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Abstract

Cellular and tissue biomechanics is a multidisciplinary field focused on understanding of
material properties and mechanical forces that govern the behaviors of biological systems on
microscopic scales. This PhD thesis explores three distinct systems: bacterial peptidoglycan
networks, the actin cytoskeleton of eukaryotic cells, and the multicellular mechanosensory
chordotonal lch5 organ of Drosophila larvae.

The first segment of this thesis examines bacterial cell wall mechanics. The bacterial cell
wall contains high internal turgor pressures and continuously expands as the bacteria grow.
The load-bearing component, the peptidoglycan layer, is a covalently cross-linked polymer
network made of rigid glycan strands cross-linked by flexible peptides. Understanding the
mechanical details of the bacterial cell wall is important in several ways: (i) for a funda-
mental physical understanding of this interesting example of biological active matter, (ii) as
a complex material that might provide inspirations for the development of novel technical
materials, and (iii) for the development of new, urgently needed antibiotic strategies. An-
tibiotics of the beta-lactam family target the cell wall synthesis machinery. By studying cell
wall properties, we will better understand how these antibiotics disrupt cell wall synthesis,
how they can overcome bacterial defenses, and how exactly they cause the cell wall to fail.
To investigate the PG network, we developed coarse-grained simulations of a square patch
of the E. coli PG network. We chose coarse-grained simulations over atomic or continuum
models to balance computational efficiency with the ability to capture essential molecular
details. We considered key molecular structural parameters, including the arrangement
of the glycans, the extent of peptide cross-linking, and glycan length distribution. Our
model mimicked isotropic pre-strain observed under non-zero turgor pressure by applying
equal strains at all patch edges. Our analysis established the stress-strain relationship in
both axial and circumferential directions, and identified the parameters determining stress
ratios. We observed non-affine deformation, force chain formation, and stress stiffening.
Additionally, our simulations matched experimental observations, showing that non-affine

deformation led to pore sizes skewed towards larger pores. This could be essential for de-
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fect development, rupture, and potential blebbing of the inner membrane. Furthermore, we
found that a small degree of angular order in the glycan chains explained the anisotropic
mechanical properties of peptidoglycan.

The second segment of this thesis focuses on the elastic characteristics of the chordotonal
Ich5 organ of Drosophila larvae. Acting as a stretch mechanoreceptor, Ich5 senses muscle
contractions and provides proprioceptive feedback during larval locomotion. Understanding
the mechanical properties of this mechanosensory organ is crucial because its sensory func-
tion is directly tied to its material properties, which have not been previously measured. A
unique aspect of lchb is the exceptional stretchability of its cap cells, the molecular origin
of which is not well understood. Combining laser ablation with micropipette force spec-
troscopy, we investigated the mechanical response of lchb. We found that the extracellular
matrix protein Prc was a primary elastic element storing substantial resting tension in lar-
val Ich5 organs. Elastic recoil after laser ablation showed that 1chb organs had an average
stretch ratio of 2.04 in third-instar larvae, reduced to 1.06 in Prc-deficient mutants. Mi-
cropipette force spectroscopy quantified the pretension of Ich5 in vivo at 1.25 mN, reduced
to 0.30 mN in Prc mutants. Measuring elastic response under cyclic strains indicated a
softening effect in lchb, with Prc null mutants exhibiting a more substantial Mullins effect
than wild type controls. Differential shear modulus measurements showed a slope of 1 for
wild type controls but a slope of 0.5 for Prc null mutants, emphasizing the importance of
Prc in maintaining the elastic properties of lch5.

The final segment describes a novel FRET-based actin-binding-domain tension sensor
(ABD-TS). This project aims to understand mechanosensing within eukaryotic cells by
developing tension sensors that are integrated with the actin cytoskeleton, which is me-
chanically the most important component of the cytoskeleton in most cells. The ABD-TS
are engineered with actin-binding domains of F-tractin on both ends to link the sensors to
the actin cytoskeleton. Under tension, the two fluorophores are pulled apart, decreasing
the FRET signal. Previous research has observed changes in sensors due to cell motions,

but actively exerting forces to significantly alter sensor signals has not been successful. In
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this study, we attempted to apply active manipulation to cells expressing ABD-TS using
magnetic tweezers and glass microneedles. Under a confocal microscope, we imaged cell
deformations and quantified the FRET index while applying calibrated magnetic forces
or moving microneedles via a piezo actuator. Preliminary results showed a decrease in the
FRET signal under external mechanical micromanipulation after bleed-through corrections,
but results were not clearcut. This project, in addition, faced the challenge of unknown
binding geometry of the sensors to actin, and issues of temporal resolution, which made
the interpretation of data rather difficult. This project was therefore not continued fur-
ther, but our approach provided a potential avenue for exploring force propagation and

mechanosensing in eukaryotic cells in the future.
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1. Introduction

Mechanical forces influence all living organisms continuously, with three-dimensional
micro-environments generating mechanical cues from the nano-scale to the multicellular
level (Figure 1.1 A). These forces, ranging from pico-newtons to significantly higher mag-
nitudes, are essential in various biological processes, impacting cell behavior, development,
and function. In turn, organisms exert forces on their environments, creating complex
feedback mechanisms.

Forces play a crucial role in the behavior of biological materials across different length
scales. Unlike strain or displacement, which can be easily visualized and measured using
microscopy techniques, forces are challenging to quantify directly. Understanding these
forces requires knowledge of the stress-strain relationship, where force and displacement
are linked by the mechanical properties of materials. By accurately quantifying these me-
chanical properties and applying the stress-strain relationship, we can effectively measure
force within biological systems.

Different biomaterials exhibit distinct mechanical properties depending on their func-
tions. At the microscopic scale, the biomechanics of bacteria are widely different from those
of animal cells, which are also different from plant cells. This mainly comes from the unique
cell structure and physiology of bacteria with three characteristic features: the cytoskeleton,
the high internal turgor pressure, and a tough specialized cell envelope. Unlike animal cells,
which primarily use actin, microtubules, and intermediate filaments as cytoskeletal compo-
nents, bacteria lack a prominent cytoskeleton, but have some cytoskeleton-like molecules
that form dynamic structures inside the cells. Two examples are the actin homolog MreB, a
curved protein expressed in rod-shaped bacteria, helping to direct cell wall synthesis Jones
et al., 2001; S. Wang et al., 2010, and the tubulin homolog FtsZ that forms the Z-ring to
constrict cell during division Bi and Lutkenhaus, 1991; Lan et al., 2007; Margolin, 2005.
The high turgor pressure of bacteria, around 100 kPa Chang and Huang, 2014, is more
than two orders of magnitude higher than that of animal cells. This high internal pressure

results in significant tension in the bacterial cell envelope. Finally, one of the most impor-
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FIGURE 1.1: Biomechanics at different scales. (A) The length scales of different biological
samples and the time scales of different biological activities. Adapted from Moeendar-
bary and Harris, 2014. (B) Plot of the loss modulus vs the storage modulus for different
biological tissues and extracellular matrices at 1 Hz. Adapted from Chaudhuri et al.,
2020.

tant player in bacterial biomechanics is the peptidoglycan (PG) layer. PG is a covalently
bonded polymeric meshwork made of long glycan strands cross-linked by short peptides.
Depending on the species, PG can form mono-layer to multi-layer structures with a thick-
ness ranging from 2.5 to 33 nm Auer and Weibel, 2017. This stiff yet porous structure helps
bacteria withstand their high turgor pressure and maintain cell shape and integrity. Key
physiological mechanisms of bacteria are also under the constant influence of mechanical
stimulus. For example, shear stress has been found to change the mechanical properties

and matrix composition of bacterial biofilms by increasing the polysaccharide density in
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the secreted extracellular matrix (ECM) Dunsmore et al., 2002. Mechanical stress is also
found to disrupt certain trans-envelope protein complexes affecting their functionality in
removing antibiotics and toxins Persat et al., 2015.

Studying the mechanics of bacterial cells experimentally presents unique challenges due
to their small size (1 mm). Traditional experimental techniques to apply controlled
mechanical loads or measuring cell responses are often inapplicable due to the small cell
dimensions. Some new methods have been applied to assess bacterial mechanical proper-
ties including atomic force microscopy (AFM) Deng et al., 2011; Yao et al., 1999, 2002,
microfluidics Sanfilippo et al., 2019; Stones and Krachler, 2016 and osmotic shock Koch,
1984; E. Rojas et al., 2014; E. R. Rojas et al., 2018. Complementary to experiments,
simulations can help us understand the mechanical contributions of individual structures
or proteins to bacterial cell mechanics. Atomistic as well as coarse-grained models can be
used to simulate the mechanical behavior of bacterial cell walls.

In the case of animal cells, the mechanics of the cytoskeleton play a pivotal role in
enabling movements and transmitting forces. The cytoskeleton is a complex, dynamic sub-
cellular network composed of microtubules, intermediate filaments, and actin filaments with
many associated proteins. Microtubules are long, hollow cylinders made of tubulin proteins
that provide structural support and serve as platforms for intracellular transport Vale, 2003.
They are essential for maintaining cell shape, positioning organelles, and forming mitotic
spindles during cell division to pull apart chromosomes Forth and Kapoor, 2017. Interme-
diate filaments are composed of various proteins like vimentin and keratin with common
structural organization. Instead of being directly involved in cell movements, intermedi-
ate filaments provide tensile strength and resistance under mechanical stress, helping to
strengthen the structural integrity of cells under deformation Fuchs and Weber, 1994.

Actin filaments are semiflexible polarized filaments made of G-actin proteins serving as
the most important player in the mechanical properties of animal cells. Actin filaments
are highly dynamic, allowing them to form various higher-order arrays to facilitate diverse

functions. For example, actin can form the cell cortex, a dense mesh beneath the plasma
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membrane, to support cell shape and mechanical properties Svitkina, 2020. Actin can also
remodel into linear bundles to create forces for localized membrane protrusions Bartles,
2000, or together with the motor protein myosin II generate internal stresses and achieve
contractile functions Rayment et al., 1993. Except for the cytoskeleton, many other struc-
tures also serve mechanical functions in cells. For example, focal adhesions are the linkages
to transmit mechanical force and regulatory signals between intracellular actin bundles and
the extracellular substrate Burridge and Guilluy, 2016.

Moving up the length scales, several microrheology tools can be applied to explore cell
mechanics. To apply controlled external deformation or force, mechanical tools such as
optical tweezers and magnetic tweezers have been proven to be valuable in applying pico-to
micro-newton force. To record a cell’s force generation, particle tracking microrheology,
traction force microscopy, and micropillar arrays have been used to observe nano-newton
level forces exerted by cells. Recently, a variety of molecular tension sensors have also been
developed and proven useful intracellular probes to sample forces within the cell at the
molecular-level. Through all these approaches, we can better understand the mechanisms
by which cells sense and respond to their mechanical environment, contributing to a broader
understanding of cellular mechanics.

On the supra-cellular scale, the collective motion and mechanics of cells together with
their surrounding ECM give rise to the unique mechanical properties of soft tissues. Cell-
to-cell interactions are important for tissue mechanics. For example, cells within tissues
adhere to one another through various adhesion molecules, such as cadherins and integrins,
contributing to tissue cohesion and mechanical stability Mui et al., 2016; Weber et al.,
2011. Cells also engage in reciprocal mechanical interactions with their surrounding ECM,
with both undergoing dynamical remodeling, for example, during embryonal development.
Mechanical compliance of the ECM can regulate cell motility and adhesion, cell differentia-
tion, and tissue structural stabilization. In the absence of proper mechanical stimuli during
tissue formation, abnormal physiological responses often occur. One typical example is that

the absence of mechanical load can significantly reduces bone mineral density and growth
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by altering actin organization and collagen fiber architecture in the growth plate Killion
et al., 2017. One other example shows excessive mechanical forces acting on vessel walls
can trigger endothelial cell dysfunction causing fibrous plaque formation, and ultimately
result in life-threatening cardiovascular events Bentzon et al., 2014.

To understand how mechanical loading affect the responses of soft tissues, it is essential
to utilize experimental tools capable of applying larger forces (1 mN) over a broader area
(100 mm). For example, tensile testing machines can apply uniaxial tension, compression
testing machines can measure response to compressive forces, and micropipette force spec-
troscopy can apply large shear deformations and measure tension within the tissues. All
these mechanical testing tools can apply small strains or stress to create reversible defor-
mation in the tissues. By keeping a constant stress, we can conduct creep deformation tests
to observe strain development over time. By maintaining a fixed strain, we can perform
stress relaxation tests to monitor stress development over time. In addition to reversible
deformation tests, destructive testing can also be done by applying large deformation to
explore the nonlinear regions of the stress-strain relationship, such as strain-cycle hysteresis,
cyclic stress fatigue, or failure point test. These types of testing can help us understand the
limits of tissue integrity and its nonlinear stress-strain relationship, which often exhibited
in skeletal soft tissues and commonly named as the J-shaped curve Sharabi, 2022.

In this thesis, I investigated mechanical properties of biological materials across various
length scales using different biological systems and approaches. To understand bacterial cell
wall mechanics, we used coarse-grained simulations to capture the mechanical behaviors of
the peptidoglycan network by incorporating molecular details based on experimental data.
For studying force propagation within the animal cell’s actin network, we employed FRET-
based actin-binding domain tension sensors combined with magnetic tweezers and glass
microneedles. To examine the elastic properties of the mechanosensory chordotonal LChb
organ in Drosophila, we utilized laser ablation and micropipette force spectroscopy. The
overall goal of this work is to combine experimental and computational approaches to create

a comprehensive description of biological systems’ complex mechanical behaviors at various
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levels, o ering new perspectives on the role of mechanics in the biological world.



2. Coarse-grained Simulations of Bacterial Cell Wall

Mechanics
2.1 Contributions

This project is a collaborative e ort with postdoctoral fellows Octavio Albarran Arria-
gada, Renata Garces, and externally funded by an NSF grant with Prof. Je D. Eldredge
(UCLA) and Prof. Giacomo Po (University of Miami) as co-Pls, focusing on understanding
the activation of mechanosensitive channels. | designed and developed the network assem-
bly script in Python. | performed simulations with varying network size and parameters
in Surface Evolver. | conducted data analysis and image processing. | also wrote the rst
draft of a paper that is currently nalized, and assembled the gures. Octavio co-wrote
the network assembly script and designed the Surface Evolver code for the simulations. A

publication is currently in preparation and is planned to be submitted within a month.

2.2 Introduction

The bacterial cell envelope, a complex multilayered structure, serves as a protective
shield against varying environments. Bacterial species can be broadly classi ed into Gram-
positive and Gram-negative bacteria, based on their Gram stainability Gram, 1884. In
Gram-negative bacteria, the envelope comprises three essential layers: the outer membrane,
the covalently linked peptidoglycan (PG), and the inner cytoplasmic membrane (Figure 2.1
B). In Gram-positive bacteria, it consists of the inner cytoplasmic membrane and a multi-
layer PG with interspersed teichoic acids (Figure 2.1 A). Together, these layers provide
mechanical stability to the cell while also allowing selective transport Deng et al., 2011.

The PG network, as the primary stress-bearing element, is critical for cell integrity and
the characteristic rod-like shape of many bacteria, includingescherichia coli (E. coli), the
modeling bacteria in this study Hoéltje, 1998 (Figure 2.1 C). Furthermore, the PG layer is
involved in cell growth and division and acts as a sca old for anchoring various other cell
envelope components, such as proteins Dramsi et al., 2008 and teichoic acids Neuhaus and
Baddiley, 2003. Understanding the PG is crucial because it directly a ects the e cacy

of antibiotics, particularly the beta-lactam family, which target the bacterial cell wall by
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FIGURE 2.1: Bacterial cell envelope structure. (A) The cell envelope of Gram-positive
bacteria consists of a single lipid membrane surrounded by a thick layer of peptidoglycan.
(B) In contrast, Gram-negative bacteria have a thin layer of peptidoglycan located in the
periplasmic space between two lipid membranes, making them ideal candidates for 2D
simulations of peptidoglycan. Adapted from Brown et al., 2015. (C) Cryo-transmission
electron microscopy image of a frozen-hydrated section of E. coliK-12, showing the outer
membrane, peptidoglycan, and plasma membrane. Adapted from Matias et al., 2003.

inhibiting penicillin-binding proteins (PBPs) involved in peptidoglycan synthesis Zeng and
Lin, 2013. By disrupting the formation of cross-links within the PG layer, beta-lactam
antibiotics compromise the strength of cell wall, leading to cell lysis. This mechanism
underscores the role of PG in maintaining cell integrity and resisting external stresses.
Despite its importance, many aspects of PG function and its interaction with antibiotics
remain unclear. Advancing our knowledge of PG can lead to the development of new
antibacterial strategies and enhance the e ectiveness of current treatments.

The PG network consists of long glycan strands interconnected by short peptides. Gly-
can strands are constructed from repeating disaccharide units of N-acetylmuramic acid
(MurNAc) and N-acetylglucosamine (GIcNAc) cross-linked byb-1N 4 covalent bonds (Fig-
ure 2.2 A). Cross-linking takes place between the pentapeptide stems L-Ala D-iGlu m-
Aopm D-Ala D-Ala (Figure 2.2 B). Depending on bacterial strains and growth conditions,
the cross-linking percentage inE. coli typically ranges between 48 and 60% Vollmer
and Seligman, 2010. InE. coli, the distribution of glycan strand lengths closely follows
the Flory Schulz distribution, originally describing the formation of linear polymer chains,

with an average length of approximately 10 disaccharide units Koch, 2000a. I&. coli, the



FIGURE 2.2: PG network structure. (A) Schematic representation of a disaccharide unit
and (B) cross-linked glycans formed through peptide bridges. Adapted from Irazoki et
al., 2019. (C) AFM image of PG from E. colishowing the random arrangement of glycan
chains. Adapted from Turner et al., 2018.

PG network typically consists of just 1 3 layers Yao et al., 1999, with over 884 existing

as a monolayer Labischinski et al., 1991. Recent electron cryotomography measurements
arm that the PG layer of E. coli is at most 4 nanometers thick Gan et al., 2008, justifying
numerical simulation with a 2D network.

The molecular organization of the PG layer is a subject of ongoing debate. Traditional
models propose a highly ordered circumferential arrangement of sti glycan strands cross-
linked via longitudinally oriented exible peptides B. Dmitriev et al.,, 2005. However,
recent atomic force microscopy (AFM) images of puried PG networks show substantial
disorder, suggesting nearly random orientations of glycan strands (Figure 2.2 C) Turner et
al., 2018. One possible reason for the angular disorder is the helical shape of the disaccharide
subunits, in uenced by the lactyl group in MurNAc, causing consecutive peptide stems to
point in di erent directions. Early molecular dynamics simulations propose a minimal
energy conformation with peptide rotation angles close to 99 whereas more recent nuclear
magnetic resonance (NMR) data indicates an approximately 120angle between consecutive
peptides Meroueh et al., 2006. These ndings directly a ect the orientation and cross-
linking of glycan strands within the peptidoglycan network.

The mechanical response of the bacterial cell wall to turgor pressure, which comes from

di erences in solute concentrations between the cytoplasm and the external environment,



primarily re ects the material properties of the PG layer Furchtgott et al., 2011; Jiang and
Sun, 2010; E. Rojas et al., 2014; E. R. Rojas et al., 2018. Fd&. coli, its turgor pressure
under physiological conditions has been estimated to range from 0.3 to 3 atmospheres
through di erent techniques Arnoldi et al., 2000; Cayley et al., 2000; Yao et al., 2002. It
has also been observed that the cell wall experiences 0.1 to 0.2 isotropic pre-strain in its
natural state Pilizota and Shaevitz, 2012. Investigations on isolatedE. coli sacculi have
revealed that the elastic modulus in the longitudinal direction is considerably smaller than
that in the circumferential direction Yao et al., 1999. However, the exact mechanism by
which mechanical stress is distributed among the molecular components of the PG remains
unknown.

Given the experimental limitations in directly visualizing the structure and dynamics of
PG networks, many studies have turned to computational models and simulations. Initially,
the Monte Carlo method is employed to randomly incorporate disaccharide pentapeptides
into glycan chains and cleave between disaccharides, replicating the glycan length and pore
size distributions observed experimentally Koch, 2000a; Pink et al., 2000. These studies
are based on the layered model, which hypothesizes that glycan strands align parallel to
the plasma membrane.

To understand the molecular-level con gurations of peptides and glycans, subsequent
studies construct patch models of PG networks using atomic-scale molecular dynamics
(MD) simulations. Some of these investigations focus on the protein-mediated coupling
between the outer membrane and PG, including the bindings of OmpA Ortiz-Suarez et al.,
2016; Samsudin et al., 2016 and Braun's lipoprotein Samsudin et al., 2017, as well as struc-
tural rearrangement under small molecule interactions, such as with lysozyme Pushkaran
et al.,, 2015 and antibiotic polymyxin B1 Kim et al., 2018. Other studies aim to capture
intricate details of PG monolayer thickness, pore size, and anisotropic non-linear elasticity
to align with experimental observations under a disordered circumferential model Gumbart
et al., 2014. This updated version of the layered model makes further assumptions that

glycans align in the circumferential direction.
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In recent research, coarse-grained methods have been adopted to e ciently model the
PG layer and even the entire cell wall. Coarse-grained models are a type of computational
approach that simplify complex systems by grouping atoms or molecules into larger units.
This simpli cation allows researchers to simulate large-scale behaviors e ciently while re-
taining key features of the system. One study predicts the mechanical response of cell
shape to PG damage and perturbation by considering peptides as stretchable springs, and
balancing the outward force induced by the osmotic pressure of cell Huang et al., 2008.
Another study shows that the integrity of the cell wall and its rod-like shape were main-
tained through the remodeling of PG. This remodeling involves the local coordination of
enzymes such as transglycosylases, transpeptidases, and endopeptidases, which introduces
new material into an existing monolayer PG network Nguyen et al., 2015.

Previous simulation studies have provided valuable insights into the mechanics of PG.
However, the direct connection between the macroscopic mechanical properties of the bac-
terial cell wall and the intrinsic features of its constituent components remains elusive. This
project aims to bridge this gap by linking the structural characteristics of the cell wall to
its mechanical resistance against turgor pressure.

To achieve this, we developed coarse-grained simulations focusing on a square patch
of the E. coli PG network. Our model incorporated three key elements: random spa-
tial arrangements of glycans and peptides, variable cross-linking percentages, and di erent
glycan length distributions. By imposing isotropic deformation at the patch boundaries,
we mimicked the isotropic pre-strain observed under osmotic pressure. We investigated
the stress-strain relationships in both longitudinal and circumferential directions and com-
pared our ndings with experimental data, identifying compatible parameters to match
stress ratios across various cell shapes. We observed non-a ne deformations and non-linear
behaviors, such as the formation of force chains and stress sti ening. Additionally, by
guantifying pore size distribution, our simulation results aligned well with available exper-
imental observations. By quantifying the shift in angular distribution, we proposed that

the anisotropic mechanical behaviors of the PG layer stem from the nonlinear response of
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peptides in the circumferential direction. These ndings highlighted the importance of the

structural characteristics of the PG layer in bacterial mechanical properties.
2.3 Peptidoglycan model

Given that the bacterial cell wall is a colossal molecule comprising approximatelyl.0?
atoms, performing simulations of the entire cell wall at the atomic level would not be
feasible. To address this challenge, we developed a coarse-grained model to simulate a
guasi-2D square patch ofE. coli peptidoglycan, which is equivalent to 26 of the whole
cell wall. We neglected the curvature of the patch, as it has a minimal impact on network
local deformation. Additionally, we simpli ed the model by neglecting the excluded volume,
recognizing that in the real 3D system, peptides and glycan strands can slip over each other
while still been con ned to a close to quasi-2D sheet. Our simulation relied on Surface
Evolver, a software that minimizes the elastic energy of a spring network using gradient
descent methods Brakke, 1992.

In our model, the peptidoglycan was conceptualized as a random spring network com-
posed of two mesoscopic constituents: glycan strands and peptide cross-linkers. These
building blocks were introduced as elastic rods and non-linear springs, respectively. The
size of the glycan strands followed a discrete probability distributionPy,, where m denoted
the number of disaccharide units, each of lengthy = 1.03nm, giving the glycan strands a
total length of L = m |y. We primarily used uniform distributions with same m values,
and the Flory Schulz (FS) probability distribution Ppn = 0.1 0.9 ! with m ranging from
1 to 30, as observed in biochemical experiments with isolated PG frof. coli Koch, 2000a;

Obermann and Holtje, 1994.

2.3.1 Mesoscopic energies

The glycan strands were modeled using a discrete elastic description. Each disaccharide
unit (DSU) in a lament was represented by a straight segment described by a vector
ui=r; r;i 1, wherer; andr; 1, were the positions of the nodes of the segment (Figure

2.3 B), ej was the unit vector of uj, and |u;j| was the length of the segment. The elastic
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