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ABSTRACT

Over the last few years, there has been a transition away from traditional engineering
materials to new advanced materials that exhibit complex architectures with improved mechanical
properties. Most of the inspiration for these new materials comes from nature, where organisms
have evolved an immense variety of macro and nanoscale shapes and structures with clever
mechanisms. Adhesion proteins are particularly inspiring for novel materials because they exhibit
conformational dynamics that enables them to form special non-covalent interactions called ‘catch
bonds’ with their ligand, where dissociation lifetime of ligand-protein complexes is enhanced by
mechanical force. Intuition suggests that application of a tensile force on a chemical bond should
tend to shorten the bond’s lifetime, making it more likely to break, but catch bonds defy this notion.
If implemented in material systems, catch bonds are predicted to address trade-offs between
strength and reconfiguration, two diametric material properties that are primarily governed by the
strength of intermolecular interactions. One specific approach to developing this bioinspired
material is biomimicry, replicating what nature does well in terms of structure, however; to date,
the physical principles underlying catch bond phenomena have remained disputed among
scientists, hampering efforts to make synthetic catch bonds. This work is a multifaceted approach
combining molecular simulations and adhesion theory to establish strategies for designing material

interfaces that incorporates catch bond features.
A better understanding of catch bond physics would enable synthetic materials systems with
catch bond linkages; hence, we begin with investigating chaperone-usher (CU) pilus—a bacterial
adhesive protein with catch bond properties. By outlining adhesin properties determined by

previous experimental investigations, we modeled the protein and systematically vary its catch



bond parameters to determine key adhesion properties. Based on these properties, we proposed
design guidelines for reproducing the catch bond phenomenon in synthetic systems and created a
tweezer-shaped mechanical design that mimicked protein ligand interaction and exhibited catch
bond behavior reliably and predictably under thermal excitations. After demonstrating the success
of our guidelines, we adopted two strategies to implement catch bonds in nanocomposite systems.
First, by introducing allosteric pathways, we designed X-shaped nanoparticle that can change
shape and transition to a stronger bond state in presence of tensile force. Second, by grafting tethers
with tunable lengths to the surface of nanoparticles, we created an interface with two failure modes:
one where the load is shared among the tethers and the other where it is not. Both strategies present
man-made alternatives to biological catch bond mechanisms and provides insight into how
interfaces can be engineered to create nanoparticle networks with force-enhanced linkers.
All-together these studies demonstrate that catch bond functionality can be achieved using
simple molecular mechanisms and provides design rules for making catch bond nanoparticles and
linkages, which paves the way for engendering emergent force-tunable interfacial kinetics in

synthetic materials.
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Chapter 1 -Introduction

A major area of current materials research is the investigation of new advanced materials
that improve upon the performance and characteristics of traditional engineering materials. One
such material, polymer nanocomposites, is a rapidly evolving area of material science research due
to the ability of these materials partially overcome strength-toughness trade-offs!2. It is well known
that the performance of nanocomposites depends not only on their constituents but also on how
these constituents interact at internal interfaces*>. Therefore, there is a push for development of
new strategies for altering improving interfacial properties. One of the strategies is to design
bioinspired materials by replicating what nature does well in terms of structure. Although different
in function than the nanocomposite materials, adhesion and sensing proteins that attach to biotic
and abiotic surfaces exhibit intriguing properties that could improve interface properties of
nanocomposites®. This work focuses on a notable promising feature of proteins, formation special
non-covalent interactions called ‘catch bonds’ with their ligand, where dissociation lifetime of
ligand-protein complexes is enhanced by mechanical force’. While catch bonds have been shown
theoretically and computationally to enhance mechanical properties of network nanocomposites®
10 integration of catch bonds in materials has not yet been realized as structures with tunable catch
bond like characteristics haven’t yet been fabricated.

In this regard, in first part of my Ph.D., I focused on investigating proteins with catch bond
properties to determine key adhesion properties. Based on these properties, we proposed design
guidelines for reproducing the catch bond phenomenon in synthetic systems. The second part of
the dissertation focuses on demonstrating catch bond functionality of simple nanoparticle/interface

systems that are created based on our design guidelines. In this introductory chapter, we focus on
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describing the properties catch bond proteins, which make them attractive candidates for
biomimetic materials, as well as recent developments and shortcomings in the field of catch bond
research. We conclude the chapter with an overview of the entire dissertation and how we

established design concepts for nanocomposites by studying adhesins.

1.1 Catch bond proteins and their importance
Since early applications of kinetic theory to fracture and adhesion, and subsequent
experiments in biological and man-made materials, it has been long known that the lifetime of

typical chemical interactions/bonds between of two bodies becomes exponentially shorter when a
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Figure 1-1 Nonbonded interaction lifetime curves A) Archetypal catch vs. slip bond lifetime curves, showing

exponential decay (slip) vs. non-monotonic behavior (catch bond). B) Mean lifetime () versus force f curves
of several catch bond proteins. Symbols are the data from the force spectroscopy experiments and curves are
generated with the fitting function (t)(f) = cf* exp[— f/b] + dexp[— f/e]. (t) and f are normalized with
peak lifetimes ({T)peqr=2.51,0.22, 11.58,1.3689474,0.032 s) and the corresponding critical forces (f, = 59.29,
44 49,2405, 10.20, 4.52 pN). Sources of the data are ref. 11-16. The normalization factors and sources follow

the legend order.
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force is applied to separate the bodies. This type of interaction is referred as “slip bond” in the
literature. In this section, we are going to look at various protein-ligand complexes that utilize
catch bonds to defy this notion, i.e. they easily break at small forces but have longer lifetimes
under larger forces, up to a certain force limit’. To date, several proteins including pilus adhesin
FimH", P-selectin/L-selectin'?, integrin'®, catenin'4, actin'®, and kinetochore!® have been
demonstrated to exhibit catch bond behavior. The catch bond is characterized by a non-monotonic
biphasic force versus lifetime curve where the lifetime peaks at a critical force f. and decreases at
larger forces, as shown in Fig. 1-1.

Because of their force-enhanced lifetimes, catch bonds provide practical dynamic features
to cells that are often under varying flows/mechanical stresses. Under large stresses, catch bonds
can mediate robust adhesion between extracellular matrices/cells and maintain integrity of
interfaces. Conversely, under small stresses, catch bonds can easily dissociate and allow cell
mobility.!”"®* These dynamic features inherent to catch bonds have implications for bioinspired
material design. As reversible interactions that become stronger with applied force, catch bonds
can provide resistance to large mechanical stresses while allowing reconfiguration under small

stresses in material systems.
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1.2 Recent developments and shortcomings in the field of Catch bond systems
Majority of the catch bond studies had biophysical perspective, which aimed to reproduce or
explain a range of biological behaviors. However, there still are works that investigate catch bonds
from a material science!, chemistry perspective?. In particular, catch bonds have been studied,
theoretically and computationally *1°2!-2* to enhance the mechanical properties of nanoparticle
networks in nanocomposites (Fig. 1-2). Certain non-biological molecules have been synthesized
to mimic catch bond behavior.?** These molecules have covalent bonds that become stronger

under larger mechanical stress, which can be classified as catch bond behavior without any

Figure 1-2 Schematics of polymer grafted nanoparticles (PGNs) network. Each PGN consists of solid
nanoscopic core (blue) and a corona of chains (red) that are end-grafted to this core. The free ends of the grafted
chains (green) are designed geometries with catch bond behavior. Iyer et al. perform simulations on PGN networks
to show that compared to systems with slip bonds, systems with catch bond interactions have significantly higher

toughness and strength.



13
reversibility. Despite these developments, integration of catch bonds in materials still remains a
theoretical concept because synthetic molecules that fully reproduce catch bond characteristics and
maintain reversibility haven’t yet been fabricated. Challenges in synthesizing molecular systems
that exhibit the complex 3D topology, allosteric behavior, and dynamic features seen in proteins
also hamper further developments in this field.

Minimalistic design rules for catch bonds are difficult to extract directly from proteins
because they are complex multifunctional macromolecules with many structural, chemical, and
dynamic constraints. The progress of production of synthetic systems with catch bond like
properties necessitates the development of models that capture structural changes in catch bond
proteins due to mechanical forces, and how resulting structural changes alter the unbinding
kinetics. So far, the catch bond research has led to the development of several theoretical models
2627 as shown in Figure 1-3. Phenomenological models, such as the two state model** (Figure 1-
3A) and the two path model**?!, can accurately represent characteristics of a wide range of
experimental data sets, but provide limited information on how one should create a structure and
mechanism for catch bonds, which is crucial for the inverse problem of synthetic design.
Complementary to these efforts, atomic level analysis of 3D protein crystal structures have
elucidated the structural basis of allostery between the domains of the catch bond proteins (Figure
1-3B).323 However, the exact allosteric mechanisms are quite complex and subject to debate,
which makes it challenging to recapitulate protein-based designs directly in polymeric systems. In
addition to biophysical models, some early conceptual models**-° combined mechanical principles

with the structural knowledge of proteins to explain catch bonds, where higher affinity states could
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be achieved by sliding rebinding events, or finger trap-like conformational changes (Figure 1-3C),

as reviewed in Thomas et al 2°

A B C
Phenomenological Model Structural Model Conceptual Model
Catch bond Ligand . .
o State 1 State 2 ) 8 Without force With force
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o

Figure 2-3 Examples of catch bond models from the literature A) Phenomenological model: Two state model.

Swing
Loop

This model has four pathways that it can traverse before unbinding: the forward and reverse transitions between
the two states, and unbinding from each of the two states. B) Structural model: The crystal structures of protein
FimH. C) Conceptual model: Chinese finger trap. Mechanisms grip more strongly when a force is applied along

the length of the system.

1.3 Thesis outline
To take catch bonds beyond the biological milieu, it is necessary to create simple
thermomechanical systems that mimic the mechanisms underlying catch bond behavior.
Therefore, this research has focused on creating simple design rules for creating catch bond
linkages and demonstrated systems based on these rules exhibit catch bond behavior reliably and
predictably. Before presenting our results, we summarize many of the simulation techniques used
throughout this work in Chapter 2, including an overview of Markov Chain Monte Carlo (MCMC),
molecular dynamics (MD) and steered molecular dynamics (SMD).
In the first study presented in Chapter 3, we have modeled the elongation of a catch bond

adhesins, Chaperon Usher (CU) pilus and examined its toughness response. Using MCMC
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simulations of single pilus elongation, we showed that catch bond adhesins act as a molecular seat
belts that exhibit low toughness when pulled slowly and high toughness when pulled rapidly.
Furthermore, we found that by systematically varying the catch bond parameters, the seat belt
properties can be tuned. The molecular seat belt mechanism presented here provided insight into
determining determine key adhesion properties.

Based on these properties, we proposed design guidelines for reproducing the catch bond
phenomenon in synthetic systems and created a tweezer-shaped mechanical design that mimicked
protein ligand interaction and exhibited catch bond behavior reliably and predictably under thermal
excitations. In Chapter 4, we have demonstrated that a simple mechanical design based on a
tweezer-like mechanism can exhibit catch bond characteristics under thermal excitations. The
tweezer has a force-sensitive switch which controls the transition of the system to a high-ligand-
affinity state with additional ligand-tweezer interactions. Applying kinetic theory to a two-mass-
two-spring idealized model of the tweezer, we show that by tuning the shape of the switch and the
ligand-tweezer interaction energy landscapes, we can achieve greater lifetimes at larger force
levels. We validate our theory with molecular dynamics simulations and produce a characteristic
lifetime curve reminiscent of catch bonds.

In Chapter 5, we establish a scissor-type X-shaped particle design for achieving intrinsic catch
bonding ability with tunable force-enhanced lifetimes under thermal excitations. MD simulations
are carried out to illustrate equilibrium self-assembly and force-enhanced bond lifetime of dimers
and fibers facilitated by additional inter-particle interactions that form under tensile force.

Next, in Chapter 6, we present a molecular design that results in catch bonding interfaces

between polymer grafted nanoparticles. Our design relies on two equal length polymer tethers that
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connect the particles with adhesive interactions, where one tether has a compliant loop stabilized
by weak bonds. Molecular dynamics simulations illustrate that making the fold opening kinetics
more sensitive to force than the adhesin, simply by tuning its stiffness, results in a transition from
sequential to coordinated failure of the adhesive polymer tethers under force.

The dissertation and main findings are summarized in Chapter 7 where we also provide some

outlook to the future of synthetic catch bonds.
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Chapter 2 - Computational Method

In this chapter, the general simulation techniques used to study biological and synthetic catch
bond systems will be discussed. The first section will cover Markov chain Monte Carlo (MCMC)
method and how we use it to determine the lifetimes of catch bond events. The second section
provides an overview of molecular dynamics (MD) simulations and their theoretical basis. Lastly,
we discuss a subset of MD simulations called steered molecular dynamics (SMD), which involve
non-equilibrium force pulling simulations. While certain simulation parameters are included in
this chapter (such as simulation time, system constraints, etc.), specific details can be found in the
chapters for specific studies.

2.1 Markov chain Monte Carlo (MCMC)

Markov chain Monte Carlo is commonly used for obtaining a sequence of random
samples from a probability distribution. In this work we used Metropolis algorithm**#! that can
draw samples from probability distribution P(x), given that there is a well-defined function f(x)
that is proportional to density of P.

The steps of this Monte Carlo simulation can be outlined as follows:

1. Establish an initial configuration f (x;), where x; is an arbitrary initial point.

2. Make a random trial change in the configuration, f(x").

f(x")
fxe)

3. Calculate the acceptance ratio a = which will be used to decide whether to accept or

reject the change.

4. Generate a uniform random number u €[0,1].
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5. If u < a, then accept the candidate by setting x;,; = x', if u > a, then reject the change
and iterate for a new random trial change.
In short, the algorithm proceeds by randomly attempting to move about the sample space,
sometimes accepting the moves and sometimes remaining in place.

It has been shown that at the limit of large statistics, rupture and formation events at
nano/macro scale occur in a stochastic fashion due to the presence of thermal motion*>~44,
Therefore, transition/unbinding events have no specific lifetime, but rather follow a distribution of
lifetimes. Monte Carlo simulation method is commonly used to describe these rupture and
formation events?%46, by performing iterative acceptance checks for a given probability
distribution. In Chapter 3, we will investigate two protein unbinding and rebinding events, (1)
elongation of P pili under force and (ii) catch bond behavior at its tip, using MCMC.

The adhesive proteins can be in different structural configurations (states). The transition
probability to change the system from one state to another is given by the ratio of the probabilities
to be in the two states. As it is explained in the MCMC outline, we can determine the acceptance
of the transition by comparison of this probability and a random number. How these transition
probabilities are calculated will be explained in Chapter 3.

2.2 Molecular dynamics (MD)

Our primary method of investigating bond kinetics of catch bond will be to use MD
simulations. Molecular dynamics is a simulation of the physical movements of particles within a
given system, where these particles can represent atoms, molecules, or coarse-grained entities, i.e.
multiple atoms are grouped into a single particle. The main objective of MD is to simulate the

progression of a system over time in terms of particle positions, velocities, and accelerations and
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then use this information to accumulate information about the structural, thermodynamic, and
mechanical properties of the system.

MD simulations are conducted by integrating Newton’s equations of motion using
numerical techniques and updating the positions and velocities of each particle. For a system of N
particles, the equation of motion that must be solved is given by Eqn. 2-1

ma, = —VU(ry, 1, ., )+ f, i=12..N (2-1)
where m; is the mass of particle i, @, is the acceleration vector of particle i, U is the interatomic

potential between particles that is a function of all atom positions and time, and j_fl) is any external
force that is added to the system. By integrating these equations in time, the trajectory of the
particles (i.e. their position and velocity) within the system can be traced and many properties can
be extracted such as temperature, pressure, bond energy, etc. In our simulations, Verlet algorithm*’
is used to update atom positions and velocities over time. After particle accelerations using Eqn.
2.1, for a time step of &t, the updated positions and velocities are given by Eqn. 2-2 and 2-3,

respectively.

7(t + 6t) = 7(t) + 6tv(t) + %6t25i(t) (2-2)

v(t + 6t) = v(t) + %&[a(t) +d(t + 6t)] (2-3)

These updated positions and velocities are determined by estimating the time derivatives
of velocity and acceleration with a second-order Taylor series expansion around the point t + Jt.
Because a numerical technique is employed, an appropriate time step must be chosen to ensure

conservation of energy and physically correct motions of particles within the system. MD
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simulations in Chapters 4 to 6, 1 femtosecond time step is found to be sufficiently small to ensure
energy conservation and lifetime accuracy.

As shown in Eqn 2-1, the forces acting on the atoms are calculated from derivative of the
interatomic potential between particles U (7). The interatomic potential between particles, i.e. force
field is the sum of the individual contributions of interactions between atoms such as bonded
potentials (bonds, angles dihedrals, impropers), non-bonded potentials (van der Waals, hydrogen
bonds), charges and is given by Eqn. 2-4.

U = Unon-pondea + Ucoutombic T Ubona + Uangie + Udinedrai (2-4)
The systems in this work on are simple structures with rigid and freely jointed components, thus
we didn’t need to utilize angle, dihedral and improper potentials, which are related to capturing
the realistic angle bending, bond torsion, and out-of-plane bending angles. However, we defined
bond and non-bonded potentials. In general, bond interactions between atoms are represented

using harmonic potential
1 2
Upona = 5 k(1 —17) (2-5)
where k is the spring constant and 73, 7; are the positions of the atoms.

In this work, majority of the non-bonded interactions such as protein ligand hydrogen

bonds are represented by Morse potential (Fig. 2-1):
U(M)morse = Do(exp[—2a(r — 0)] — 2 exp[—a(r — o)]). (2-6)

Here, D, is the depth of the energy well, o is the equilibrium bond distance and « is the parameter

that controls the width of the well (the smaller « is, the broader the well).
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Figure 2-1 Graph of a Morse potential function

In addition to understanding numerical integration techniques and force fields, molecular
dynamics simulations also require the use of a statistical ensemble that describes the possible
microstates of a mechanical system*. In these ensembles, a partition function is used to describe
the probability of each specific microstate and is dictated by the quantities that are held fixed in
simulation. Molecular ensembles of interest are the microcanonical ensemble (NVE), canonical
ensemble (NVT), grand canonical ensemble (uVT), and isothermal-isobaric ensemble (NPT). The
abbreviations that follow the ensemble names indicate the quantities that are held fixed during
simulation with N corresponding to the number of particles, V representing the system volume, T
being the system temperature, ¢ being the chemical potential of the system, and P being the system
pressure. NVT ensemble is used in our MD simulations, since constant N, V and T is desired for
the unbinding analysis.

There are multiple readily available software packages for MD, including LAMMPS#,

NAMD? and GROMACS?' among numerous others. These packages offer wide flexibility to
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simulate a number of different systems using a wide range of force fields. For our simulations, we
chose to employ the LAMMPS molecular dynamics package, as we are not focusing a specific
biotic or abiotic system that requires built in force fields, instead we build our systems from scratch
where we need to vary the geometries and force field parameters. LAMMPS gives us the flexibility
to simulate various geometries and use custom force fields.

2.2.1. Langevin dynamics

Nano/micro scale molecular system that we are investigating are not in a vacuum, but in a
solvent. Solvent molecules significantly alter the dynamics of the system by causing frictional drag
and random collisions associated with the thermal motions of the solvent molecules>?. Langevin
dynamics attempts to extend molecular dynamics to account for these effects®**. Langevin
dynamics in MD mimics a group of particles which models an interaction with a background

implicit solvent, where the total force on each atom i will have the form:

fi = Dijizj fi,c' + 15+ 15 (2.7

f¢ is the conservative force computed via the usual interparticle interactions, which are bonded
and non-bonded interactions explained above. fF is a frictional drag or viscous damping term

proportional to the particle velocity v and given by

fe=="v (2.8)

where m is the mass of the particle and y is the damping factor. f* is a force due to solvent atoms

at a temperature 7 randomly bumping into system particles. Based on fluctuation/dissipation
theorem, magnitude of this force is proportional to./kgTm/y, where kg is the Boltzmann

constant, 7' is the desired temperature, m is the mass of the particle y is the damping factor. The
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temperature of the system and y vary from system to system and will be reported in relevant
chapters.

This technique has been used to study a wide range of systems protein dynamics and
polymer nanoparticles and will be used in this study to examine the unbinding dynamics. As we
mentioned in section 2.1, it should be reiterated that transition/unbinding events have no specific
lifetime, but rather follow a distribution of lifetimes. Thus, similar to MCMC simulations, to obtain
the lifetime distributions and characterize the overall behavior, multiple trials need to be
performed.

2.3 Steered molecular dynamics (SMD)

Steered molecular dynamics® (SMD) is a simulation technique that can be used to replicate
experimental procedures such as atomic force microscopy (AFM) and force measuring optical
tweezer (FMOT). In AFM experiments, molecules or other nanoscale structures are pulled via
their attachment to a cantilevered tip and the forces/motions of this tip are recorded and used for
analysis. These experimental procedures are often used to probe interfacial and mechanical
properties of nanoscale materials.

In SMD, a force is applied to the system (or a subset of it) to enhance the sampling of the
configurational space. To apply this force to the system, the steered/pulled atoms are tethered to a
virtual atom through a harmonic spring. This virtual atom is moved with either a constant velocity
or a constant force, and through the harmonic spring consequently causes all the steered particles
in the system to move. In constant velocity SMD, the value of the stiffness of the spring is
important, since it determines the pulling force on the system. In all our simulations we employ

constant force SMD, where stiffness of the spring does not play a role in the pulling force.
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The output of SMD simulations is the displacement of the steered atoms and the force
applied to these atoms. From these quantities, we calculate the non-equilibrium work done on the

system by the SMD potential along the reaction coordinate of interest as given by Eqn 2-9
B
W= f Fopg - dx (2-9)
A

where A and B are the initial and final states of the system.

In biophysics and specifically catch bond literature, SMD simulations are used predict the
effect of force on protein configurations from the static experimental structures!'!263236. SMD
simulates forces that are added in pulling experiments. It should be noted that SMD can only
simulate the structure over tens of nanoseconds, and so the external force in the simulations is
higher than physiological levels to speed up any force-induced changes®. In this dissertation, we
use this approach to investigate force-lifetime dependence of various systems that are far simpler
than all atomistic protein models with tens of thousands of atoms.

In Chapter 4, SMD is used to exert force and separate a system from its ligand. In Chapter
5,1t is used to separate nanoparticle fibers. Lastly, in Chapter 6, this technique is used to separate
two surfaces connected with tethers. Ranges of forces and pulling locations are different in all

applications and will be reported in detail in relevant chapters.
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Chapter 3 - Investigating the viability of catch bonds as a

nanoparticle interface

This chapter focuses on using Chaperon-Usher (CU) pili as a bio-interface for
nanocomposite systems. CU pili are helical protein complexes expressed by bacteria Escherichia
coli and have unique biomechanical properties that enhance the ability of bacteria to sustain
attachment to surfaces under large stresses. We hypothesized that filler interfaces in
nanocomposites with features designed after bacterial structural/adhesive biopolymers may lead
to bioinspired nanoparticle networks that exhibit unique macroscopic mechanical properties.

First, we focus on modelling work for the elongation of a single CU pilus with catch bond
adhesive tip and examine its toughness response. Next, using Monte Carlo simulations (Section
2.1) of single pilus elongation, we show that CU pili with catch bond tip can act as molecular seat
belts that exhibit low toughness when pulled slowly and high toughness when pulled abruptly and
rapidly. Portions of the text and figures within chapter are reprinted or adapted with permission

from Dansuk and Keten, Soft Matter 2018%'.

3.1 Mechanical properties of Chaperon-Usher Pili

Chaperone-Usher (CU) pili, or fimbria are anchored to the outer membrane of bacteria’®.
CU pili carry adhesive proteins (adhesins) on their tip, which bind to specific receptors on the host
cells or functional groups on abiotic surfaces. The notable features of pili decorated with tip
adhesins are (1) slip/catch bond behavior at the adhesion tip, (2) force plateaus during mechanical
unfolding, and (3) logarithmic increase in the unfolding force with the rate of deformation beyond

the so-called corner velocity. The combination of these three key features confer interesting
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abilities to bacterial cells, which enables strong binding under large shear forces, while
simultaneously allowing dynamic functions such as motility.

The structure of the CU pili, which are commonly expressed by uropathogenic Escherichia
coli (UPEC), is well-studied in the literature®’. CU pili are composed of over 10* protein subunits
that are arranged into a micron long helical shaft which is a flexible rod-like structure measuring
6—7 nm in diameter (Fig. 3-1A)%>°. One subfamily of CU pili, called type 1, conveys a special
adhesin at the tip of the helical shaft that interacts with receptors/functional groups to form so-
called catch bonds, which are molecular interactions that exhibit a longer lifetime with increasing

force below a certain threshold (Fig. 3-1B).
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Figure 3-1 Notable features of bacterial pili A) Schematic of two nanoparticles with adhesive biopolymer
inspired interface undergoing elongation. The pilus is expressed as a helical shaft (blue subunits) with an adhesin
tip (pink subunit). B) The adhesin forms labile bonds with the particle. Labile connection can have a slip bond
or a catch bond character. C) Force response of pilus with three elongations regions: linear (blue), plateau (red)
and non-linear (green). In the plateau region the helical shaft exhibits large extension at a constant force, which

is called the force plateau. D) The plateau force is a function of the elongation velocity.
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Optical tweezers (OT) and atomic force microscopy (AFM) experiments have been used
to quantify the biomechanical properties of CU pili, such as force extension behavior and adhesion
lifetimes*>>7%61 During elongation, pili exhibit a unique force response, which is composed of
three distinct regions (Fig. 3-1C). When the deformation is small, the pilus behaves like a Hookean
spring and exhibits a linear force response. Applying greater strains leads to a plateau region,
which is characterized by elongation at constant force (plateau force) due to reversible opening of
the noncovalent bonds connecting the subunits of the unravelling pilus. Further extension of the
pili leads again to a non-linear region, in which the force response is monotonically increasing
along an S-shaped curve. In the absence of a force, the elongated pilus can retract to its original
helical structure without any noticeable alteration of the mechanical properties®. As shown in Fig.
3-1D, the magnitude of the plateau force depends on the elongation velocity, or equivalently the
strain rate. For velocities below a certain corner velocity, v*, the plateau force is independent of
the elongation velocity, and is referred to as the steady-state uncoiling force (Fss). For higher
elongation velocities, the plateau force increases logarithmically with the velocity.

Lastly, FimH adhesin at the tip of the pilus forms catch bonds because mechanical force
acts through a regulatory region to allosterically switch FimH bonds from a short-lived low affinity
state to a long-lived high affinity state. In a recent study, it has been shown both by experimental
analysis and molecular dynamics simulations that catch bond adhesin of the type 1 pili, FimH, is
an allosterically regulated protein with one unbound and two conformational bound (low affinity
and high affinity) states®*. High affinity state is sustained by force, since the protein undergoes

conformational change as it switches to this state at high force levels.
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3.2 Simulation setup

We have constructed our system based on a model of a single pilus under tensile stretching
as shown in Fig. 3-1A. The pilus is connected to two nanoparticles with a catch/slip bond. The top
particle is displaced to extend the pilus at a constant velocity. The elongation velocities studied are
within the range of the experiments®’°. To reproduce the force elongation response and catch bond
lifetime of the pilus, the shaft and the tip of the pilus are modeled separately.

3.2.1 Catch bond modelling

In order to model catch bonds, we first need to understand behavior of noncovalent bonds
in general. A noncovalent bond can be described in terms of an energy landscape, consisting of a
minimum, representing equilibrium state of the bond and an intermediate local maximum, called
the transition state. A closed bond can break, only if it “passes” this transition state. The energy of
the transition state, E},, schematically illustrated in Fig. 3-2, thereby represents the activation
energy for bond opening.

In contrast to macroscopic systems, rupture (break) strengths for weak biochemical bonds
are not constants but instead depend on the rate of force application and duration of loading. An
increased rate of bond dissociation under external force, F', was first emphasized by Bell*? using a

phenomenological model for the off rate, k

Ep—F-Ax

k=w-e k8T (3-1)

where w is the natural vibration frequency, of the bond and E}, is the energy barrier, Ax is the
transition state distance, and kzT is the thermal energy respectively. In some instances, natural

frequency and exponential of the energy barrier is combined for a thermal off rate k°, which is
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bond break rate in absence of force. The importance of Bell's insight is the quantification of the

role of mechanical force in biological event rates.
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Figure 3-2 Energy landscape representation of a nonbonded interaction. External force acting on the interaction

tilts the landscape and reduces the energy barrier
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Figure 3-3 Slip and catch bond models. Slip bonds have one bound state; the bond break rate is given by k. Catch
bonds have the two bound states: low affinity (state 1) and high affinity (state 2). The low affinity break rate and high
affinity break rate are given by kio and koo respectively, where the unbound state is assigned as State 0. Catch bonds
can switch among different adhesive states with the corresponding switching rates of ki», transition rate from low to

high affinity and k», transition rate from high to low affinity state.
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Building upon the fact that pilus tip protein FimH form high and low affinity interactions

with its ligand, we use two state model to quantitatively represent two bound states: State 1 (low
affinity) and State 2 (high affinity), as shown in Figure 3-3. The unbound state is characterized as
State 0. Initially, the pilus is attached to the particle with a catch bond at State 1. A catch bond can

switch states according to the transition rates, which is rearranged version of Eqn 3-1:

F-Ax

kij = kj) - eksT (3-2)

The states are represented by indices, where iis 1 or 2 and j is 0, 1, or 2. Specifically, if the bond
is in State 1, it can switch to the State 2 according to the corresponding switching rate of ki,
transition rate from low to high affinity, or it can break according to ko, low affinity break rate.
On the other hand, if the bond is in State 2, it can switch to the State 1 with k,;, transition rate from
high to low affinity, or it can break with ky, high affinity break rate. The rebinding of a bond is
not considered, since bonds are under tensile force when opening, which is large enough to render
the rebinding probability negligible*. The simulation parameters are listed in Table 3-1 Transition
rates originate from the parameter fits of the data from single FimH-mannose AFM pulling
experiments, which is examined in Yakovenko et al®2.

Table 3-1 Two-state model parameters

Symbol Value

k9 1.37s71

kiﬁ 3.3%x 1075571
k9, 5.1 % 107651
k9, 0.1157"

Axyo 2.85 A

Axy, 15.1 A

Ax,, 452 A

Ax,q 3.88 A

kgT 4.14 x 10* pNnm
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3.2.2 Pilus modelling
Three regions in the force elongation response of the pilus are represented with a piecewise
function with three distinct force regions (Eqn 3-3). The linear response region has a slope k;, the
plateau region has a constant force value at Fpju e, and the non-linear region is represented by a
line with slope k,, from the linear regression of the top part of the S-shaped curve, i.e. the most

likely region where the high affinity catch bonds will break due to high force range.

kix at x < xy
F(x) = Fplateau At Xip < X < Xpp (3-3)
knx at X,y < x

where F is the force experienced by both the pilus and the tip and x is the elongation of the
pilus®6283 x,, and x,,, are the boundaries between linear-plateau and plateau-nonlinear regions
respectively. For the steady state conditions, the x;;, is 0.0137 ym and x,, is 9.04 pm®%. Notably
Xpn~6N nm, N being the number of subunits of the pilus, where the factor of 6 is characterized
as the elongation in nm due to opening of the noncovalent bonds connecting the subunits of the
pilus®44. As the pilus enters dynamic state, both boundaries increase with the elongation velocity.
The velocity dependence of the plateau force is also represented with piecewise function that is

constant till the corner velocity, v*, and increases logarithmically afterwards.

Fes atv<v*

k alogv—f atv <v*

plateau (v) = { (3-4)

where Fgs is the steady state plateau force and v is the elongation velocity. a and £ (12.57 and
4 .48 pN respectively) are derived from opening rates and the lengths of bonds between the subunits

of the shaft.
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Table 3-2 Pilus shaft model parameters

Symbol Value

Fss 28 pN

v* 400 nm/s

k, 2.1pN/nm
k, 0.246 pN /nm

3.3 Pilus elongation simulations

In the following simulations, we analyze the mean toughness of pili with different tip
characteristics under constant velocity elongation. We first examine a pilus with a tip adhesin that
exhibits slip bond behavior to show that the mean toughness of both the strong slip system (red
circles, in Fig. 3.4A) and weak slip system (orange squares, in Fig. 3.4A) increase with the
logarithm of the elongation velocity, owing to the increase in bond strength with the loading rate*.
Figure 3 4A also illustrates that the mean toughness of the pilus with strong slip tip is three orders
of magnitude greater than the weak slip case for low velocities and a factor of ~1.5 times greater
for high velocities. This is expected since pili with the weak slip bond tip break earlier than strong
slip bonds 99% of the time, due to the six orders of magnitude difference in their break rates.
Overall, our results indicate that the toughness of a pilus is highly dependent on catch bond
parameters.

Next, we investigate how having catch bond ability in the tip influences the toughness.
Interestingly, pilus with catch bond tip exhibits both weak slip and strong slip behavior depending
on the pulling velocity (blue diamonds, in Fig. 3-4A). At low pulling velocities, a pilus with catch
bond tip has similar toughness to a pilus with a weak slip bond tip and at high pulling velocities it
has a similar toughness to a pilus with a strong slip bond tip. After the elongation velocity of 103

nm/s, which we will call the critical velocity, there is a surge in toughness that results in
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transformation of the pilus from weak slip like behavior to strong slip like behavior. During this
surge, the toughness of the pilus increases by a factor of ~15. We didn’t provide error bars for the
toughness results, since depending on its affinity state, pilus shows two very different responses:
pilus exhibits either small or very large elongations before tip unbinding (Fig. 3.4B). It should be
noted that although Figure 3.4B shows pilus elongation for 400 nm/s, same two responses are seen

in all the elongation velocities.
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Figure 3-4 Constant velocity elongation simulations of single pilus with an adhesive tip A) Variation of toughness as a
function of elongation velocity. The pilus with catch bond adhesin initially behaves similar to a pilus with weak slip bond
adhesin. However, exceeding the 10° nm/s rate results in a toughness surge, leading to a transition to strong slip like behavior.
B) Force-elongation curves and schematics of two trials of the pilus with catch bond adhesin elongated at 400 nm/s. In the
first trial (turquoise), the catch bond doesn’t switch states, remains in State 1, and the pilus unbinds at 0.22 pm (early plateau
region). In the second trial (maroon), the catch bond switches from State 1 to 2 and the pilus unbinds at 9.36 ym (non-linear
region). It is seen that for the entirety of the trials, pili either unbind quickly with small elongations at the low affinity catch
bond state or undergo large elongations and unbind at high affinity catch bond state. C-D) Toughness distributions of
elongation trials of single pilus with catch bond adhesin. C) Distribution up to 0.1 toughness. Each bar is grouped within the
force response regions (linear, plateau) and expressed as the percentage of trials at various pulling velocities. For the highest
elongation velocity 107 nm/s there are no trials in the 0-0.1 toughness interval. D) Distribution between 0.5 and 2.5
toughness. All trials break in the non-linear region and at State 2. Both histograms have a bin of 0.05. At low velocities, pili
mostly break in the linear region/early plateau region and at State 1. As the velocity increases, more trials break in the non-

linear region and at State 2.
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for selected velocities in Figure 3-4C and D. For each trial, the toughness of the pilus, elongation
region and the catch bond state until the break event are recorded. Figure 3.4C accounts for the
pili that break after small elongations (linear and early plateau regions) and shows the toughness
distribution up to 0.1. Within each interval the toughness values are grouped according to the force
response regions (blue-linear, red plateau). Figure 3.4D accounts for pili that undergo large
deformations (non-linear region) before they break. All the trials in Figure 3.4D break in the non-
linear region. From the Fig. 3.4C and D, a bimodal distribution is observed, since the breaks are
concentrated at the linear region/early plateau region and the nonlinear region, but not along the
plateau region. This is expected since experiments show that catch bonds are likely to break easily
at low forces (as in linear region) or high forces (as in non-linear region) and are strongest at
intermediate forces (as in plateau region)®. In addition, all the linear region breaking events and
early plateau region breaking events occur at State 1 (turquoise trial, Fig. 3-4B). In contrast, all the
non-linear region breaking events occur at State 2 (maroon trial, Fig. 3-4B). This shows that when
a pilus is in the plateau region and at State 1, it can still unbind, however, if the tip switches to the
State 2, it will elongate without unbinding until it reaches the non-linear region. Thus, for a pilus
to show high extensibility, which results in high toughness, its adhesion tip should switch to State
2, the strong affinity state.

Fig. 3-4C and D also reveals the effect of elongation velocity on the toughness distribution.
At low velocities, most pili break in the linear region and at State 1. As the elongation velocity
increases, the percentage of the linear and early plateau region breaking events decreases and the
percentage of bond breaks in the non-linear region increases. The elongation rate dependent switch

in the break position distribution is expected for catch bonds, since a slower loading rate would
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allow a higher fraction to break before force was increased enough to stabilize them. If a pilus is
subject to a faster elongation rate, (1) it will reach the plateau region faster and (2) plateau force
will be higher to due to corner velocity dependence. The former effect decreases the probability of
the break event and the latter effect increases the probability of the shift. This implies that the
higher the loading rate, the longer the pilus will have to be elongated before it detaches, which is
consistent with findings in the literature®!.

The behavior of a pilus closely resembles a seat belt that allows motion, when pulled slowly
and locks/resists motion, when pulled rapidly. Similarly, pilus unbinds quickly and exhibits low
toughness at low elongation velocities and has large elongation without unbinding and exhibits
high toughness at high elongation velocities (Fig. 3-4A and B), therefore we will refer to pili with
catch bond adhesin as “molecular seat belts”. By comparing the toughness response of pilus with
slip bond tip to those with catch bond tip in Fig. 3-4A, we have established that the seat belt
characteristics originate from the ability of pili to form catch bonds with the surface: the two force
induced affinity states give the duality to the toughness response. Furthermore, from Fig. 3-4C and
D we find that three regions in force response enhance the seat belt effect further. The linear region
allows early breaks before the force is increased enough for a switch from State 1 to 2. These early
breaking events govern the low velocity behavior of the interface. Plateau region, on the other
hand, provides the optimal range of force for the switch from State 1 to State 2 and keeps the force
on the adhesin below 100 pN, where the catch bond exhibits high break frequency®. Hence the
pilus can elongate significantly while still being attached to the surface. Lastly, non-linear region
provides the high force ranges where the break probability of the catch bond is high. In summary,

both the pilus deformation and catch bond behavior cooperates to produce the seat belt effect.
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Figure 3-5 Effects of variation of catch bond rate parameters on the toughness of a single pilus as a function
of pulling velocity. A) low affinity break rate ko, B) transition rate from low to high affinity k;», C) high affinity

break rate koo

After establishing the seat belt behavior in pilus, we systematically vary catch bond and
shaft parameters to examine the factors that affect the toughness behavior of a single pilus.
Experiments performed on various types of CU pili show that there are indeed variations in shaft
and tip properties®®. From Figure 3-5, it is observed that changes in catch bond rate parameters
affect both the critical velocity, i.e. the velocity at the start of the surge, and the sharpness of the
surge, i.e. the steepness of the curve that connects the weak slip to the strong slip behaviors.
Variations in rates are normalized with respect to the base case parameters listed in Table 1. As
shown in Figure 3-5A, the increase in low affinity break rate (ko) increases critical velocity and
sharpness of the surge. When the break rate is high, it is easier for the adhesin to be detached.
Thus, more trials will detach before switching to the high affinity state, which causes the surge to
sharpen and shift to higher velocities. On the other hand, increase in transition rate from low to
high affinity (ki»), decreases the critical velocity and the sharpness of the surge (Fig. 3-5B).
Notably, when k;, is significantly reduced, the pili will have weak slip behavior (the toughness

response will be very similar to the red line in Figure 3-4A) and when k;, is significantly increased,
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the pili will have strong slip behavior (the toughness response will be very similar to the orange
line in Figure 3-4A) Namely, in the extreme values of k;, catch bond effect disappears. Change in
the high affinity break rate (k) does not have a huge impact on the surge, which suggests that the
surge is controlled by the ratio between the State 1 to State 2 transition and the State 1 break rate.
However, ky strongly influences toughness at high velocities (10*-107 nm/s). If k,, decreases, the
pili which are in State 2 will tend to break at a higher force at the non-linear region, which will
result in higher toughness. Unless there is a substantial change in its value, varying the transition
rate from high to low affinity (k) led to small changes the toughness responses, therefore k,,
simulation results are not included in this work. The switch from high to low affinity is much less
probable than other transitions since previous works showed that the high affinity state is stable
over some period of time. The transition state distances Ax are also varied in simulations. The
results show a trend that is opposite of the rate changes: the increase in Ax;,, Ax;, and Ax,,, have
similar effects of decreasing ki, ki, ky. Ideally, the best performing seat belt should have low
toughness at low velocities, followed by a very sharp rise in toughness at higher velocities. The
plots in Fig. 3-5 reveals that the ideal seat belt behavior can be reached by decreasing ka, k;, and
increasing k.

To get a better understanding of the effect of shaft characteristics on the toughness of the
pilus, we vary the number of subunits, steady state uncoiling force and the corner velocity. As
shown in Figure 3-6A, increasing the number of subunits, N, increases both the sharpness of the
surge and the toughness at high velocities (10*-107 nm/s), but doesn’t change the critical velocity.
The slope of the toughness vs log(v) at high elongation velocities increase by a factor of 4 with

increase in N from 500 to 2500. Since the elongation in plateau region results from opening of
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noncovalent bonds connecting the subunits of the pilus, increase in N will increase the plateau

region elongation (x,,~6N). Extra elongation from a higher N pilus at logarithmically increasing
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Figure 3-6 Effects of variation of shaft parameters on the toughness of a single pilus as a function of
pulling velocity. A) Number subunits (N): Increasing the number of subunits, N, increases both the sharpness
of the surge and the toughness at high velocities, however, doesn’t change the critical velocity. B) Steady state
plateau force (Fss): Increase in Fsg initially enhances the seat belt effect, after Fss goes beyond 100 pN, the pilus
starts to behave more like it has a slip bond adhesin. C) Corner velocity (v*): decrease in corner velocity

decreases the critical velocity, but increases the overall toughness of the pilus for all pulling velocities.

plateau force will provide additional toughness at high velocities. Therefore, both the sharpness of
the surge and the slope of the toughness scaling in the high velocity increase as N goes up.

We next show the effects of varying the steady state uncoiling force in Figure 3-6B. When
the steady state uncoiling force Fgs increases from 10 pN to 100 pN, magnitude of toughness at
high velocities increases. However, when Fss exceeds 100 pN, the pili start to behave as if they
have slip bond tips, particularly 120 and 140 pN curves are very similar to weak slip bond tip curve
in Fig. 3-4A. Both our simulations and the AFM experiments of single isolated tip adhesin FimH
show that when a force above 100 pN is applied to the adhesin, it unbinds frequently. Here, we
want to further emphasize the correlation between the mechanical properties of shaft and the catch

bond properties of the adhesin. Although increasing Fss initially results in low toughness at low
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velocities, followed by a very sharp rise in toughness at higher velocities, i.e. ideal seat belt
behavior, due to the increase in high affinity break rate with respect to the force, increasing Fss
over 100 pN undermines the seat belt behavior rather than promote it further.

Next, we examine the effect of the corner velocity on the rate dependence of the toughness
curve. Fig. 3-6C reveals that increasing the corner velocity increases the critical velocity of the
transition and decreases the toughness at high velocities. Notably, corner velocities of 6 nm/s and
400 nm/s and 1500 nm/s are the experimental values for type 1 pili and P pili, F1C pili
respectively®’. If the corner velocity is infinite (orange line, in Fig. 3-6C), i.e. the plateau force is
independent of the pulling velocity, the real contribution to the toughness response comes from
the long elongation in the plateau region. It is clear from this data that the corner velocity is a key
parameter in seat belt behavior, since the magnitude of the toughness in the plateau region is
governed by the plateau force, whose transition to velocity dependent behavior is chiefly governed
by the value of the corner velocity. Setting the corner velocity to be very high leads to an almost
sigmoidal, switch-like behavior. However, setting the corner velocity to be a small value forces
the transition to set in earlier and creates a higher toughness response over a broader velocity range.
To sum up, by systematically varying the catch bond and shaft parameters in our simulations, we
have shown that ko, ki», koo, N, Fss and v* are key parameters for tuning the performance of the
seat belt that may offer flexibility in material interface design.

3.4 Conclusion

In this study, we hypothesize that CU pilus with catch bond adhesin —a bacterial

biopolymer with the ability to attach to biotic/abiotic surfaces— can be a good template for

nanocomposite design, particularly to its unique biomechanical properties of (1) catch bond



41

behavior at the adhesion tip, (2) force plateaus during mechanical unfolding, and (3) logarithmic
increase in the unfolding force with the rate of deformation beyond the corner velocity. Hence, our
challenge was to parametrically explore the toughness of particle interfaces in composites that are
inspired from bacterial adhesins. Based on previously developed biomechanical models of CU pili
and their tip adhesins, we have presented MC simulations of the pilus response under constant
velocity pulling and particle deceleration scenarios.
We showed that the seat belt behavior, which originates from catch bond mechanism, is enhanced
by the three-region force response of the CU pili. By tuning the pili parameters, an ideal seat belt
behavior with low toughness at low velocities, followed by a very sharp rise in toughness at higher
velocities, can be achieved. Notably, this requires increasing the transition rate from high to low
affinity k,,, the high affinity break rate k,y, the number of subunits N, the corner velocity v* while
decreasing the low affinity break rate k;,. Finally, we showed that the critical velocity of the low-
high toughness transition can be adjusted by using the same parameters, which enables pili to turn
the strength on and off at a specific strain rate.

In conclusion, we have highlighted the potential of CU pili with catch bond adhesin as
molecular seat belt mechanisms. Even though the results presented in this work apply
quantitatively to the CU pilus, we believe that the mechanisms can be transferable to
nanocomposite systems such as hairy nanoparticle assemblies or hydrogels®®-"!. By mimicking
helix-like shaft and its adhesin, one can build and tune composite interfaces that exhibit seat belt
characteristics. However, to coopt adhesion strategies of the CU pili, it will be necessary to
discover pathways that reproduces the catch bond, corner velocity and force plateau behavior of

pili in synthetic systems!72>73. Furthermore, cooperativity of the pili in multipili-binding



42
applications, i.e. nanoparticle networks, needs to be further explored. Prior experiments and
simulations show that polymer networks with labile bonds that can break and reform have self-
healing capabilities™7¢. Pili will provide reversible extensibility to the dynamic-reconfigurable
networks due to their unfolding and refolding properties, that may enhance the self-healing
mechanism. Multi-pili attachment simulations of Bjornham et al. and E. coli rolling behavior
simulations of Whitfield et al. showed the pili can cooperatively redistribute external forces among
each other, which increases the adhesion lifetime significantly by lowering the load on individual
catch bonds”’78. The multiple pili seat belts would require a more detailed model with recoiling of
the pilus and reattachment of adhesin tip. Although from this work it can be deduced that
redistribution of the force will allow pili tips to have longer lifetime that will increase the toughness
of the seat belt system, multi-pili cases should be investigated to generalize our conclusions to
more complex interfaces and networks. It is anticipated that the long-term impact of our work will

be to design network related to single pilus and multi-pili response models.
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Chapter 4 - Creating simple molecular systems that exhibits catch

bond behavior

Having characterized catch bond adhesins as a nanoparticle interface in Chapter 3, we
move forward to mimic adhesin strategies at the molecular level using simple geometric designs.
As mentioned in Section 1.2, many catch bond models have fallen short of providing the
quantitative structural and dynamical insight required to explain how allosteric proteins achieve
these force-induced lifetime enhancements under thermal motions at the nanoscale. The open
question we addressed in this chapter is how to create a simple, Newtonian molecular system that
exhibits catch bond behavior reliably and predictably under thermal excitations.

In the first section of this chapter, we will talk about our simple tweezer-like design that
exhibits catch bond behavior when simulated under thermal excitations. Next, applying kinetic
theory to a two-mass-two-spring idealized model of the tweezer, we show that by tuning the shape
of the switch and the ligand-tweezer interaction energy landscapes, we can achieve greater
lifetimes at larger force levels. Lastly, we validate our theory with molecular dynamics simulations
and produce a characteristic lifetime curve reminiscent of catch bonds. Portions of the text and
figures within chapter are reprinted or adapted with permission from Dansuk et al. Matter 2018.
4.1 Key catch bond features

Our approach to this problem is to design simple mechanical systems that can capture (1)
structural changes in catch bond proteins due to mechanical forces, and (ii) alterations in
unbinding kinetics due to structural changes. Prior experiments and simulations®*-#** have shown
that some catch bond proteins including FimH, selectin and cadherin are biphasic, consisting of

a conformation with low ligand binding affinity and a conformation with high ligand binding
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affinity (Figure 4-1). The crystal structures of its conformations illustrate that FimH has two
domains *. The pilin domain (Fig. 4-1A B, red region) connects FimH to appendages of bacteria.
The lectin domain (Fig. 4-1A,B, cyan region) has a binding pocket, allowing attachment of the
adhesin to the ligand expressed on cell surfaces. The affinity of the ligand is mediated by the
lectin binding pocket and its loop segment . When the FimH-ligand complex is in the open
conformation, the interaction between the loop segment and the ligand is minimal (Fig. 4-1C).
In contrast, in the closed conformation, due to allosteric changes, loop closes on and forms new
interactions with the ligand (Fig 4-1D). Both conformations bind to the ligand, but crucially, the
ligand lifetime is larger in the closed conformation due to additional interactions formed between
the ligand and the loop segment. It should be noted that a very similar biphasic mechanism is
observed in P selectin ® and cadherin proteins 3¢. Tensile force applied to the ligand increases the
probability of a transition from the open to the closed conformation, which leads to a prolonged
lifetime at intermediate levels of tensile force. In short, the key features of the catch bond proteins

can be summarized as:

e existence of two discrete conformational states
e force induced transition between the states
e increase in ligand affinity by formation of new interactions between the protein and the

ligand as a result of structural changes that happen during transition of states
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Straight

- =C

Figure 4-1 Catch bond models. Schematics of A) open and B) closed conformation of FimH protein with lectin
(cyan) and pilin (red) domains. Ligand (mannose) is shown in orange. C) Open (PDB 4XOD) and D) closed
conformation (PDB 4XOB) of ligand binding pocket, located on the lectin subunit. The closed conformation is
colored via a scale (blue=small, white=middle and red=large), which shows the displacement of the atoms
relative to the open conformation. As FimH transitions from its open to closed conformation, the loop segment
closes on the ligand, forming new interactions. The tweezer design is inspired from FimH and has main and
secondary binding sites (cyan) and pairwise switch (red). E) In open conformation ligand forms one interaction
with the tweezer and the switch members are angled. F) In closed conformation ligand forms three interactions
with the tweezer and the switch members are straight. Interactions and applied external forces are indicated by

pink dashed lines and black arrows respectively.
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4.2 Designing the tweezer with catch bond behavior

Based on the three key features discussed above, we design a tweezer-like structure that
can transition between open and closed conformations. In the open conformation (Fig. 4-1E), the
arms of the tweezer are far apart, giving the ligand (orange bead) a clear path to attach to the
exposed main binding site (MBS) at the center of the binding pocket (central cyan bead). Located
at the arms of the tweezer, there are secondary binding sites (SBS) (lateral cyan beads). When
the ligand is attached to the MBS and the tweezer is in its open conformation, the ligand does not
interact with the SBS, since they are much further away. In contrast, in the closed conformation
(Fig. 4-1F), the arms of the tweezer rotate towards the center and enable interactions between the
ligand and SBS. Since the number of interactions increases from 1 to 3 (Fig. 4-1E & F, pink
dashed lines), the ligand has higher affinity in the closed conformation. Thus, in context of ligand
unbinding, we will refer to open and closed conformations as low affinity (LA) state and high

affinity (HA) state respectively.

To enable force-dependent transitions between the two conformations, a switch is added
to the tweezer. The switch consists of a two-member hinge with a pairwise interaction between
its two free ends (red beads, Fig. 4-1E & F). In the open conformation, the members are angled
(Fig. 4-1E), however, when the pairwise interaction between the red beads breaks due to external
forces, the members become straight (Fig. 4-1F). A rigid member connects the switch to the
MBS. Straightening of the switch moves the MBS upwards and drives the tweezer arms inwards,
which leads to the closed conformation. Thus, breaking and reforming of switch interaction

controls the transition between the conformations.
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Figure 4-2 Rigid member representation of tweezer geometry in open conformation. Switch (red) and
ligand (orange) beads have masses 50 times the other beads B) Dimensions of the tweezer in closed

conformation.

The tweezer design consists of rigid members that are connected with hinge joints. As
shown in Fig 4-2, the tweezer has 4 members (black), the switch has 2 members (red) and a single
member (blue) connects the switch and the tweezer. Mass of the ligand (orange bead) and mass

of the switch (read bead) is 500 g/mol. All the other beads are 10 g/mol.

It should be noted that in order to reach an equilibrium state in the closed conformation,
equilibrium distances o of the interactions need to be adjusted according to the dimensions of the
tweezer. In Figure 4-2, we refer to important dimensions that are required to determine o. The
dimensions used in this work are listed in Table 4-1.

The x-y coordinates of the secondary binding site (SBS) in the closed conformation are

Xsgs = (@ + c)cos@ —dcos(B —0), 4-1)
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Ysgs = (a+c)sin@ + dsin(f — 0). (4-2)

All the parameters in Eqn. 4-1 & 4-2 are constant except 8 and h. Their relation is shown as

2 2 .2
cos(90° — ) = LD (43)

In the closed conformation, the distance between the ligand and the SBS should be equal to the
equilibrium distance of their interaction potential gggs. Thus, the relation between gggg, Xgps and

Ysps becomes

0sps = /(A + Oups — Ysps)? + Xsps?, (4-4)
where oy 1s the equilibrium distance of ligand/main binding site interaction.

Table 4-1 Tweezer Dimensions

Member Value
a 15A

b 7.5A

c 7.5A

d 2A

h 21.75 A
B 78°

4.3 Tweezer Lifetime Curves

In our setup, a constant force is applied to a ligand that is attached to the tweezer system.
Depending on the conformation of the tweezer, four events can be observed (Fig. 4-3). In the

open conformation, the ligand may undergo a LA unbinding, or the tweezer may transition to its
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closed conformation, which we will call the forward transition (S¥). In the closed conformation,
ligand may undergo a HA unbinding, or the tweezer may transition to the open conformation,
which we will call the backward transition (§7). These four events occur in a stochastic fashion
due to the presence of thermal motion. Therefore, transition/unbinding events have no specific
lifetime, but rather follow a distribution of lifetimes. To characterize the probability of these
events as a function of force and obtain the lifetime distributions, multiple trials need to be
performed at each force magnitude. Average lifetimes () can then be computed from these

lifetime distributions.
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Figure 4-3 Rates of tweezer/ligand events. Forward transition rate r¢+, backward transition rate r5-, low

affinity unbinding rate 77 4, high affinity unbinding rate 4

In a typical trial, the tweezer will go back and forth between its open and closed
conformations and eventually, the ligand will unbind either at the LA or the HA state. Thus, the

ligand will have the following lifetime

N M
Z(Ts+i) + Z(TS—J-) + 1,4, whenM = N,i.e.LA unbinding
i=0 j=0

N M (4-5)
Z(TS+,1-) + Z(TS—J-) + 1y, whenM =N —1,i.e HA unbinding,

\ i=1 j=0

where 7’s are the lifetimes of the events and N and M are the number of forward and backward

transitions respectively. For example, if the ligand unbinds at the LA state without any transitions
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(N=M=0), then 74 = 7,4 and if the ligand unbinds at the HA state after two S* and one S~ (N=2,
M=1), then 77 = Tg+ 1 + Tg+ ,+Ts-1 + Tya . To reproduce the characteristic catch bond lifetime
curve like the ones in Fig. 1-1B, the mean lifetime of the ligand (7); must increase when a tensile
force is applied. For this to happen, there must be force-dependent competition between the open
conformation events (S*Tvs.LA) such that at small forces, most trials should result in LA
unbinding, and at large forces, most trials should transition to the closed conformation (HA state)
before LA unbinding can occur. The second condition is that the mean HA unbinding lifetime
(T) 4 must be longer than mean LA unbinding lifetime (7), 4 . Satisfying these two conditions will
result in a higher percentage of trials unbinding at larger lifetimes, which guarantees the increase
in (7).

Right from the start, we can verify that the second condition holds for our system, since
ligand has two additional interactions in the closed conformation. Thus, (1), will always be
greater than (), 4 . To assess the validity of the first condition, we will define the force-dependent
competition between the open conformation events by considering the probability of the LA
unbinding preceding the forward transition:

P(LA<S*) = ["P(S* > t|LA=1)P(LA = t)dt. (4-6)
LA and S* are random variables of the corresponding events discussed above. At constant force,
i.e. constant unbinding rate r, LA and S* will be distributed according to the exponential
probability density function f(t) = re~". Since the events are independent, we get

° 0y 4-7
PLA<ST) = f exp[—rg+t] 14 exp[—Tpat] dt = — “7)
0 rLA + TS+
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1

Considering that the mean of the exponential distribution, r~*, is also (t), Eqn. 4-7 can be

expressed in terms of () as

(T)s+ (4-8)
(Thpa +(T)s+

P(LA< SY) =
In this analysis, we did not account for cases where LA unbinding will occur after one or more
S+/S- transitions take place. In reality, these cases can occur, but their contribution to the mean
lifetime, (t) , is generally negligible. Ideally, we want Eqn. 4.8 to be approximately equal to 1
at small forces and decrease at larger forces. Note that since the interaction lifetimes decrease
exponentially with force 42, to achieve the desired trend (i) (t)s+ must be greater than (t);, at
small forces and (ii) (T)s+ must be more sensitive to force (has a sharper decline) than (), , at
larger forces. Hence, we propose that the lifetime-force curves of these two events, (7)¢+ and

(T)1.4, should converge. Convergence of the curves will favor transition to the HA state for large

values of force.

We can follow the same produce in Eqn. 4-8 to write probability of HA unbinding preceding the

backward transition

T)s- 4-9
PHA <5y = —Hs” (4-9)
(T)ha + (T)s-

Unlike the other three events, mean lifetime of the backward transition (7)g- exponentially

increases with force. i.e. the force on the ligand creates a moment in tweezer arms towards the

center, which stabilizes the closed conformation. Therefore, at larger forces, Eqn. 4-9 will
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approach to 1 and M in Eqn. 4-5 will go to 0. The increase in (t)s- and decrease in M will also

promote the time spent in the HA state.

In conclusion, force-dependent competition between the open conformation events is the
origin of the catch bond behavior and closed conformation events enhance this behavior by
delaying the unbinding of the ligand. As a result, at large forces, higher percentage of trials unbind
at larger lifetimes which will increase mean lifetime, ()7 .

4.4 Energy Landscape Design

Next, the key question that must be answered is how to tune the force dependencies of the (T)s of
each event. We will refer to the reaction-rate theory, where the unbinding of a particle corresponds
to overcoming an energy barrier along a single reaction coordinate x, which describes the particle

position along the energy landscape *%5. Here, the dynamic response of the particle can be

described by the Langevin equation (Section 2.2.1).

'2‘50 B Dy = 6.50 kcal/mol,a = 10 A1 C Dy = 6.50 kcal/mol,a = 2 A1
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Figure 4-4 Mean lifetime versus force curves of low affinity unbinding (), 4 (blue) and forward transition
(t)s+ (red) events. At low forces (T)¢+ is greater than (1), 4, and at larger forces, lifetime curves start to converge.
The lines are analytical curves from Eqn 4-10 and the symbols are the 1D molecular dynamics simulation results.
The error bars represent 95% confidence interval, derived by the bootstrapping method. The shape of the (), 4

and (T)¢+ curves are governed by B) ligand-MBS energy landscape Eyps —fx and C) switch energy landscape
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Es — fx respectively. External force f applied to the interaction tilts E to E — fx, decreasing the energy barrier
AE. f results in a greater reduction in AE for energy landscapes with wider wells, e.g. for f = 90 pN, AE of E;

is decreased by 39 % compared to AE of E s, which decreases 11 %.

In this work, Morse potentials (Fig. 4-4B & C, blue) are used to represent the ligand-
MBS interaction (Eyps), ligand-SBS interactions (Esgs) and the interaction that makes up the
switch (Es). The form of Morse potential is discussed in Section 2.2 in detail. As shown in Fig.
4-4B and C, applying a constant force f on a pairwise potential tilts its energy landscape and
yields to an effective potential of E (x)- fx, which modifies the height and location of the energy
barrier of transition AE ®. If the energy landscape of an event is specified, Kramers’¥’#® theory

can be used to predict the force-dependent transition rate r(f) through the following equation

r(f) =

" (N6 (f) (4-10)
Gy SPL-AE() /T

where 0" and wPare the effective oscillation frequencies at the well and at the barrier of the tilted
potential respectively.

As shown in Fig. 4-5A, Eygs and E; are serially connected and subjected to f applied to
the ligand. Since the mass of the tweezer-ligand complex is concentrated on the two central
particles, our system can be approximately modeled as a two-mass/two-spring system. Therefore,
to find w" and w?, we will refer to vibration theory, where the motions of the ligand (L) and the
switch (S) are not independent, but coupled by their attachments to the springs (interactions) with
the following equations

d2x, (4-11)
Mmoo = —kupsxy + ks(xs — x1)
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d?xg (4-12)
msF = —ks(xs — x1),

where m; and mg are the masses of the ligand and the switch (in our case m; = mg) and k
represents the stiffness/curvatures of the springs/energy landscapes. The linear spring constants
can be obtained by using the harmonic approximation for the tilted Morse energy landscapes
Eyps — fx and Eg — fx (Fig. 4-5B). Note that Ey g5 — fx and Eg — fx have two stiffness values,
kY and k?, which will be significant in calculating " and w?. Since the solution to the equations
of motion will take the form x = A exp[iwt], Eqn. 11-12 can be written in matrix form as

[kMBs+ks—mw2 —ks ]jL]:[g]. (4-13)

—ks ks — mw?
Setting the determinant equal to zero to find the eigenvalues gives two positive solutions for w,
which are frequencies of the normal modes of the two-degree-of-freedom system. In our case,
ligand-MBS interaction will be considerably stiffer than the switch interaction, since k is
proportional to a? and a,ps > as (the rationale for this choice will be explained later). Thus, the
first normal mode, in which the two masses move in phase, will govern the activation of the switch
and second normal mode, in which masses move out of phase, will govern the unbinding of the
ligand. w" values are found by using k}yzs and kY, w? s is found by using k% p¢ and k¥ and w?
is found by using ky/ps and k2 in Eqn. 4-13. Hence, if the interaction parameters (D, a) and
masses are prescribed, we can calculate the dissociation rate and () (inverse of the rate) of the

two interactions that are serially connected.
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Figure 4-5 Stiffness representation of tweezer system A) The tweezer-ligand complex can be modelled as a
two-mass/two-spring system, since (i) ligand-MBS interaction and (ii) switch interaction are serially connected
and bead masses besides the ligand (m;) and the switch (img) are low. B) By using harmonic approximation for
the well (red) and the barrier (blue) regions, well stiffness k" and barrier stiffness k?of the tilted Morse energy

landscapes of the ligand and the switch are obtained.

Now that we have the necessary tools to predict (), we revisit the two conditions we have
determined with Eqn. 4-6 to generate a catch bond behavior: (i) (7)¢+ must initially be longer than
(T)14 and (ii) (T)¢+must have a sharper decline than (7); . By using Eqn. 4-10, we can find various
combinations of Dy yps, @mps, Do s and ag that satisfy the condition (i). To satisfy condition (ii),
we will refer to Fig 4-4B & C, where we have established that the width of the energy well, which
can be tuned by varying «, dictates how much the energy landscape tilts. Based on this observation,

we propose that Eg¢ must have lower a (broader well) compared to E s while having a similar
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D, , which will result AE of the switch landscape to decrease more when f is applied. Since (7) is
directly proportional to exp[AE] (Eqn 4-10), (t)s+ will have the sharper decline due to force
compared to (7), 4. Consequently, we have determined the interaction parameters that will give us
(t)14 and (T)¢+ curves in Fig. 4-4A. For ligand-SBS interaction Eg, we don’t have a strict design
constraint, thus we select Dy sps and aspg so that Eg has a similar stiffness to Eyps. Interaction
parameters are listed in Table 4-2.

Table 4-2 Tweezer interaction parameters

Interaction D, , kcal/mol a, Al g, A
Ligand-MBS 6.5 10 2
Ligand-SBS 3 10 2.52
Switch 6.5 2 2

To validate the theory, we performed 1D constant force simulations, with the set of
parameters in Table 4-2, for two serially connected potentials, harmonic and Morse, and measure
the dissociation lifetimes (), , and (T)¢+ (Fig. 4-5A). Note that we are not specifically simulating
two serial Morse potentials but instead convert one of the Morse potentials to harmonic (kporse =
2Dya?), making the converted interaction permanent. Since LA unbinding and S* events have
exponentially distributed lifetimes, the trials with high lifetimes will be sampled less than their
actual frequency. This conversion is necessary to improve sampling and prevent low lifetime trials
of one event to hinder the sampling of high lifetime trials of the another. This way we still can
observe the effects of a serial connection and yet sample the lifetime of the other potential (Morse)

accurately. The simulation results mostly agree with the theory, except (7). 4 at small forces, where
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the theory overpredicts the mean lifetime. We attribute this deviation to the harmonic
approximation that we use to find k?of Ey;ps. The barrier of Ej; g has greater anharmonicity than
the other three well/barrier curves (Fig. 4-5B), which will give us a slightly inaccurate measure of
Wis-

Unlike the open conformation events, HA unbinding and backward transition cannot be
explained by a simple 1D potential like Morse, i.e. they have more complex 2D energy
landscapes with contributions from Es, Eyps and moments created by f. Since Eqn. 4-10 can’t
be used to predict (7) from such a landscape, we extracted (T)s- and (T)y4 from the simulations

by using Bell’s theory.

4.5 Simulation Setup

To predict the lifetime of interactions in our model, MD simulations were carried out. In 2D
tweezer model simulations, the initial configuration was such that the ligand was bound to the
main binding site and the tweezer structure was in the open conformation. To describe
intermolecular interactions, Morse potentials were used as summarized in Table 4-2. Tweezer
members were treated as rigid and connected with harmonic springs, with 5000 kcal/(molA?)
stiffness, at their hinge points. To match the 1D energy landscapes in Fig 4-4B & C, the horizontal
motion of the ligand was restricted. The base of the tweezer was fixed and a constant load in the
vertical direction was applied to the ligand. In each simulation, the interaction energy between
the ligand and the MBS was monitored. When the distance between them passed the cutoff

distance, the simulation was terminated.
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The simulations were run in the NVT ensemble at 300 K using a Langevin thermostat
with a damping factor of 100 time steps. The adopted time step of 2 fs was found to be sufficiently
small to ensure energy conservation. Force was applied after the equilibration of 5000 time steps.
To obtain meaningful statistics, for each force value, 10000 1D and 5000 2D trials were

performed.

4.6 Catch bond behavior

In the following simulations, we have adopted the interaction parameters predicted by
the theory to yield catch bond behavior. A constant force, ranging from 5 to 200 pN, is applied
on the ligand bonded to the tweezer and dissociation time of the ligand is recorded. As in Fig.
1.1, we will use the mean peak lifetime (7),,¢q and corresponding critical force f, to characterize
our lifetime curve. Figure 4-6 shows that (7); starts from 28 ns and peaks at f, = 55 pN with
(T)pear = 63.5 ns. After the peak, (7); monotonically decreases at larger forces. We can explain
this behavior with the change in the probability of occurrence of each event at different force
values. At small forces, most trials unbind at the LA state, exhibiting short lifetimes. At larger
forces, the unbinding is delayed because more trials switch to the HA state and the backward
transition becomes less likely, which prolongs 7 of the individual trials. Note that (7); becomes
greater despite (T)y, decreasing with f. This is possible since S* transitions increase the
probability of the system to be in the HA state, where (1), is greater than (7); ,. However, when
f>fc, the probability of LA unbinding and S* events become comparable. The lifetime boost that
comes from switching to the HA state becomes increasingly diminished as (7)y, becomes

smaller while S* probability remains roughly constant. The exponential decay of (T)y4 governs



60

the (7)7 curve for f>f,, resulting in the decay in average lifetime. This is in line with experimental
observations as shown in Fig. 1-1. To connect the simulation findings with existing models for
catch bonds, the two-state model is used to fit the (7); curve, which has very good agreement
with the simulation data. It should be noted that compared to the experimental data, lifetimes
recorded in our simulations are shorter in magnitude. This is not a concern, since our aim here is
not to match any specific experimental data set from biological systems. Rather, our goal here is
capture the catch bond behavior quantitatively, in an artificial system loosely representing design

features proposed for proteins.
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Figure 4-6 Mean lifetime () versus force f curve for tweezer-ligand complex. Symbols are from MD

simulations and solid line is the corresponding curve from the two state model. The error bars represent 95%

confidence interval, derived by the bootstrapping method.

In addition to the qualitative description of catch bond behavior, we now have a better
understanding of the key parameters that control the shape of the (7); curve. For example,
(T)pear can be increased by increasing Dg yps or Do sps. Decreasing the temperature of the

system, increasing the masses of the components or the damping coefficient would also result in
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similar effects. In addition, increasing D g5 Will decrease the slope of the (t); decay after f,
and increasing Dy pps Will shift the lifetime curve (r); upwards particularly in the low force
regime, f < f. . The location of f. can be shifted to the right by increasing asgs, since this will
decrease the steepness of the (t)y, curve. Changes in Dy ¢ and ag are highly dependent on the
shape of (t)y4 curve, therefore can shift f either way depending on the ligand-MBS interaction

parameters.

In addition to the qualitative description of catch bond behavior, we now have a better
understanding of the key parameters that control the shape of the (t); curve. It can be inferred
from Eqn. 4-10, that the transition rates depend exponentially on energy barriers and temperature.
Thus, we predict (T),eqx can be increased by increasing Do yps/Dgsps, or decreasing the
temperature of the system. We validated these predictions with related simulations. As shown in
Figure 4-7, increasing Dy sps and decreasing temperature result in larger (T),¢qx. Increasing the
masses of the components or the damping coefficient would also have similar effects. There are
two additional things to note in Fig. 4-7A. First, we do not observe a lifetime peaks for the curves
with D, ¢gs = 1 and 1.5 kcal/mol. This indicates that the delay in unbinding created by the trials
that switch to HA state does not compensate the exponential decay of the lifetime of the rest of
the trials with LA unbinding. Second, the location of f. is same for curves with a peak. This is
expected since the location of f is primarily governed by the convergence of (7);, and (7)¢+,
which does not depend on secondary interaction parameters. The location of f. can be shifted to

the right by increasing aggs, since this will decrease the steepness of the (1), 4 curve. Moreover,
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changes in Dy 5 and a are highly dependent on the shape of (1), curve, and therefore can shift

f. either way depending on the ligand-MBS interaction parameters.
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Figure 4-7 Effects of key parameters on mean lifetime (t) versus force f curve of tweezer-ligand complex
A) ligand-SBS interaction energy well depth (D, sgs) and B) temperature. Symbols are from MD simulations
and the curves are generated with the fitting function (7)(f) = cf®exp[— f/b] + d exp[— f/e]. The error
bars represent 95% confidence interval, derived by the bootstrapping method. Black represents simulations and

the corresponding curve fit with the set of parameters in Table 4-2.

4.7 Conclusion

In this study, we have demonstrated that a simple mechanical design based on a tweezer-
like mechanism can exhibit catch bond characteristics under thermal excitations. The essential
feature of our tweezer systems is the design of the switch, which has different force-dependent
kinetics relative to the ligand unbinding. By using kinetic theory combined with theory of
vibrations, we found that when energy landscapes of the switch interaction Eg and the ligand-
MBS interaction E)ps are carefully tuned, the ligand lifetime will increase with greater applied

force, which constitutes the counterintuitive feature of catch bonds. The increase in lifetime
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occurs, because switch landscape tilts more strongly under force relative to the ligand-main
binding site landscape, which brings together the transition and the unbinding lifetime-force
curves and results in greater dwell time in the closed conformation, that is, the high-affinity state.
MD simulations based on this design verified the theoretical arguments, although some
differences in the quantitative results were observed owing to the more complex, nonlinear nature

of the dynamic model.

The tweezer design provides a basic structural explanation for the catch bond behavior.
However, we can reach to broader design guidelines that can be applied to other geometries, if we
analyze our design in the context of allostery. At a glance, the minimal nature the serial two-
degree-of-freedom system, with two vibration modes alone may not seem particularly relevant to
proteins. However, it can be argued that the “switch” is analogous to a soft vibrational mode
associated with low frequency conformational dynamics governed by large modal masses and low
modal stiffness, whereas ligand interactions relate to a high frequency vibrational mode stemming
from a light-weight molecule bound tightly to a binding site. Indeed, it has been shown that elastic
networks that exhibit allostery have a single soft region constrained by rigid regions 5.
Moreover, displacements in the soft region of allosteric materials initiates conformational changes,
which alters the function and dynamics of the structure. The tweezer design meets both of these
specifications, since it has a low stiffness switch that is connected to rigid members and the motion
of the switch controls the conformational transitions of the tweezer. Thus, implementing a soft
region linked to rigid regions in geometries is a valid method to achieve desired force induced
strains that lead to conformational changes. The soft “switch” regions would likely employ

material (e.g. Morse-like molecular linkages) or geometric nonlinearities (e.g. snap through
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instabilities®) to trigger large displacements beyond a certain stress level. Most importantly, for
the system to exhibit catch bond behavior, these changes must be the part of the mechanism that
increases the ligand affinity, e.g. formation of new interactions in the tweezer design. With these
guidelines, catch bond geometries that are templates for synthetic polymer design can be created.
A promising building block for such geometries may be DNA linkers, since their shape and
interactions can be engineered to a wide range of structures seen in and beyond nature *>. DNA
bricks ¢ or origami °’ that is used in many 2 and 3D structures is a possible direction for future
work in manufacturing a catch bond mechanism.

We believe that synthesis of tunable catch bond linkages between molecules will have
major implications in material science, especially in addressing the trade-off between strength and
reconfiguration %, two diametric material properties that are primarily governed by intermolecular
interactions *°. A reversible interaction that becomes strong when it is under large mechanical
stresses might be the key to manufacture materials systems that resist deformation under impact,

yet offer self-healing and greater processability at low force levels.
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Chapter 5 - Designing nanoparticles with adhesin-inspired interfaces

In this chapter, we talk about our X-shaped nanoparticle design with intrinsic catch bonding
ability under thermal excitations. These nanoparticles self-assemble via weak bonds and form
fibers via their primary binding sites. In presence of tensile force, the particles can change shape
and transition to a high-affinity state fostered by additional interactions between their originally
buried secondary binding sites. Based on the energy landscape insights from the previous chapter,
the transition between the equilibrium and high-affinity states is controlled by a precisely
calibrated Morse potential based switch, which can open/close in presence/absence of the tensile
force on the system. We present MD simulations of tensile pulling on a nanoparticle dimer to
demonstrate catch bond functionality. We then illustrate fiber formation via self-assembly, where
we show that archetypal catch bond feature is retained, with fibers exhibiting greater lifetime upon
application of larger tensile force. Portions of the text and figures within chapter are reprinted or
adapted with permission from Dansuk and Keten, Nature Comm. 2021,

5.1 X-shaped particle design

To achieve intrinsic catch bonds between particles, we propose a design that incorporates
an X-shaped nanoparticle with a hidden binding site that becomes exposed upon application of
tensile force, and a switch that controls the likelihood of this conformational transition. The X-
shaped nanoparticle is a symmetric structure consists of rigid members that are connected with
hinge joints as shown in Fig. 5-1A. The nanoparticle has four binding sites at the ends of its arms
(red beads) and two binding sites along the central vertical axis (blue beads). In this work, we will

refer to red beads as primary binding sites (PBS) and the blue beads as secondary binding sites
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(SBS). Grey beads have steric repulsion with all the beads to create inaccessible volume
determining the shape of the nanoparticles, which influences the morphologies formed via self-
assembly by providing shear resistance to the fiber and enabling correct attachment during the self-
assembly process. Arms of the structure can rotate about the center, thus the two halves of the
structure have open and closed conformational states. It should be noted that there is no angle

constraint between the halves, thus they can open and close independently from each other.
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7' Switch

Secondary binding sites - Blue Open state with two interactions Closed state with three interactions

Primary binding sites -Red

Figure 5-1 Schematics of X-shaped nanoparticles. A) Each nanoparticle is formed by rigid members
connected with hinge joints (grey nodes). Each nanoparticle has primary binding sites (PBS, red), secondary
binding sites (SBS, blue) and switch mechanisms. The hinge-like switch is highlighted with a dashed box. Grey
beads have steric repulsion to create inaccessible volume determining the shape of the nanoparticles. B) When
two nanoparticles are in the open state, their switch members are angled and they can form a dimer via two
intermolecular interactions (red dashed lines). C) When two nanoparticles transition to the closed state, the
switch members become straight and the dimer forms an additional intermolecular interaction (blue dashed line).
The switch interactions and applied external forces are indicated by black dashed lines and black arrows

respectively.

To better understand how X-shaped nanoparticles interact with each other in different
conformational states, we focus on a preassembled dimer. As shown in Figure 5-1B, when
nanoparticles are in the open conformation, complementary PBS are connected by non-bonded

interactions (red dashed lines). In this equilibrium bound state, SBS interaction is negligible, since
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the intermolecular distance between SBS is large. The force-dependent transition between the two
conformations is controlled by switches in both the upper and lower halves of the nanoparticle.
The switch consists of a two-member hinge with a pairwise interaction between its two free ends
(blue SBS bead and black bead at the symmetry axes). In the open conformation, the switch
members are angled due to the pairwise interactions as shown with black dashed lines in Fig. 5-
1B. However, these pairwise interaction can break due to external forces. In that case, since there
is no other force between the members, system elongates in the direction of the force and the switch
members straighten and become linear (Fig. 5-1C). Straightening of the switch moves the SBS
upwards and drives the arms inwards, enabling interaction between the complementary SBS (blue
dashed line). The new interaction increases the total binding energy between the nanoparticles,
giving the dimer a higher affinity in the closed conformation. Thus, in context of unbinding, dimers
in the open conformation are in their low affinity (LA) state and dimers in the closed conformation
are in their high affinity (HA) state. In conclusion, these X-shaped nanoparticles have all three key
catch bond features established earlier: they have two (open and closed) conformations, force
regulates the breaking and reforming of switch interactions controlling the transition between the
conformations, and SBS interaction formed upon transition to the closed conformation increases
the affinity of the particles.

The X-shaped nanoparticle consists of 10 members that are connected with hinge joints.
In Fig. 5-2, member types a,b and c indicate the structure members and type d indicate the switch

members. The bonded interactions between the beads are modelled as harmonic springs, with

5000 kcal/(molA?) stiffness. To ensure that the members are straight, a harmonic angle
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potential with a spring coefficient of 1000 kcal/(mol radian?) is used. Each bead has a mass

of 100 g/mol.

We described that in the open conformation, the SBS are closer to the center of the
particle compared to the PBS. In closed conformation, both PBS and SBS are on the same
horizontal line. Here, we will describe how we determine the dimensions of the members to
satisfy this relation. In the open conformation, the switch is angled and in equilibrium, thus the
distance h between the SBS and the center of the particle equals to x, s, the equilibrium distance
of the switch interaction. The intramolecular angle in the open conformation, 8; 4 should satisfy
the following relation

24,2 2
a‘+x, s—b

cos(8,4) = -

(5-1)

When 6 = 6, 4, The difference in vertical distance of PBS and SBS with respect to the center of

the particle is given by
Ax = (a+b) cosbO,, —x, 5. (5-2)

When two nanoparticles interact in their open state, complementary PBS of the dimer are at the

equilibrium distance of the PBS interaction x, pps and the SBS are at a distance of x, pps + 2Ax.

During the open to closed conformation transition, the interaction of the switch breaks, and the
switch members become straight. At this point, h equals to 2d, i.e. the length of the two switch
members. The intramolecular angle at the closed conformation, 8y, should satisfy the following

relation
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a?+(2d)%-p>
2ah )

cos(0y,) = (5-3)

Hence, for PBS and SBS to be on the same horizontal plane, the following relation must be true

at QHA
h = (a+b) cosbOy, = 2d. (5-4)

The dimensions used in this work are listed in Table 5-1. In conclusion, by varying the
dimensions, we can control the changes in the intermolecular interactions between the

conformational states.

"

Figure 5-2 X-shaped nanoparticle geometry and its dimensions A) Open conformation B) Closed

conformation
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Table 5-1 Nanoparticle Dimensions

Member Value
a 36A
b 24 A
c 30A
d 224 A

5.2 Simulation parameters

The MD simulations were run in the NVT ensemble at 150 K using a Langevin thermostat
with a damping factor of 100 time steps. The adopted time step of 2 fs was found to be sufficiently
small to ensure stability. For tensile test simulations, force was applied after an equilibration of
5000 time steps. In each simulation, constant forces ranging from 140 to 280 pN is applied to the
end points of the dimer at LA state (as shown in Figure 1B) and the interaction energies between
the nanoparticles were monitored. To obtain meaningful statistics for each force value, 10,000
trials were performed.

We used replica-exchange MD simulations (REMD) to study the self-assembly of 100
open conformation particles in a 200x200 nm? periodic boundary box. First, nanoparticles are
considered as circles and placed randomly inside the simulation box without any overlaps. Next,
they are given a random rotation. Multiple simulations (10 replicas) covering a temperature range
of 150 to 180 K are performed in parallel. Simulations were run for 107 time steps. Exchanges
between adjacent replicas were attempted every 10*time steps. The temperature distribution was

chosen such that a constant acceptance ratio of 20% occurred between all replicas. The analysis of
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the simulations was carried out over frames the baseline trajectory, i.e. replica corresponding to
150 K.

5.3 Binding energy landscapes for catch bond behavior

In our study, Morse potentials are used to represent the primary binding site interactions
(Epgs), secondary binding site interactions (Esgg) and the interactions that makes up the switch
(Es).
To reproduce the characteristic catch bond lifetime curve, the mean lifetime of the dimer (t), must
increase when a tensile force is applied. In our previous work with a stationary mechanical model
101 " we have identified two conditions that result in the force-enhanced lifetimes seen in catch
bonds. First, at small forces most trials should result in LA unbinding of the dimers, and at large
forces, most trials should transition to the HA state before LA unbinding can occur. Second, the
mean HA unbinding lifetime (), must be longer than the mean LA unbinding lifetime (), .
Satisfying these two conditions will result in a higher percentage of trials unbinding at larger
lifetimes, which guarantees the increase in (), as the pulling force increases.
To satisfy the first condition, we determined that the switch should have a deeper and a broader
energy landscape than the binding site landscape!'®?. At zero or small forces, the switch lifetime
should be longer than the LA unbinding lifetime to have the majority of the pulling trials result in
dimers separating in the LA state before transitioning to the HA state. According to Kramer’s
theory®, (7) is directly proportional to exp[D,], thus by selecting the depth of the energy well of
the switch (D s) to be greater than depth of the energy well of the primary binding sites (D pgs),
we obtain a higher switch lifetime at small forces. Note that in catch bonds, conformational

changes occur over relatively long time scales in the absence of force, which is also why they are
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difficult to observe with MD simulations!'!-3

. This suggests that there is a large barrier to these
conformational changes, which is in qualitative agreement with our choice for Dy 5. On the other
hand, the LA unbinding lifetime should be longer than the switch lifetime to have majority of the
pulling trials result in HA state transition at large forces. This transition between the relative
lifetimes will be controlled via tuning the width of the energy landscapes of the system. Note that
the tilting of the energy landscape by force is sensitive to the distance to the transition state, or the
width of the landscape when well depth is kept constant. Therefore, E5 must have lower a (broader
well) compared to Epgg, which will result in the energy barrier of the switch landscape to decrease
rapidly when greater tensile force is applied. Hence, the switch lifetime declines more sharply
when subjected to force compared to the LA unbinding lifetime. Based on this condition, we have
determined the parameters for Eg and Epgg which are listed in Table 5-2. For an improved
understanding of this response, we performed molecular dynamics simulations of tensile pulling
of the dimer. The simulations were terminated (i) when the particles dissociate (LA unbinding
event) or (i1) when the switch interactions dissociate (LA to HA state transition event). Figure 5-3
shows fraction of these two events at various forces. At low forces, the majority of the trials result
in dimers separating in the LA state before the HA state transition, e.g. 90% of the trials at 140

pN. This fraction decreases monotonically as the constant pulling force is increased, e.g. to 3% at

280 pN. The decrease from 90% to 3% agrees with the first catch bond condition listed above.
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Table 5-2 Nanoparticle interaction parameters

Interaction Do, kcal/mol a, A Xo, A
Primary, Epgs 2.8 10 1.5
Switch, Es 34 3 3.5
1r . . . .
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Figure 5-3 Force dependence of the fraction of trials for the dimer to dissociate in the LA state and dimer

to transition from the LA to the HA state. LA unbinding is shown in red and LA to HA transition is shown in

blue.

The second condition we have specified is based on the notion that the formation of the SBS
interaction increases the unbinding energy barrier. Since the unbinding barrier is higher, (t)y5 will
be greater than (t); . In the following simulations, we perform tensile pulling on nanoparticle
dimer to analyze the effect of secondary interaction (Eggg) on dimer lifetime. We select & and x,, of
Egps to be the same as the primary interaction parameters, but varied D,sgs between 0 to 1
kcal/mol. The simulations were terminated when the particles dissociate (LA and HA unbinding

event) and dissociation lifetimes of the dimers are recorded. As seen in Figure 5-4, in the absence
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of secondary interactions (D, sgs = 0), the lifetime of the dimer exponentially decreases with force

103 For all the nonzero

(dashed line), which is expected for typical chemical interactions/bonds
D, sps cases, we use peak lifetime (T),e,x and corresponding critical force f to characterize the
lifetime simulation results. Figure 5-4 shows that (t), of all the solid curves have peaks around
fe = 175 pN. After the peak, (1), monotonically decreases at larger forces. As expected, when

the Eggg is increased, the overall lifetime for the dimer increases, i.e. the higher the secondary

interaction energy, the higher the increase in unbinding energy barrier.
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Figure 5-4 Effects of secondary interaction energy well depth (D, sgs) on mean lifetime (t) versus force f curve
of a nanoparticle dimer. Symbols are from MD simulations and the curves are generated using an exponentially
modified Gaussian distribution fitting function. The error bars represent the 95% confidence intervals, derived by

the bootstrapping method.

HA and LA unbinding pathways described above can be represented as a multidimensional
energy landscape that depends on interparticle distance x and intraparticle angle 8. Figure 5-5A

displays selected snapshots from the simulations which show the unbinding (green, orange) and



76
switch (black) pathways. Since the upper and lower halves of the nanoparticle can rotate
independently, interaction of the dimer pair will be governed by the halves forming the interface.
Thus, two switches, each having energy of Eg, control the change in 6. The transition energy
landscape (black curve in Fig. 5-5B) has two local minima, demonstrating the biphasic nature of
the dimer. When 6 decreases to 42°, switch members are straight and any force to deform the
nanoparticle will be carried by these members, which are fairly rigid and thus prohibit further
variations in the geometry. Deforming the system beyond this point requires a large energy input,
thus, there is a big surge in the transition energy below 42°. Similarly, above 50° since the distance
between switch elements is less than the Morse interaction equilibrium distance of Es; short rage
repulsion term of the potential dominates, and we see an increase in energy. Moreover, the force-
induced decrease in 6 brings SBS closer and a new interaction is formed (red curve). The binding
energy between the particles is defined as 2Epgg + Esgg, incorporating the three possible
interactions between the particles. The energy landscapes for the unbinding pathways are shown
in Figure 5-5C. Since Eggg increases in the HA state, HA unbinding has a higher energy barrier
than LA unbinding.

In the end, the two conditions we specified result in catch bond behavior at the nanoparticle
interface. At small forces, most trials unbind in the LA state, exhibiting short lifetimes. At larger
forces, the unbinding is delayed because more trials switch to the HA state with the associated
additional interactions and the backward transition becomes less likely, which prolongs 7, of the
individual trials. It should be noted that the temperature and the force ranges used in the
simulations are arbitrary and do not aim to reproduce any particular experimental setup. Our goal

here is to demonstrate the catch bond behavior in generic nanoparticle systems. As long as the two
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conditions we have specified are satisfied, it is possible to tune the system to exhibit a lifetime

peak at arbitrary forces '°!.
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Figure 5-5 X-shaped nanoparticles form a biphasic system with two unbinding pathways. A) Snapshots
(1) and (iii) are the LA state and HA state respectively. Snapshots (ii) and (iv) are the unbound dimers. The black
line indicates the transition pathway of the dimer between its LA and HA states. The green line is the LA
unbinding pathway and the orange line is the HA unbinding pathway. The reaction coordinates, namely
interparticle distance x and intraparticle angle 8 are marked in the snapshot (iv). B) Energy landscapes for the
LA to HA state transition as a function of intraparticle angle 6. The transition energy landscape (black curve) is
between the complementary halves of two nanoparticles and is the sum of two switch interactions. Esgs (red
curve) shows that in the LA state, SBS has no contribution to the interaction between the particles, however, in
the HA state complementary SBS’s interact. C) Energy landscapes for the LA to HA unbinding as a function of
interparticle distance x. The curves follow the same color code as the pathways. HA unbinding has a larger

barrier due to Esgs contributions.
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5.4 Force history dependence of the system
Since the dimer can switch between and unbind at different conformations depending on
the instantaneous value of the force, the catch bond lifetime depends on the loading history. Indeed,
effects of loading history on catch bond lifetimes are investigated in FimH and P-selectin proteins
via force-ramp experiments, where a probe is used to pull apart the protein-ligand pair under
constant loading rate!®*1%. These experiments show that protein-ligand interactions break at low
or high forces but are strongest at an intermediate range of force. It is also observed that as the
loading rate is increased, the breaking events occur more frequently at higher forces, thus at faster
loading rates low-force rupture events are less likely to occur. To investigate these effects, we
performed simulations where the tensile force on the dimer is increased at a constant loading rate,
and we record the magnitude of the force when the bond breaks, Fy,. The histogram of F, for
different loading rates is shown in Fig. 5-6 The curves exhibit a bimodal distribution, with one
peak at low forces and another at high forces. This shows that, for our system, majority of the
pulling trials break at low and high forces, but not at in between intermediate range, which is in
agreement with force-ramp experiments. Similar to the experiments, we observe that as we
increase the loading rate, we observe an increase in the high force peak in the histogram and
decrease in the low force peak. Lastly, overall curves shift to the left with the increasing loading
rate. This is expected since bond strengths are generally increased by the loading rate!%.
It should be noted that the simulation loading rates are five orders of magnitude higher than
the experimental loading rates of single molecule force spectroscopy experiments on catch bond
systems. In our system, due to computational time restrictions, we have chosen the energy barriers

of the particle interactions to be lower than the energy barriers of protein-ligand complexes to
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efficiently sample bond breaking events. Moreover, to reduce the noise, these simulations are
performed at a lower temperature than the single molecule force spectroscopy experiments. As a
result, our event lifetimes are significantly shorter than catch bond lifetimes seen in experiments.
Consequently, higher loading rates have to be used to reach the critical force governing low to

high affinity transition.
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Figure 5-6 Break force histograms for X-shaped nanoparticle dimer under constant loading rate. The data

points are expressed as fractions of total pulls (10,000 trials) for each of the three loading rates V (blue, red and green).
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5.5 Self-assembly of nanoparticles
In order to investigate the self-assembly of the nanoparticles, we have generated unbiased
random initial configurations for 100 open conformation particles and ran simulations to sample
fiber formation trajectories. Replica exchange method is used to perform the self-assembly
simulations, which enables us to increase the effective simulation time of MD simulations by
improving sampling of relevant areas of the assembly path. In the simulations, nanoparticles
interact from PBS and successfully form fibers with lengths ranging from 2 to 10 particles. None
of the nanoparticles transition to closed conformation because the timescale of the open to closed
conformation transition in the absence of force is remarkably longer than unbinding and self-
assembly lifetimes. Note that during the trajectory, the simulation temperature varies over time as

swaps take place between replicas.
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Figure 5-7 Mean lifetime (t) versus force f curves for self-assembled fibers at varying degrees of
polymerization. Symbols are from MD simulations and the curves are generated with an exponentially
modified Gaussian distribution fitting function. The error bars represent 95% confidence interval, derived by

the bootstrapping method.
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5.6 Lifetime scaling of self-assembled fibers
With the aim of determining whether the catch bond behavior that we observed in dimers
is retained in longer self-assembled fibers, we run tensile pulling simulations of fibers with various
number of particles. For the simulations, D, of the Eggg is chosen to be 0.8 kcal/mol. Figure 5-7
shows that catch bond behavior is present regardless of fiber length. There are lifetime peaks at
fe = 175 pN for all lengths, even though (7),eax of the fiber decreases as the number of subunits
increases. The following observation can be explained with probability theory considering a serial
arrangement of interactions. The probability that a dimer exposed to a constant force f is still intact
after a time t is given by
Py(F) = e Tt (5-5)

where 7 (f) is the rate of dissociation of the dimer. The expected lifetime can be calculated using

(r) = — [P ¢4t (5-6)

0 dt

At a constant pulling force, r will be constant, thus the lifetime of the dimer (t), is 1/r using Eqn.
5-6. Note that r, P and (t) are all functions of pulling force. Similarly, we can calculate the
probability of the three-particle fiber (trimer) being intact, P;. Here, we make two assumptions.
First, the dissociation events (unbinding of particles 1, 2 or 3) are independent from each other.
Therefore, P; will be a product of the probability of interaction between first and the second
subunit being intact and probability of interaction between second and the third subunit being
intact. Second, the force along the fiber, i.e. tilting on all the energy landscapes, is the same.
Therefore, probability of unbinding is the same for all subunits, giving us the relation

P3:P2'P2:e_2rt (5'7)
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Using Eq. 5.6, the lifetime of the trimer is found to be

(05 =52 = 2. (5-8)

The following relation can be expanded for n-mer structure, therefore the expected lifetime of n-

mer fiber will be

(), =z (5-9)

n-1
With (7), known, we predict the lifetimes of trimer and tetramer fibers using Eqn. 5-9, which
match with the curves in Figure 5-7. Thus, we have shown that, we can predict the fiber lifetime
at any arbitrary degree of oligomerization.
5.7 Conclusion
Inspired by the mechanical behavior of biological catch bonds, we developed a model to
probe how introduction of such catch bonds into nanoparticles could lead to fibers with intrinsic
self-strengthening properties when subject to extreme stresses. Our analysis proves that
nanoparticles with intrinsic catch bonds will exhibit force-enhanced lifetimes when self-assembled
into fibers, and in dimer state exhibit stronger binding under larger mechanical stresses. Shape
changing, or shape-shifting nanoparticles are mostly used in medical applications, such as drug
delivery, and their potential in mechanical applications remains to be realized. This work is a
demonstration of not only a shape-changing nanoparticle, but also a synthetic catch bond system
as a new class of building block for the fabrication of ordered structures. While the structure we
study is specific, the concept and our analysis methodology are broadly applicable to assemblies
where buckling, snap-through or breaking of weak internal bonds (e.g. in foldamers) can facilitate
shape-changes that alter interparticle interactions. We hope that this work serves as a starting point

for synthetic chemists aiming to design such architected nanoparticles to generate emergent
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functional materials through self-assembly. We also note that shape-changing colloids are another
scalable system where the concept of biphasic particles may be utilized to tune interparticle
interaction strengths with force!?’.

As our nanoparticle model is conceptual, we shall end our discussion by presenting a possible path,
scaffolded DNA origami”’, to expand this model into synthetic systems. In these DNA structures,
stiff double-stranded DNA (dsDNA) and flexible single-stranded DNA (ssDNA) components are
integrated to create mechanical devices capable of precise motions'®. Molecular machines
fabricated in literature, i.e. hinges and sliders and especially scissors, share many structural
similarities with our X-shaped nanoparticle!®. In Chapter 7, while discussing future work we will
have a provide compatible DNA origami structure based on X-shaped particle design. Lastly, we
note that this is only one of the paths to make catch bonds; any thermalized microparticle or
granular system with constituents having shape-shifting or contact modulation capability can in

principle exhibit catch bonding interfaces when properly tuned.
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Chapter 6 - Establishing catch bond designs through cooperativity of
tether links

In this chapter we will present an alternative mechanism for the catch bond behavior that
specifically addresses the question of how catch bonding interfaces may be realized in
nanoparticles interconnected with polymeric tethers. Indeed, this has been the setup envisioned in
earlier papers that looked at the properties of particle networks forming catch bonds, but how
polymeric tethers must be designed to achieve this feature has remained obsure!!-!'2, In Chapter
4 and 5, we look at designs with intrinsic catch bonding ability, where the there is an allosteric
pathway for structure to change conformation to attain higher affinity binding. Here, we will focus
on a polymer grafted nanoparticle interface, which differs from previous systems in that the
nanoparticle core is rigid and the adhesin itself does not form catch bonds. We will show that it is
possible to recapitulate catch bond behavior by controlling coordination between the grafted
elements.

In the first section, we present our molecular design that results in catch bonding interfaces
between polymer grafted nanoparticles. Our design relies on two polymer tethers with equal
contour length that attach to one of the particles with adhesive interactions, where one tether has a
compliant loop stabilized by weak bonds. Next, we present results of molecular dynamics
simulations of tensile pulling of particles to illustrate that addition of a loop with tuned stiffness
results in a transition from uneven load distribution to shared load distribution on the adhesive
polymer tethers under increasing force!!3 !4, Shared load distribution has longer lifetime, thus the
system demonstrates catch bond behavior. Lastly, we discuss our attempt to analytically represent

the catch bond behavior of the two tether system.
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6.1 Two tether geometry

In this work, we take a minimalistic approach to designing interfaces that replicate the feat
of catch bonds. Instead of employing complicated folded macromolecules, we utilize linear
polymer tethers covalently grafted onto a nanoparticle and interacting with another particle with
weak adhesive interactions that we call an adhesin interaction. Each interface consists of a linear
chain and a sister chain of the same contour length, having the same degree of polymerization.
One of these chains forms a short /oop due to weak self-interactions of the chain, whereas the other
is devoid of such interactions. These design elements, consisting of weak adhesin and loop
interactions, are quite universal. An adhesin interaction can be formed simply from any non-
covalent secondary interaction, such as hydrogen bonds or electrostatics. Loops are ubiquitously
employed in biomolecules for creating complex 3D tertiary structures. Examples of biomolecular
and polymeric loop structures that can reversibly unfold under thermal excitations or mechanical
force are illustrated in Figure 6-1. Functionally, loops facilitate sacrificial bonds and hidden length
in proteins like titin, which is vital for muscle elasticity!'!>. In DNA, looping is accomplished by
means of two DNA binding domains per Lac repressor molecule, allowing it to bind two of its
specific DNA sites simultaneously, with the intervening DNA adopting a looped conformation!!,
RNA molecules can assemble a simple hairpin that can switch between two distinct folded and

117

unfolded conformations!!”. Recent experimental advances in synthesizing foldamer!!® and DNA

119

containing gels'"” also make it possible to synthesize looped polymers. Most notably, modular

polymers that mimic the unfolding and refolding of the protein titin have been synthesized and

were demonstrated to exhibit enhanced mechanical properties!?%12!,
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Figure 6-1 Loop motif in biological and biomimetic systems A) protein-mediated DNA looping B) mRNA
hairpin loop C) biomimetic design of a modular polymer that is inspired by titin and can reversibly unfold.

Red dashed lines represent hydrogen bonds.

With these two universal elements in mind, we envisioned a molecular construct where two
surfaces (e.g. representing particles) would be connected together via two flexible, adhesive
tethers, as shown in Figure 6-2A. A coarse-grained representation of the system is shown in Figure
6-2B. Tethers are covalently grafted onto one surface, and they weakly attach to the other surface
with an adhesin interaction in the form of a regular slip bond. While both tethers have the same
contour length (L; = L), one of the tethers can form a loop that will ‘store’ some of its length. The
loop is also stabilized by ordinary weak slip bonds. In equilibrium, the minimum energy
configuration of this system is such that the folded tether is taut and exerts greater force that keeps
the two surfaces together under thermal undulations, while the tether without the loop has slack

and carries much less force. In our design, the tethers are short and entropic elasticity is expected
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Figure 6-2 Two tether system A) Schematics of two surfaces interlinked by two tethers: looped and non-looped.
Adhesive parts are represented with green circles. The adhesin and the loop interactions are represented with

purple lines. B) Simulated looped tether.

to be inconsequential to our observations at the force levels studied. When a force is applied to
pull two surfaces apart while remaining in a parallel arrangement, the shorter tether with the loop
becomes taut and carries most of the load. Conceptually, there are two primary ways that the
interface can fail. If the loop does not unfold, the short tether bears greater load and its lifetime is
diminished, and its failure will most probably result sequential rupture of the adhesin interactions.
Alternatively, if the loop does open, the load is shared, and the overall lifetime will be greatly

extended as the adhesins will work together.

Whether sequential or coordinated failure occurs depends critically on the relative strength and
stiffness of the adhesin and the loop interactions, or more generally, the energy landscape of these
interactions. This is because these bonds are loaded in series and subject to the same force, and

stiffness of the interaction dictates how much work is done on the bond, where mechanical work
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reduces the energy barrier to separation and shortens the interaction lifetime. For instance, were
these two interactions to have same bond energy or well depth, the stiffness of the bond would be
lower for the interaction that has a greater distance to the transition state, in the context of the
classical Arrhenius model. Sequential failure is the predominant failure mode if the tip of the
folded chain detaches first, followed by the loose tether becoming taut and quickly rupturing as it
it carries the full load while the other chain remains folded. This would be the mode of failure if
the loop interaction is too strong or too stiff relative to the adhesin, as little work is done on the
bond when it is serially loaded with the softer, weaker adhesin bond. Conversely, coordinated
failure should occur if the loop is much softer than the tip interaction, where the force does greater
work on the loop, which will unfold to reveal its stored length, resulting in load sharing. This
should yield prolonged lifetimes in coordinated failure compared to sequential failure. These
failure mechanisms are schematically illustrated in Figure 6-3, showing also the load distribution
between the tethers. It should be noted that the existence of these two failure mechanisms is
analogous to low and high affinity states of proteins, or failure pathways of different resistance

often described in phenomenological models of catch bonds. The central question that must be
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Figure 6-3 Force exposure of the individual tethers in A) sequential and B) coordinated failure scenarios.
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Solid line represents the looped and dashed line represents the non-looped tether. In sequential failure, t; and t,
mark adhesin detachments. In coordinated failure, t; marks the unfolding of the loop, t, and t; mark adhesin

detachments

addressed is how the energy landscapes should be designed to facilitate a transition from one

failure mode to the other as the magnitude of the force increases.

To answer this question, we generically represent the energy landscape of the adhesin (E,) and
the loop interactions (E}) with Morse potentials. In line with the two-state model representation of
catch bonds (Section 3.2.1), the mean lifetime of the system () must increase when a tensile force
is applied, which occurs if the force facilitates a propensity for the system to transition into the
high-affinity state. At small forces, most trials should result in failure in the low-affinity state,
which in this study corresponds to the sequential failure path. At large forces, most trials should
result in transition to a high-affinity state, which in this study corresponds to the coordinated failure

path, which hinges on the loop opening prior to adhesin bond failure. The mean lifetime under
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coordinated failure (7). is also longer than the lifetime of the two-tether sequential system (t)g, in

line with a two-state representation.

Following the same design path in Chapters 4 & 5, we determined that E, should have a broader
energy landscape than E;. This is because the work done on the bond tilts the energy landscape,
and the resulting reduction in the energy barrier (AE) is sensitive to the distance to the transition
state, or the width of the landscape when well depth is kept constant. Therefore, ensuring that E,
has a lower a compared to E} results in the AE of the folded interaction to be reduced greatly when
the applied force is adequately large. According to Kramer’s theory*, (7) is directly proportional
to exp[AE], thus the loop lifetime declines more sharply when subjected to force compared to the
adhesin lifetime. Based on this condition, we proposed the original parameters for E4 and E;, which
are listed in Table 6-1. As will be discussed later, a wide range of parameter combination that at a
minimum satisfy the condition a, > a; will result in catch bond-like characteristics, but the peak
lifetime and the force at which it occurs will depend on all the parameters. The potentials are
shown in Figure 6-4A, where it can be seen that the loop interaction has a deeper but broader
energy well. Consequently, it can be predicted that its lifetime should be greater than the adhesin
in the absence of force but should crossover and become shorter beyond a threshold force value.
This should facilitate the transition to coordinated failure through loop opening at large forces.

Table 6-1. Tether interaction parameters

Interaction D,, kcal/mol a, Al x, A

Adhesin, E4 1.2 10 2

Loop, Es 2.8 2 2
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Figure 6-4 Energy landscape and lifetime graphs for the tether system A) Loop E; and adhesin E, energy
landscapes are represented by Morse potential. B) Mean lifetime (t) versus force f curve for tether systems. Red
line represents two tether system with one having loop and the blue line represents single tether system without
a loop. Symbols are from MD simulations and solid line is the corresponding curve from the two state model.

The error bars represent 95% confidence interval, derived by the bootstrapping method.

6.2 Simulation setup

MD simulations were run in the NVT ensemble at 50 K using a Langevin thermostat with
a damping factor of 100 time steps. A lower temperature is used to reduce noise while ensuring
thermal fluctuations give rise to stochastic bond breaking events. The adopted time step of 1 fs
was found to be sufficiently small to ensure accuracy of the lifetime measurements. For tensile test
simulations, force was applied after an equilibration of 50,000 time steps, which is adequate given
the simple nature and small size of our systems. In each simulation, constant forces ranging from
160 to 380 pN is applied to the top plate and the interaction energies between the adhesins and the
bottom plate are measured. Both surfaces are treated as rigid bodies that are constrained to move

only in the direction normal to their planes. To obtain meaningful statistics for each force value,
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10,000 trials were performed. The mass of the polymer beads and the plate beads are set as 1000
g/mol. The harmonic bond stiffness of tethers is 1000 kcal/molA%and each section have an
equilibrium length of 2 A.
6.3 Catch bond behavior
We performed molecular dynamics simulations with constant force applied to one of the
surfaces while the other is held stationary. The force was ranged from 160 to 350 pN and the
interface lifetime was recorded when both of the adhesin interactions were dissociated. The
flexible polymer tethers consist of harmonic bond interactions with no angle terms.

To characterize the lifetime curves, we use the mean peak lifetime (T),cq, and corresponding
critical force f.. Figure 6-4B shows that (7) starts from ~ 4.3 ns and peaks at f, = 250 pN with
(T)peak = 5.4 ns. After the peak, (r) monotonically decreases at larger forces, exhibiting a
transition to slip behavior. Also shown in Figure 3B is a single tether system, which exhibits the
classical exponential decay across all force values. These results confirm catch bond behavior in
our system. It should be noted that the temperature and the force ranges used in the simulations
are arbitrary and do not aim to reproduce any particular experimental setup. Our goal here is to
demonstrate the catch bond behavior in an artificial system, not to match any specific experimental
data set.

Next, we explore how the lifetime curve characteristics depend on the molecular design
parameters that determine the energy landscapes. Systematic variation of E, and E; parameters,
specifically Dy 1, Do 4, @4, a;, reveals vast tunability of the lifetime curves with small changes in
the parameter values. For interpreting these curves, we specify two quantities of interest, which is

the value of the peak lifetime, 7*, and the force at which it occurs, f*. Here it should be noted that
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in some of the curves the rise of the lifetime can be seen at small forces. This triphasic slip-catch-
slip behavior is also seen in biological catch bonds. For the typical functions of catch bonds and
our purposes t* is defined to be the maximum lifetime the interface takes after the initial slip
regime, when it is present. Figure 6-5A demonstrates the effect of Dy ;, where it can be seen that
increasing its value lowers " and shifts f* to the right. This means that overly stable and stiff
loops will require a larger force to be opened, and that naturally causes a reduction in the lifetime
at both low and high force levels. Figure 6-5B shows the impact of a; when all other parameters
are held constant. It is evidently clear that stiffer loops, even if not stronger, will lower t* and
shift f* to the right. Conversely, Figure 6-5C shows that increasing D, 4 brings the whole lifetime
curve up considerably, given the exponential dependence of the lifetimes on the adhesin strength.
It is remarkable that T* increases without a major shift in f* in this case. Increasing @, has a similar
effect, since stiffer adhesin interactions concentrate the work more greatly on the loops, triggering

a transition to the coordinated failure more readily.
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Figure 6-5 Effects of interaction parameters on mean lifetime versus force f curve of two tether system.
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6.4 Estimating catch bond Kinetics by an analytical model

With the aim of formulating general criteria for catch bond behavior beyond the sets of energy
parameters tested in MD, we represent the lifetime of the system analytically using the kinetic
theory. As we shown in Section 6.1, the system has two failure pathways: sequential or

coordinated. Two dissociation events determine which failure pathway a single pulling trial will
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follow, which are adhesin of the looped tether breaking and loop opening events. If looped tether
adhesin breaks before loop opening, the load is not shared, and the system eventually fails
sequentially under force. However, if loop opens before adhesin the load is shared between two
tethers and the system will fail in coordinated fashion. Hence, the probability of adhesin breaking
before loop opening, or vice versa, is crucial for the system lifetime. If we call average sequential
trial lifetime as LTg and average coordinated lifetime as LT, the average lifetime of the system
will have a form of

LT = P(LTg) + (1 — P)(LT,) (6-1)
Where P is the probability of adhesin breaking prior to loop opening and can be written as
P(A<L)= [ P(L>tlA=rt)dt (6-2)
Since both dissociation events are independent, Eqn. 6-2 can be simplified to
P(A<L)=["P(L>t)P(A=rt)dt (6-3)
Based on Bell’s theory, these adhesin breaking rate 7, and loop opening rate r; have the
following forms

14 =12 exp( —F Ax,)
r, =10 exp(—FAx;)

(6-4)
The probability that a loop exposed to a constant force f is still intact after a time t is given by
P(L >t) = exp (—rt) (6-5)

and using Kolmogorov forward equation we determine that P(A4 = t) has a form of

P(A=t) === [1—exp(—1ut)] = Tyexp(-Tat)  (6-6)



Plugging Eqn. 6-5 and 6-6, Eqn. 6-3 becomes

P(A<L) = fooo 1y exp(—(ry + 1)) dt = —4

rL+ra
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(6-7)

As seen in the Fig. 6-2, the sequential and coordinated failure events can be divided into 2 and

3 sub events respectively. Given that expected lifetime can be calculated using

sequential and coordinated lifetimes are calculated as

1 1
LTs = TA(F) | TA(F)+rL(F)
1 1 1

T AR ATL(F) | 2ra(F/2) | raF)

LT,

If we plug Eqn. 6-7 and Eqn. 6-9 in Eqn 6-1, we get

LT = —ra®) (1 +—1 )+

ra(F)+r(F) \ra(F) = 1a(F)+7rL(F)

r(F) ( 1 1 1 )
TAF)+rL(F) \ra(F)+rL(F) = 214(F/2) = 1A(F)
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Figure 6-6 Force dependence of the fraction of trials for the looped tether adhesin breaking before the

loop opening event. Each force value simulation is performed for 10,000 trials.
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We will use Eqn. 6-10 to fit simulation data from Fig. 6-5. Figure 6-6 shows the fraction

of trials, which looped tether adhesin breaks before loop opening. This graph corresponds to
P(A < L) and when we look at forces ranging from 100-150 pN, we saw that very small fraction
of trials end with coordinated failure. Hence, around these force values overall lifetime in Eqn. 6-

10 can be approximated as

LT = —2 (6-11)

ra(F)
To obtain dissociation parameters 7and Ax, for Eqn. 6-4, we will fit Eqn. 6-11 for simulation
lifetime data for the range 100-150 pN. Then using probability curve in Fig. 6-6, we can fit Eqn.
6-7, to obtain r’and Ax;. The fitting parameters are listed in Table 6-2. Based on these parameters
we plot LT, LT, LT, in Figure 6-7. Our model captures the catch bond behavior, i.e. there is an
peak lifetime at 270 pN; however theoretical lifetime curve does not match with the simulation

results. As seen in Fig. 6-7, the analytical equation underpredicts the coordinated lifetime (orange
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Figure 6-7 Analytical fit for tether lifetime data. Total, sequential and coordinated lifetime curves are plotted

based on parameters in Table 6-2.
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curve). We believe that the reason behind is the nonlinearity of the energy landscape or additional
rebinding events that we have not considered in this iteration of the analytical model. In particular,
the model does not account for adhesin rebinding to occur, and in the MD simulations a non-
negligible number of cases do exhibit rebinding, which would explain the higher lifetimes
observed at higher forces. Even though the analytical curve is not a match, it can still provide

guidance to narrow down the parameter space for further simulations.

Table 6-2 Dissociation parameters from the analytical fit

Interaction r%, (1/ns) Ax, (pN/kyT)
Loop 1.8x 1077 6.72
Adhesin 595x107*  3.22

6.5 Conclusion

In conclusion, this work demonstrated a novel catch bond mechanism based on polymer tether
grafted onto nanoparticles. Using molecular dynamics simulations, we generated reproduceable
lifetime curves reminiscent of highly complex catch bond proteins, networks of over 10,000
particles, with a minimalistic system that has only a few components. The essential feature of our
system is the tailoring of the stiffness and strength of a loop in one of the tethers to achieve
sequential vs. coordinated failure of the adhesive tethers, which facilitates a catch bond lifetime
curve. Tuning the energy landscapes clearly revealed that a target peak lifetime can be
programmed to occur at a given force level, which has major implications for mechanosensitive
materials, nanocomposites, and drug delivery systems that could utilize mechanical cues for

tailoring interfacial strength. While our design is unprecedented and distinct from biological catch
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bonds, the lessons learned can also be used to study if catch bonds can occur through load-sharing
and programmed unfolding of multiple adhesion proteins where soft fold and stiff ligand
interactions might hold the key to achieving force enhanced lifetimes in diverse biomolecular

systems.



101

Chapter 7 - Conclusion

Throughout this dissertation, I have presented a design procedure for nanocomposites with
adhesin-inspired interfaces. In Chapter 3, we begin with investigating chaperone-usher (CU)
pilus—a bacterial adhesive protein with catch bond properties. Based on previously developed
biomechanical models of CU pili and their tip adhesins, we have presented MC simulations of the
pilus response under constant velocity pulling and particle deceleration scenarios. We have
highlighted the potential of CU pili with catch bond adhesin as molecular seat belt mechanisms.
By outlining adhesin properties determined by previous experimental investigations, we modeled
the protein and systematically vary its catch bond parameters to determine key adhesion properties.
Based on these properties, in Chapter 4, we proposed design guidelines for reproducing the catch
bond phenomenon in synthetic systems and created a tweezer-shaped mechanical design that
mimicked protein ligand interaction and exhibited catch bond behavior reliably and predictably
under thermal excitations.

Next, we adopted two strategies to implement catch bonds in nanocomposite systems: (i)
in Chapter 5, by introducing allosteric pathways, we designed X-shaped nanoparticle that can
change shape and transition to a stronger bond state in presence of tensile force, (ii) in Chapter 6,
by grafting tethers with tunable lengths to the surface of nanoparticles, we created an interface
with two failure modes: one where the load is shared among the tethers and the other where it is
not. Both strategies present man-made alternatives to biological catch bond mechanisms and
provides insight into how interfaces can be engineered to create nanoparticle networks with force-

enhanced linkers.
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7.1 Future outlook

The strategies investigated in this work should serve as a starting point for synthetic
chemists aiming to design an actual synthetic option for catch bonds which can later be
implemented in nanocomposites. Throughout the course of my graduate work, I focused on theory
and simulation side of catch bond designs. However, I believe another the simulation work can be
complemented by demonstration of our models as physical systems. One path to move forward
can be to reproduce catch bond designs in macroscopic settings to qualify mechanical advantages
we predict in the simulations. Physical system makes it possible to test hypotheses connecting
geometry and binding lifetime, rapidly and conveniently. To best of our knowledge stochastic test
of catch bonds in macroscale have never been considered experimentally before, thus there are no
established protocols for these experiments. Random motion generator systems, i.e. shaking
tables'?? or granular systems'>'% in a highly accelerated container, might be the systems to
simulate thermal noise. Morse interactions we defined can be recreated using panels with different
patterns of magnetic dipoles that are capable of specific binding as shown in Niu et al'?!. Since the
ratios of the different panel-binding energies are scale-invariant, this approach can, in principle,

be applied down to the nanometer scale.

Another way one might go about creating various components of the nanoparticle similar
to the structure in Chapter 5 is taking the versatile framework of DNA origami as an example. As
shown in Figure 7-1, we highlight four main components of the nanoparticle: stiff members,
hinges, switch and the interaction sites'?®. Stiff members can be created from a bundle of

interconnected double-stranded DNA helices organized in a honeycomb configuration. These
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members can be connected from both ends by several flexible single-stranded DNA (ssDNA)
scaffold connections arranged in a line to form the hinge rotation axis. Moreover, it has been shown

in various DNA origami structures that ssDNA hinge can rotate flexibly over a range of angles!®.

ssDNA Hinge

Sticky ends

e
R oy

NP 1 /

Flexible linkers

Figure 7-1 Possible DNA origami design of the X-shaped nanoparticle. A) Four main components of the
nanoparticle are stiff members, hinges, switch and the interaction sites. These components can be created with
B) double-stranded DNA helix bundles, C) single-strand DNA hinges, D) DNA hairpins, E) DNA overhangs

with sticky ends.

We envision that novel materials based on this molecular mechanism can address trade-
offs between strength and reconfiguration, two diametric material properties that are primarily

governed by the strength of intermolecular interactions and may benefit from the biphasic behavior
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of nanoparticles. The design approach we propose based on engineering the energy landscape

should spur investigations into other shape-changing building blocks.
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