experiment,
a target protein molecule is immobilized on the glass coverslip tethered by a covalent
bond with specific attachment chemistry. On the other end of protein, a paramagnetic
bead is linked using a specific binding chemistry. The applied force is increased or
decreased by lowering or raising the permanent magnets on the vertical axis. This applied
force can regulate protein function and other force-related activities. When force is
applied, the protein molecule will be pulled along with the bead and its extension is

measured from the position of the reference bead.
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Figure 2.2. Schematic of protein molecule pulled by force sensing through the
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paramagnetic bead. At zero applied force the protein molecule remains folded.
When the applied force is increased, the protein molecule is unfolded in a step
increment. The length of the protein under force is measured with respect to the

reference bead attached on the glass surface.
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In this design, the magnetic tweezers apparatus consists of a fluid chamber
mounted on a movable stage with a piezoelectric actuator-controlled objective. Inside the
fluid chamber, single-molecule tethers are formed, where one end of the molecule is
attached to the glass surface and the other end is attached to the paramagnetic bead,
with specific attachment chemistry. The fluid chamber also consists of reference bead
(Polystyrene beads) glued to the glass surface. The length of the protein under force is
measured from the movement of the paramagnetic bead with respect to the reference
bead, attached to the glass surface. This apparatus sits on an inverted optical microscope
used to image the beads. A camera is used to record the bead images, a pair of
permanent magnets to generate force, a voice coil to control the vertical position of
magnets and a computer to manage the tweezers and analyze the bead fluctuation. In
this vertical design, the extension change is based on analyzing the diffraction patterns
of the bead at different heights from the surface. A custom-made software is used to
operate the instrumental setup. The essential components of magnetic tweezers are

described in the following section.
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Figure 2.3. Schematics representation of the magnetic tweezers setup.

Magnetic tweezers apparatus consists of a fluid chamber mounted on a microscope
stage in which single-molecule protein tethered under force is measured with respect
to the reference bead on glass surface. A pair of permanent magnets oriented in a
north-south configuration are attached to a voice coil to generate a force
perpendicular to the focal plane. The position of permanent magnets above the fluid
chamber is controlled by voice coil. The fluid chamber is placed on the microscope
stage on top of the objective mounted on a piezo electric actuator. Inside the
chamber, a target protein molecule is immobilized on the glass cover slip tethered
by covalent bond with specific attachment chemistry. On the other end, using strong
binding chemistry, a paramagnetic bead is linked. The reference beads are attached
to the surface of the glass slide. The paramagnetic bead will serve as the force
sensor for applying force to the sample molecule. The permanent magnets generate
a magnetic field gradient that applies a net force to the paramagnetic beads.
[Adapted from: (Popa et al. 2016b)]
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2.3.2. The microscope and supporting structures

To minimize the mechanical vibrations, the whole setup is built on top of a mechanically
isolated optical table. The inverted microscope (Olympus IX-71) uses 63X oil-immersion
objective and a 1.6X optivar lens. A movable stage capable of moving in the x-y direction
(M-686, Physik Instrumente) to identify the beads inside the fluid chamber is placed on
top of the objective. The fluid chamber is illuminated using a collimated cold white LED
(Thor Labs). Images are acquired using a CCD Pike F-032b camera (Allied Vision
Technologies) operating at 280 Hz or a Zyla 5.5 sCMOS camera (Andor), operating at up

to 1030 Hz.

Voice Coil

Magnets
Sample

Piezo
Light

Camera

Microscope

Figure 2.4. Image of the mechanically isolated magnetic tweezers setup and
its components with supporting structures on the pneumatic table.
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2.3.3. Paramagnetic Beads

Two different kinds of paramagnetic beads, Dynabeads M-270 amine or Dynabeads M-
270 streptavidin (Invitrogen), were used as needed. The function of these uniform and
paramagnetic beads of 2.8 um size in diameter is to couple with the protein molecules by
strong attachment chemistry and serves as the moving end for applying force to the
sample molecule. Paramagnetic beads were used because of their several orders of
magnitude higher response than diamagnetic beads and the absence of a magnetization
hysteresis with previous position. Depending on the required force, the size can be
chosen to determine the range: a larger bead will generate higher force, but would have

worse signal-to-noise (Conroy 2008).

Figure 2.5. Scanning electron microscopy image of a Dynabead M-270 amine

[Image credit: Sabita Sharma].
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2.3.4. Permanent magnets

A pair of strong neodymium graded permanent magnets (D33-N52, K&J Magnetics) are
placed above the stage with its geometric center aligned along the optical axis to apply
force on the sample molecule. These two cylindrical permanent magnets are aligned
together, separated by a fraction of a millimeter, to generate a magnetic field between
each pole of magnet. Their orientation is north-south and south-north (figure 2.6). The
magnetic field is controlled by adjusting the position of the permanent magnets. By
controlling the magnetic field, the applied force to the molecule is controlled. Since the
permanent magnets provide force to the molecule, it requires accurate calibration. The
magnet position calibration is given by the measured magnet position readout from the
micrometer screw gauge per unit set position as shown in figure 2.6. The position of the
voice coil used to place the magnet was also measured and adjusted via a PID system,

with a precision of 50 um.

Permanent
Magnets

Reference
Bead

Figure 2.6. Schematic diagram of magnetic field applied on paramagnetic bead

using a pair of permanent magnets.
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The pair of magnets produce a magnetic field, B along horizontal (X-Y) direction
and a gradient perpendicular towards the magnets (z-direction) as a magnetic force to
paramagnetic beads inside the fluid chamber. In this case, the external field induces a
magnetic moment in the bead, which experiences a force perpendicular to the focal plane
(x-y plane) and proportional to the field gradient (Neuman, Lionnet, and Allemand 2007).

The resulting force due to the magnets on the bead is,

F=VY(M-B)= 2= (M-B).cooooooooiirioiciecc (2.1)

where, M is the induced magnetic moment of the paramagnetic bead aligned to
the field inducing the moment (Le et al. 2016) (Stannard et al. 2021). The force generated
on the molecule by permanent magnets follow a simple exponential behavior with
separation (Popa et al. 2016b). The magnet law to determine the applied force as a

function of magnet position is given by,

F(MP)=ax* e?MP) i, (2.2)

where, MP represents the magnet position, a = 177pN for M-270 beads and b = -1.07

mm-! for N52 magnets.
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Figure 2.7. Magnet law and magnet position calibration graph. (A) The
magnet law correlating the position of the magnets with the experienced force,
when using M-270 paramagnetic beads, and using a gap between the magnets
of 0.3 mm. (B) A linear calibration of the voice coil graph of measured magnet

position obtained versus the set position.

2.3.5. Piezoelectric actuator

A nanofocusing piezo actuator (P-725; Physik Instrumente) controls the 63x oil-immersion
objective in the vertical direction with range of 18 um. It is used to convert an electrical
signal (voltage) into a precisely controlled physical displacement (nanometer resolution)
readout from the positioning sensor in nm/V. The calibration of the piezo in the unit of
displacement as a function of applied voltage was done using the known protein 127 which
has a step of 27.5 nm at force of 100 pN. A difference in piezo scale factor of ~ 14% was
measured than reported by manufacturer. It was because of the substantial error due to
the different objective used for the calibration (refractive indices of oil,1.5, and water,
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1.33). Specifically, the piezo actuator is used to obtain the radial profile stack libraries
obtained by stepping the objective's position at an increment of 20 nm, which are recorded
for each bead before the measurement. During the measurement, the piezoelectric
actuator is used to maintain an active focus correction mechanism when the molecule is
measured for extensive periods by keeping the nonmagnetic reference bead glued to the

glass surface at the same focal length.

2.3.6. Linear voice coil actuator

The separation between the paramagnetic beads inside the fluid chamber and a pair of
permanent magnets was achieved and controlled using a linear voice-coil actuator (LFA-
2010; Equipment Solution). The voice coil used can move 10mm with 0.7m/s speed and
about 50 pum resolution in the vertical direction. Its controller uses a PID system to
maintain the setpoint. Its position is measured continuously using an optical sensor. Since
the linear voice coil holds the permanent magnets to apply force on the molecule, the coil

also requires accurate calibration to apply precise force.

For the calibration of coil, the objective approached slowly to look at the surface,
and the magnets were centered using the display on the camera. A spot was drawn on a
coverslip, from the same batch used to make a fluid chamber, and the microscope was
focused on the edge of this spot. The micrometer screw controlling the position of the
magnet was adjusted such that the magnets at 0 mm were touching the surface, making
the edge of the spot blurry. The relative change in the measured coil position reading
from the micrometer screw changed the applied voltage when the magnet touches the

surface. Similarly, the readout voltage was recorded while changing the coil position. The
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linear voice colil calibration is given by the measured coil position readout from the
micrometer screw gauge per unit applied voltage v in the unit of mm/volt. The relation

between the coil position and applied voltage is given by,

Coil Position (mm) = a — (b * applied voltage (V))........c.cce...... (2.3)

where a is the coil position when voltage is zero and b is the change in coil position per

unit voltage change.

a=3.9966 * 0.000362
b =-1.2037 + 0.000169

a=4.2232 + 0.00291
b =1.942 £ 0.00208

14

Applied voltage (v)
o
1
Measured voltage (v)
o
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Figure 2.8. Linear voice coil calibration graphs. (A) The graph showing the linear
fit of the coil position recorded from the relative change in position of micrometer
screw gauge measured with respect to the applied voltage. (B) Similar graph

showing the plot of given colil position with respect to the read-out voltage.
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2.3.7. Image processing

In magnetic tweezers experiments, it is essential to determine the z-position displacement
of a paramagnetic bead to which the protein is tethered and a non-magnetic reference
bead. The determination of z-position displacement of these beads is done through live
image processing. All the image processing is done by using custom-written software in
Igor Pro (Wavemetrics), which uses the central processing unit (CPU) of computer to
calculate the position of the beads in real-time. We use custom-built water -cooled
computer with overclocked CPU. The change in the position of bead in the Z-plane is

determined from the diffraction pattern around the bead.

Each measurement requires a paramagnetic bead attached to the free end of the
protein and a reference bead attached to the surface of slide. In the field of view of the
camera, a magnetic and a reference bead are selected, and the image is cropped for a
region of interest around the beads. The region of interests (ROIs) of 128X128 pixels are
chosen around a tethered paramagnetic bead and a glued non-magnetic reference bead
and a Kaiser window is applied to reduce artifacts from the boundaries of the image
specifically if a bead is close to another (Vandewalle, Susstrunk, and Vetterli 2006). Then,
two-dimensional fast Fourier transforms (2D-FFTs) of the two ROI images of the bead
are computed. Two-dimensional fast Fourier transforms (2D-FFTs) of the ROl images are
then used to obtain a radial profile of the two beads in the frequency domain as a function
of focal distance from the interference pattern. This transformation centers the beads in
Fourier space. To improve the calculation of the radial profile, a pixel-addressing

algorithm is utilized. Given that each pixel always contributes to a unique position, all the
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radial vector values can be calculated by averaging the intensities of the contributing

pixels.

At the beginning of each experiment, a stacked library of the radial profile is
obtained for the two selected beads by changing the focusing position of the objective
with the help of a piezoelectric actuator in equal steps of 20 nm. During the experiment,
the Pearson correlations between the current radial profiles of each bead are computed
against the profiles from its stack library, and a Gaussian fit is used around the maximum
where the correlation has a Gauss-like shape. The z-position displacement is calculated
for the paramagnetic bead tethered to protein and for a local fixed reference bead used
to correct for instrumental vibration and focal drift. During measurements, any
instrumental drift is also corrected by adjusting the position of objective using the piezo
actuator, such that the reference bead is always maintained at the same focal point. This
method resolves the z-position of bead with nanometer resolution to measure the
extension of the molecule as the difference between the position of the paramagnetic and

reference beads.
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Figure 2.9. Measuring the z-position of beads using image processing. (A) Two
ROIs, a reference bead (blue square) and a paramagnetic bead (green square) (i)
128 x 128-pixel region of interest of a bead of diameter 2.8 um is displayed (ii) and
a Fast Fourier Transform (FFT) of (i) is performed and displayed on the image (iii).
(B) Stack library of radial vectors obtained prior to every measurement by measuring
the FFT radial intensity through the bead shown in (ii) by moving the objective focal
plane in z direction over 2000 nm in steps of 20 nm. During the measurement, the
current radial profile of FFT of bead is measured and correlated with the stack library
of radial profile obtained. (C) Radial profile obtaining from the FFT of bead. (D) The
Pearson correlation between each profile in the stack and the current radial profile is
plotted. The Gaussian distribution is fitted (solid line) at the peak of the correlation.
The mean value increases the spatial resolution and reports the exact location of
bead in z direction [ Adapted from: (Popa et al. 2016b)].
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2.4. Fluid chamber and attachment chemistry

2.4.1. Fluid chamber preparation

In single-molecule measurements, the molecules measured were immobilized inside the
fluid chamber. The fluid chambers were made by using clean glass surfaces of thickness
0.13 - 0.16 mm, sandwiched by parafilm strips/3D printed filaments, which create a
channel of ~ 20 pL volume. The fluid chamber can be treated with different chemicals,

ligands, and proteins through this channel.

i 3D printedélass surface

O e
———SISiISI— >~ Silane
\//
Cleaned glass Surface Si + CH,OH
721X ; '
?99? /" New design
Silanization m— Black painted cover glass
«_’ ‘
Old design

Figure 2.10. Schematic diagram and image showing step by step procedure
of assembling a fluid chamber. In old design, the cleaned glass surface is silanised
and assembled with the cover surface making sandwich using a pair of parafilm
strips. Silicon glue is used to make well at both ends to prevent fluid from flowing
out. In new design, the silanised glass surface is 3D printed with thickness of 100

pm and assembled with a cover surface by melting the filament at 250°C.
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Experimental fluid chambers were washed and functionalized as described
previously (Popa, Kosuri, et al. 2013b; Popa et al. 2016a). In this process, the bottom
glass surfaces used (super slip 24 mm X 40 mm, Ted Pella) were cleaned by sonicating
in 1% Helmanex (washed 10x with DDi water to remove Helmanex), acetone, and
methanol each for 20 minutes. The top glass surfaces (micro cover 22 mm X 22 mm, Ted
Pella) were cleaned by sonicating in 1% Helmanex (washed 10x) and methanol each for
15 minutes. After drying in an oven, the bottom surfaces were kept on the plasma cleaner
for 15 minutes. Then, the glass surfaces were silanized in a solution of (3-aminopropyl)-
trimethoxysilane (Sigma Aldrich) of 0.1% v/v in methanol for 20 minutes and after washing
unreacted silane by methanol, they were kept in an oven at 110 C for an hour. After drying
in the oven, the top glass surfaces were painted black to prevent the reflection of light

incident from magnets.

In the old design, fluid chambers were assembled by sandwiching two parafilm
strips cut in 6mm X 30mm between a cleaned top glass surface and the silanized bottom
surface. Two wells were made on each side of the chamber by silicon elastomer kit (Dow
Corning 184 sylgard) to prevent liquid from flowing out from the fluid chamber. In the new
design, the fluid chambers were assembled by printing a three-dimensional shape as
shown in figure 2.10. The printed shape of height of 100 um was melted at 250°C and
sandwiched with cover glass to make a chamber. The chambers were stored in a

desiccator until use.
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2.4.2. Surface attachment chemistry

The assembled fluid chamber using two cleaned glass coverslips needs to be
treated with an appropriate quantity of chemicals and ligands to attach the single protein
molecules. During this process, the fluid chamber was incubated with a mixture of 1% v/v
glutaraldehyde and 0.025% w/v reference beads in PBS buffer of pH 7.2 for an hour. The
reference beads are amine-terminated polystyrene non-magnetic particles (spherotech)
of diameter 2.6 to 3.7 um. After one hour, the non-adsorbed glutaraldehyde and reference
beads were washed with 200 ul of PBS buffer. The fluid chambers were then reacted with
a solution of 10 pg/ml amine-terminated chloroalkane ligand (HaloTag O4 Ligand) diluted
in PBS buffer of pH 7.2 for 4 hours. Here, Glutaraldehyde act as a bridge to cross-link the
silanized surface and HaloTag ligand. After washing the excessive ligand with 200 ul of
PBS, the fluid chambers were blocked with TRIS blocking buffer (20 mM Tris, 150 mM
KCI, pH 7.4 and1% w/v sulfhydryl blocked-BSA) for 12 hours. To study the protein
dynamics of a single molecule inside the fluid chamber, we used hetero-covalent
attachment chemistry. Bead chemistry was performed by cross-linking the amine-coated
paramagnetic beads to the Halo ligand using glutaraldehyde. In this process, beads were
incubated in 1% v/v glutaraldehyde and 10 ug/ml HaloTag ligand solution in PBS for an
hour and 12 hours, respectively. The protein construct has HaloTag on it, followed by
protein domains and terminated by SpyTag. The HaloTag from one end of the construct
reacts covalently with the Halo ligand connected to the bead, and the SpyTag at the other

end of the construct covalently binds with SpyCatcher on the surface
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Figure 2.11. Surface to bead chemistry by HaloTag / SpyTag attachment on
surface to measure the protein dynamics under force with AviTag / HaloTag
attached bead, respectively. (A) HaloTag surface chemistry: Glutaraldehyde is
used to cross-link the amine terminated chloroalkane ligand with the amine
terminated silanized surface. HaloTag is attached to the surface followed by protein
domains terminated by AviTag binds to the streptavidin coated paramagnetic bead.
(B) Spy catcher surface chemistry: Glutaraldehyde is used to crosslink the amine
terminated silanized surface with Spycatcher and amine beads to the HaloTag
ligand. Protein Construct has HaloTag followed by protein domains and terminated
by a SpyTag (HaloTag-Protein Domains-SpyTag). The HaloTag is reacted with the
chloroalkane ligand on bead, forming a covalent anchor for the construct. The
SpyTag at the other end of the construct covalently binds with Spycatcher forming

Surface to bead chemistry as (Spycatcher-SpyTag-Protein domain-HaloTag-bead).
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2.5. Hetero-covalent attachment chemistry

Magnetic tweezers can expose single protein molecules to forces in the pico-Newton
range (Neuman and Nagy 2008) for extensive periods, approaching several hours-per-
molecule (Popa et al. 2016b). Force is applied through the separation between a pair of
permanent magnets and a tethered paramagnetic bead. The extension is measured from
the displacement of this bead with respect to a reference bead. An unfolding event
registers as a nanometer step increase in the end-to-end protein length, where its size
depends on the applied force and the number of amino acids inside the folded structure.
To achieve these long tethering times, an active focus correction mechanism is used,
where a non-magnetic reference bead glued to the glass surface is kept in focus by
moving the objective vertically with the help of a piezo actuator. Covalent attachment is
desirable, as it results in the most stable tethers and enable longer experiments at higher
forces. Several specific covalent chemistries have been developed, based on HaloTag
(Popa, Berkovich, et al. 2013) (Popa, Kosuri, et al. 2013a), SpyTag (Zakeri et al. 2012)
(Dahal et al. 2020), cohesin-dockerin (Stahl et al. 2012), and click chemistry (Walder et
al. 2017). While previously we used the Biotin-Streptavidin interaction to tether proteins
through a C-terminus AviTag (Popa et al. 2016b), this noncovalent attachment becomes
challenging when forces above ~60 pN are applied for over 1 minute (Sedlak et al. 2019)
and could not have been used for the experiment, where ligand binding increases the
mechanical stability of protein. The breaking of the tether at high forces was solved here
by using the SpyTag-SpyCatcher link, which can form a covalent isopeptide bond (Zakeri
et al. 2012). As opposed to the HaloTag-chloroalkane ligand interaction, which forms a

covalent ester bond in under 1 second (Popa, Berkovich, et al. 2013), the isopeptide bond
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formation between SpyTag-SpyCatcher requires several minutes. Hence the glass
surface was functionalized with SpyCatcher proteins before it was left to react with our C-

terminated SpyTag protein L construct for 30 min.

HaloTag {é’:

Engineered f\f'
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Figure 2.12. Hetero-covalent attachment chemistry. Schematics of the tethered
polyprotein engineered with a SpyTag and a HaloTag. Inset left: attachment
chemistry used for the SpyCatcher/SpyTag reaction to attach the protein to the glass
coverslip. Inset right: attachment chemistry used for the chloroalkane-
ligand/HaloTag reaction to attach the protein to the amine-terminated paramagnetic
bead [ Image source: (Dahal et al. 2020)].

Following a washing step, surface-attached proteins were left to react for ~1 minute
with the chloroalkane terminated paramagnetic beads at the HaloTag site before the
magnets were brought down. This time is more than sufficient for the HaloTag interaction

and avoids non-specific or multiple tethers between the bead and the surface, which could
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form if longer times would be allowed for this step. A third generation of SpyTag was
developed that has reaction times similar to HaloTag, but has not yet been implemented

in our lab (Keeble et al. 2019).

2.6. Protein engineering, expression, and purification

Single-molecule measurements require protein engineering with an amendment in
the existing protein sequence /substrate to achieve the desired construct. Engineered
polyprotein constructs were used in the experiments presented in this dissertation.
Starting from a monomeric unit, these constructs of polyprotein were engineered by using
molecular biology protocols. This can be achieved through several steps: Two restriction
enzyme digestions, BamHI-KpnHI and Bglll-KpnHI, were used to digest the fragment and
cut open the vector, pT7 blue, with the monomer, respectively. The fragment was then
ligated into the cut open vector resulting in a dimeric unit. The same procedure was
followed further with the obtained dimeric unit to obtain the tetramer, and finally with
tetramer to get to the octamer of polyprotein. The final product was screened in the lab
by using agarose gel as shown in figure 2.13 and also sent for sequencing to double
check. The reaction between the BamHI and Bglll sites forming a new site, BstY, is what
allows us to construct polyproteins with the same repeating unit (figure 2.13). The
multidomain protein substrate obtained was finally inserted into a modified pFN18a vector
(Promega), which introduces a HaloTag enzyme (Promega) at the N-terminus and a
Histidine6-AviTag/SpyTag at the C-terminus end. The 6 Histidine tags are used for

purification purpose.
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Figure 2.13: Schematics of molecular biology approach and agarose gel
analysis to obtain the polyprotein from monomeric unit. (left) Restriction
enzymes are used at the BamHI and Kpnl sites for the insert, while the vector is
opened with Bglll and Kpnl. During ligation Bglll and BamHI form a new BstYI| site,
and the new vector has single BamHI, Bglll and Kpnl sites. (right) B4 fragments of
protein L on an agarose gel. The first well has the DNA ladder loaded. The next four
wells have B4 monomer, dimer, tetramer, and octamer (dimer, tetramer and octamer
being in pT7 blue). As shown in image, all the fragments according to their size (180
bp for B4 monomer and 2900 bp for PT7 blue), ran at their correct base pair number

[Gel image: (Annie Eis)].

Following transformation with the pFN18a vector, proteins were expressed in
Escherichia coli BLR(DE3) competent cells. Protein expression was induced with 1mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG, sigma) overnight at 25°C when the cell
culture was grown to OD®% = 0.6-0.8 at 37°C in Luria Broth (LB) buffer in the presence
of 50 pg/mL carbenicillin. Cells were then pelleted and re-suspended in E/W buffer
(NaH2PO4 50 mM, NaCl 300 mM, DTT 1mM, glycerol 5% v/v, pH 7.0) and lysed with

lysozyme, 1% Triton X-100, DNase, and RNase in the presence of protease inhibitors
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followed by sonication and filtration. Following cell lysis, the soluble protein fraction was
purified in two steps. First, by passing through a chemical affinity purification Ni-NTA
column (washing was done with E/W buffer, elution with E/W buffer with 250 mM
Imidazole) in which polyprotein was separated based on the affinity of the His-Tag to the
Nickel ion. The eluted fraction still contains some contaminants, a second purification
method using the Akta FPLC system (elution in HEPES 50mM, NaCl 150 mM, glycerol
5% vlv, pH 7.2 buffer) was used for the size exclusion chromatography to obtain the pure
protein. The polyproteins within the expected size range were collected using the

chromatogram.

The protein concentration was measured on UV/VIS absorption spectrometer at 280
nm using molar extinction coefficients and stored at -80°C until use. The purified proteins
with AviTag construct were concentrated to ~100 uM before biotinylation. Biotinylation
was performed in 50 mM Bicine buffer pH 8.3, 10 mM magnesium acetate, 10 mM ATP,

100 uM biotin, and 2.5 ug biotin ligase BirA enzyme at 30 °C, for 4 h.

2.7. Single-molecule measurements

The purified proteins used in the experiments consist of individually folded domains or a
sequential repeat of domains. These polyproteins were tethered between the
paramagnetic bead and glass surface inside the fluid chamber using appropriate
attachment chemistry as described in sections 2.4 and 2.5. During the measurement, the
fluid chamber containing the polyprotein molecules was mounted on the stage of the
microscope. Each experimental measurement starts with an attempt to search and pull a

paramagnetic bead with a molecule tethered on it from the glass slide. This is
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accomplished by approaching the permanent magnets attached to the voice coil,
increasing the applied force to the molecule via a paramagnetic bead. If the paramagnetic
bead has no molecule attached, then the process was repeated. When the bead with
protein tethered is achieved, the experimental force pulse protocol is initiated. Suppose
an additional binding partner such as an antibody was needed to be added into the fluid
chamber to bind to the protein, in that case, it was done only after getting the fingerprint
of polyprotein measured in the buffer.

Once an experiment is started, it can be set up to run fully automatically for extended
amounts of time. With a stable molecule inside the fluid chamber on the microscope
stage, an experiment can run for hours without the need for intervention. For such a long
experiment, to prevent drying, mineral oil was added at the extremities of the fluid

chamber. Throughout this time, a large amount of data is collected and stored for analysis.

2.7.1. Force protocols

Different designs of force protocols were used to study the range of varying protein
characteristics, including protein unfolding, refolding, and binding stability. A typical force
protocol starts with the increased pulling force to unfold all the domains and quench to a
low force to let protein molecule refold. We called this the fingerprint pulse as it tells us
that we have the bead tethered to the protein of interest (unique staircase like trace), and
that we have a single tether (two tethers will experience half the force). As each protein
is different, it will unfold at a different force with a different extension. We typically aim to
find the condition that triggers complete unfolding within 30 seconds. For example, for
protein L8, we position the magnet at 1.4 mm, which applies a force of ~45 pN. At this
force, the construct shows eight stairs-case like steps of ~ 15 nm within these 30 seconds.
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The force protocol designed to study the quantitative measurement of binding
between protein and ligand consisted of two sequential force pulses and is called dual
force protocol (figure 2.14 B). In dual force protocol, a low force which is enough to unfold
the domains that are not bound to the ligand was applied. After sufficient time to ensure
the unfolding of the unbound domains, a high force pulse was applied to unfold the
domains attached to the ligand. This increased force can be set to any value between 1-
100 pN as long as it is high enough to unfold all bound domains at a given time. The
repetition of this protocol was used to measure the dwell time at different forces.

The force protocols used to study the refolding probability generally consist of three
sequential force pulses: fingerprint- quench- probe (figure 2.14, C). The fingerprint pulse
is used to completely unfold the polyprotein at the high force, verifying that the molecule
under force is the one of interest. During the quench force pulse, the protein is left to
refold by changing force (4-12 pN) for sufficient time interval of 300 seconds. After the
refolding interval at low force, the protein is probed again by applying the high force as in
fingerprint pulse. If the protein refolds during the refolding interval, it is easily detected in
a probe pulse, where it will unfold once more. The repetition of this protocol was used to
measure the refolding probability of protein substrate at different forces. The folding
probability at the force applied during the quench part is calculated as the ratio between

number of unfolding steps in the probe and fingerprint pulses.

51



A B
__ 2004 Unfolding force protocol 200+ Dual force protocol
S —— .
£ 150+ a £.1504
& 3 5 =
@ 100+ Al D 1004 e
‘g 50 < g 501 Non-bound
w L
0- 0-
— 45 pN —
pd 80 pN
é 404 Fingerprint o 80+ 45 pN T’
9 204 8 40+
5 4 pN
LE O FI) 1 I I I I LE 0 I I I
0 5 10 15 20 25 30 35 0 20 40 60 80
Time (s) Time (s)
C
’E 200 Refolding force protocol
£
s 1504
e
2 100-
2
W 50-
W
= Fingerprint Probe
a 40
g 20 Quench (folding)
O J a\ o
w 05 T MT T T T T T W T T
1380 1390 1400 1450 1500 1550 1600 1650 1690 1710
Time (s)

Figure 2.14. Single molecule magnetic tweezers measurements of polyprotein

L8 in different force protocols. (A) Mechanical unfolding of polyprotein at constant

force of 45 pN. Blue arrow pointing up shows the force jump from 4 pN to 45 pN to

unfold the protein and black arrows shows the unfolding of each domain giving a

staircase of eight equal 15 nm steps. (B) Representative trace obtained from the

dual force protocol measurement. This protocol can be used to separate the

mechanically stable domains from the domain in native state. (C) Representative

trace obtained from the refolding force protocol to measure the folding probability as

a function of force. First, the domains are unfolded using fingerprint pulse, refolded

at given force in certain interval of time and then unfolded again applying high force

probe pulse as in fingerprint pulse.
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2.7.2. Data analysis

Single-molecule experiments generate a large quantity of data. Unlike other bulk
biophysical measurements, where the signals come from the combination of different
molecules, and some of them may not be the ones of interest, a single molecule
measurement either pulls a molecule producing a signal of interest or not at all. There are
specific criteria that we used to determine if the correct molecule is being measured to
exclude the incorrect measurements from the analysis, e.g., eight unfolding steps of ~15
nm in less than 30 seconds for protein L. These criteria ensure that the data selected for

the study is unbiased.

One such criteria is obtaining the molecular fingerprint of protein construct. A
molecular fingerprint is a distinct signal obtained only when the molecule of interest is
pulled to the fully extended length of the molecule. When a protein domain unfolds under
force, the unfolding step is highly protein-specific, and it depends on the number of amino
acids it contains. In protein consisting of repeated identical domains, the produced signal
gives rise to a staircase of identical steps as each domain unfolds independently. Since
the probability of other proteins generating such a staircase is negligible, this fingerprint
verifies that the molecule under the measurement is the one of interest. Sometimes, more
than one tether is formed. In this case, if two polyproteins are tethered in parallel, more
unfolding steps than the number of domains on a molecule are observed with anomaly
on their size, at forces higher than usual. These uneven sizes of unfolding steps appear
at higher force because of the uneven distribution of force for each tether. Also,
sometimes proteins age, especially after few months of purification. In this case, a huge

extension of denatured molecule appears with size equal to the sum of all the domains
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without showing a staircase like steps. Therefore, for further analysis, only those data are
taken into consideration which include all the domains unfolded in identical steps in

molecular fingerprint (usually eight steps for the eight identical domains).

2.7.3. Force dependent unfolding kinetics of protein

In single-molecule force spectroscopy, a protein's unfolding event is detected as a
stepwise increase in the length of protein (Oberhauser et al. 2001). A polyprotein consists
of a chain of repeated protein domains. These domains do not interact with each other,

and under force, they unfold in individual steps. The unfolding step (AX,) is given by,

Where, X, is the total length of protein when it unfolds under force and Xy is the length at

folded state. The size of the extension is protein-specific, and it depends on the number

of amino acids contained in the domain and the force applied.

According to the worm-like chain model, the increase in force increases the end-
to-end extension of protein. The Arrhenius equation suggests that the unfolding rate rises
exponentially with the increase in the magnitude of the applied force (Schlierf, Li, and
Fernandez 2004). At low forces, the protein remains folded. When the force increases, it
yields an extension equal to the length of the folded structure, and then it unfolds. The
unfolding of a protein domain can be detected as an increased vertical step of AX,, that
depends on force and the contour length Lc of that domain. An unfolding step of protein
is only seen if the protein is in a stable folded state to begin with. If not, the protein would
extend to its unfolded length even at low forces, effectively adding this length to the initial
extension.
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Figure 2.15. Extension of protein domain under force. (A) Protein L unfolding as
individual steps of 15 nm per domain at constant force of 45 pN. (B) Extension of
protein L as a function of applied force.

Depending on force, protein either remains at a folded state or unfolded state. So,
a two-state model with folded and unfolded conformations can be used to measure the
probability of unfolding. This dependency of unfolding with force can be measured by

measuring the unfolding probability as a function of force (Izrailev et al. 1997). At constant
applied force, the probability of unfolding at given force P,(t) is (Derivation in appendix

A4),

F. Ax

P,(t) =1— e Toute " (2.5)

where, 1, IS the rate of unfolding at zero force and t is the time.
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As described above, single-molecule force spectroscopy can be used to detect the
protein unfolding by applying a high enough stretching force (Erickson 1994). The
unfolding rate of the protein is exponentially dependent on the constant pulling force
(Popa, Berkovich, et al. 2013). During the pulling force, the probability of refolding is zero
as the force is increasing. So, using a two-state kinetic model, the probability of unfolding

is given by the following differential equation (Hummer and Szabo 2003; Evans 1998);
dP, =1(t) - [1—=P,()]dt ccovvereiiiiiiiiiiiiii (2.6)
where, r(t) represents the unfolding rate.

Assuming that the pulling force is changing linearly with time, the pulling rate a in pN/s

(Valle-Orero et al. 2015) is defined as the increase in pulling force F per unit time ¢.

a=F/t

Changing variable from time to force in the above equation gives P,(F), the unfolding
probability distribution as a function of applied pulling force, described from the simple

sigmoid as,

_Me(%-%

P,(F)=1- e< CAX ), (2.7)

where Ax is the distance to the transition state at zero force, Kz is Boltzmann constant,

and T is the temperature (Derivation in appendix A4).

56



>
(v 1)

e

c -
= 360 5% a=o01pNis
£ 2 Ax =0.36 nm .
= 300- 2015 r=14e06/s I
] c \
@ S
€ 250 B
g 2 0.104
' 200- 2 A
5110 [T, = 0.1 pN/s pulling force & 0.054 \
S 3
w 90 o 0

I 1 L 1 T T T T T T T T
900 950 1000 1050 0 20 40 60 80 100 120 140
Time (s) Force (pN)

Figure 2.16. Mechanical unfolding of polyprotein at a constant pulling force.
(A) Representative trace of unfolding the octamer of 127 at constant pulling force of
0.1 pN/s showing eight equal steps of 25 nm. (B) Histogram of probability distribution

function of 127 unfolding versus the constant pulling force.

From the unfolding force-frequency histogram and by differentiating above
equation, the probability density of unfolding as a stretching force can be measured. The
probability density predicts the shape of the histogram of the accumulated force at which
the protein unfolds when pulling force increases at a constant rate (Hummer and Szabo

2003; Izrailev et al. 1997).
2.7.4. Force dependent refolding of the protein

The single-molecule force spectroscopy technique can unfold proteins at applied force
and can be used to detect the refolded proteins at lower force. The refolding of protein
under force from highly extended unfolded states displayed a more complex behavior.
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The recording of protein refolding at a force quench step revealed an initial rapid elastic
contraction, followed by a plateau phase at some extension, concluding with a folding
contraction to a final state, at which refolding occurred (Valle-Orero, Rivas-Pardo, et al.
2017; Popa and Berkovich 2018; Garcia-Manyes et al. 2009). The folding probability of
a protein conformation is the probability to fold before unfolding. It can be used to validate
transition states with a folding probability of ~ 0.5 (Rao et al. 2005). The basic idea to

detect the folding contraction and to measure the folding probability is as follows.

First, a single protein molecule is unfolded mechanically by applying high force. In
this process, the initially folded domains are unfolded in the form of steps to confirm the
fingerprint of protein. The high force is then quenched to a low force to refold protein for
a set time interval. At quench force, the protein undergoes elastic contraction followed by
the folding contraction. The elastic contraction is the polymer collapse between the
unfolding force and the quench force. To determine the folding probability as a function
of force, the quench force can be varied in a range such that the folding probability lies
between 0 and 1. After the refolding interval, the unfolding high force is used again.
Suppose the protein has successfully folded during the refolding interval at the given
folding force. In that case, the unfolding steps corresponding to the fingerprint are again
detected during the second pulse as a probe. If the force is not low enough and the protein
failed to refold at the given time, then the initial elastic extension will hold the fully unfolded

length of the protein.
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Figure 2.17. Representative traces showing the measurement of folding
probability of polyprotein MyBPC3. At high force protein unfolds giving the
fingerprint and refold during quench and again unfold at probe.

The folding probability as a function of refolding force in a set amount of time can
be measured from the experiment by calculating the ratio of the number of domains
unfolded at the probe to the total number of domains at fingerprint.

p (F) _ N(unfold) at probe
f Nunfola) at fingerprint

After measuring the folding probability at various refolding forces, the folding

probability as a function of force can be estimated, which can be well described by simple

sigmoid as:
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1

Pr(F)=1- T e

1+exp{— .

Where, P;(F) is the probability of folding as a function for refolding force F, F ;,, is the

force with a folding probability of 0.5, and r is the growth rate or stiffness of the curve.
2.7.5. Time-dependent unfolding kinetics of protein

As described above, magnetic tweezers can apply constant force to a single protein
molecule. The unfolding of a polyprotein at constant force gives rise to a staircase-like
pattern of unfolding steps for each protein domain in the polyprotein. The unfolding time
for each domain depends on the applied force. Several studies have used the unfolding
time intervals to calculate the unfolding probability of protein (Yuan et al. 2017; Cao and
Li 2011; Bruijic et al. 2007). The three main approaches are as follows: (i) Accumulated

times, (ii) Dwell times, and (iii) Pseudo dwell times (Chetrit et al. 2020).

At a certain constant applied force, the unfolding accumulated times is defined as
the overall time that spans from the initiation of the force application (t,) to every unfolding
event. Each successive accumulated time interval includes the accumulated time that
precedes it. The accumulated time interval is given by (Chetrit et al. 2020; Lannon,

Vanden-Eijnden, and Brujic 2012; Kuo et al. 2010),

S YAPY (7 R 79 R (2.10)

Where, t, is the accumulated time for the unfolding event of k,;, domain.
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Figure 2.18. Graphs showing the accumulated time interval to measure the
unfolding rate for protein L unfolding at 45 pN. (A) Representative trace of
unfolding polyprotein L8 at a constant force 45 pN showing the accumulated time.
(B) Graph showing the average accumulated time of polyprotein L8 as a function of
unfolding events. Error bars represents the standard deviation of the average. (C)
Histograms of the natural logarithm of the measured accumulated times of protein L
at 45 pN. The continuous line represents the individual fit using a single exponential

law.
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The probability distribution function of a kinetic process involving the unfolding step
gives rise to accumulated times having an exponential distribution. The probability

distribution function, P(t)for such a process with a mean accumulated time is,

P()=1—exp(Tt/) oo (2.11)

Where t is the unfolding accumulated time, and t is the mean accumulated time

(Sigworth and Sine 1987; Tapia-Rojo, Eckels, and Fernandez 2019a).
Differentiating the above equation gives the probability density function as,

dF ()

1
f©) =—==—exp (/)

If we consider the logarithmic time axis as an x-axis, then

x = Int

that gives the probability distribution function as,

G(x) = Flexp(x)] = 1 — exp [~ exp(x — xo)]

where,

Xo = In (1)

is logarithm time constant.

The probability density function, g(x)now becomes,

gx)=exp[x—x, —exp(X —Xp)] cevevrriiiiiiiiien, (2.12)
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The unfolding kinetics of a polyprotein can be extracted by fitting the probability
density function to the distribution of time as shown in figure 2.15 (Cao and Li 2011).
During the work presented in this dissertation, | have used the probability density function
to the distribution of unfolding accumulated time to measure the unfolding rate (Derivation

in appendix A5).
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3. Binding-induced stabilization measured on protein L due to
binding antibody

3.1. Introduction

Bacteria secrete tens to hundreds of multidomain proteins to attach to their host
(Oberhauser et al. 2002). They operate in a dynamic environment to avoid dislocation or
degradation and adapt accordingly by sampling the mechanical forces generated by
mucus flow, coughing, or urination. These critically essential mechanisms used by
bacteria are as diverse as they are fascinating: (i) Streptococcus pyogenes and other
Gram-positive bacteria secrete protein domains that contain adjacent carboxyl and
amine-terminated amino acids. Following the folding of secreted protein domains, an
intramolecular isopeptide bond can cement the folded structure (Kang et al. 2007).
Similar to covalent bonds, folded domains with intramolecular isopeptide bonds can
withstand nanoNewtons forces (Zakeri et al. 2012). They cannot be unfolded for regular
degradation (Aubin-Tam et al. 2011). (ii) Some Escherichia coli (E. coli) secrete oe-
macroglobulin anti-proteases, which utilize a Venus flytrap-like mechanism based on the
thioester bond, whereby a bait region attracts and inactivates proteases (Garcia-Ferrer et
al. 2015). Reformation of the cleaved thioester bond was directly related to force sensing
and anchor stabilization (Echelman, Lee, and Fernandez 2017). (iii) E. coli and other
bacteria residing in the intestine have also developed a catch-bond-based adhesion. High
flow above a threshold generates strong adhesion. In contrast, in low or no flow, the

bacteria can easily detach (Marshall et al. 2003).
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Figure 3.1. Image of bacteria secreting polyprotein. (Left) Electron micrograph of
Finegoldia magna (formerly known as Peptostreptococcus magnus). These bacteria
prefer anaerobic sites and can cause zoonotic disease via bite wounds or licking,
especially in immunocompromised humans. (Right) Electron microscopy image of a
bacteria secreting polyprotein. Bacteria use secreted multidomain proteins to attach
to their hosts to disrupt the immune response. Antibody-binding proteins have
evolved naturally in bacterium, to disrupt the host’s immune system [Image source:
left (Dung 2006), right (Hultgren 1995)].

Finegoldia magna (formerly known as Peptostreptococcus magnus) secretes
protein L as a chain of several domains: a wall domain W, a membrane-bound domain
M, several C domains (depending on the strain), five B domains, and one A domain
(Wikstrom et al. 1994). All B domains have developed a binding affinity to antibodies at
the x-light chain site and have the residues involved in antibody binding conserved

(Wikstrom et al. 1994). Two critical interfaces were found for antibody-binding of protein

65



L, both targeting the same region of the x-light chain, but with vastly different avidity and
unknown function (Graille et al. 2001).

Here, | have investigated the mechanical response of the B1 domain of protein L
in the presence of x-light chain 1gG antibodies. | found that antibody binding acts as a
mechanical sensor for protein L and increase the mechanical stability. Using this change
in mechanical stability as a binding reporter, a binding constant similar to that of the low-
avidity binding interface was measured. From the results, it is proposed that this
mechanical sensor allows bacteria to sample the local antibody concentration, adjust their

search radius and localize their target.

3.2. Material and methods

3.2.1. Protein engineering, expression, and purification

The B1 pseudo-wild-type domain of protein L obtained from Finegoldia magna (formerly
Peptostreptococcus magnus), (O'Neill et al. 2001) was repeated eight times, before being
inserted in a modified pFN18a vector (Promega), which adds HaloTag at the N-terminus
and Histidines-SpyTag at the C-terminus. Following transformation with the pFN18a
vector, BLR(DE3) competent cells were grown to OD®% = 0.6 at 37°C in LB buffer in the
presence of carbenicillin 50 pg/mL, and expression was induced with 1 mM IPTG
overnight at 25°C. Cells were then pelleted and re-suspended in E/W buffer (NaH2POa4
50 mM, NaCl 300 mM, DTT 1mM, glycerol 5% v/v, pH 7.0) and lysed with lysozyme,
DNase, and RNase in the presence of protease inhibitors, followed by sonication.
Following cell lysis, the soluble protein fraction was passed through a chemical affinity

purification NINTA column (washing was done with E/W buffer with 7 mM Imidazole,

66



elution with E/W buffer with 250 mM Imidazole) and size exclusion chromatography (Akta

GE, elution in HEPES 50mM, NaCl 150 mM, pH 7.2 buffer).

3.2.2. Bead and Surface attachment chemistry

Amine terminated paramagnetic Dynabeads M-270 (14307D, Thermo Fisher Scientific)
were washed 3x with PBS buffer (Na2HPO4/NaH2PO4 50 mM, KCI 150 mM, pH 7.2), and
then reacted for 1 hour with glutaraldehyde 1% v/v at 4°C (bead concentration 5x10’
beads/mL). After washing the excess glutaraldehyde with PBS, the beads were incubated
for 4 hours or overnight at 4°C with an amine-terminated chloroalkane ligand (P6741,
Promega) 10 pug/mL, and were then washed and incubated one more hour in bead-
blocking solution (S-4023, TriLink BioTechnologies). A hexameric SpyCatcher protein
engineered in a pQ80E-L vector was transformed in BLR(DE3) competent cells and
expressed and purified similarly as the HaloTag protein. Fluid chambers were treated with
a mix of glutaraldehyde 1% v/v in PBS and polystyrene amine-terminated reference

beads (PP-25-10, Spherotech) 0.05 % w/v for 1 hour.

Following the washing of the glutaraldehyde excess, the fluid chambers were
incubated with SpyCatcher protein (~100 nM overnight at 4°C), followed by wash and
passivation with BSA 1% in TRIS buffer (Tris-HCI 20 mM, KCI 150 mM, pH 7.4) for at
least 4 hours. HaloTag-(protein L)8-SpyTag protein (~100 nM) was left to react for 30 min
with the SpyCatcher functionalized bottom-slide, to maximize the formation of the
isopeptide bond. Following washing with PBS buffer, the chloroalkane-functionalized
paramagnetic beads were added to the fluid chamber and left to react for ~1 min before

approaching the magnets, which attract non-attached paramagnetic beads toward the top
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surface. To measure the mechanical unfolding of protein L in the presence of antibody
ligands, | used a combination of single molecule magnetic tweezers and covalent

attachment as described in chapter 2.

SpyCatcher SpyTag
protein partner K peptide label
i
N V

NH HO
1\/\/\/ 2 }f

spontaneous + o)
reaction

H
N
\\/\/\/ f; + H,0
SpyTag \”o/\
irreversibly
locked

Figure 3.2. Schematic of spontaneous intermolecular amide bond formation
between SpyCatcher and SpyTag. Cartoon of SpyTag and SpyCatcher
construction from the Cnab2 domain. Spycatcher is a large N-terminal fragment and
SpyTag is small C-terminal fragment. Reactive residues are highlighted in red

[Image source: (Zakeri et al. 2012)] .
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Figure 3.3. Schematic diagrams of protein L binding to antibody and the

construct used for experiment. (A) Bacteria secreted protein L having a wall
domain W, a membrane-bound domain M, two C domains, five B domains, and one
A domain. All B domains have developed a binding affinity to antibodies at the x-light
chain site of antibody. (B) Construct with eight repeats of B1 domain of protein L
having HaloTag at N-terminal end and SpyTag at C-terminal used during the single

molecule magnetic tweezers experiments [Image source: (Dahal et al. 2020)].

3.2.3. Data analysis and errors estimation

Data analysis and error estimations were done using Igor Pro (Wavemetrics). Errors were
estimated using bootstrapping analysis. Briefly, the same number of data points were
randomly pooled from the experimentally measured dwell times for a given force and a
given antibody condition and the logarithm of these values was binned into a histogram,
with a bin size of 0.5 s. The histogram was then fitted with single-double exponential laws

using custom-written functions. The process was repeated 300 times for each condition.
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The unfolding rate dependency and binding constants were fitted using a custom-written
function and the equations described in the main text. The standard error from the fitting

is reported as well.

3.3. Results and Discussion

3.3.1. Testing of protein L-antibody binding with SpyTag-SpyCatcher chemistry

The binding efficiency of protein L to its antibody ligand and between SpyTag and
SpyCatcher is tested using three different developing approaches. First, two identical
non-denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels are ran, where HaloTag—(protein L)8-SpyTag, GFP2-SpyCatcher, and the reaction
mix between the two using two different concentrations (1 and 5 uM) are loaded. Then
one gel is stained with the regular Coomassie blue and the second is transferred to a
nitrocellulose membrane. The nitrocellulose membrane is then exposed to an IgG mouse
antibody solution, followed by incubation with horseradish peroxidase (HRP) secondary
goat anti-mouse antibody. Under blue light, only the bands that have the native GFP2
protein show a signal, while under enhanced chemiluminescence (ECL), only bound
antibodies produce a signal. This simple assay demonstrates that the used construct
successfully produces SpyTag-SpyCatcher attachments, and that protein L binds

specifically to kappa-light chain antibodies.
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Figure 3.4. Testing protein L-antibody binding and SpyTag-SpyCatcher
chemistry. A) SDS-PAGE gel having the molecular weight ladder followed by
HaloTag-(protein L)8-SpyTag (denoted H-(L)8-St) in (1), GFP2-SpyCatcher
(denoted GFP-Sc) in (2) and the mix of the two proteins in 1:1 molar ratio, in (3),
loaded at two concentrations: 1 4M in (8) and 5 xM (P). The dotted lines represent
the corresponding positions for GFP2-SpyCatcher (green), HaloTag-(protein L)8-
SpyTag (red) and HaloTag-(protein L)8-SpyTag- SpyCatcher-GFP2 (orange). B)
Same gel as in A after being transferred on a cellulose membrane, recorded under
blue light with specific GFP filters. A new fluorescent band becomes apparent in (3),
demonstrating the successful SpyTag-SpyCatcher reaction. (C) The same gel as in
(B) was then incubated in mouse IgG antibodies (1 #M) for 1 hour, and then
developed with goat anti-mouse HRP fused secondary antibodies. This method
demonstrates that mouse IgG antibodies are ligating protein L, in both unreacted

and reacted SpyCatcher-SpyTag complex [Image source: (Dahal et al. 2020)].

3.3.2. Antibody binding to protein L induces mechanical stabilization

Using magnetic tweezers, unfolding of single-molecule polyprotein L8 was
measured. A heterocovalent (HaloTag-SpyTag) attachment was used that allows

changing the solution buffer inside the fluid chamber without breaking the molecular tether
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and enables the measurement of the same protein molecule in different concentrations

of the antibody.
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Figure 3.5. Unfolding protein L8 in the presence and absence of antibodies.
Example of a trace of the same single molecule unfolding all its eight domains in the
absence (red) and presence (blue) of antibodies (35 #M) under a constant force (65
pN). Each step corresponds to the unfolding and extension of a protein L domain.
The unfolding dwell-time and step size are defined as indicated by the arrows [Image
source: (Dahal et al. 2020)].

When a force of 65 pN is applied to the protein L construct, | observe eight

equidistant unfolding steps, unraveling in ~3 seconds (figure 3.5). The HaloTag—SpyTag

attachment also allows us to change the solution buffer inside the fluid chamber without

breaking the molecular tether and enables the measurement of the same protein

molecule in different concentrations of the antibody. When the antibody-free solution

buffer was replaced with one that contains k-light chain antibodies, same 65 pN force was

applied to the same molecule, it took ~47 seconds to completely unfold all protein L
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domains (figure 3.5, blue trace). Hence, the antibody binding has a mechanical
strengthening effect on protein L, and this effect can also be used to measure the binding

of antibodies.

3.3.3. Mechanical unfolding to measure antibody binding

To measure the binding interaction between protein L and IgG antibodies, a two-step
force pulse protocol was used, which allows us to determine the number of domains that
have a ligand attached to them (figure 3.6). First, the force is ramped to a low-force (45
pN) and maintained at this value for a total of 35 s. At this force, the unfolding rate of
protein L is 0.25 + 0.01 s — it takes on average of ~4 seconds to unfold a domain. This
exposure time is generally sufficient to unfold all the protein L domains free of antibodies.
Then the force was ramped once more and maintained at 100 pN for 100 s. This second
high-force pulse is used to determine the number of protein L domains with bound
antibodies. Indeed, in absence of antibodies, all eight domains of protein L unfold in the
first low-force pulse (45 pN, figure 3.6, A). When (protein L)s is measured in a solution
containing 35 uM antibodies, most of the unfolding events appear in the high-force pulse

(100 pN, figure 3.6, B).
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Figure 3.6. Representative traces obtained to measure the antibody binding
to protein L using a two-step protocol. A) Representative unfolding trace of
octamer of protein L domain in the absence of antibody. The force protocol was set
to 45 pN for ~35 seconds, followed by ramping the force to 100 pN. Zoom in (Top
right) shows the unfolding of all 8 domains within 30 seconds at 45 pN. B) Similar
unfolding trace obtained from the same construct with same force protocol measured
in the presence of 35 uM mouse serum IgG. Zoom in (Bottom right) shows the
unfolding of the majority of protein domains at high force (100 pN) in the presence

of antibody [Image source: (Dahal et al. 2020)].
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After exposure of protein to 100 pN force for 100 s, the protein is left to refold at
~2 pN for 100 s which allows the binding of new antibody molecules from the solution. As
the single protein L molecules can be tethered for an extensive time and exposed to
alternating high and low force pulses, the binding process with every cycle was effectively
reset. Then the binding was quantified as the number of unfolding domains in the 100 pN
region over the total number of domains (the last bar in figure 3.7). In 35 uM IgG, ~75%

of the unfolding events appear in the high-force 100 pN pulse (figure 3.7).
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Figure 3.7. Unfolding dwell time frequency histograms of protein L domains
in absence and in presence of 35 uM IgG. In absence of IgG, more than 90% of
domains unfold within 35 seconds at the low pulling force of 45 pN (red histogram)
whereas in the presence of 35 uM IgG, most of the domains unfold in the high force

pulse of 100 pN (blue histogram) [Image source: (Dahal et al. 2020)].
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3.3.4. Dissociation constant from the change in the mechanical stability

By repeating the two-pulse protocol with changing antibody concentrations, | determined
the binding constant of protein L to antibody (figure 3.7, A). As the antibody concentration
is increased, more and more unfolding events appear in the 100 pN region of the pulse.
However, the binding probability plateaus at a value of ~0.75 at concentrations above 30
uM (figure 3.8, B). The fitted dissociation constant between the IgG antibodies and protein
L, using the Hill-Langmuir equation

[19G]

X1-196 = G 496D

has a value of 23 + 3 uM. The measured binding constant is smaller than that reported
from titration experiments, which was 0.1-0.2 uM (Beckingham et al. 2001a). The same
authors reported that treatment with tetranitromethane, which is a tyrosine inhibitor,
prevents normal antibody binding at the B1-p2-a interface, and decreases the binding
constant to ~30 uM (Beckingham et al. 2001a). This change in binding affinity was later
explained by the discovery of a second binding interface at the a-B3 site (Graille et al.
2001). The measured value here for the binding constant via mechanical unfolding

suggests that it is this second interface that plays a role in mechanosensing.

The bound and free antibody ligands inside a fluid chamber can be determine as
follows. For a fluid chamber of dimensions 15mm x 15mm x 0.1 mm, the surface area is

2.25 x 108 ym? and volume of liquid inside is 22.5ul. The molecule attachment
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is ~ 1 molecule/um?. So, the number of molecules of protein L domain inside the

chamberis 8 x 2.25x 10® = 1.8 x 10° molecules.

For the lowest concentration of antibody used, 10 uM, the number of molecules inside the

chamber is,

=225x10"°x10x107° x 6.02 x 102> molecules

= 1.35 x 10'* molecules

The antibody ligands inside the chamber that are not bound to protein L,

= 1.35x 10" — 1.8 x 10° molecules

So, for the lowest concentration of antibody used, the percentage difference of free

antibody ligands before and after binding to antibody is,

1.35x 101 — 1.8 x 10°
=100 —

1.35x 101 ) * 100%

= 0.0013%

So, the highest possible error in calculating free antibody ligand before and after binding

to all the protein L molecules is negligible which is 0.0013%.
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Figure 3.8. Determining the dissociation constant from the change in the
mechanical stability of protein L. A) Unfolding traces of protein L octamer from the
HaloTag-(protein L)8-SpyTag construct, measured in different concentration of
mouse IgG antibody. Without antibody, all the domains unfold at low force (45 pN,
red trace) whereas a high concentration of antibody requires a high force (100 pN,
violet trace, 71 uM antibody) to unfold. B) The binding probability as a function of the
concentration of IgG. Increasing the concentration of antibody increases the binding
probability and thus the stability. Blue squares represent the binding probability at
different concentration of antibody. The line represents a fit using Hill-Langmuir
equation and yielding a dissociation constant K, = 23 + 3 xM. Error bars are S.E.

obtained via bootstrapping [Image source: (Dahal et al. 2020)].
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3.3.5. Force dependent unfolding kinetics

Not only does our single-molecule assay constitute an elegant approach to measure
antibody binding, but it can also determine the unfolding kinetics of protein L in the
presence and absence of its IgG ligand. For measuring unfolding kinetics, the square-
root histogram method (Sigworth and Sine 1987) (Tapia-Rojo, Eckels, and Fernandez
2019a) was used to obtain the histogram of logarithmic binning of the unfolding dwell
time. In this case, the protein L octamer construct was exposed to a single constant force
in the absence and presence of antibodies at a saturating concentration. The dwell time
for unfolding was determined as a function of force. Histograms were then constructed
from the natural logarithm of the measured dwell-times. When a single peak was present,

the histogram was fitted to a single-exponential law given as:

P(F)=exp[x —xp—exp(x —Xg)]eeereieiiiiiiiiiiiiiiiien . (3.2)

The histograms with two peaks were fitted to a double exponential law given as:

P(F) = Ajexp[x; — xo1 — exp(x; — xo1)] + Azexp[x; — xo2 — exp(x; — xp2)]... (3.3)

with x =In[t] and x, = —In[r(F)]

where t is the unfolding dwell time and r(F) is the force-dependent unfolding rate.
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Figure 3.9. Force-dependent unfolding kinetics of protein L in the absence of
antibodies. Histograms of the natural logarithm of the measured dwell-times of
protein L without added antibodies, at 17 pN, 20 pN, 26 pN, 31 pN and 54 pN. The
dotted lines at 17 pN, 20 pN, 26 pN and 31 pN represent the individual fits using a
single exponential law, while the continuous line is their sum. At 54 pN, continuous
line represents the fit using single exponential law. Between 10-20% of protein L
domains are measured in a mechanically weak state, a number similar to the
percentage of domains that do not bind antibodies, but a direct correlation between
the two populations cannot be readily made. This weak state was previously
attributed to domain swapping (Tapia-Rojo, Eckels, and Fernandez 2019b; O'Neill et
al. 2001) [Image source: (Dahal et al. 2020)].
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Figure 3.10. Force dependent unfolding kinetics of protein L in the presence
of antibodies. Upper panel shows the histograms of the natural logarithm of the
measured dwell-times of protein L at 45 pN and 65 pN without antibodies (red) and
in the presence of 35 xM antibodies (blue). The dotted lines represent the fits using
single exponential law and the continuous line is their sum. The first peak in the blue
histogram coincides with the location of the red peak and has an amplitude that
corresponds to ~12% unbound domains, in agreement with the experiments from
the double-pulse protocol. Lower panel shows the histograms of natural logarithm of
the measured dwell-time of protein L in the presence of 35 uM antibodies at forces
80 pN, 90 pN and 100 pN. Histograms for 80 pN, 90 pN and 100 pN were fitted with
single exponential law [Image source: (Dahal et al. 2020)].
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The square-root histogram method has the advantage of separating processes
taking place on different characteristic timescales. The distribution of unfolding events at
low forces exhibited a bimodal shape with ~ 10-20 % of the events in a weak state (black
points in figure 3.11) and the remaining in a more mechanically stable state. This behavior
was attributed to ephemeral states and domain swapping in a previous study (Tapia-Rojo,
Eckels, and Fernandez 2019a). As the experienced force is increased, the histogram
peak of the unfolding dwell times moves to lower dwell-time values and the first peak is

no longer present (compare red histograms in figures 3.9 and 3.10).
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Figure 3.11. Unfolding rate of protein L as a function of force. Unfolding rates of
the weak state of protein L (black circles), of the native state (red squares), and
antibody-bound state (blue squares). The lines represent the fits using the Bell’s
model. Error bars are S.E. obtained via bootstrapping [Image source: (Dahal et al.
2020)].
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3.3.6. Antibody-binding induces a pseudo-catch-bond behavior

The square-root histogram method is very useful at high forces (>40 pN) for
separating the unfolding events of protein L arising from domains that have bound
antibodies from the ones that do not. In this case, first, the antibody-free experiments
were used to determine the unfolding rates at a given force (red histogram figure 3.10).
Then a double exponential law was fitted to measure the unfolding kinetics of antibody-
bound protein L domains (blue histogram figure 3.10). To describe the unfolding rates as

a function of force, | then use the Bell’s model:

In[r(F)] = In[ry] + e s (3.4)

where r, is the extrapolated rate at zero force, F is the applied force, Ax is the distance
to transition state, and KzT the Boltzmann thermal energy. An interesting finding is that
the unfolding rate of the protein L domains with bound antibodies has a different
dependency slope with force than the unfolding rate of the protein L free of antibody (blue
vs red points in figure 3.11). These dependencies are characterized by a distance to
transition state of 0.24 + 0.04 nm for protein L with bound antibody and 0.42 + 0.01 nm
for protein L without bound antibodies and suggest that the higher the experienced force,

the larger is the mechanical stabilization effect.
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3.4. Conclusions

The state of the art in using a single-molecule resolution to investigate a
biophysical process currently entails repeating the desired experiment on many
molecules in diverse experimental conditions. With the advent of magnetic tweezers and
covalent attachment via HaloTag, it was managed to extend the sampling time for a single
molecule from several minutes to 15 days (Popa et al. 2016b). However, this approach
was using the weaker noncovalent biotin—streptavidin interaction, limiting the force
exposure to relatively low values. By introducing a second SpyTag covalent attachment
via an isopeptide bond (Zakeri et al. 2012), it is now possible to increase the force-
exposure time range and titrate the binding at a single molecular level. | have
demonstrated this approach with a protein L construct, which has HaloTag at the N-

terminus and SpyTag at the C-terminus.

In (1),s71 Ax,nm
Protein L, weak state -5.8£0.85 1.0+0.1
Protein L, native state -6.21 + 0.065 0.42+£0.01
Protein L + IgG -7.3+0.8 0.24 £ 0.04

Table 3.1. The fitted parameters of protein L for the distance to transition state

and extrapolated unfolding rate at zero force.
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Finegoldia magna is one of several bacterial pathogens that secrete surface
proteins that bind antibodies to protect themselves from the adaptive immune response.
It is found in vastly diverse biomechanical environments, on mucous membranes of the
mouth, upper respiratory, gastrointestinal, and genitourinary tracts (Basu et al. 2016), and
must withstand mechanical stress to prevent dislocation by fluid flow (Otto 2014). It has
evolved to operate under the mechanical sheer generated by mucus flow, coughing, or
urination (Boyanova, Markovska, and Mitov 2016) (Thomas et al. 2002; Otto 2014; Biais
et al. 2008). Protein L is secreted by Finegoldia magna to attach to antibodies and has
an a-B conformation (from N-to-C: B1-B2-a-83- B4). The B1 domain of protein L has
between 61 to 89% sequence homology with the B2-5 domains and the binding interfaces
are highly conserved (Wikstrom et al. 1994). All B domains of protein L domains have two
antibody-binding sites with vastly different avidities, and the function of the second weaker
binding interface was unknown (Beckingham et al. 2001b) (Graille et al. 2001) (Housden

et al. 2003).

The results here demonstrated that antibody binding increases the mechanical
stability of protein L, and this increase is due to the binding at the second (low avidity)
binding site (figure 3.12). Two key findings result from these single molecule
measurements, which will be discussed below: (i) the low avidity binding site is
responsible with mechano-sensing, while the high-avidity site does not influence the
mechanical stability of protein L; (ii) the mechanical activation of protein L is reminiscent
of a catch-bond, where the larger the experienced force, the bigger the difference in
stability between protein L with bound antibodies versus protein L alone. Using the

change in mechanical stability of protein L, a binding constant to antibodies was
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measured to be 23 =+ 3 uM. Taken together, these results point to a novel pseudo catch-
bond mechanism. In vivo, the high-avidity binding site must be used to engage the tether,
whereas the low-avidity binding site acts as a mechanosensor, allowing bacteria to
sample the antibody surface concentration and localize their search during successful
binding under strain. In this way, the bacterium can fine-tune its search radii under force
based on the surface concentration of exposed antibodies. It is well known that antibodies
form transient clusters on the membrane of dendritic cells when acting as docking sites
for the complement system or phagocytes (Preiner et al. 2014). When the bacterium
attaches to its substrate, if the antibody surface concentration is low, the high-avidity
binding site is more likely to engage, without influencing the mechanical stability of protein
L. In this case, the anchored bacteria can unfold and extend their domains to increase
their search radii. When interacting with an antibody cluster, some protein L domains can
bridge two antibody molecules at their light-chain region, increasing their mechanical
stability and acting as force sensors. Under flow, when the bacterium engages an
antibody cluster, its search radius reduces from ~19 to ~4 nm/domain (Valle-Orero,
Rivas-Pardo, and Popa 2017). This reduction in the search radius would allow the
bacterium to counteract an immune response. We postulate that, while the first binding
site acts as an attachment ligand because of its high avidity, it is the second binding site
that can engage under flow and produce a mechanical signal, providing information on
the concentration of the antibodies at the target site. We propose that this mechanosensor
constitutes a rather unigue mechanism through which bacteria can tune their search
radius under force and orient the secreted proteins L chains towards either a fight or flight

mechanism.
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Figure 3.12. Proposed force-activated mechanism for bacteria adhesion. (A)
Schematics of a dendritic cell presenting 1gG covered surface inside the lumen,
where opportunistic pathogen such as Finegoldia magna (red) can attach under a
mucus flow. B) Proposed mechanism, where the bacterium secretes protein L
multidomain to attach to antibodies. The circles denote the antibody clusters present
at the cell surface (Preiner et al. 2014). High antibody concentrations will lock protein
L in a folded conformation by populating both interfaces, reducing the search radius.
Low antibody concentration will allow attachment at the high-avidity interface,
without affecting the mechanical stability and increasing the search radius [Image
source: (Dahal et al. 2020)].

The double site mechanism might also be common in other pathogens. Antibody-
binding protein G secreted by group G streptococci, has a similar B1- B2-a- B3- B4
structure and attaches IgGs at the heavy-chain region. When measured under force, the

binding constant of protein G at the Fc antibody region was also found to be much smaller

87



than that compared from bulk experiments (Derrick and Wigley 1992), but a second

binding interface is not currently known for this complex.

Interface 2
Low avidity
Force sensor_ ./

Interface 1
I'\_,High avidity

Figure 3.13. Double-binding interface of protein L to its antibody ligand.
Ribbon representation of protein L bound to two antibody molecules. The high-avidity
interface is shown in blue, whereas the low-avidity interface, which can act as a force
sensor, is shown in red (based on PDB: 1HEZ (Graille et al. 2001)). The arrows show

the direction of the force vector [Image source: (Dahal et al. 2020)].

Similarly, Staphylococcus aureus, which secretes antibody-binding protein A and
the clumping factor A was shown to form aggregates under high shear conditions

(Kerrigan et al. 2008). For the clumping factor A, two distinct binding sites were identified,
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with their adhesion tightly regulated by mechanical force (Herman-Bausier et al. 2018).
Taken together with our findings here, the double-binding site mechanism might be an
important feature used by bacteria to both attach to their target and sample the transient
forces, allowing it to better adapt and migrate. Reminiscent of attachment operating under
a catch-bond mechanism, this flow-induced search can allow bacteria to selectively

engage ligand clusters.

Protein unfolding in vivo was previously correlated with the exposure of cryptic
sites, which can result in force-triggered redox reactions (Beedle et al. 2017; Alegre-
Cebollada et al. 2014) or activated binding (Yao et al. 2015; del Rio et al. 2009).
Furthermore, several bacteria were shown to have evolved internal isopeptide,
(Hendrickx et al. 2011; Alonso-Caballero et al. 2018) disulfide, (Reardon-Robinson and
Ton-That 2016; Manteca et al. 2017), or thioester bonds, (Walden et al. 2015; Echelman,
Lee, and Fernandez 2017) which prevent mechanical unfolding, that can lead to
proteolysis. The experiments here demonstrate that we can now titrate these interactions
and measure the change of the mechanical response of a single protein molecule by
using magnetic tweezers and hetero-covalent attachment. This approach not only proves
important for discovering the mechanical effects related to ligand binding, as shown here
but also opens the road for screening mechano-active compounds with a single molecular

resolution.

89



4. Mechanical response of R7R8 domain interacting with DLC1

4.1. Introduction

The mechanical connection between cells and the extracellular matrix (ECM) ismediated
by Integrin-talin multi-component complex. This direct coupling between the ECM and all
the way to intracellular actin cytoskeleton inside the cell are linked by transmembrane
integrins (Theocharis, Manou, and Karamanos 2019). Integrins are a protein family of
heterodimers with an a- and a B- subunits. B-integrin bind ECM proteins through their
extracellular domains and are linked to actin through an adapter protein, talin (Springer
and Wang 2004). Talin is a membrane-associated cytoskeletal protein with a globular N-
terminal compactly folded polypeptide chain of FERM (4.1 protein, ezrin, radixin, moesin)
head and a C-terminal tail comprises 63 a -helixes arranged to form a linear chain of 13
helical bundles (R1-R13) (Yao et al. 2016). It acts as a mechano-sensor through
conformational changes of its FERM head and 13 rod domains. The essential function of
the talin head is to bind and activate the cytoplasmic tail of the integrin 3-subunit (Wang,
Tytell, and Ingber 2009). At autoinhibited state, the FERM head and the tail domains of
talin interact with each other and prohibit integrin binding. Integrin binding to talin head
leads to conformational rearrangement of its extracellular domain and its activation (del
Rio et al. 2009) (Wegener et al. 2007). Talin initiates inside-out integrin activation by
exposing its FERM head to p-integrin (Calderwood et al. 1999) (Goult et al. 2013). It
binds with several molecules in a force dependent manner and regulates the cell

functions. The number of binding partners for each domain is shown in the heatmap
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(figure 4.1, A). The binding of the talin head with integrin and the talin tail with actin gives
a connection between the actin cytoskeleton inside the cell and the extracellular matrix
into a rod where talin acts as a force bearing mechanical link (Yao et al. 2014). The
mechanical engagement of the talin rod domain with the actin cytoskeleton plays central
role for integrin activation and extracellular rigidity sensing (Austen et al. 2015),(Bouvard
et al. 2013). Talin functions as an adaptor between integrin and actin by recruiting several
cytoplasmic effectors that mediate complex adhesive assembly, including focal adhesion
(Sabita Sharma 2021) (Popa and Gutzman 2018a). Also, the dysregulation of talin
activators can lead to disease states that change cell spreading, migration, and survival.
As talin binds to crucial components inside the cell, it has been investigated as a
mechanosensitive molecule (Haining, Lieberthal, and Hernandez 2016). In addition to
actin-binding sites, talin rod contains various other binding sites that are involved in
regulating its own activity and other signaling proteins, including 11 vinculin binding sites
and binding sites for other proteins such as Rapl— GTP-interacting adapter molecule
(RIAM), and Deleted in liver cancer 1 (DLC-1) (Haining, Lieberthal, and Hernandez 2016)

(Critchley and Gingras 2008).

DLC-1, a protein in humans encoded by the DLC1 gene, has only one binding site to
the four-helix bundle of the talin R8 domain (Zacharchenko et al. 2016b). It is a metastasis
and tumor suppressor protein having RhoGAP (Ras homolog GTPase activating protein)
activity. It is involved in forming focal adhesion, regulating RhoA GTPase activity, and
therefore the actomyosin contractility. DLC-1 is known to prevent cell migration, invasion,
and metastatic progression in several cancer cells (Barras and Widmann 2014).

Downregulation of DLC1 in cells is a leading cause of various cancers, including liver,
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lung, and brain (Shih, Yuan, and Lo 2017). The presence of DLC1 at focal adhesions, its
RhoGAP function, and its interaction with talin, tensin, and FAK directly affect its full
suppressor activity (Tripathi et al. 2014). The loss of DLC1 leads to induce cell adhesion

and increased metastatic potential of cells.

Here, | have studied how mechanosensitive domains of single-molecule talin,
specifically domain R7-R8, respond in recruiting and interacting with its regulatory ligand

DLC-1 under applied mechanical force.
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Figure 4.1. Schematic diagram of full length talin and unique structure of R7R8
domains. (A) Structure schematics and reactivity heat map of talin. (B) Structure
showing the a-helices of talin domains R7-R8, with R8 domain inserted inside R7.
The direction of force applied to R7-R8 from N and C terminal of R7 is shown by
arrows (PDB: 5FZT). (C) Schematic of unique molecular architecture of R7-R8
showing R8 domain in between 3 and 4% helix of R7. The number of amino acids
of each fragment of R7-R8 (R7a, R7b and R8) is given. The helices of R8 inside the

dotted rectangle inside blue circle shows the binding site of DLC-1 to R8 domain.
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4.2. Material and methods

4.2.1. Protein engineering, expression, and purification

Talin rod domains R7 and R8 obtained from human Talin1, and its binding partner DLC-
1 fragment was used during the experiment. Protein data bank: 5FZT was used as a
protein model (residues 1351- 1656) for R7-R8, (residues 1453- 1582) for R8, and
(residues 465-485) for DLC-1 to produce the desired constructs. Three different
constructs, R7-R8, R8, and L2-R7R8-L2, were separately inserted into a modified
pFN18a vector (Promega), which introduces a HaloTag enzyme (Promega) at the N-
terminus and a Histidine6-AviTag/SpyTag at the C-terminus (Schoene et al. 2014).
Following transformation with the pFN18a vector, proteins were expressed in Escherichia
coli BLR(DE3) competent cells. Talin binding fragment of DLC-1 was ligated with mVenus
to make the construct mVenusDLC-1. mVenusDLC-1 was inserted into a modified pQE
vector which introduces a Histidine6 Tag at N-terminus. Following transformation with
pQE vector, mVenusDLC-1 was expressed in E.Coli C41 competent cells. Protein
expression was induced with 1mM Isopropyl B-D-1-thiogalactopyranoside (IPTG, sigma)
overnight at 25°C when the cell culture was grown to OD® = 0.6-0.8 at 37°C in Luria
Broth (LB) buffer in the presence of 50 pg/mL carbenicillin. Cells were then pelleted and
re-suspended in E/W buffer (NaH2PO4 50 mM, NaCl 300 mM, DTT 1mM, glycerol 5% vl/v,
pH 7.0) and lysed with lysozyme, 1% Triton X-100, DNase, and RNase in the presence
of protease inhibitors followed by sonication and filtration. Following cell lysis, the soluble
protein fraction was purified by passing through a chemical affinity purification Ni-NTA
column (washing was done with E/W buffer with 7 mM Imidazole, elution with E/W buffer

with 250 mM Imidazole), and size exclusion chromatography (Akta GE, elution in HEPES
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50mM, NaCl 150 mM, glycerol 5% v/v, pH 7.2 buffer). E/W buffer (NaH2PO4 50 mM, NacCl
300 mM, pH 7.0) and elution buffer (HEPES 50mM, NaCl 150 mM, pH 7.2 buffer) was
used in the purification of mVenusDLC-1. The purified proteins with the AviTag construct
were concentrated to ~100 uM before biotinylation. Biotinylation was performed in 50 mM
Bicine buffer pH 8.3, 10 mM magnesium acetate, 10 mM ATP, 100 uM biotin, and 2.5 pg

biotin ligase BirA enzyme at 30 °C, for 4 h.

4.2.2. Single-molecule Magnetic Tweezers measurements

To study the single-molecule protein dynamics inside the fluid chamber, a HaloTag
and/or SpyTag attachment chemistry was used as described in chapter 2. Following the
wash of nonbounded Halospycatcher, proteins with SpyTag construct diluted to ~ 100 nM
were left to adsorb on a functionalized SpyCatcher surface for ~30 minutes to allow for
the maturation of the attachment through an isopeptide bond. After washing the non-
adsorbed proteins, paramagnetic beads (Thermo Fisher Scientific) with embedded
chloroalkane ligands (Promega) were left to react with the HaloTag end of the protein

construct, which results in the formation of a covalent ester bond.

For AviTag construct, HaloTag-(protein)-AviTag protein at ~100 nM concentration
was left to react for 10 minutes with the chloroalkane functionalized bottom-surface
forming a covalent bond (Popa et al. 2016b). Following the wash with PBS buffer, the
streptavidin-coated paramagnetic beads were added to the fluid chamber and left to react
for ~1 min forming a non-covalent interaction between biotin and streptavidin before
approaching the magnets, which attracts non-attached paramagnetic beads toward the

top surface. All the dilutions, experiments, and wash were done in PBS
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(Na2HPO4/NaH2PO4 50 mM, KCI 150 mM, pH 7.2) buffer. For SpyTag construct, a
HaloTag introduced SpyCatcher (HaloSpycatcher) protein engineered in a pFN18a vector
was transformed in BLR(DE3) competent cells and expressed and purified similarly as
the HaloTag protein. Fluid chamber treated with surface attachment chemistry were
incubated with Halospycatcher protein diluted to ~ 500nM at room temperature for 10
minutes. HaloTag from HaloSpycatcher protein construct is reacted with Halo ligand on

the glass surface, forming a covalent anchor to the construct.

4.2.3. SDS-PAGE binding analysis

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Bio-Rad
Laboratories) method was also used to analyze the binding of DLC1 to the folded R8
domain. In this process, the purified protein was incubated with paramagnetic beads for
an hour in HEPES buffer at 4°C on the rotor. The excess non-adsorbed protein was
washed 3X with HEPES buffer obtained as supernatant by the process of sedimentation
using a strong magnet. Following the wash, the paramagnetic beads with a protein
attached to them were incubated with mVenus-DLC1 at 4°C overnight on the rotor.
Following the incubation process, the excess non adsorbed DLC1 was again washed 4X
by sedimentation using a strong magnet and collected the non-adsorbed and final wash
supernatant. The sedimented beads with protein and ligand attach to them were
incubated in 10 ul of HEPES buffer. The non-adsorbed supernatant was diluted to 2uM
on HEPES buffer. 10 ul of each of the samples were mixed with 4ul mixture (50ul of 4X
Laemmli sample buffer (Bio-Rad) and 5.5 ul of 2-mercaptoethanol (Amresco) as a
reducing agent) and denatured the samples by heating for 10 minutes at 100°C. The

samples were loaded on (4 -15) % polyacrylamide gel and run at a constant voltage of
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200V for 30 minutes using 1X Tris-Glycine SDS buffer (Amresco Inc). Following 3X
washes with DDi H20 and Coomassie staining, the band of proteins on the gel were

visualized using a de-staining solution (20% methanol, 10% acetic acid, and 70% H20).

4.2.4. Data analysis and errors estimation

Data analysis and error estimations were done using Igor Pro (Wavemetrics). Briefly, the
number of amino acids unfolded was binned into a histogram. A bin size of 15 was
obtained using the worm-like chain fitting from the measured extension of protein and
their corresponding forces. The histogram was then fitted with Gaussian functions. The
graph of folding probability as a function of force was fitted using the equation of sigmoid.
Errors were estimated using standard error from the mean. The standard error from the
fitting is reported as well. A reduced residue of fitting was calculated and used to
determine the number of best fits for all the histograms. The lowest value of reduced

residue gives the best fit of the histograms.

Residue

Reduced residue = ————————— ... (4.1)

Degree of Freedom

Where, degree of freedom (DoF) is given by,

DoF = No.of Data points — No.of fitting parameters................ (4.2)

Fitting parameters for a gaussian distribution is 3 (amplitude, mean and standard

deviation). And the residue is calculated as,

Residue = /X(Data — fit)2.....ccccceviiiiiiiiaaaaaaaaaaa, (4.3)
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4.3. Results and Discussions

4.3.1. Mechanical unfolding of talin domains R7R8 and R8

The talin rod domains, R7R8, consist of only a- helical bundles with five helices on
R7 and four helices on R8. Among 13 domains of talin rod, R7-R8 are different from
others in their structure because the terminal ends of the R8 bundle do not lie on the
pathway between domains R7 and R9. The unique molecular architecture of R7R8
structure shows that R8 is inserted in between the third and fourth helices of R7,
protecting it from force until the R7 domain is unfolded (Yao et al. 2016). The direction
of force to unfold the R7-R8 fragment is from the N and C terminal of R7 (figure 4.1, B).
Talin R7-R8 fragment begins with first three helices towards N-terminal end of R7
followed by the R8 domain having 114 amino acids and conclude with last two helices
on C-terminal end of R7. Because of this unusual structure, R7-R8 can unfold either as
a single big step, or as two steps of equal size, or as two or three steps from the
combination of R7 and R8.

To measure the mechanical unfolding of talin fragment R7-R8, we used custom-
built single-molecule magnetic tweezers and covalent attachment chemistry (Dahal et al.
2020). Magnetic tweezers can expose single protein molecules to forces in the pico-
Newton range. When protein is exposed to mechanical force, it registers an unfolding
event as a nanometer step increase in the end-to-end protein length or contract by
folding depending on the magnitude of force applied (Valle-Orero, Rivas-Pardo, et al.
2017). Force is applied through the separation between a pair of permanent magnets
and a tethered paramagnetic bead. The extension is measured from the displacement

of this bead regarding a reference bead. Two protein constructs of talin fragment R7-R8
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(L2-R7R8-L2 and R7-R8) were engineered and purified according to the protocol
described in the method section. These constructs having N-terminal Halo-Tag enzyme
that binds to its associated ligand on the surfaces and C-terminal Spy-Tag/AviTag to
bind to the paramagnetic bead ensured the extension of talin fragments in correct
orientation from N to C terminal. The four domains of protein L, two each on the N and
C terminal of R7, has been used on the construct L2-R7R8-L2 to determine the molecular

fingerprint of valid force extension traces.
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Figure 4.2. Mechanical unfolding of talin domains R7R8 and calculation of the
number of amino acids unfolded. (A) (left) Schematic of protein construct R7R8
and representative traces of R7R8 unfolding on a single big step or two small steps.
(right) Similar Schematic of protein construct L2-R7R8-L2 and representative traces
of extension versus force showing the unfolding of R7R8 on a single step of ~ 80 nm
and 4 equal steps of ~15nm for the unfolding of four protein L. (B) (left) Histogram
of the probability distribution function (PDF) of number of amino acids unfolding from
R7-R8, (left) when unfolded on a single step; (middle) first step when R7-R8 unfolded
on two steps; and (right) second step when R7R8 unfolded on two steps. Step size
of the unfolded protein domain corresponding to the applied force measures the
number of Amino acids unfolded. The number of amino acids unfolded are shown
on figure. The dotted lines represent the individual Gaussian fits, and the continuous

line of fit represents their sum.
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From that construct, only traces having the unfolding step of equal size for four
protein L were considered for further measurement and data analysis. The applied
constant rate pulling force of 0.33 pN/s, L2-R7R8-L2 registers the unfolding step of ~
80nm in total followed by the four steps of unfolding protein L of same size of ~ 16 nm
(figure 4.2, A) for the molecular fingerprint. Similarly, at pulling force rate of 15.5 pN/s,
R7-R8 unfolds at increasing force in a single step of ~ 80 nm in total, two steps each of
~ 40 nm for R7 and R8 or three steps combining parts of R7 and R8. The first step from
the multistep trace always represents the unfolding of R7 as R8 is inserted into the two
helices of R7.

The contour length of protein extension during unfolding solely depends on applied
force and the number of amino acids contained. In a typical magnetic tweezers
experiment, the pulling force on a molecule of any desired rate can be applied to obtain
the corresponding unfolding extension. These measurements show a strong
dependence of the step size on applied force and plateaus as the force further increases
can be well described by the worm-like chain model for polymer elasticity considering a
persistence length of 0.58 nm (Valle-Orero, Tapia-Rojo, et al. 2017). The step size
obtained corresponding to the applied infinite force measures the contour length. Each
amino acid contributes 0.4 nm for the contour length (Ainavarapu et al. 2007). So, the
contour length divided by the size of an amino acid (0.4 nm) gives the number of amino
acids unfolded. We obtained the number of amino acids for R7-R8 using the unfolding
step size and the corresponding force measured. The peaks of histograms represent the
average possible number of amino acids unfolded for domains R7R8. The histogram

plotted against the probability distribution function (PDF) of the number of amino acids
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obtained from the single-step traces of R7-R8 shows a multimodal distribution. Here, |
used a three peaks gaussian fit as the reduced residue was calculated to be 1.13, which
is the lowest while compared to the reduced residue values of two or four peaks gaussian
fits which were 1.34 and 1.27 respectively. This gives the mathematical significance of
three peaks gaussian fit of histogram. From the fit of multimodal distribution, the number
of amino acids unfolded obtained from the first peak is 54 + 8 aa, from the second peak
is 127 £+ 28 aa, and from the third peak is 245 + 55 aa corresponding to H1 and H5,

R8/R7 H2-H4 and R7-R8 respectively.
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Figure 4.3. Mechanical unfolding of talin domain R8 and calculation of the
number of amino acids unfolded. (A) Schematic of the protein construct containing
talin fragment R8 with a short DNA linker of 604 base pairs. (B) Representative
traces of extension versus pulling force for the unfolding of R8 and a B-S transition
of DNA domain. (C) Histogram showing the probability distribution function (PDF) of
number of amino acids unfolding from R8. The number of amino acids unfolded are
shown on figure. The dotted lines represent the individual Gaussian fits, and the

continuous line of fit represents their sum.
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Similarly, the histogram of the PDF of the number of amino acids obtained from
the two-step traces of R7-R78 shows a bimodal distribution. From the fit of the bimodal
distribution of histogram, the number of aa unfolded obtained for the first step are 56 + 29
aa from the first peak and 135 £ 57 aa from the second peak and for the second step are,
46 = 20 aa and 108 £ 58 aa from the second peak corresponding to Hland H5, 139 aa of
R7 H2-H4, and partial and complete unfolding of R8 respectively. The reduced residues
of gaussian fits were calculated for the mathematical significance of fitting. It was found
that the two peaks fitting are significant with values of 0.39 and 0.56 in comparison to the

single peak fitting with values of 0.69 and 0.628 respectively.

To understand the mechanical unfolding of the talin rod domain R8, we separately
engineered and purified the construct HR8ST. A heterobifunctional cross-linker, sulfo-
SMCC (4-(N-Maleimidomethyl) cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester sodium salt), is used to bioconjugate the 604 base pairs short
DNA linker with the purified protein. The DNA-protein construct is immobilized to the glass
surface by Halo Tag attachment chemistry and the to the paramagnetic bead by biotin-

streptavidin interaction.

At applied constant rate pulling force of 0.33 pN/s, an extension from the single
step increment of ~40 nm at increasing force was registered from the unfolding of the R8
domain and a big step for the B-S transition of DNA at 65 pN (Popa et al. 2016b). The
histogram of PDF of the number of amino acids obtained from the extension versus
pulling force during the unfolding of the R8 domain gives a bimodal distribution. From
the fit of histogram, we obtained two different peaks for the number of amino acids

unfolded. The first peak gives 54 + 2 aa from the unfolding of only the first helix of RS,
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and the second peak gives 115 + 11 aa for the unfolding of R8 domain. The reduced
residue value of 0.0015 for the two peaks fitting was lower in comparison to the 0.0015
for two peaks fitting. The light blue, and blue dotted lines on histograms represent the
individual fits using a gaussian distribution function, while the continuous black line

represents their sum.

4.3.2. Unfolding and refolding rate of talin domain R8

The R8-DNA construct was used to study the unfolding and refolding rate of R8 domain
of talin as a function of force. A repeating force pulse protocol was used: first the force
ramp is applied at a constant pulling rate of 0.33 pN/s to get the molecular fingerprint at
increasing force. Then the force is quenched in a physiological range varying between
9.5 to 4.5 pN for 120 seconds for each force. A trace obtained from representative force
cycle shows an unfolding of R8 domain followed by a B-S transition of DNA. DNA shows
a very well characterize transition exactly at 65 pN (Popa et al. 2016b). Interestingly, when
the force was quenched, an equilibrium unfolding and refolding behavior of R8 in between
folded and unfolded state were observed. The folded state of R8 is highlighted in blue
and the unfolded states are highlighted in magenta (figure 4.4, E). By calculating the
average dwell time of R8 at folded and unfolded state for each given force, the rate of
unfolding and refolding were calculated. The average dwell time of unfolding and refolding
were measured by fitting single exponential distribution to the probability density of the
histogram of natural logarithm of dwell times. A representative histogram of measuring

average dwell times at 7.75 pN force is shown (figure 4.4, F).
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Figure 4.4. Force dependent unfolding and refolding rate of talin R8 domain.
(A) Representative trace of unfolding of HR8ST-DNA construct at a constant pulling
rate of 0.33 pN/s. A repeating force protocol is used: first a force ramp is applied to
obtain the unfolding of R8 and the B-S transition of DNA as the molecular fingerprint
and then subsequently the force is quenched in the range of 9.5 -4.5 pN for 120

seconds for each force.
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(B) Enlarged view of a force cycle of the selected region of (A) depicted by the dotted
outline in the trace. (C), (D) and (E) Zoom-in image of selected portion from (B). The
unfolding and refolding steps of R8 at increasing force are shown inside the red
dotted square. B-S transition of 604 base-pairs DNA linker which occurs at force of
65 pN is shown inside the orange dotted square. Representative hopping traces of
R8 at several forces of 9.5, 8.5, 7.75, and 7 pN is shown inside the blue dotted
square. Unfolding states are highlighted in magenta and folded states are in blue.
(F) Representative histograms showing the probability distribution function of the
natural logarithm of the measured times of unfolding (magenta) and refolding (blue)
states of R8 at 7.75 pN. The continuous lines represent the fit using single
exponential law. (G) Logarithm of refolding (magenta points) and unfolding (blue
points) rates of R8 domain as a function of force and the dotted lines represent the

fits using Bell’'s model.

From these experiments, using this R8-DNA construct, a very surprising behavior
of R8 was observed. From the average dwell time of unfolding and refolding, the rate at
a given force was determined. The magenta triangular points facing down represent the
rate of refolding and blue triangular points facing up represent the rate of unfolding. It was
found that the folding rate decreases with increasing force. However, the unfolding rate
of R8 was found to be force independent up to 9.5 pN. The independency of unfolding
rate with force was described before by a complex structure in folded state (Chen et al.
2015). This result suggests that the native state of R8 may have complicated structure.
The dotted line (figure 4.4, G) represents the fit using Bell’'s model and the point of

intersection gives the force for the equilibrium state which is ~ 7.5 pN.
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4.3.2. Interaction of talin R8 domain with its binding partner DLC-1

Talin plays a crucial role in coupling integrin receptors to the actomyosin contractile
machinery (Zacharchenko et al. 2016a). A recent single-molecule study showed that the
recruitment of DLC1 by talin enhances the assembly and contraction of myosin motors
(Haining et al. 2018). Also, the structure of talin domains with binding site location shows
that only the R8 domain has the binding site for DLC1 (Haining, Lieberthal, and
Hernandez 2016), which led us to engineer the protein constructs (R7-R8) and R8 for
the measurement. The only binding site for DLC1 to talin is at the antenna site of the R8
domain (Li et al. 2011). Here, we used magnetic tweezers and the SDS-PAGE gel
analysis method to show the binding of DLC-1 to the R8 domain.

For SDS PAGE gel analysis, protein constructs HR7R8Avi and HR8ST were used
to measure the binding of DLC1. The protein constructs with AviTag were mixed to
streptavidin-coated paramagnetic beads, and the construct with SpyTag were mixed to
amine beads for an hour. The protein bounded beads were then washed 4 times by the
process of sedimentation method using a strong magnet. The precipitated beads were
collected and were mixed overnight with mvenusDLC-1 making a final concentration of
10puM. The mixture was rewashed four times using a strong magnet and collected the
supernatant of first and last wash as controls. The non-adsorbed beads (first wash) were
five-fold diluted, and precipitant (beads with protein-bound to DLC-1) was incubated in
10 pl buffer. All the samples for each construct were heated for 10 minutes at 100C and
ran on SDS PAGE gel. Coomassie staining was used to see the adsorbed DLC-1 on
beads along with the non-adsorbed DLC-1 and final bead washes. The images of SDS

PAGE gel show a band for non-adsorbed DLC-1 from the first wash denoted by E, no
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bands for the last wash as Ws, and again a band for adsorbed DLC-1 from beads as R.

This gel analysis experiment validates the binding of DLC-1 to the R8 domain.

The binding between DLC1 and single molecule talin R8 domain was tested by
using magnetic tweezers. In these measurements, a high force of 80 pN was used to
unfold talin domains R7R8 and R8 at a pulling rate of 15.5 pN/s. After having the
fingerprint of protein domains, we added ~ 100 nM of mvenusDLC-1 inside the chamber
and again measured with the same force pulse. Before adding DLC-1, the end-to-end
extension of R7R8 domains against the force curve shows a total unfolding length of ~
80 nm. A dotted line represents the worm-like chain fitting of the multistep trace of
extension of R7R8. After adding DLC-1, the end-to-end extension was found to be ~ 40
nm from the unfolding of only the R7 domain. The deep blue to light blue color traces
represents the order of measurement for the unfolding of R7. To verify the binding of DLC-
1 is specific to the R8 domain, a similar measure for the R8 construct was done and found
that it binds to the R8 domain in agreement with the results from R7R8. Unfolding of R8
shows a step of ~ 40 nm before adding DLC-1 and there was no step of unfolding R8
after adding DLC-1. This result shows that DLC-1 binds to R8 domain of talin and prevents

it from unfolding.

A histogram for the PDF of the number of amino acids unfolded is obtained from
the unfolding of the R7 domain by using traces of extension versus pulling force. The
histogram shows a gaussian distribution with an average number of amino acids
unfolded is 157 + 43 aa, corresponding to of R7 unfolding on a single step. The bin size

of the histograms used is 15.
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Figure 4.5. Binding of DLC1 to talin R8 domain and calculation of number of
amino acids unfolded for R7. (A) Image of gels showing the binding of DLC1 to R8
domain using R7R8 and R8 construct. The gels were Coomassie stained to measure
the bound DLC-1 on beads along with non-bound and final bead wash as control.
(B) Histogram showing the probability distribution function of number of amino acids
unfolding from R7. (C) Representative traces of extension of R7R8 (black trace)
before and (red traces) after adding 100 nM DLC1 (D) similar traces of extension of
R8 (blue trace) before and (gray traces) after adding 1.2 uM DLCL1. The dotted lines

on (C) and (D) represents the fit using worm-like chain model.
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4.3.3. Folding probability comparison of R7 and R8 domains of talin

Magnetic tweezers can reliably measure the process of protein folding. The
refolding of proteins occurs typically at meager forces taking an extended period. Here,
we used an approach of measuring folding probability as a function of force to understand
the process of folding of talin domains R7 and R8. The folding probability of
a protein conformation can be used to validate equilibrium state which should
have folding probability ~ 0.5 (Rao et al. 2005). In measuring the folding probability,
initially, a high force pulse (fingerprint pulse) was applied to get the fingerprint of the
molecule, then quench at various low forces for the same period and finally unfold again
as a probe with the same force as in fingerprint pulse. The ratio of the total counted the
number of domains extended in probe pulse after quenching at low force to the total
number of domains unfolded in fingerprint pulse measures the folding probability. We
extend R7R8, R8, and R7 domains at 80 pN force during this experiment to get fingerprint
pulse at a pulling rate of 15.5 pN/s. The quench pulse was set for 300 seconds for all the
forces ranging from 2 pN to 12 pN. Several measurements were performed for each
guench force and obtained the folding probability as a function of refolding force. The
folding probability of R7 (representative traces, figure 4.6, A) was measured by unfolding
R7R8 after binding R8 domains to DLC-1. The presence of the only step of ~ 40 nm in
the fingerprint pulse of force protocol confirms the unfolding of single-molecule R7.
During the quenched force, the protein domain collapses to a steady extension. As the
guench force is increased, the chance of the domain to refold decreases. The traces
indicate that the unfolding and the refolding step size are force-dependent, and the folded

conformation of protein occurs after the polypeptide chain collapse. Finally, the R7

109



domain was exposed to a second high-force pulse known as the probe pulse to correlate
the relation between refolding step and the domain folded. The unfolding step on probe
pulse shows that if the R7 domain refolds at quench force, it unfolds again at high force
each time Similar experiments were performed for R7R8 and R8 domains at similar
guench forces to find their respective folding probabilities of each domain as a function of

refolding force.
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Figure 4.6. Folding probability contrast of R7, R8, and R7R8 domains of talin
as a function of force. (A) Representative refolding traces of talin domain R7
measured using R7R8 construct after binding R8 domain to DLC-1. Unfolding high
force of 80 pN was applied on the fingerprint pulse at the pulling rate of 15.5 pN/s.
Refolding low forces varying from 2 to 12 pN were applied as quench pulses. The
guench force is applied for 300 seconds. Again, the high force (80pN) at the same
pulling rate as fingerprint pulse was applied as probe pulse to unfold the number of
domains refolded on quench pulse. (B) Comparison of measured folding probability
as a function of refolding forces for talin domains R7R8, R8, and R7 in green, red
and blue, respectively. The force values measured corresponding to 50% folding
probability for R7, R8 and R7R8 were 4.9 £ 0.5 pN, 5.9 £ 0.5 pN, and 5.5 + 0.2 pN
respectively. The solid lines are sigmoidal fit to the data and error bar represents the

standard error from the mean.
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The folding probabilities were plotted against the refolding force and fitted by a
well-described simple sigmoid curve (Valle-Orero, Rivas-Pardo, et al. 2017). From the
folding probability versus refolding force graph, the refolding half force of R7 was found
to be ~ 4.9 pN. In comparison, the refolding half force of R7R8 and R8 domains was
calculated as ~ 5.5 pN (figure 4.6, B). From the graph, the curve for R7 is shifted towards
left compared to the graphs for R7R8 and R8, indicating the R7 domain is more stable

than the R8 domain and refolds later.

4.4. Conclusions and future directions

In this study, | have focused on the talin rod domains R7-R8 that contains a single DLC-
1 binding site at 2" and 3" helices of R8. From the mechanical unfolding of both R7R8
domains, it was discovered that R7R8 can be unfolded on single step of ~ 80 nm or in
two steps separately for R7 and R8 or in three steps from the combination of R7a, R7b
and R8. The molecular fingerprint from only R8 construct showed a single step unfolding
at increasing force. One of the intriguing finding is that R8 showed the fluctuation between
unfolding and refolding state at physiological range of force. Out of 13 domains of talin
tail, the only known rod domains that fluctuate at low range of forces are R3 and R8. Talin
forms complexes by interacting with several molecules in a force dependent manner and
initiate the formation of focal adhesion under force recruiting vinculin to the cytoskeleton.
So, it is possible that R3 initialize the focal adhesion and R8 terminates it because R8
unfolds only if its protector R7 is under force. From the analysis of dwell time distribution
of R8 at unfolding and refolding state, the rate of refolding and unfolding was measured.
It was found that the refolding rate of R8 decreased with increasing force, but the

unfolding rate was independent to the force in between 4.5 to 9.5 pN. This result indicates
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the possibility of R8 being on complex native structure. From the intersection point of
unfolding and refolding rate, the force for the equilibrium state was calculated as ~ 7.5

pN.

From the single molecule experiment using magnetic tweezers, it was found that the
interaction of DLC-1 to R8 makes R8 domain more stable and prevent it from unfolding
up to a force of ~80 pN. This suggests that the binding of DLC-1 to R8 domain may be
different before and after its exposure to force indicating a strong binding after mechanical
unfolding. The exciting results discussed above show the force dependent behavior of
talin R8 domain while interacting with DLC-1. These results can be the inspiration for
future studies of vinculin binding to talin R8 domain. Activated talin takes part into the
formation of focal adhesion by interacting with several molecules in a force dependent
manner. Vinculin is one of the binding partners of talin which is known to bind to several
talin rod domains including the R8 domain. Binding of vinculin to talin rod domains and
to actin cytoskeleton reinforces the focal adhesion to balance the connection of cell to
extracellular matrix. Since, R8 shows unfolding and refolding behavior at physiological
force range, in the future, it is interesting to study the binding of vinculin with talin R8
domain. This study may lead to the understanding the role of vinculin binding for the
inside-out activation mechanism of cell. Furthermore, there are several mutations of talin
R8 domain on the DLC-1 binding site. These mutations on R8 domain are related to
cancer and DLC-1 has been studied as a potential anti-tumor molecule against cancerous
cells. So, itis equally important to understand the force dependent behavior of R8 mutants

in single molecule level and also their binding efficiency with DLC-1.
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5. The role of myosin binding protein C in muscle contraction

5.1. Introduction

Myosin Binding Protein C (MyBP-C) is a sarcomeric protein that is responsible for the
generated force of heart muscle contraction. Muscles convert chemical energy into
mechanical energy to generate force and movement. The striated muscle, a subset of
muscles, acts as a linear motor to generate force and highly directional movement
(Gautel and Dijinovic-Carugo 2016). Heart and striated muscles have well organized
sarcomeres as seen in the electron micrograph of a sarcomere as shown in figure 5.1.
(Huxley and Hanson 1954) (Huxley and Niedergerke 1954).

A sarcomere is the contractile unit of striated muscle. These contractile units
consist of several components that interact to generate force during muscle contraction
and relaxation. There are three primary filaments inside a sarcomere: thin filament
consisting of filamentous actin, thick filament consisting of protein Myosin and elastic
filament made up of the giant protein titin (Lin, Song, and Sadayappan 2017) (Al-Khayat
et al. 2010) (Mijailovich, Fredberg, and Butler 1996). The sarcomere is also connected
with other organelles, such as the nucleus, through its filaments to maintain cellular
integrity and contribute to the signaling functions in muscles (Sweeney and Hammers
2018). The regular and repetitive array of actin and myosin allows the generated force
and movement only in the direction of the flament axis and amplified along the length of

a muscle fiber.
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Figure 5.1. Electron microscope image of cardiac muscle. Cardiac muscle
showing the series of sarcomere joined end-to-end at intercalated discs. Each
sarcomere is flanked by the bands known as Z-disc/Z-line. The other major bands
are: A-band (dark band) consists mainly of thick myosin filaments extend from M-
line and I-band (light band) are composed of thin actin filaments extend from Z-line

[ Image source: (Morciano et al. 2021)].

A sarcomere is the segment between two Z-disks or Z-lines (series of dark lines
on electron micrograph) of a muscle fiber. These segments consist of a central A-band
composed of myosin and two I-bands connected to Z-lines composed of actin filaments
(Sweeney and Hammers 2018). The thin and thick filaments extend from the Z-disk and
M-line, respectively, overlapping on each side of the M-line and creating distinctive
regions within the sarcomere (Henderson et al. 2017). It was observed that the length of
A-band remains constant while the length of I-bands shortens during sarcomere
contraction (Krans 2010). The sliding of thick flaments on thin filaments or the myosin
sliding along actin induces the shortening of sarcomere and thus the muscle contraction
(Mijailovich, Fredberg, and Butler 1996) (Lin, Song, and Sadayappan 2017).
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Actin filaments are the primary component of thin filament apparatus in muscle.
The globular subunits of actin (G-actin) polymerize into a long rope like structure to form
filamentous actin (F-actin) in the presence of Mg?* and K*. Actin attaches to the Z-disks
and also interacts with other proteins such as Myosin and MyBP-C (Dominguez and

Holmes 2011) (Lin, Song, and Sadayappan 2017).

Z-line Titin Actin Myosin M-line Thin filament Z-line

Thick filament
SARCOMERE

Figure 5.2. Schematic diagram of a muscle sarcomere showing all the
components. There are three main filaments in sarcomere: thin filament, thick
filament, and titin. Actin and myosin are main components of thin and thick filaments.
MyBP-C lies on the C-zone connecting actin, titin, and myosin [ Adapted from:

(Sharma, Subramani, and Popa 2021)].

Myosin, the molecular motor that interacts with thin filaments and regulates the
muscle contraction, is the primary component of thick filaments (Tyska and Warshaw
2002). Myosin moves relative to actin filaments by undergoing ATP hydrolysis to
conformational changes. Another component of the thick filament is the myosin-binding

protein C (MyBP-C) (Winegrad 1999). There are three isoforms of MyBP-C, two skeletal
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isoforms encoded by the genes MYBPC1 and MYBPC2, and a cardiac isoform, encoded
by MYBPC3. MyBP-C is thought to link the thick and thin filament systems. Specifically,
the N-terminus of MyBP-C binds actin filaments, regulating contraction by altering the
actin-activated myosin ATPase activity. The C-terminus of MyBP-C binds titin and is
necessary to localize MyBP-C to the A-band. This interaction of MyBP-C together with
all the filament systems regulate force development, transmission, sensing and signaling

during muscle contraction (Henderson et al. 2017).

Titin, a giant protein greater than one um in length, is the third component in the
myofilament system (Lee et al. 2007). It spans the length of half of a sarcomere which
starts by the N-terminal region anchoring to the Z-disk and extending across the I-band
and A-band toward the M-line (Itoh-Satoh et al. 2002) (Labeit and Kolmerer 1995). The
immunoglobulin (Ig) domains on I-band region are crucial extensible sites conferring
elasticity to titin. However, the fibronectin Il (Fn3) and Ig domains on A band region are
inextensible. This inextensible portion of titin interacts with myosin and MyBP-C linking
titin to thick filaments. Titin is also referred to as a molecular spring of the sarcomere
because of its key responsibility in contributing to the passive elasticity of muscle

(Minajeva et al. 2001).

The sarcomere is responsible for contraction of muscle cells through excitation-
contraction coupling. In excitation-contraction coupling, the rapid release of calcium ions
from the sarcoplasmic reticulum help in forming actomyosin cross-bridge formation and
the generation of contractile force (Muslin 2012). This process occurs via electrical
stimulus linked to mechanical contraction movement. During excitation, the

cardiomyocyte plasma membrane potential rises and triggers the opening of calcium
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channel. Calcium ions entering the cell release calcium from the sarcoplasmic reticulum
into the cytosol. The rise in cytosolic calcium concentration allows myosin to bind to actin
resulting myofilament shortening (Dupuis et al. 2016) (Muslin 2012). During this phase of
contraction, myosin heads are in a pre-power stroke conformation in which the myosin
binds ADP which leads the binding of myosin head to the actin filament, and a myosin
power stroke pulls Z-lines toward each other resulting in sarcomere shortening and
muscle contraction (Lee et al. 2007). MyBP-C and titin also act as Ca?* sensor protein
and regulate calcium levels to trigger muscle contraction. Essentially, MyBP-C
phosphorylation increases myofilament calcium sensitivity and titin reduces the length-

dependence of the calcium regulatory system (Garfinkel, Seidman, and Seidman 2018).
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Figure 5.3. Schematic representation of the mechanical unfolding of MyBPC in
sarcomere. The N-terminus of MyBP-C binds actin filaments, regulating contraction
by altering the actin-activated myosin ATPase activity and the C-terminus binds titin
and is necessary to localize MyBP-C to the A-band. This interaction of MyBP-C
together with all the filament systems perform as a regulator of sarcomere

contraction [ Adapted from: (Sharma, Subramani, and Popa 2021)].
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The cardiac isoform of myosin binding protein C (cMyBP-C) is expressed in heart
muscle encoded by MYBPC3 gene (Offer, Moos, and Starr 1973). cMyBP-C is a
multidomain structural protein consisting of eleven domains (C0-C10) (Carrier et al.
1997). It is linked vertically in between actin and myosin and runs through thick and thin
filaments in the C-zone of sarcomere. The C- terminal domains bind to the heavy chain
of myosin and to titin whereas the N-terminal domains are responsible for interacting with
actin (Rybakova, Greaser, and Moss 2011) (Inchingolo et al. 2019). This interaction of
cMyBP-C with both actin and myosin is mainly electrostatic in nature and allows it to
perform as a regulator of sarcomere contraction and rigidity (Govada et al. 2008)

(McNamara et al. 2017).

The mutations in cMyBP-C can develop sarcomere defects and, consequently,
cause Hypertrophic cardiomyopathy (HCM), a most common genetic disease of the heart
muscle tissue (Biswas et al. 2018; Semsarian et al. 2015). The mutation of MYBPC3 gene
represents about 50% of all HCM making it the most frequently mutated gene for this
disease. HCM mutations are found on all domains of cMyBP-C including those central
domains which do not interact with actin or myosin (Marston et al. 2009) (van Dijk et al.
2009). Mutations of these domains can cause alteration of structural behaviors affecting
the function of cMyBP-C (Nadvi et al. 2016) . In this study, | have used magnetic tweezers
and attachment chemistry to investigate the unfolding and refolding mechanics of C3
domain and its mutant C3(R502Q) of cMyBP-C. | have compared their mechanical
stability by measuring the force dependent unfolding and refolding probabilities. Further,
| estimated the binding of C3 (WT) and mutant (R502Q) with actin in bulk by SDS-PAGE

binding analysis.

118



5.2. Materials and methods

5.2.1. Protein engineering, expression, and purification
The C3 domain (wild type) of cMyBP-C obtained from heart muscle and its mutant
C3(R502Q) were chosen as our protein of interest. Octameric domains of C3 (WT) and
C3(R502Q) were repeated eight times separately and inserted into a modified pFN18a
vector (Promega). Both the constructs are engineered in such a way that their N terminal
end has a HaloTag, and the C terminal end has an AviTag attached to it. Following
transformation with the pFN18a vector, proteins were expressed in Escherichia coli
BLR(DE3) competent cells. Protein expression was induced with 1mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG, sigma) overnight at 25°C when the cell culture was grown
to OD®% = 0.6-0.8 at 37°C in Luria Broth (LB) buffer in the presence of 50 pg/mL
carbenicillin. Cells were then pelleted and re-suspended in E/W buffer (NaH2PO4 50 mM,
NaCl 300 mM, DTT 1mM, glycerol 5% v/v, pH 7.0) and lysed with lysozyme, 1% Triton X-
100, DNase, and RNase in the presence of protease inhibitors followed by sonication and
filtration. Following cell lysis, the soluble protein fraction was purified by passing through
a chemical affinity purification Ni-NTA column (washing was done with E/W buffer with 7
mM Imidazole, elution with E/W buffer with 250 mM Imidazole), and size exclusion
chromatography (Akta GE, elution in HEPES 50mM, NaCl 150 mM, glycerol 5% v/v, pH
7.2 buffer). Then, the protein fraction concentrations were determined using Nano-
spectrophotometer and their purity was evaluated using SDS-PAGE gels. The purified
proteins were concentrated to ~100 uyM before biotinylation. Biotinylation was performed
in 50 mM Bicine buffer pH 8.3, 10 mM magnesium acetate, 10 mM ATP, 100 uM biotin,

and 2.5 ug biotin ligase BirA enzyme at 30 °C, for 4 h.
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Figure 5.4. Schematic of single molecule measurement and attachment
chemistry. To study the single-molecule protein dynamics inside the fluid chamber,
a HaloTag attachment surface chemistry was used. The purified and biotinylated
protein were immobilized in a fluid chamber with the chloroalkane functionalized

bottom-surface forming a covalent bond. The streptavidin-coated paramagnetic
beads were added to form a non-covalent

interaction between biotin and
streptavidin.

5.2.2. Single molecule measurements

The bead and surface attachment chemistries were were done as explained in chapter 2
For single molecule magnetic tweezers measurement, the purified and biotinylated
protein, HaloTag-(C3)8 (WT)-AviTag / HaloTag-(C3)8(R502Q)-aviTag, were immobilized
in a fluid chamber at ~100 nM concentration was left to react for 10 minutes with the

chloroalkane functionalized bottom-surface forming a covalent bond (Popa et al. 2016b).
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Following the wash with TRIS blocking (20 mM TRis, 150 mM KCI, pH 7.4, and 1% w/v
sulfhydryl blocked-BSA) buffer, the streptavidin-coated paramagnetic beads were added
to the fluid chamber and left to react for ~1 min forming a non-covalent interaction
between biotin and streptavidin before approaching the magnets, which attracts non-
attached paramagnetic beads toward the top surface. Unless otherwise specified, all the

dilutions, experiments, and wash were done in TRIS Blocking buffer.

5.2.3. SDS-PAGE binding analysis

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Bio-Rad
Laboratories) method was used to analyze the binding of actin to the WT and mutant C3
domain. The bead chemistry was performed by crosslinking the amine-terminated
paramagnetic beads to the Halo ligand using glutaraldehyde. In this process, amine-
terminated paramagnetic Dynabeads M-270 (14307D, Thermo Fisher Scientific) were
washed 3x with PBS buffer (NazHPO4/NaH2PO4 50 mM, KCI 150 mM, pH 7.2) and then
reacted for 1 hour with glutaraldehyde 1% v/v at room temperature (bead concentration
5x107 beads/mL) on the rotor. After washing 3x the excess of glutaraldehyde with PBS,
the beads were incubated overnight at 4°C with an amine-terminated chloroalkane ligand
(P6741, Promega) 10 ug/mL, and were then rewashed 3x with PBS buffer and incubated
one more hour in bead-blocking solution (S-4023, TriLink BioTechnologies) at 4°C on the
rotor. The excess bead-blocking solution was washed 3x, and beads were incubated in
PBS buffer to use.

In this process of binding, the purified protein was incubated with paramagnetic amine

beads for an hour in HEPES buffer at 4°C on the rotor. The excess non-adsorbed protein
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was washed 3X with HEPES buffer obtained as supernatant by the process of
sedimentation using a strong magnet. Following the wash, the paramagnetic beads with
a protein attached to them were incubated with actin at 4°C overnight on the rotor.
Following the incubation process, the excess non bound actin was washed 3X by
sedimentation using a strong magnet and collected the supernatant of first wash and final
wash. The sedimented beads with protein and ligand attach to them were incubated in 10
ul of HEPES buffer. The non-adsorbed supernatant was diluted to 2uM on HEPES buffer.
10 ul of each of the samples were mixed with 4ul mixture (50ul of 4X Laemmli sample
buffer (Bio-Rad) and 5.5 ul of 2-mercaptoethanol (Amresco) as a reducing agent) and
denatured the samples by heating for 10 minutes at 100°C. The samples were loaded on
(4 -15) % polyacrylamide gel and run at a constant voltage of 200V for 30 minutes using
1X Tris-Glycine SDS buffer (Amresco Inc). Following 3X washes with DDi H20 and
Coomassie staining, the band of proteins on the gel were visualized using a de-staining

solution (20% methanol, 10% acetic acid, and 70% H20).

5.2.4. Data analysis and error estimation

Data analysis and error estimations were done using Igor Pro (Wavemetrics). Briefly,
frequency histograms of unfolding forces measured for C3 WT and C3(R502Q) were
binned into a histogram. A bin size used was 7. The histograms were then fitted with
Schlierf equation using appropriate fitting parameters to accurately describe the unfolding
force histograms. The graph of folding probability as a function of force was fitted using
the equation of sigmoid. Errors were estimated using standard error from the mean. The

standard error from the fitting is reported as well.
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5.3. Results and Discussion

5.3.1. Mechanical unfolding of C3 (WT) and mutant (R502Q)

In sarcomere, cMyBP-C acts as a molecular brake system that is subjected to
mechanical forces during muscle contraction. Therefore, we are measuring the
mechanical stability of single molecule C3 (WT) and examining whether the mechanical
stability alters due to mutation. To have distinct signal of molecular fingerprint and get
better statistics, a recombinant polyprotein with eight repeats of C3 (WT) domains or the

mutant (R502Q) were used.

Single molecule polyprotein of eight C3 domains were stretched mechanically under
force using magnetic tweezers. Magnetic tweezers can extend a protein as an unfolding
step for each domain with respect to the increasing applied force. When a polyprotein
consisting of repeated identical domains unfolds under force, the signal produced gives
rise to a staircase of identical steps as each domain unfolds independently (figure 5.5).
These unfolding steps are highly protein specific, and it depends on the number of amino
acids it contains and the applied force at constant pulling rate (Popa, Berkovich, et al.

2013).

Here, the polyproteins (C3)8 WT or mutant were subject to an increasing high force
protocol at a constant pulling rate of 40 pN/s up to 100 pN and subsequently subjected to
100 pN for the further 30 seconds. The applied high force lowers the energy barrier
between the folded and unfolded state allowing protein to unfold in up to 8 steps for all
domains. At the given force protocol, the traces obtained from the measurement shows

the end-to-end extension for each domain due to mechanical unfolding of C3 for both WT
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and mutant construct to be~ 24 nm. The presence of eight such unfolding steps shows
the successful measurement of molecular fingerprint of polyprotein. The red and blue
traces in figure 5.5 represents the unfolding of polyproteins (C3)8 WT and mutant

(R502Q) respectively at the same pulling rate of 40 pN/s.
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Figure 5.5. Representative traces of unfolding of polyprotein (C3)8 wild type
and mutant (R502Q). At constant pulling rate of 40 pN/s, the end-to-end extension
for each domain of both constructs shows eight repeats of steps of ~ 25nm. As a
molecular fingerprint, red trace represents the unfolding of polyprotein (C3)8 (WT)
domains and blue trace represents the unfolding of (C3)8 mutant (R502Q) domains

because of the applied force.
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Figure 5.6. Unfolding probability comparison of C3 WT with mutant versus the
unfolding force. The vertical dotted lines represent unfolding force at the same
pulling rate of 40 pN/s when probability of unfolding is 50% (82 pN (red) for wild type
and 72 pN for mutant (blue). The unfolding probability distribution, Py (F), was

obtained by normalizing the force frequency distributions.

5.3.2. Unfolding probability comparison as a function of force

The unfolding force corresponding to each extension of domains were analyzed to
measure the force at which the mechanical unfolding occurs. After carefully analyzing the
unfolding forces for both the constructs, | found that the mean unfolding force, where the
probability of unfolding is 50% of C3 (WT) and C3 (R502Q) mutant domains, are 82 pN

and 72 pN respectively as shown by vertical red and blue dotted lines in figure 5.6.
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The unfolding forces were normalized and represented in a probability distribution
function. This probability distribution function measures the unfolding probability B,(F) as
a function of force. The unfolding probability as a function of applied force can be

described from a simple sigmoid as,

P,(F)=1—exp {— C;I.{fxT (exp(m) — 1)} ............. (5.1)

Where, «a is the unfolding rate at zero force, Ax is the distance to the transition state at
zero force, r is the pulling rate, Ks is Boltzmann constant and T is the temperature
(Schlierf, Li, and Fernandez 2004). This result shows that the cumulative unfolding force
of C3 (WT) domain is higher than the mutant (R502Q), indicating that C3 (WT) is slightly

more mechanically stable than the mutant.

The number of unfolding events observed at a given force gives force frequency
histogram. This histogram of each constructs displays only one well defined population
corresponding to their respective unfolding force. Differentiating the equation for unfolding

probability as a function of pulling force gives the probability density as,

apry, aKgT FAx }
A

a FAx
e ;eXP(@)- exp {— rax (EXPG—) — 1)

The probability density provides the shape of histogram of the accumulated force at which
protein unfolds when pulling force increases at constant rate, (Izrailev et al. 1997),
(Schlierf, Li, and Fernandez 2004). The force histograms in the figure consist of 365
unfolding events for C3 (WT) (red) and 429 events for mutant (R502Q) blue. The plot of

Schlierf equation with appropriate fitting parameters accurately describes the unfolding
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force histograms. From the parameter obtained from the fit, it was measured that the
distance to transition state, Ax, at zero force was comparable for both C3 (WT) and mutant
(R502Q). However, the different value of unfolding rate shows that the mutation can
affect the unfolding rate at zero force, a, altering the mechanical behavior of C3 domains
in a force-dependent manner. The measured distance to transition state for both C3(WT)
and mutant were similar (0.23 vs 0.22 nm). However, the extrapolated rate at zero force
was half for WT than mutant (0.015 s vs 0.033 s). This means that at physiological
force range of 0-5 pN, WT will unfold once every 60-50 s, where the mutant will unfold on

every 30-23 s.

0.4 0.4
c c
o =]
2 u |
C3 (WT) C3(R502Q)
Z 0.3 4=0.0151/s Z 0.3 «=0.0333/s
g Ax=0.234 nm g Ax=0.220 nm
F=] r =40 pN/s P r =40 pN/s
= p=]
2 2
E 0.2 — E 0.2 —
a o ]
2 2
3 3
S 0.1- © 0.1 -
: | 2
o o \
0.0—; T T T T T 0.0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Force (pN) Force (pN)

Figure 5.7. Frequency histograms of unfolding forces measured for C3 (WT)
and C3 (R502Q). A plot of Schlierf equation with appropriate fitting parameters
resulted in the black lines (both graphs) that accurately describes the unfolding force
frequency histogram. When protein was pulled with increasing force at a constant
rate of 40 pN/s, the accumulated forces of unfolding events of (A) C3 WT (red) and
(B) mutant (blue) predict the shape of histograms.
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5.3.3. Folding Probability comparison as a function of force

It is challenging to measure the unfolding of mechanically stable proteins using
magnetic tweezers, specifically if it requires the force higher than 120 pN. Unlike
unfolding, the refolding of proteins occurs typically at low forces taking longer time period.
So, magnetic tweezers can reliably measure the process of refolding following the
mechanical unfolding. Here, an approach of measuring folding probability as a function

of force is used to understand the process of protein folding.

The folding probability of C3 (WT) and its mutant (R502Q) were measured using
fingerprint-quench-probe force pulse protocols (Alegre-Cebollada et al. 2014). Initially,
proteins are unfolded in a high force (fingerprint pulse). Then, force is quenched to various
low forces, at which protein may regain the folded state (quench pulse) as shown in figure
5.8. Finally, the protein is pulled back to high forces same as fingerprint pulse (probe
pulse).

In doing these experiments, we first mechanically stretched both C3 (WT) and
mutant separately at constant pulling rate of 40 pN/s to obtain eight steps for the
molecular fingerprint. The presence of equal steps of ~25 nm in the fingerprint pulse as
shown in figure 5.8 confirms the unfolding of polyprotein (C3)8 mutant (R502Q). The
various quench forces ranging from 2 pN to 15 pN were applied for 300s to allow protein
to refold. After quench, the folded domains of polyprotein (C3)8 mutant were again
stretched to a second high force pulse known as probe (same as fingerprint pulse) to
correlate the relation between refolding step and the domain folded. Unfolding steps in
the probe pulse report the domains that refolded during the quench pulse. At quenched

force, the protein domain collapses to a steady extension due to elastic contraction, and
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small refolding steps as shown in figure for 4pN, appears as quenched force decreases.
At higher quench force, the chance of the domain to refold decreases. This result
indicates that the unfolding and the refolding step size are force-dependent, and the

folded conformation of protein occurs after the polypeptide chain collapses.
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Figure 5.8. Representative refolding traces to measuring the folding
probability of protein C3 mutant (R502Q). Unfolding high force was applied at the
constant pulling rate of 40pN/s to completely unfolded by a fingerprint pulse followed
by a refolding (quench) pulse at various low forces for 300s and then unfolded by a
probe pulse at the same pulling rate. Folding probability is the ratio of number of

domains unfolded in probe to the fingerprint pulse.
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Several measurements were performed for each quench force and folding
probability was measured for both constructs as a function of refolding force to confirm
the force for the equilibrium state. To obtain the folding probability, the ratio of total
number of unfolding events in probe pulse to the total number of unfolding events in
fingerprint pulse was calculated. Similar experiments were performed for (C3)8 (WT)
polyprotein at various quench forces to find their respective folding probabilities as a

function of refolding force.
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Figure 5.9. Folding probability comparison between C3 (wild type) and mutant
(R502Q) measured as a function of refolding force. Red square represents the
folding probabilities with corresponding forces and blue squares for mutant (R502Q).
Solid lines represent the simple sigmoidal fit and error bar represent the standard

deviation from mean.
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The folding probability of a protein conformation is the probability to fold before
unfolding. It can be used to validate force at equilibrium states which should have the
mean refolding force (Rao et al. 2005). Here, the mean refolding force for both C3(WT)
and C3 (R502Q) mutant were estimated by measuring folding probability at different
guench forces. The force values corresponding to 50% folding probabilities determine
individual force at which C3 (WT) or mutant shows their equilibrium state. The folding
probability versus the refolding force can be well described by fitting sigmoid (Valle-Orero,
Rivas-Pardo, et al. 2017). The folding probability versus refolding force graph shows that
the 50% probability of refolding of C3 (WT) and (R502Q) mutant takes place at 6.4 pN
which is shown by red squares and 5 pN shown by blue square, respectively. Also, it
shows that shows that the curve for C3 mutant is shifted towards the left compared to the
graphs for C3 (WT), indicating C3 mutant is significantly less stable than the wild type in

refolding from unfolded state and refolds later with a difference of ~ 1.4 pN force.

Parameters P,(F)uz2, pN | Pe(F)u2 pN Ax,nm a,s 1
C3 (Wild type) 82 6.4 0.234 0.0151
C3 Mutant (R502Q) 72 5.0 0.220 0.0333

Table 5.1. The fitted parameters of protein C3 WT and mutant for mean
unfolding force, refolding force, distance to the transition state and

extrapolated unfolding rate at zero force.
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5.3.4. Actin binding analysis to C3 (WT) and mutant

To show the binding of G-actin (actin) to C3 domain (WT) and mutant (R502Q), | used
the SDS-PAGE gel analysis method. For SDS PAGE gel analysis, protein constructs
H(C3)8Avi (WT)and H(C3)8avi mutant were bound to amine beads for an hour as
described in the methods section. The protein bound beads were then washed 4X by the
process of sedimentation using a strong magnet. The sedimented beads were collected
and were mixed overnight with actin. The mixture was again washed 4X using a strong
magnet, The first and last wash's supernatant were used as controls. The non- adsorbed
beads (first wash) were fivefold diluted, and precipitant (beads with protein-bound to actin)
was incubated in 10 pl buffer.

All the samples for each construct were heated for 10 minutes at 100C and ran on
SDS PAGE gel. Coomassie staining was used to see the adsorbed actin on beads along
with the non-adsorbed actin and final bead washes. The images of SDS PAGE gel shows
a band for non-adsorbed actin from the first wash, no bands for the last wash, and again
a band for adsorbed actin from beads for both constructs as given in figure 5.10. This gel
analysis experiment validates the strong binding of actin to the C3 (WT) domain than
mutant while comparing the intensity of bands appear. This preliminary result of actin
binding to both wildtype and mutant of C3 domain of MYBP-C may serve as an inspiration

for the future study of binding at single molecule level.
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Figure 5.10. Interaction of MYBP-C domain C3 (WT) and Mutant (R502Q)
binding to Actin. Schematic showing the binding of C3 (WT) domain binding to
superparamagnetic bead and Actin. Protein construct H(C3)8avi (WT) and mutant
bounded to amine beads were mixed with Actin overnight and ran on SDS PAGE
with Coomassie staining to measure adsorbed actin on beads along with non-

adsorbed and final bead wash as controls.
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5.4. Conclusions and future directions
It has been studied that the most common heart disease such as hypertrophic
cardiomyopathy is caused by mutations in genes encoding sarcomeric proteins (Sabater-
Molina et al. 2018). Cardiac myosin-binding protein C (MYBPC3) genes are one of those
frequently mutated genes that are responsible for several cases of HCM (Burke et al.
2016). It has been studied that HCM is primarily a mechanical disease cause due to the
mutations in C3 domain of cMyBP-C, the central region of protein, even though it remains
unclear that how the mutations in the central region of protein can lead to

hypercontractility (Harris, Lyons, and Bezold 2011) (Wijnker et al. 2017).

The c-MyBP-C is a protein tethered to myosin and actin in thick and thin filaments
of a sarcomere. The thick and thin filaments slide past each other during contraction, that
cause cMyBP-C to work under mechanical force. In this chapter of this dissertation, using
single molecule magnetic tweezers, | studied the difference in mechanical stability of C3
domain of cMyBP-C due to pathogenic mutation C3(R502Q). The mechanical unfolding
of both C3 (WT) and mutant (R502Q) was detected at higher forces up to 100 pN. Due to
the better resolution of magnetic tweezers technique at low forces, the folding transitions
of C3 domain was also compared with the mutant. Our result from single molecule
experiments suggests that the mutant C3 (R502Q) is much less mechanically stable than
wild type, specifically, during the process of folding at physiological range of force. Hence,
it can be concluded that the mutant R502Q alters the stability of C3 domain of cMYBP-C
in mechanical folding. This alteration on stability can perturb the function of cMYBP-C in
sarcomere by several mechanism such as more frequent protein unfolding and

degradation potentially leading to HCM (Anderson et al. 2013).
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It is well known that the terminal domains of cMyBP-C interact with several
sarcomeric proteins and contribute to regulate their activity (Heling, Geeves, and Kad
2020). However, the interaction of some proteins with their binding partners are
dependent on mechanical force and results in the exposure of binding sites (del Rio et al.
2009). So, we cannot exclude the possibility that the central domains of cMyBP-C also

participate in those interactions which have not yet been identified.

The mutation on sarcomeric proteins under force can also alter the protein-
protein/protein-ligand interactions. It has been shown from molecular analysis that
recombinant CO-C2 protein fragments revealed that cMyBP-C3 variants alter the C0-C2
domain secondary structure and thermodynamic stability which results in a reduced
binding affinity to cardiac actin. The double mutation displayed the greatest protein
instability with concomitant loss of actin-binding function (Da'as et al. 2018). Although,
the interaction of C3 domain of cMyBP-C with actin and myosin are not well described,
we cannot entirely neglect this possibility. Certainly, there is more to be learnt about the
effects of specific binding of C3 domain (WT and mutants) of cMyBP-C interacting to actin
in single molecule level. However, our result from SDS-PAGE binding analysis shows that
the C3 domain and its mutant (R502Q) interact with actin in bulk and the (R502Q)
mutation on C3 domain of cMyBP-C impaired the interaction with actin by reducing the
guantitative binding. To test the effects on the change in mechanical stabilization of C3
(WT) and mutant (R502Q) due to specific binding with actin, a similar approach could be
pursued as that | developed to investigate the binding of antibodies to proteins L. There
are several other pathogenic and non-pathogenic mutations on cMyBP-C3. The change

in mechanical stability of those mutation and the effect on binding to actin may affects the
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role in causing Hypertrophic cardiomyopathy. So, based on the study of mechanical
stability change of C3 (WT) and mutant (R502Q) presented in this dissertation, the study
of other mutations and their quantitative binding to actin can be the inspiration for future

work.
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6. Conclusions

The overall goal of my research projects is to gain a comprehensive understanding of the
mechanical stability of proteins from three diverse biological systems operating under
force. Since ligand binding can have a profound effect on the stability and function of a
substrate protein, understanding the role of binding-induced stabilization is of
fundamental interest. In this dissertation | presented the studies of mechanical
stabilization measured from the protein-ligand association process by using single
molecule magnetic tweezers technigue. These studies have provided insights into
understanding the effects of binding processes in three diverse systems including

bacterial adhesion, cellular mechanotransduction and muscle contraction.

In chapter 2, | described the components and advantages of using the magnetic
tweezers as a force spectroscopy technique. Magnetic tweezers can apply pico-Newton
forces to a single protein molecule. The active focus correction mechanism in magnetic
tweezers was used to measure single molecule for extensive periods, approaching
several hours-per-molecule. A hetero-covalent attachment chemistry was developed to
form stable tethers which enabled me to perform the longer experiments at higher forces.
In doing that, | implemented the SpyTag-SpyCatcher interaction based on covalent
isopeptide bond and the covalent ester bond between HaloTag-chloroalkane ligand, to
prevent the breaking of the molecular tether at high forces. Also, this allows changing the
buffer solution inside the fluid chamber to measure the same protein in different

concentrations of ligands. Various force pulse protocols were implemented to study the
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mechanical properties of single protein molecules. For instance, a dual force protocol was
used to detect the binding and unbinding of ligands to protein substrates. | used these
features of magnetic tweezers combined with covalent attachment to study the
mechanical stabilization induced on proteins as described in chapters 3, 4 and 5 of this

dissertation.

The response of B1 domain of bacteria secreted protein L with antibody binding
under force was studied in chapter 3, where | demonstrated that the binding of antibody
to protein L induced mechanical stabilization. The unfolding of protein L at same applied
force in the buffer solutions containing K-light chain of antibodies (IgG) took a longer time
than unfolding in the antibody-free buffer solution. Using a dual force protocol, in the
presence of 35 uM IgG, | found that ~75% of the domains interact with antibodies. Using
the change in mechanical stability by changing antibody concentrations, | measured the
binding affinity as a function of antibody concentration and obtained the binding constant
of 23 + 3 uM. By using the measured mechanical stability with respect to the two binding
sites of protein L (low and high avidity) to antibody, | found that the low-avidity binding
site is responsible for mechano-sensing. It is worth noting that, in vivo, the high-avidity
binding site must be used to engage the tether, whereas the low-avidity binding site acts
as a mechano-sensor, allowing bacteria to sample the antibody surface concentration
and localize their search during successful binding under strain. In this way, the bacterium
can fine-tune its search radii under force based on the surface concentration of exposed

antibodies.

In line with similar findings, in chapter 4, | studied the mechanical response of

mechanosensitive talin R8 domain and its interaction with DLC-1. From the molecular
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fingerprint at increasing force, | found that R7R8 can be unfolded in a single step, in two
steps or in three steps. At physiological ranges of force, for the first time, | measured the
fluctuation of R8 in between unfolding and folding states with equilibrium force of ~ 7.5
pN, indicating that R8 may also take part in focal adhesion. From the dwell time of
unfolding and refolding, | found that the rate of refolding is dependent, while the unfolding
rate is independent to force, suggesting a complex structure at native state. Also, by using
magnetic tweezers technique, | found that the binding of DLC-1 increases the mechanical

stability of R8 domain and prevents it from unfolding up to a force of ~80 pN.

In the study presented in chapter 5, | investigated the difference in induced
mechanical stability of cardiac myosin binding protein C due to the mutation (R502Q). By
measuring the unfolding and refolding probabilities of both, | found that the mutant is
much less stable than the wild type C3 in its refolding process at physiological range of
forces. This change in stability due to the mutation, can alter the regular function of
cMYBP-C and potentially leads to hypertrophic cardiomyopathy due to frequent protein
unfolding. From the SDS-PAGE analysis, | observed that the quantitative binding of actin
to mutant is lower than to the wildtype. So, the mutation that cause cardiomyopathy likely

hampers actin binding more than the mechanical stability of this protein.

Hence, my dissertation concludes a study on the mechanical stabilization induced
in proteins due to ligand binding and shows how the experimental results in vitro from this

study can serve in understanding the relevance in corresponding biological systems.
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Appendix

Al. Freely jointed chain (FJC) model

Let us assume a three-dimensional freely jointed chain with N segments each of length b
(Kuhn length) that are extensible and perfectly flexible in any direction. The energy due

to the external force is given as a sum over all segments of the projection of the segment

length times the external force.

X = bcos0

So, the potential energy acquired by a segment aligned along the direction 6 with an

external force F is,

w=E9=—ﬁ.E=—Fbc056= —FXjoiiiiiiiiiiin (A1.1)

The probability distribution of the given configuration in terms of Boltzmann factors can

be written as,

where,
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And the Boltzmann factor is given by,

4 1
= T
YNe iyt
So,
ein/KBT
Pi = in/
ZN e KT

Now the average orientation can be written as,

(x;) =XV x,P; =

Fxl-/
Z{V e KgT

Taking limit —b to b, and integrating,

St | |

Fle.r ()

KT
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F
/k,T
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Fb —Fb
b (e /KBT + e /KBT) _KBT

(Xi> = (er/KBT _ e—Fb/KBT) F
(x;) = b [{coth (IZ—I’T)} e I (AL5)
The average separation is given by,
(MY =2(x;)) =N oo (A1.6)

Now, the end-to-end extension can be written as,

X = (r) = Nb [{coth (F_b>} B K_T]

KT Fb
Since, L, = Nb
Lﬁc - [{coth (I:;_l;)} — (AL.7)

This is the equation for freely jointed chain. X represents the end-to-end extension, F is

the applied force, L. is the contour length and b is the Kuhn length.

For Fb < KzT

th(Fb>—KBT+ Fb
Ok, ) T Fb T 3k,T

So,

X Kk;T Fb KT

L.~ Fb '3k, Fb
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where, the spring constant

XL,

P (3KBT )X
~ \ bL,

F «xX
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A2. Worm Like Chain (WLC) model

The worm-like chain model corresponds to the isotropic elastic polymer model. It models

the polymer as an elastic continuum, with a bending stiffness parametrized by the bending

persistence length P.

Consider a unit tangent vector £(s) on the chain at point s, and #(s) be the position

vector along the chain, Then,

o ar(s)
t(s) = Gg T (A2.1)
And the end-to-end distance,
R = foct(s) AS oo, (A2.2)
The energy associated with the bending of the polymer can be written as,
E =2KT [P (m)zd A2.1
=3 0o L\ S (A2.1)
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where, P is the persistence length, K is the Boltzmann constant and T is the

temperature.

The mean square end-to-end distance of polymer is,
- - P -L
2y — _ _ ¢/
(R?) = (R .R) = 2PL, [1 » (1 e P)]

In the limit, L. > P then

(R?) = 2PL,

This can be used to show that a Kuhn length from freely jointed chain is equal to twice

the persistence length of a worm-like chain.

In the limit, L. < P then,

And the polymer displays rigid rod behavior.

Upon stretching, the thermal fluctuation reduces which cause an entropic force acting
against the external elongation. This entropic force can be estimated from considering
the total energy of the polymer as,

02 (#(s)
0s?

2
E = —KyT [}°P. ( ) AS — XF oo (A2.5)

where, F is the applied force and x is the extension of polymer.
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There is no analytical solution for the extension of the Worm-like chain (WLC) model as
a function of force. An approximate interpolation formula for the WLC force versus

extension can be written as,
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A3. Derivation of rate of unfolding as a function of force

The chemical potential u in terms of partition function Z is given by,

U=Uo+KgT InZ..ooooii, (A3.1)

Where, K is the Boltzmann constant and T is the temperature.

InZ = (.U - .Uo)
KgT
(u—#o)
Z = e KT/ (A3.2)
Also, for a system in thermal equilibrium, the probability for the system is given by,
(=57)
P = e, (A3.3)
VA
The normalization of above equation gives,
p 1
i = Z,
The chemical potential for two different states can be written as,
M’l == M’Ol + KBT ln Zl ..................................... (A34)
Ho = U2 + KBT In ZZ ..................................... (A35)

Subtracting (A3.5) from (A3.4),

Zy
p1 — pp = (Ho1 — Moz) + KT In (Z_>
2
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Zy
(U1 — tz) — (Mo — Hoz) = KT In <Zz)

F(M1—#2)—(Mo1—ﬂozn
Zl = ZZ e KT
Zl — Zz e(#o;;#m)e_(ﬂgﬁ)
Zl - Ae_(AKGB;WZ) .............................

where,

(#02—ﬂ01)
A=17Z,e\ T / =constant

AGy; = (U — Uy)

m

AG, - F AX
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Comparing with the probability, we obtain the unfolding rate as a function of force as

follows,
_(AG()—F*AX)
r,(F) = Ae KBT e (A3.7)
AGIZ = AGO - F * Ax ....................................... (A38)

AG, is the free energy at native state, F is the applied force, Ax is the distance to the

transition state.

F. Ax

Tu(F) = Toul@ K87 oo, (A3.9)

—AGg
where, 1o, = Ae ¥8T is the unfolding rate at zero force.

175



A4. Derivation of unfolding probability as a function of force.

The unfolding rate of the protein r, is exponentially dependent on the constant pulling

force. The probability of being folded at time t and force F is,

The total probability is,

Pe(t) + Py(t) = 1o (A4.2)

Differentiating with respect to t,

dPs(t) _ dP,(t)

dt dt
Now,
AP _ e
dt ¢
This gives,
dP,(t)
;t = rye "t =1, P (t)
dP,(t)
;t =1,(1 — P, (£))
Integrating,
1 dpry(t) _ t
fO m = fO 127} A (A4.3)
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Let us consider,

X=1 =P ()i (A4.4)
dP,(t) = —dx
Then,
aPy(®) _ rzdx _ _
1] ) Inx....cooooiiiiiiin, (A4.5)
And,

Case I: (constant force)

Since the force is constant, r, is force independent,

Then,

t
Pt)=1—eTulo @ =1 —g=mut . (A4.8)

Substituting the value of r,, from equation (A3.9), we get the probability of unfolding at

constant force as,

177



F. Ax
P,(t) =1— e Toute s

Case ll: (constant velocity)

If the pulling force is changing linearly with time, the pulling rate a in pN/s is defined as

the increase in pulling force F per unit time t.

a=F/ (A4.10)
Then,
_ dr(t) _ __dF(t)
F(t) = at, ——=a, dt = e, (A4.11)

Changing variable from time to force in equation (A4.5) gives, B,(F), the unfolding

probability distribution as a function of applied pulling force can be written as,

F dF(t)
P(F)=1—¢ Jo a5~

P,(F)=1- e‘%fop 7y (F) d(F)

Substituting the value of r;, from equation (A3.9),

F. Ax

Tou (F %o17
P(F)=1—e aloe®™d® . (A4.12)
F. Ax F. Ax
JI enr d(r) =4 (eKTT - 1) ................................ (A4.13)

Substituting equation (A4.8) in equation (A4.7),
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P(F)=1- e(_m ................................ (Ad.14)

Where, Ax is the distance to the transition state at zero force, K is Boltzmann constant,

and T is the temperature.
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AS5. Derivation of single exponential distribution for unfolding time.

The probability distribution function is defined as the probability that a random

accumulated time t falls below a given value T,
P(t) =Prob(t <T) oeeieieieiiiie e (A5.1)

A kinetic process involving the unfolding step gives rise to accumulated times having
an exponential distribution. The probability distribution function for such a process with a

mean accumulated time is,

Pt)=1- exp(_t/f) ....................................... (A5.2)
Where, t is the unfolding accumulated time, and 7 is the mean accumulated time.

Differentiating the above equation gives the probability density function as,

FO) =28 = Zexp (THD) oo (A5.3)

If we consider the logarithmic time axis as an x-axis, then

x=Int, t=exXp(X)eiiiiiiiiiiiiien (A5.4)

Xo=INT, T=€XP (X()erereeiererraimmiienaiennananns (A5.5)

that gives the probability distribution function as,

G(x) =Flexp(x)] =1 —exp [—exp(x —xg)]--eeeverererennnnn (A5.6)

where,



is logarithm time constant, t is the mean accumulated time and x, is the peak value of

the logarithmic histogram.

Then, the corresponding probability density function g(x) for the single exponential

distribution is obtained by differentiating equation (A5.5) with respect to x,

gx) =exp[x—xp—exp (x—xp)] fooereiiiiiiii (A5.8)

Similarly, the probability density function for the double exponential distribution can be

written as,

g2(x) = Ajexp[x; — xo; — exp(x; — x¢1)] + Azexp[x, — x; — exp(x; — x43) ]l (A5.9)

where, and x,; and x,, are the peak value of the bimodal distribution of the logarithmic

histogram as given by equation (A5.6).
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