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ABSTRACT

CHARACTERIZING BIOLOGICAL SYSTEMS: QUANTITATIVE METHODS FOR

SYNTHETIC GENETIC CIRCUITS IN PLANTS AND INTRACELLULAR MECHANICS

This dissertation is a contribution to the development of methods for the characterization
of two different types of biological systems — synthetic genetic circuits in plants and the
mammalian cytoplasm. This dissertation begins with two reviews on synthetic biology and
mechanobiology respectively. In the first part of chapter one, | review the engineering-based
methodology developed in synthetic biology, and how this methodology has aided the design,
construction and testing of many synthetic networks. | emphasize the assumption of modularity
and the challenges to expand the predictive power of synthetic biology into plants. In the second
part on mechanobiology, | briefly review the significance of mechanical properties of
mammalian cells, the relationship between the mechanical properties and cytoskeleton, and
methods developed to measure the cellular mechanical properties. | emphasize the passive and
active particle-tracking microrheology (PTMR) and the technical barriers preventing their wider
applications.

The assumption of modularity is central to the developments of larger synthetic networks,
where the synthetic circuits are assumed to maintain their essential properties characterized in
isolation when they are combined into larger networks. In chapter 2, this assumption of
modularity was tested with two canonical switches interacting with downstream elements
(loads): the mutual-repression based synthetic toggle switch and a positive feedback based

switch found widely in nature. We found that adding loads is able to change the dynamics of the



toggle switch, characterized as the time needed to switch the states. The underlying mechanisms
were also explored using potential energy landscape. In some scenarios, the loads can actually
abrogate its bistability, which is the fundamental functionality of the toggle switch. We also
studied naturally-occurring autocatalytic signal transduction switches and showed that their
switch-like behaviors can also be undermined and eventually lost when connected to downstream
loads. Our work presented in chapter 2 shows that the assumption of modularity has crucial
limitations for the two switches. Our study also underscores the necessity to consider the effects
of loads in simulating and designing synthetic networks from well-characterized synthetic
circuits.

Most studies in synthetic biology were carried out using prokaryotic and single-cell
eukaryotic hosts. Due to multifaceted challenges, the predictive powers of synthetic biology have
not been extended to plants, among other multicellular and differentiated organisms. Chapter 3
reports our collaborative efforts with Medford lab to complete the engineering-based
methodology of synthetic biology for plants. We first utilized mathematical analysis to identify
two properties of the synthetic parts required by a functional toggle switch. Two designs of the
toggle switch were selected based on these two principles using synthetic parts that we
characterized in a previously published work. We then optimized an imaging protocol to
quantitatively test the assembled toggle switches. An in-house image processing software was
developed to generate quantitative luciferase measurements for shoots and roots of individual
plants. The quantitative data enabled us not only to carry out statistical tests but also to devise
guantitative modeling to verify that the designed functionalities are achieved. We demonstrated
that a functional genetic toggle switch can be constructed in plants using this engineering-based

methodology integrating quantitative experiments and computational tools.



A single-cell assay of active and passive intracellular mechanical properties of mammalian
cells could give significant insights into cellular processes. Force spectrum microscopy (FSM) is
one such technique, which combines the spontaneous motions of probe particles and the
mechanical properties of the cytoskeleton measured by active PTMR using optical tweezers to
determine the active force spectrum of the cytoskeleton. Though a powerful technique, FSM is
instrumentation-demanding and invasive. In chapter 4, we developed an alternative to FSM. To
be non-invasive, mitochondria were fluorescently labeled as our endogenous probe particles. To
make the FSM less instrumentation-demanding, we replaced the role of active PTMR using
passive PTMR in ATP depleted cells. We developed a novel method to identify a range of
thermally dominated timescales in the MSDs of ATP depleted cells, so that we can determine the
intracellular viscoelasticity using Generalized Stokes-Einstein Relation. We then calculated the
force spectrum of active fluctuations by combining the spontaneous fluctuations tracked in
control cells and mechanical properties measured in ATP depleted cells. Our results match
quantitatively to those obtained by the original FSM. We also studied the roles played by various
cytoskeletal components on the active mitochondrial fluctuations to gain insight into the
molecular bases of intracellular mechanical properties.

The lack of a general, accessible and reliable delivery method of fluorescent particles into
the cytoplasm is a bottleneck for wider applications of PTMR. In chapter five, we demonstrate
that a method used for delivering proteins to cells, known as glass bead loading, can deliver
fluorescent particles into cells. Using both confocal imaging and particle tracking results under
different chemical treatments, we show that glass beads are able to load 100 nm fluorescent
particles directly into cytoplasm and probe the mechanical properties of the embedding

cytoskeletal network. We also tested the general applicability of bead loading in two more cell



lines. Analysis of the MSD and distribution of directional change provided insights into the
complexity of active motion in the cytoplasm. Our observations are consistent with a picture in
which the particles are trapped within the actin cytoskeleton, which confines their motion. But
due to motor driven fluctuations and cytoskeleton remodeling, the confining cage itself moves
over the long timescales. The fluctuations are strongly affected when the actin cytoskeleton is
dissolved, and weakly affected by stabilizing it, by inhibiting myosin Il or by perturbing the
microtubule network. These results suggest that the mechanical microenvironment probed by the
glass bead loaded fluorescent particles is strongly dominated by the actin cytoskeleton. Our
protocol makes passive and active PTMR more accessible and gives it the potential to become a
routine assay of intracellular mechanical properties.

In chapter six, I conclude this dissertation with the most interesting questions, in my
viewpoint, that stem out of chapters two to five, and delineate some future directions in order to

address these questions.
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CHAPTER 1: INTRODUCTION

In last decades, our abilities of manipulation and quantitative measurements of biological
systems have seen significant advances, and so have the developments of mathematical theories
and computational power. With these advances, scientists and engineers are now endeavoring to
characterize biological systems from a more quantitative perspective, and this dissertation finds
itself as a part of this trend. This is the overarching theme of the two seemingly very different
projects, plant synthetic biology and mechanobiology of mammalian cells, presented in this
dissertation. In plant synthetic biology (section 1.1, chapters 2 and 3), | helped develop an
engineering-based methodology (as introduced in details in the following section), with
associated computational and data analysis tools, which was applied to build a synthetic genetic
circuit with designed biological functionalities from quantitatively characterized synthetic parts.
In mechanobiology of mammalian cells (section 1.2, chapters 4 and 5), | developed imaging
protocols and quantitative methods to characterize the intracellular mechanical properties and to
probe the underlying mechanisms on the level of cytoskeleton. In the following parts of this
chapter, the two fields, synthetic biology and mechanobiology, are introduced in section 1.1 and
section 1.2 respectively.

1.1 Introduction on synthetic biology

Synthetic biology could mean two different fields. One field focuses on developing
technologies to synthesize biological macromolecules, including DNA, RNA and protein. The
other field generally focuses on the construction of biological systems with pre-designed
functionalities through an engineering-based methodology. Throughout the rest of this

dissertation, the term “synthetic biology” refers to the latter field unless otherwise indicated. For



the former field, interested readers can refer to the fantastic reviews by Dr. George Church, for
example the Ref. [1].

Synthetic biology could trace its roots back to the pioneering work by Monod and Jacob
[2], where it was proposed that genetic circuits with virtually any desired property can be
constructed from networks of simple regulatory elements [3]. Synthetic biology, as an emerging
field, started in 2000 when two papers were published back-to-back in Nature reporting
constructions of a genetic toggle switch [4] and a genetic oscillator [5] respectively.
1.1.1 Analogy of genetic circuits to electrical circuits

Synthetic biologists seek to advance the field in a way similar to electrical engineers [6,7].
The hierarchical and modular structures found in electrical systems are taken as an analogy to
develop synthetic biological systems. On the bottom level in the hierarchy, there are the basic
biological components, including DNA, RNA, proteins, and metabolites (e.g., lipids,
carbohydrates, amino acids, and nucleotides). Correspondingly, the physical layer of computers
includes transistors, capacitors, and resistors. In the device layer, biochemical reactions regulate
signal transduction and physical processes, which are analogous to electronic logic gates built on
the basis of the physical layer. Both the biochemical reactions and logic gates perform specific
computational functions, including sensing and integration of inputs, and delivery of outputs
after processing. As modules in computers, biochemical reactions can be assembled into
pathways or circuits. A cell can be made of a lot of pathways or circuits, just like a computer is
made of numerous modules. On the top of the hierarchy, tissues and cell cultures are comprised
of cells connected by cell-cell communications, which are similar to computer networks. Under
such an analogy to electrical engineering, the assumption of modularity is pivotal in synthetic

biology that aims to rationally design and construct synthetic circuits, cells and tissues with



designed functionality using a bottom-up approach [8]. The assumption of modularity will be
discussed in more detail in section 1.1.5.

1.1.2 The engineering-based methodology

Quantitatively
characterized synthetic
parts

Evaluate the
performances of
synthetic circuits

Design synthetic
circuits in silico

Assemble and test

synthetic circuits
experimentally

Figure 1.1 The engineering-based methodology is the ideal practice for developing synthetic
circuits from quantitatively characterized synthetic parts in synthetic biology.

Following the analogy discussed earlier, it is useful to apply the methodology developed in
established engineering fields, like electrical engineering, to synthetic biology (Figure 1.1).
Indeed, one important characteristic that distinguishes synthetic biology from the traditional
genetic engineering is the integration of mathematical tools and quantitative measurements. The
entire workflow of building a functional genetic circuit starts with the design and quantitative
characterizations of synthetic parts, including promoters with different expression levels and
repressor-promoter pairs [9,10]. In the second step, mathematical models can be formulated, and
different combinations of numerical parameters of synthetic parts, characterized in step one, can
be fed into the models. The synthetic parts producing desired functionalities in silico are then
selected to be assembled into synthetic circuits and tested experimentally. If the tested circuit

does not satisfy designed functionalities, researchers can either try different combinations of



synthetic parts or change the synthetic parts designs till a functional synthetic circuit is
constructed in an iterative manner.

The canonical genetic toggle switch can be taken as a working example to illustrate the
workflow. The toggle switch is built from two repressible promoters arranged in a mutually
inhibitory network [4]. The workflow started with picking natural repressor-promoter pairs or
building synthetic ones, which should be orthogonal to endogenous molecules to reduce
undesired interactions [9]. These repressor-promoter combinations were then tested
quantitatively, and their operational parameters can be extracted from the experimental data. In
the second step, a dimensionless ordinary differential equation (ODE) based model was utilized
to help identify the minimum set of conditions on the two repressor-promoter pairs required by a
functional toggle switch. Then, the toggle switch design satisfying these conditions was
assembled and its functionalities tested. The stability of the two states was tested by removing
corresponding inducers and the ability to switch between the two states was also tested. Luckily,
the only design of the toggle switch assembled, tested and evaluated in Gardner et al. [4] was
reported to be functional as designed. But if this was not the case, the whole workflow can be
iterated till a fully functional toggle switch is constructed. In addition to the toggle switch, the
repressilator, in which three repressor-promoter combinations are arranged in a ring-shape, was
developed following the same workflow [5].

1.1.3 A brief review on synthetic circuit designs

Inspired by the analogy to electrical engineering and networks found in nature, many

sophisticated genetic circuits with novel functionalities were designed, constructed and tested in

the years following the works of Gardner et al. [4] and Elowitz et al. [5]. The most representative



designs includes logic gates [11], clocks [12], pattern detectors [13], and cell-cell communication
modules [14]. In the following, these representative designs of synthetic circuits are reviewed.

Other types of biological molecules can also be incorporated into the circuit designs in
addition to transcriptional factors. For example, a gene-metabolic oscillator was designed by
integrating metabolite fluxes with a transcriptional network [15]. An oscillation between two
inter-convertible metabolite pools was generated through two transcriptionally regulated
enzymes [15]. Interestingly, the oscillation is only observed when the glycolytic rate surpasses a
preset threshold [15].

Exemplified by the three designs covered so far, early synthetic circuit designs relied only
on single cells to realize expected functionalities. Predictable and reliable functionalities can also
be realized on the level of cell populations taking advantages of cell-cell communications [7].
The synthetic cell-cell communication module is often based on the quorum sensing machinery
found in the bacterium Vibrio fischeri [16,17]. Using quorum sensing, a bacterium is able to
regulate its own behaviors based on the density of the surrounding population [16,17]. More
specifically on the mechanisms, every bacterium in a population secretes acyl-homoserine
lactone (AHL), a small signaling molecule that can diffuse across the membranes. When the
AHL in the environment reaches a threshold, LuxR, a regulatory protein, can be activated by
AHL, binds to the lux operator region and activates the expressions of downstream genes
[16,17]. As a result of the activation, the bacterium Vibrio fischeri becomes luminescent when its
population density reaches a threshold [16,17].

By integrating a killer gene at the downstream of the lux operator, You et al. constructed a
“population control” circuit that can prevent the density of Escherichia coli (E. coli) population

reaching the limits imposed by the environment [14]. Also using this quorum sensing machinery,



Danino et al. built a genetic clock as an intercellular network of oscillators that enables a
growing population of cells to demonstrate synchronized oscillations [12]. Cell-cell
communication is also a potential tool for engineering highly sophisticated biological behaviors
between heterogeneous cell populations [7].

Besides the transcriptional factors, RNA interference (RNAI), mainly operated by small
interfering RNA (siRNA), have also been applied to construct functional synthetic circuits.
Interested readers can refer to some excellent reviews on the molecular mechanisms of RNAI,
for example, Ref. [18]. Basically, the presence of sSiRNA prevents the target mMRNA from being
translated, thus behaving as a NOT gate. By using activating/inhibitory promoters to control the
transcriptions of sSiIRNA, it was shown that all the Boolean logic gates can be constructed [11].
Based on this design, a multi-input RNAi-based logic circuit was engineered to identify specific
cancer cells [19]. These two sequential studies not only demonstrated the feasibility of RNAI-
based circuits but also showcased its potentials for clinical applications.

With the accumulating knowledge on riboswitches and RNA aptamers, scientists and
engineers are now able to design RNA aptamers to bind desired metabolites and to cleave
MRNA in a directed manner [20]. Combining the knowledge on RNA aptamers and RNA
folding, an rationally designed RNA-based scaffold was reported to be able to spatially arrange
enzymes into multi-dimensional self-organizing scaffolds [21].

Similar to the RNA scaffold, proteins were also engineered into scaffolds that can spatially
recruit metabolic enzymes into a desirable spatial arrangement [22]. This method helps to
balance the metabolic flux after the foreign enzymes were incorporated into the metabolic
network. A 77-fold increase in product concentration was achieved, along with lower enzyme

expression levels and reduced metabolic burden to the host cells [22]. Also using scaffold



proteins, part of the yeast mating MAP kinase pathway was arranged linearly into a unified
complex [23]. Such a scaffold not only enables more flexible manipulations of the kinase
pathway but also the ability to tune the complex into different functionalities, including
ultrasensitive dose response, accelerated or delayed responding dynamics, and tunable adaptation
[23].

Promising advancements have been made for protein-based synthetic circuits. There is no
photoreceptor in native E. coli. A chimeric protein was constructed by combining a
cyanobacterial photoreceptor and an E. coli intracellular histidine kinase domain, which is able
to sense and convert light signals into intracellular chemical signals [24]. As a demonstration, the
authors made an E. coli film, which expressed light and dark regions accordingly to the inputs on
light masks [24]. Following this development, a pattern detector was constructed using an E. coli
film to detect edges in the light masks [13].

1.1.4 Potential applications of synthetic biology

Despite of being a relatively emerging field, synthetic biology has demonstrated exciting
potential to address some of the most urgent global challenges, including healthcare and
renewable energy.

Malaria, a mosquito-borne infectious disease, is a major cause of death worldwide,
especially in developing countries [25]. It is therefore very important to make anti-malaria drugs
affordable to low-income patients living in these developing countries. However, artemisinin, a
valuable anti-malaria compound, is isolated from the plant Artemisia annua, a herb in Chinese
traditional medicine. The market price of artemisinin not only has been high but also has
fluctuated widely, making it challenging to control the price of the anti-malaria drug. To address

this challenge, a synthetic metabolic pathway to produce artemisinin was successfully engineered



in E. coli based on the mevalonate-dependent isoprenoid pathway found in S. cerevisiae.
Artemisinin can then be produced by the inexpensive fermentation of E. coli, potentially a
significant progress towards the goal of an affordable anti-malaria drug [26-28].

Cancer is the second leading cause of death in the United States and is a major public
health challenge globally [29]. Synthetically engineered E. coli strain was reported to be able to
hunt solid tumor cells characterized by a combination of hypoxic microenvironment and high
populations of certain bacteria [30]. Only when both conditions are satisfied for its AND gate,
the E. coli cells start secreting invasin to initiate the endocytosis of the tumor cells, thus
providing a novel approach for biological therapy [30].

Microalgae-based biofuel holds the potential to replace a significant portion of the fossil
fuel consumption and reduce the CO2 emission globally. However, its production is not yet
economically feasible at commercial scales, despite its benefits of high utilization efficiency of
sunshine and fast reproduction rate. These benefits are more relevant to optimal laboratory
conditions than commercial production conditions. When cultured in the open ponds, which is
the most popular and economically viable way, microalgae cell density is very low, accounting
for only around 0.1% of the broth. Thus the cost associated to the condensation of the algae
biomass is a major bottleneck for algae to become an economically viable option as a future
biofuel source [31]. To address this issue, a strain of cyanobacterium was engineered to not only
overproduce fatty-acid, an important precursor for the biodiesel production, but also to secrete
the fatty-acid into the broth, which has the potential to avoid the costly biomass recovery
processes [32]. To further increase the fatty-acid production, this cyanobacterium was
incorporated with a Green Recovery strategy to convert the membrane lipids into fatty-acids

under CO;z limitation, which is a signature of termination of the culture [33].



1.1.5 The assumption of modularity and chapter 2

As described in section 1.1.1, the assumption of modularity is central to the development
of synthetic biology. In this dissertation, the validity of the assumption of modularity on the
circuit level was also studied. We defined modularity as the relative insulation of small
subnetworks or circuits inside a larger network from each other [34]. In other words, the
synthetic circuits are assumed to maintain their essential properties characterized in isolation
when they are combined to form larger synthetic networks. However, recent theoretical and
experimental studies suggest that the interactions of synthetic circuits with each other [35-37]
and with the host organisms [38,39] may lead to unexpected contextual effects and the invalidity
of the assumption of modularity. One of the most interesting example of these unexpected
contextual effects is called retroactivity. Synthetic circuits are connected via biochemical
interactions with components (loads) from downstream circuits in the larger network, which is
unlike electronic circuits connected by insulated wires. These biochemical interactions with
loads therefore compete with the interactions inside the synthetic circuits themselves, and incur
implicit feedback (retroactivity) between circuits without obvious feedback loops. For example,
a recent theoretical analysis has shown that simple binding/unbinding reactions between an
oscillator and DNA binding sites (loads) can not only switch the oscillator “on” and “off”, but
also be used to tune its oscillating periods [40].

In chapter 2, the effects of loads, and thus the effects of retroactivity, were studied with
two types of canonical biochemical switches: the mutual-repression based toggle switch, as
described earlier, and a positive feedback based switch found widely in natural signaling
pathways. We found that adding loads is able to change the dynamical properties of the toggle

switch, characterized as the time needed to switch the states of the toggle switch. Using a novel



computational tool to characterize the potential energy landscape, we also explored the
underlying mechanisms of this change in dynamics. In some scenarios, the loads can actually
abrogate its bistability, which is the fundamental property of the toggle switch as described in
section 1.1.2. Using the same analytical and computational tools, we also studied naturally-
occurring autocatalytic signal transduction switches and showed that their switch-like behaviors
can also be undermined and eventually lost when connected to downstream loads. Our work
presented in chapter 2 underscores the necessity to consider the effects of retroactivity in
simulating and designing synthetic networks from well-characterized synthetic circuits, and that
retroactivity leads to crucial limitations of the assumption of modularity for synthetic toggle
switches and natural signaling switches.
1.1.6 Plant synthetic biology and chapter 3

In the first decade since its emergence as a field, the characteristic techniques and
methodology of Synthetic Biology was developed, and more sophisticated synthetic circuits were
constructed and reported. Yet these studies were carried out in to prokaryotic and single-cell
eukaryotic hosts, including bacterium, yeasts, and cultured mammalian cells, due to their low
complexity and ease of genetic manipulation [41]. More recently synthetic circuits have been
developed for multi-cellular structures and organoids by programing synthetic intercellular
communications [42,43]. Plants were also engineered to sense external ligands and respond in
visible color changes, which are potential to serve as sentinel plants [44]. However, the plants,
among other multicellular and differentiated organisms, still remain an uncharted territory for
synthetic biology’s predictive powers from the engineering-based methodology. If similar
synthetic circuits, like the toggle switch, could be engineered in plants, both fundamental plant

science and various practical applications could benefit significantly [45]. In plant studies, a gene
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knock-out could be achieved by simply turning off a synthetic toggle switch controlling that
gene, which is particularly valuable to study the lethal mutants of some genes. For practical
applications, smart plants can be engineered to carry out novel functions. Genes related to
desired plant traits, for example drought resistance or biofuel production, can be controlled more
precisely using synthetic circuits rather than being constitutively expressed, thus preventing
unnecessary wastes of valuable nutrients among other potential benefits.

The challenges to advance plant synthetic biology are multifaceted, including greater
complexity in plant genomes and protein networks, lack of characterized synthetic parts in
plants, positional effects of T-DNA insertion, and lack of tools for data analysis and
computational, to just name a few [45]. In a close collaboration with Medford lab, we first
developed a semi-high-throughput method to design, construct, test and quantitatively
characterize synthetic repressor-promoter pairs for plant synthetic biology using transient
expression assays [9]. This study is a part of the initial development of methodology to expand
the power of synthetic biology to plants [46].

Chapter 3 reports our recent collaborative efforts with Medford lab to complete the
engineering-based methodology as described in section 1.1.2 for plant synthetic biology. We first
utilized mathematical analysis to identify two properties of the synthetic parts required by a
functional toggle switch similar as in Gardner et al. [4]. Two toggle switches were designed
based on these two principles using synthetic parts that we characterized using the transient
expression assays using protoplasts [9].

We then optimized a quantitative imaging protocol to test the functionalities of assembled
toggle switches. We developed an in-house image processing software to measure luciferase

expression level quantitatively for shoots and roots of individual plants. The quantitative data
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enabled us not only to formulate statistical tests but also to devise quantitative modeling to verify
that the designed characteristics are achieved. We developed a Markov Chain Monte Carlo
(MCMC) based method to sample the space of good parameter values that fit the plant data to an
ODE model of a toggle switch. This ODE model is similar to that in Gardner et al. [4], but
different in terms of being dimensional to match the experimental data and including inducible
terms to describe the switching dynamics. In the end, these parameter values were used to solve
the ODEs numerically to assess the bistability of the toggle switch tested experimentally. We
demonstrated that a functional genetic toggle switch can be constructed in plants using this
engineering-based methodology integrating quantitative experiments and computational tools.
1.2 Introduction on mechanobiology of mammalian cells

The overall goal of our projects summarized in chapters 4 and 5 is to develop methods for
characterizing the intracellular mechanical properties of mammalian cells and to gain deeper
insights into the underlying mechanisms.
1.2.1 General introduction on particle tracking microrheology

The classic starting point to understand the general principle used to measure the
intracellular mechanical properties, as applied and developed in chapters 4 and 5, is the case of a
spherical particle suspended in water. The motion of this particle appears random as a result of
random collisions by surrounding water molecules, known as Brownian motion. There are three
factors involved in the Brownian motion: the thermal force from the collisions with water
molecules, the mechanical property of water, or its viscosity, and the resulting motion of the
particle. A relationship between the thermal force, viscosity and random motion is described by
the classic Stokes-Einstein relation:

(Ax?) _p- kgT
4t 6mnR
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where (Ax?2) is the mean square displacement (MSD) which describes the particle motion,
kgT characterizes the level of the thermal force, i is the viscosity of the fluid, R the radius of the
particle and D the diffusion coefficient.

Consider now what we would expect to observe when the same particle is embedded in a
purely elastic material, such as a piece of rubber. The same thermal force still acts on the
particle. As opposed to the response of a fluid, in an elastic material each time the particle is
driven into a random direction, it is pushed back by the elastic forces immediately to its original
position. The motion of the particle is thus limited to fluctuations in a relatively constant range.
Here too there are also three players involved, the motion of the particle, the thermal force and
the mechanical property (in this case the elasticity). With the thermal force known, we can also
infer the mechanical property of the material by observing the motion of the embedded particle.
A particle moving in a larger range indicates that the material has a smaller coefficient of
elasticity, and a particle moving in a smaller range indicates a larger coefficient of elasticity.

The cytoplasm of mammalian cells is viscoelastic, exhibiting both viscous and elastic
characteristics when undergoing deformation. If we deliver the same spherical particle into the
cytoplasm and let the same thermal forces act on the particle, we should be able to infer the
viscoelasticity of the cytoplasm based on the motion of this particle following the same strategy
introduced earlier. However, the relation between the particle motion and the forces become
more complex in this case because a viscoelastic material exhibits a delayed response to a
perturbation. The mathematical expression to relate the viscoelasticity and the motion of such a
particle is called the generalized Stokes-Einstein relation (GSER) [47], introduced in more detail
in section 1.2.6. Although the GSER is mathematically more complex than the classic Stokes-

Einstein relation, the basic idea is essentially the same as in the two starting examples. As with
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the classic Stokes-Einstein relation, the GSER only works under thermal equilibrium, when
thermal force is the only driving force for the particle motion.

In living cells, there are many active forces generated in the expense of cellular energy,
mostly in the form of adenosine triphosphate (ATP), in addition to the ubiquitous thermal force.
These active forces include the contractile forces generated by myosins, which power our
muscles, the forces generated by molecular motor-driven directed motions of vesicles, forces
resulting from polymerization and depolymerization the cytoskeleton and so on. Therefore, the
particle motion inside the cytoplasm is driven not only by the thermal force but also by these
uncharacterized active forces. Although the resulting motion may still seem like a Brownian
motion, the previous strategy does not hold any longer [48]. In this case, the active forces are
also unknown, as is the viscoelasticity of the cytoplasm, and we are unable to infer two
unknowns from one known quantity, the measured particle motion. Force spectrum microscopy
(FSM) (3), covered in more details in chapter 4, was proposed to address this challenge to
measure the intracellular mechanical properties and extract information on the intracellular
active forces as well. The FSM also works by applying the general principle introduced earlier
but in two steps. First, in an independent experiment, one particle embedded in the cytoplasm is
driven by a known force, applied by an optical tweezer, dominating over the intracellular thermal
force and active forces. Combining the known applied force and measurements of the resulting
particle motion, the viscoelasticity of the cytoplasm can be determined. In the second step, the
total forces combining thermal force and active forces can be determined from the spontaneous
particle motion observed in cytoplasm in its native state and the intracellular viscoelasticity
measured in the first step. Since the thermal force is essentially known, the information on the

active forces can be extracted.
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Despite apparent differences in particular theories and techniques, the general principle for
the particle-tracking-based measurements of intracellular mechanical properties is the same: only
one unknown can be determined from the other two known quantities among the three involving
factors of driving force (thermal or active or both or applied), particle motion and intracellular
mechanical properties. As introduced in detail in section 1.2.5, this general principle can be
generalized to understand many other methods used to measure cellular mechanical properties,
despite different technology-specific driving forces and experimentally measurable quantities
like the particle motion.

1.2.2 Importance of mechanical properties of mammalian cells

Cellular mechanical properties play significant roles in many physiological activities, for
example, cell motility, mitosis and differentiation. Cells with higher motility are generally found
to be more pliable than their less motile counterparts [49]. Drastic changes in mechanical
properties were characterized as cells progress through different phases in mitosis [50,51] and
disruption in cellular mechanical properties could lead to mitotic arrest [51]. Undifferentiated
human embryotic stem cells (hESCs) have lower elasticity and viscosity than their differentiated
counterparts as measured by a variety of methods [52]. In addition, these intracellular
mechanical properties were found to correlate with the degree of differentiation [53]. Deviations
from normal cellular mechanical properties were found in tumorigenic and pathogenic processes
of significant importance. Cancer cells were shown to be less elastic than normal cells generally
and increasing softness appeared to correlate with an increased metastatic potential [54].
Different mechanical properties of the cancer cells are also required at different stages of the
metastatic process to successfully form metastasis [55]. Changes in cellular mechanical

properties were also reported in pathogenic processes other than cancer, including malaria, sickle
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cell anemia and asthma [56]. Mechanical properties of plant cells were also reported to play
significant roles in physiological processes, such as the gravisensors [57]. Therefore, better
characterizations of cellular mechanical properties may provide more insights into the
fundamental cell biology from a mechanical perspective, and could lead to novel medical
applications. Thus, cancer diagnosis for example may be aided by mechanical signatures which
are essentially label-free [58]. Furthermore, these established mechanical signatures can be used
as physical biomarkers to screen and evaluate novel pharmaceutical chemicals targeting cancer
metastasis and other pathogenic processes [59].
1.2.3 Cytoskeleton and the mechanical properties

The mechanical properties of mammalian cells are dominantly controlled by the
cytoskeleton, which is an interconnected network of filamentous polymers and associated
regulatory proteins [60]. There are mainly three types of cytoskeletal polymer: microtubules,
actin filaments and various polymers collectively grouped as intermediate filaments.

Microtubules are 24 nm-diameter hollow polymers of heterodimers of a-tubulin and 3-
tubulin with a persistent length, a measure of filament flexibility that increases with stiffness, of
around 3 mm. Microtubules can thus form bundles of rigid fibers that make excellent structural
scaffolds, which plays an important role in determining cell shapes. Microtubules also serve as
linear tracks for directed movements of organelles and small vesicles, yet microtubules are often
found to bend significantly by compressive forces in cytoplasm of cultured mammalian cells
[61]. Due to its inherent polarity endowed by o-tubulin and B-tubulin, these linear tracks of
microtubules are able to support a two-way traffic. Microtubules are highly dynamic and

constantly undergo stable growing and rapidly breaking-up, enabling the cell to respond to subtle
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environmental changes promptly. Microtubules also play important roles in the error-proof
segregation of chromosomes at mitosis and meiosis.

Filamentous (F) actin is a polymer of two twisting chains of free actin monomers, G-actins
(G for globular), with a diameter of 4~7 nm. F-actin assembles into various networks to perform
different functions with the help of an array of actin binding proteins, including capping proteins,
filament nucleation proteins, cross-linking proteins and severing proteins. These actin binding
proteins also enable dynamical and regulated controls of the actin network. The actin network
plays important roles in determining cell shape, cellular locomotion, cell division etc.

Intermediate filaments include a diverse group of polymers with intermediate diameters
(around 10 nm in average) compared to microtubule and actin. A monomer of an Intermediate
filament polymer commonly consists of a central a-helical rod and nonhelical head and tail. Most
variation across different monomers happens in the head and tail. The basic building block of
intermediate filaments is a tetramer joined by their central a-helical region to form a coiled
structure. In the cytoplasm, intermediate filaments tend to form wavy bundles that extend from
the nucleus to the cellular membranes. Intermediate filaments are the most stable of the
cytoskeletal filaments in terms of dynamics, and the most extensile due to their central a-helical
region. Therefore, intermediate filaments are believed to play important roles to maintain cellular
integrity.

Interested readers can refer to more detailed coverage on the biophysical and biochemical
properties of these cytoskeletal polymers in reviews, such as ref. [62], and cell biology
textbooks, like [63]. In summary, the cytoskeleton, as a dynamical network of all three polymers,
is able to resist deformations but also respond to externally applied forces and together determine

the cellular mechanical properties [60].
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1.2.4 Methods to measure cellular mechanical properties

Many methods have been adopted or developed to measure the mechanical properties of
mammalian cells. Despite the seeming differences in the underlying theories and enabling
technologies, all these methods follow the general principle introduced in section 1.2.1.

Atomic force microscopy (AFM) [64] is one of the most popular techniques to probe the
mechanical properties of live cells [65]. AFM probes the cellular mechanical properties from the
outside through direct contacts using the cantilever as an indenter. The force applied by the
cantilever can be determined by the Hooke’s law using its bending (equivalent to the
displacement) and stiffness (equivalent to the spring constant). The typical output from AFM is
the force-versus-displacement curve (commonly referred as force curve). The cellular elasticity
can be quantified with spatial resolution by fitting the force curves to quantitative models.
Recently, direct extraction of the viscoelasticity from the force curves was developed [66]. The
magnetic twisting cytometry [67,68] measures the rocking motions of tracers adhered to the
apical cell surface by applying oscillatory magnetic forces. Both AFM and magnetic twisting
cytometry mainly probes the mechanical properties of the cortical actin network underneath the
cytoplasm membrane and the probing of intracellular cytoskeleton networks is therefore
perturbed [69].

Micropipette aspiration [70,71], microfluidic optical stretching [72] and other microfluidic
platforms [73,74] probe global mechanical properties of a suspended cell as a whole object by
applying a known force and measuring the resulting deformations. More specifically, a
suspended cell can be aspirated by a micropipette with a pre-determined force and the
mechanical properties can be determined as a function of the deformation into the micropipette

[70,71]. Similarly, optical stretching applies a known force via a pair of optical tweezers and the
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deformation of a whole cell can be measured in a high throughput setting [72]. However, most
cells in suspension are not in their physiologically relevant conditions. Therefore, the mechanical
properties measured by these methods may not be a good representation of the properties of the
cells in vivo or even of cultured cells on two-dimensional surfaces.

1.2.5 Particle-tracking microrheology

Compared to the methods described above, particle-tracking microrheology (PTMR)
[75,76] has the ability to probe the intracellular mechanical properties without being perturbed
by the cortical actin network, to probe local mechanical properties (instead of the global
mechanical responses of whole cells) with spatial resolution, and to probe mechanical properties
without direct contact with the cell (thus applicable for cells cultured in 3D matrixes as an
example) among other benefits [69].

The PTMR can be further classified into passive or active PTMR, depending on whether
external forces are applied to drive the probe movements [75]. In passive PTMR, the probe
particles are driven purely by thermal forces. Passive PTMR has its roots in the classic works by
Einstein [77] and Perrin [78], as introduced in section 1.2.1. However, the classic Stokes-
Einstein equation can only be used to determine frequency-independent viscosity, and thus limits
its applications to biological materials which are generally better characterized by frequency-
dependent viscoelasticity. To tackle this issue, the Stokes-Einstein equation was generalized to
determine frequency-dependent viscoelasticity in 1995 [47], which is named the Generalized
Stokes-Einstein Relation (GSER) [79].

The application of GSER assumes that [79]: 1) the shear stress relaxation in the locality of
the particle is identical to that of the bulk fluid subjected to a perturbing shear strain; 2) the

complex fluid under study can be treated as an isotropic, incompressible continuum around a
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sphere, and the continuum assumption is valid when the length scales of heterogeneity in the
discrete microstructures within the fluid are much smaller than the probe particle; 3) inertia of
the particle can be ignored, which only becomes an issue at timescales of microseconds; 4)
implicitly Stokes drag for viscous fluids (with no-slip boundary conditions) can be generalized to
viscoelastic fluids at all frequency. The last assumption is important and theoretical work has
shown that the GSER is valid at best for a range of frequencies, which however may span the
physiologically relevant range for cell mechanics measurements [80,81]. In addition, the GSER
assumes that the system under study is at thermal equilibrium and that the movements of the
probe particles are driven solely by thermal fluctuations, which is same as the Stokes-Einstein
equation. When the system satisfies these assumptions, the viscoelasticity across a wide range of
frequencies can be determined relatively easily through fluctuation-dissipation theorem (FDT)
[47].

The validity of GSER was tested by comparing the results of various complex fluids
measured by GSER to well-established mechanical (rheological) measurements on bulk samples
[47,79,82,83], which supports the above assumptions phenomenologically. On the numerical
side, the accuracy of GSER was initially restricted not only by the limited frequency range of the
data used for the calculation, but also by requiring an arbitrary functional form to fit the MSD
[47,82]. These limitations were later released by avoiding the numerical transformations and
using an algebraic approximation of the MSD in the form of either a first-order [79,84] or a
second-order logarithmic time derivatives [83].

After the introduction of GSER, its advantages, requiring only a small volume of sample
and covering an extended range of frequencies, quickly drew attentions from the biophysical

community to measure cell-free biological samples [79,85]. Quantitative mechanical properties
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of live cells (COS7, a kidney epithelial cell line) were also extracted using GSER, in which the
movements of single endogenous lipid granules was recorded using laser reflection single-
particle tracking [86]. This single-particle tracking was later generalized into video multiple-
particle tracking to enable subcellular resolutions on local mechanical properties and thus the
ability to evaluate their heterogeneity [87]. Also in this study, carboxylated fluorescent particles
were microinjected into the cytoplasm and used as probes, for the first time, rather than the
endogenous granules tracked in previous live cell studies [87]. The MSDs measured in the live
cells appear to be subdiffusive at short timescales and diffusive at long timescales [87], which
resembles that of viscoelastic polymer solutions (flexible polymers that are not permanently
cross-linked) [83]. Such behaviors of MSDs were used to determine the viscoelastic properties of
the cytoplasm by applying the GSER directly [53,69,86-90].

However, the cytoplasm is an active material driven by chemical energy, mainly in the
form of Adenosine Triphosphate (ATP) [91,92]. The Brownian-like motions observed in the
control cells are thus driven by both thermal and active forces, specially at long timescales
[48,67,93,94]. Therefore, the assumption of thermal equilibrium in GSER is not valid and
incorrect cellular viscoelasticity could be determined from MSDs when GSER is applied directly
[48,67,95], as in studies previously described [53,69,86—-90]. The presence of active forces limits
the applications of GSER to either high frequencies in MSDs of control cells [94] or to an
extended range of frequencies in ATP depleted cells [96]. The MSDs of the probe particles, in
general, still convey important information about the active forces and cytoskeletal dynamics,
which can be interpreted on their own [97] or in combinations with other techniques including

active PTMR [48] and AFM [98].
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In active PTMR, probe particles are driven by constant or oscillatory external forces, often
applied by optical or magnetic tweezers [75]. Active PTMR is generally less accessible than
passive PTMR with the requirement of specialized instrumentation and expertise to manipulate
the probes. One important question is whether active PTMR measures the “true” viscoelasticity
as experienced by the particles in cytoplasm in its native state. In particular, optical tweezers
used in active PTMR may be strong enough to probe the non-linear responses of the cytoplasm
[81,99,100]. Yet previous works have shown excellent consistency between active and passive
PTMR [67,94], which lays the experimental foundation to combine the two techniques and
obtain more accurate and complete measurements of intracellular mechanical properties. A
representative technique following this strategy is the force spectrum microscopy (FSM)[48]. As
introduced in section 1.2.1, viscoelastic properties can be first determined by active PTMR, then
the spectrum of active forces can be extracted from the spontaneous fluctuations without external
forces [48,101-103].

1.2.6 Chapter 4 — simpler and noninvasive alternative to FSM

Though a powerful technique, FSM, as it was originally developed, requires advanced
instruments including optical tweezers, microinjectors and confocal microscopes simultaneously
[48], which significantly limits its wider application. In addition, microinjecting fluorescent
particles into single cells is not only labor-intensive and requiring experienced operators, but also
introduces non-physiological disturbance to cells under study. An alternative of FSM that
requires fewer instruments and is non-invasive would be of significant importance for wider
applications of FSM.

In chapter 4, we developed such an alternative to FSM. To be non-invasive, mitochondria

were fluorescently labeled as our probe particles and morphological analysis were carried out to
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identify mitochondria that are ideal as endogenous probes for intracellular mechanical properties.
The morphological information of each mitochondrion was also used in the later FSM
calculations to improve the accuracy. To make the FSM less instrumentation-demanding, we
replaced the role of active PTMR by using passive PTMR in ATP depleted cells. This is based
on the fact that previous work have shown excellent consistency between active and passive
PTMR [67,94]. Furthermore, it has also been shown that the GSER can be applied to an
extended range of frequencies in ATP depleted cells in passive PTMR [96]. We developed a
method to identify a range of thermally dominated timescales in the MSDs of ATP depleted
cells, so that we can determine the intracellular viscoelasticity using GSER. We then calculated
the force spectrum of active fluctuations by combining the spontaneous fluctuations tracked in
control cells and viscoelasticity measured in ATP depleted cells. Our results match quantitatively
to those obtained by the original FSM. Using the developed experimental protocol and tools for
data analysis, we studied the roles played by various cytoskeletal components on the active
mitochondrial fluctuations to gain insights into the molecular bases of complex mechanical
properties.
1.2.7 Chapter 5: bead loading -- a general, robust and simple method to deliver fluorescent

particles into the cytoplasm

As discussed in more detail in chapter 4, mitochondria, other endogenous organelles
[104,105], and fluorescent particles are probably measuring different aspects of cellular
mechanical properties, at different length-scales and dominated by different components of the
cytoskeleton. Further work is required to link different aspects of the cellular cytoskeleton

together, as measured by fluorescent particles as well as endogenous probes, such as
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mitochondria as well as other endogenous organelles [48,104,106]. To achieve this goal, we need
to measure the intracellular mechanical properties probed by fluorescent particles.

However, there is a lack of general, robust and simple methods to deliver exogenous
probes into the cytoplasm for both passive and active PTMR. The most widely-used techniques
for delivering probe particles into cells, used for both passive and active PTMR are
microinjection [87] and ballistic injection [69,88]. Microinjection is the most classic and earliest-
applied method as mentioned earlier to deliver fluorescent particles into the cytoplasm for PTMR
[87]. However, it is tedious, low-throughput and may cause non-physiological trauma to cells
under study [69]. Ballistic injection was later optimized to deliver fluorescent particles in a high
throughput manner [69,88]. There are also non-physiological perturbations like vacuum and non-
sterile conditions in the protocol of ballistic injection [69], similar as microinjection. The
ballistic injection also suffers from its own disadvantages, which is the need for extensive
optimizations of many operational parameters in the protocol for new cell types [69]. In addition,
both techniques require sophisticated instruments and expertise to operate.

In chapter 5, we proposed that an old technique called bead loading [107] could serve as a
general, robust and simple delivery method for fluorescent particle into the cytoplasm. Bead
loading works by disrupting the cellular membrane mechanically and creating transient channels
to allow the fluorescent particles diffuse into the cells [108]. The generality of bead loading was
supported by positive results in four different cell lines. Using various cytoskeletal drugs, the
bead loaded fluorescent particles were shown to probe the mechanical properties of cytoplasm.

In addition, the drug treatment results of bead loaded fluorescent particles indeed support that

mitochondria and fluorescent particles are probing different aspects of the cytoskeleton, with
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mitochondrial fluctuations influenced by both microtubules and actin, and fluorescent particles

dominantly influenced by actomyosin.
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CHAPTER 2: LOADS BIAS GENETIC AND SIGNALING SWITCHES IN SYNTHETIC

AND NATURAL SYSTEMS'?

2.1 Introduction

A longstanding question about signal transduction and gene transcription networks is how
modular are they. Here modularity means relative insulation of small subgraphs or motifs of the
main network from each other [1]. This question is especially relevant for synthetic biology that
aims to build artificial circuits from the bottom up [2]. It is also relevant for molecular biologists
that aim to arrive at a quantitative understanding of a cellular decision, by, for example, isolating
a crucial network module [3].

For synthetic biologists the challenge is now to move from simple network motifs such as
pulse generators [4], genetic switches [5-8], logic gates [9], [10], and oscillators [11-13] to more
complicated networks combining multiple motifs and networks in more complex organisms.
Novel applications currently being explored include plant biosensors [14], hazardous waste
remediation [15], clean fuel technology [16], and numerous medical applications [17-20].
Synthetic biologists hope to utilize biological modules in a manner similar to electrical circuit
board components — plugging them together to attain a specific, and novel, function [21]. At the

core of the concept of either breaking down complex biological systems into small modules, or
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even building complex systems from modules, is the belief that these modules will behave
predictably in isolation and in connection. Recent theoretical and experimental work however
[22-25] suggests that the functioning of modules may not be independent of the downstream
components that they are connected to. Adding an additional binding reaction to the output of a
gene regulatory network (or loading the network) may decrease system bandwidth [24] and
substrate sequestration in covalent modification cycles may result in signaling delay [26]. In
vitro studies find that there is significant load-induced modulation of the upstream module in an
enzymatic signal transduction cascades [24]. Theoretical analysis has also shown that a load can
change the fundamental properties of an oscillating circuit [27]. Thus understanding the effects
of adding a load to the output of these technologically important network modules is required for
a thorough understanding of the challenges of scaling up synthetic networks to higher levels of
complexity.

Loads could also have noteworthy unrecognized effects in natural systems. In fact all
natural systems have loads in some ways or the other. Motifs in signal transduction networks are
connected directly to a transcriptional response, or to downstream proteins that may function as
transcription factors or go on to activate transcription factors. Motifs in gene transcription
networks have transcriptional outputs with protein domains that bind nonspecifically and
specifically to binding sites on the DNA, apart from interacting with other transcription factors.

Circuits that function as switches play an important role in all biological signaling and
gene transcription networks because they encode decisions. This change of state can be brought
about by an external signal, or an internal accumulation of a protein, which can drive the system
to a different steady state. Examples are the regulatory circuits for the cell cycle in yeast [28],

mitogen-activated protein kinase cascades in animal cells [29-31], and the lysis-lysogeny switch
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in the A phage [32]. Since many small circuits can show this kind of behavior, switches are
among the earliest and most well studied of protein interaction circuits [33]. The genetic toggle
switch, which was one of the first two synthetic circuits constructed, is a well-known synthetic
example [5]. Given the ubiquity and importance of switch-like motifs, it is important to
understand how their function could be affected by binding downstream partners.

These reasons prompted our theoretical study of the behavior of a simple genetic toggle
switch [5], a toggle switch with positive feedback as well as a common positive-feedback based
switch involving Ras activation in lymphocytes [29, 30] under a load on either one or both of its
outputs. These circuits are shown in Fig. 4.1 and described below. The simple toggle switch is a
widely studied and emulated synthetic network motif based on the mutual repression of two
repressor proteins. However, naturally occurring toggle switches are often found connected to an
additional positive autoregulatory component. For example in the competence system in B.
subtilis, ComK represses the production of Rok and Rok represses the production of ComK;
however ComK also has a strong positive feedback upon its own production [34]. Another
example is found in the apoptosis network of many multicellular organisms, including mammals.
Within the pathway controlling intrinsic apoptosis is a set of genes with double-negative
repression, Casp3 and XIAP, again accompanied by positive autoregulation of Casp3 [35].

The Ras protein is a G-protein found on mammalian cellular membranes that is important
in many cellular processes and is an upstream activator of the MAPK pathway. Ras goes from a
GDP-bound inactive form to a GTP-bound active form, often in a digital manner [30], and
previous studies in lymphocytes have shown that RasGDP is activated to RasGTP via a bistable
switch that arises from a positive feedback loop on its own activation via SOS (Son of Sevenless)

[30]. However the Ras switch very naturally has an associated load, since to transduce the

37



cellular signals down along the MAPK/ERK pathway, RasGTP naturally binds to Raf kinase.
Thus the Ras switch system contains all the elements we need to study the effects of adding

loads to a bistable switch which is based on a positive feedback loop.
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Figure 2.1. Schematic diagram of the circuits studied in this paper.

(A). The basic toggle switch is the network shown without the dotted line. Repressor 1 represses
the production of Repressor 2 and vice versa. The dotted line denotes a positive feedback motif
found in some natural circuits. (B). A cartoon of part of the MAPK activation pathway in T
lymphocytes, adapted from [29], showing the role of Ras activation. Signals from peptide-MHC
complexes are received at the TCR and lead to phosphorylation of the cytoplasmic chains of the
TCR by the Src kinase, Lck. This recruits the kinase ZAP70 whi