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FROM GENE EXPRESSION TO BEHAVIOR: A STUDY IN BACTERIAL
CELLS

Jing He, PhD

University of Pittsburgh, 2016

Gene expression plays an important role in cell metabolism, motility, and replications. Using
fluorescence microscopy, I found that the expression profile of LamB, an Escherichia coli
outer membrane protein, is unimodal in cell cytosol. The bimodal distribution of A\ phage,
which binds to LamB receptors on the outer membrane, should result from the heterogeneity
in protein export and assembly processes. The study also estimates the burst-like LamB
expression to have a mean bursting rate of 9.4 bursts per cell-cycle and a mean bursting
number of 82 copies per burst. In another study on bacterial growth curves, I unexpectedly
discovered that depletion of 4 amino acids (arginine, methionine, isoleucine, and glycine)
can cause diauxie-like growth arrests, which last for 5 to 30 minutes depending on the amino
acids used. As a quantitative measure of response times of gene regulations upon starvation,
this technique could potentially provide a simple and robust means to determine the time
constants in metabolic networks of a variety of bacteria. Normal expression of genes is also
significant for robust bacterial swimming and chemotaxis. I observed strikingly that very
small Vibrio alginolyticus cells are able to reorient by a 7-flip (180° ) in ~ 60 ms, but this
ability is gradually lost when the cell size becomes larger. I also observed that in a cheY
deletion mutant of V. alginolyticus, over expression of CheY, or its phosphorylated form
CheY-p, significantly diminishes the mutant’s ability to change swimming directions. To
understand how Vibrio alginolyticus reorients during a flick, H. Fu came up with a dynamic
model incorporating flagellar off-axial rotation during a flick and I performed the calculation.

Comparing the model prediction with the experiment, my observations are consistent with
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the physical picture that V. alginolyticus’ flagellum follows some closed path > on the surface
of a unisphere characterized by the polar # and azimuthal ¢ angles. Fitting the data of
cheY deletion mutant using this model suggests the possibility of motor remodeling and

“stiffening” when CheY concentration is increased.
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1.0 INTRODUCTION

From bacteria to animals, from basic metabolisms in maintaining living states to replication
or reproduction in generating offspring, or from motility patterns in food hunting and repel-
lent evasion to human’s sophisticated intellectual works, gene expression provides building
blocks that constitute organisms and controls every aspect of biological activities in an organ-
ism’s lifetime. In this dissertation, I present studies related to bacterial gene expression, gene
regulation, and chemotactic motility controlled by normal and abnormal gene expressions.

From the notion of inheritable “genes” first conceived by Mendel in 1865, which deter-
mines phenotypes of organisms, to the discovery of DNA double helix structure by Watson
and Crick in 1952, scientists for the first time found the substance which carries genetic in-
formation. These findings form the foundations for modern genetics and molecular biology.
According to the Central Dogma of molecular biology, DNA molecules are firstly transcribed
into messenger RNA (mRNA) by RNA polymerases, and then translated into amino acid
peptides by ribosomes. In this way, information coded on DNA molecules is used to produce
protein peptides, which provide structural components, such as organelles for motility and
pores for transport small molecules, enzymes for biochemical reactions, and machinary for
transcription and translation in living cells. From one generation to the next generation, the
genetic information is inherited through DNA by replications, in which the double strands
unwind, and a new DNA strand is synthesized by DNA polymerases in complementary to
the old strand.

Although every cell shares the same genetic information, gene expression may have a huge
cell-to-cell variation in an isogenic population. The mean protein copy number N inside a
population is approximately equal to the product of the average mRNA copy number per

cell cycle and the average copy of protein molecules produced per mRNA [2]. N is also
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Figure 1.1: A Model of the Expression of a Single Gene. Here k,, and k,s; are promoter
ON and OFF rates, sa, Sr, and sp are transcription rate in promoter ON state, in promoter
OFF state, and translation rate, respectively. dy and dp are mRNA and protein degradation

rates. Adapted from Kaern et al. (2005) [1].

proportional to the product of transcription rate (s,) and translation rate (sp) [2]. The

relative deviation from the mean is termed noise n = o/N, where o is the standard deviation.

Stochastic gene expression can result from an intrinsic noise, where different numbers of
proteins are produced from the same concentrations of transcriptional factors, RNA poly-
merases, and ribosomes, or from extrinsic noise, where their concentrations are different.
Elowitz, et al. showed that by increasing the induction level of a protein, the intrinsic noise
n decreases as 1/v/N as the transcription rate increases [3]. In another work, Ozbudak et
al. showed that the noise strength increases linearly with protein abundance by increasing
translation rate [4]. In general, for two populations with the same protein abundance, the
one with a smaller mRNA number and higher translation rate is subject to higher gene-
expression noise (standard deviation divided by mean £) compared to the other with a
higher mRNA number and a lower translation rate. It is generally expected that a fluctua-

tion in mRNA copy number will enhance fluctuations in the rate of protein synthesis, and

thus increase the gene expression noise [1].

Genes and proteins form networks to transfer stimuli to responses. Noise propagates
in such a network as well. In general, a network with a negative feedback loop reduces
protein number fluctuations in a population whereas a positive feedback loop increases such

fluctuations. A network with a strong positive feedback loop often causes bistability [5],



such as an all-or-none kind of phenotype [6]. Multistability can play an important role in
differentiation of multicellular organisms and in bacterial survival under an environmental

stress.

An operon is a cluster of genes which are transcribed into one single mRNA under the con-
trol of a single promoter. The well studied lac operon contains 3 genes: lacZ, lacY, and lacA,
which encode for g-galactosidase, lactose permease, and galactoside O-acetyltransferase, re-
spectively. [-galactosidase and permease are responsible for lactose metabolism and trans-
port. In the absence of glucose, a metabolite of lactose inactivates lac repressor, and induces
the expression of lactose permease and galactosidase, which generates a higher concentra-
tion of the lactose metabolite, forming a positive feedback loop. As discussed above, strong
positive feedback in gene regulations can result in bistability in gene expression levels [5]. A
bimodal distribution of proteins expressed from lac operon was observed when induced by a

non-metabolizable inducer, TMG [7, 6].

In Chapter 2, I will discuss the stochastic expression of the lamB gene product, which
is a maltose outer membrane transporter of E. coli. LamB is located in mal regulon, which
consists of 10 genes on 5 operons related to the transport and metabolism of maltose and
maltodextrin [8]. In comparison to an operon, a regulon consists of a group of genes controlled
by the same activator or repressor. However, genes on the same regulon may locate at
different loci on the chromosome. The 5 operons in the maltose regulon are controlled by

the activator MalT and a global transcription factor cAMP/CRP [§].

Bacteria have different faculties to deal with environmental stresses [9]. It is thought
that stochastic gene expression is one way to prepare a cell population to cope with an
unforeseen environmental stress. This is a biologically economical strategy and is effective for
a rapid changing environment. Another way is for a bacterium to sense the environment and
make corresponding changes in gene expressions. Since sensing and regulation of genes are
biologically costly, this strategy is more effective for a bacterium to cope with an environment
that changes slowly or in a timely ordered fashion. Evolution is believed to be the engine
behind the continuous remodeling of biological pathways that enable organisms to survive

under different conditions.

Catabolite repression is one example of gene regulations. When bacteria are supplied



with multiple carbon sources, like glucose, lactose, and maltose, E. coli would preferentially
consume glucose first. Its molecular mechanism is delineated in Fig. E1. In the presence of
glucose, glucose is transported into the cell through the phosphotransferase system (PTS),
which leaves most enzyme ITA in a unphosphorylated state. Unphosphorylated EITA is un-
able to activate adenylate cyclase, which leaves the intracellular cyclic AMP concentration
low. When cAMP concentration is low, catabolic activator protein (CAP) remains in an
inactive form. Genes activated by cAMP/CAP complexes, like lac and mal operons remain
repressed. These genes are related to carbon transport and utilizations. A classic phe-
nomenon related to catabolic repression is the diauxie effect. It was discovered by Jacques
Monod and was reported in his PhD thesis (1941). Monod measured E. coli growth curves in
media containing a pair of sugars and one of them is glucose [10]. E. coli grows rapidly in the
initial phase when consuming glucose. Upon glucose depletion, the growth comes to a stop,
which lasted for tens of minutes to hours before growth resumes. In the refractory period,
the bacterium activates genes required for metabolizing the second sugar. The ecological
rationale behind diauxie and catabolite repression is that the utilization of glucose is more

efficient requiring fewer enzymes.

When studying E. coli growth curves, I found a new “growth-stop” phase. Unlike the
classical diauxic effect, the phenomenon involves amino acid biosyntheses upon amino acid
starvation. Similar to the role of CAP or cAMP that is produced in large amounts in response
of glucose depletion, when amino acid is depleted, a signal molecule ppGpp is produced. It
up and down regulates a group of genes, and prepares E. coli to internally synthesize amino
acids that are in shortage. In Chapter 3, I'm going to discuss this phenomenon and its
implications.

Sugar and amino acids are important nutrients for bacteria. They are the energy sources
as well as the essential building blocks for all cell’s components. It is amazing that through
millions years of evolution, bacteria developed efficient means to utilize carbon sources and
to synthesize amino acids. However, to understand how these regulatory networks come into

being and how a bacterium optimize its energy budget remain significant challenges.

Living in a real world instead of in a culture tube, bacteria usually have to actively

search for nutrients and evade hazardous chemicals. This is realized by its powerful flagella,
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the only source of carbon in a synthetic medinm”.

Figure 1.2: Monod’s Original Diauxie Growth Curves. Sugar pairs are annotated in each
plot. The x axis is in unit of hours, and y axis is the optical density with some unclear units.

This figure is adapted from Wikipedia on Diauxie.



which are driven by the motors at their bases. A group of genes (mot, flg, fli, and fla) are
responsible for the synthesis and assembly of flagella and flagellar motors [11]. The che gene
products are responsible for regulating flagellar rotation directions, and they steer bacteria
in liquids toward regions rich in nutritions [12].

There are a variety of bacterial motility patterns. In the most studied case, Escherichia
coli swims in a run-tumble fashion (see Fig. 1.3). E. coli has 4-10 flagella around the cell
body [13]. When all flagella are rotating in a counter clockwise (CCW) direction, they form
a bundle and propel the cell body forward. This is called a “run interval”. When any of
these flagella reverses its rotation direction to clockwise (CW), the bundle falls apart and the
bacterium tumbles around. During the tumbling interval, bacteria change its swim direction
and is ready for the next run [12].

This motility pattern is regulated by E. coli chemotaxis network as shown in Fig. 1.4.
The attractant or repellent concentrations are sensed by a protein assembly consisting of
receptors, CheW, and histidine kinase CheA. The autophosphorylation activity of CheA
decreases upon attractant binding and increases upon repellent binding. CheA transfers
its phosphoryl group to CheY and CheB. The phosphorylated CheY molecules (CheY-p)
diffuse to flagellar motors, and increases the probability of the motor to switch from the
default CCW rotation, which is the run state, to the CW rotation, which is the tumble
state. CheZ catalyzes CheY-p dephosphorylation process to ensure a rapid response. The
phosphorylated CheB (CheB-p) removes methyl groups on receptors, which decreases CheA
phosphorylation activity. On the other hand CheR transfers methyl groups onto the receptor,
which increases CheA activity and increases its sensitivity to attractants. CheR and CheB
are responsible for chemotaxis adaptations, which keeps bacteria sensitive to a large range
of ligand concentrations [15, 12].

As a result, upon increased attractant binding, CheA becomes less active. CheY-p
concentration decreases, and the motor tumbles less. Bacteria swim with elongated run
intervals. On the other hand, upon repellent binding, CheA becomes more active, which
increases CheY-p concentration, and induces more tumbling events [15, 12].

Different from E. coli’s run-and-tumble motility pattern, marine bacteria Vibrio algi-

nolyticus adopts a run-reverse-flick swim pattern (see Fig. 4.1(A) in Chapter 4). When
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Figure 1.3: Escherichia coli Motility Pattern. A typical E. coli swim trajectory is labeled
with blue “run” segments and red “tumble” segments. The starting point is labeled as an
orange dot. This bacterium was swimming at 24.9 pm/s in motility buffer [14]. The bacterial

size is not to scale.



R ) Hook

Figure 1.4: Chemotaxis Network. CheW, CheA, CheY, CheZ, CheR, and CheB proteins
are shown in purple, orange, green, blue, black, and yellow colors. Also shown in the plot
are one Escherichia coli peritrichous flagellum and one Vibrio alginolyticus polar flagellum.
Flagellar hooks are highlighted with black outlines, which connects flagellum to the motor.
E. coli has a curved hook, while the hook of V. alginolyticus is straight [16, 17].

living in liquids, V. alginolyticus develops one sheathed polar flagellum, and it is regulated
by a chemotaxis network similar to the one shown in Fig. 1.4. The CCW and CW ro-
tations of a polar flagellum would only drive the cell to move in a straight line, forward
or backward. Our group found that at the backward to forward transitions, the flagellum
conducts an off-axis rotation around its base, which reorients the cell body to a new random
direction with a most probable reorientation angle being around 90° [18]. This is called a
“flick”. A work by Son et al. (2013) [19] showed that the flick happens at ~ 10 ms after the
onset of a forward swimming interval, and bacteria with low speed and large cell size are
less likely to “flick”. They deduced that the flick results from an instability in the flagellar
hook. A hook connects a bacterial flagellum to its motor, which is illustrated in Fig. 1.4.
It translates the motor torque to the flagellum. Since a swimming bacterium is a free body,
its cell body and flagellum are rotating in opposite directions to conserve the total angular
momentum. The flagellar hook is twisted tightly in forward and backward runs. However,

at the backward-to-forward transition, the hook is loose and subject to a pushing force and



a torque. According to the buckling instability criteria shown in Eq. (1.1), the hook will
buckle when the load (a combination of torque 7" and force F') exceeds critical values (7,

and F,,.) [20].

F cr TCT‘

where F,, = WQ%, and 1T, = QW%. FETI is the bending stiffness of the hook with E being

F+(T>2>1, (1.1)

the elastic modulus, and I being the area moment of inertia of the flagellar cross-section. In
this model, the hook length L is an important parameter in determining the critical force
and torque. An electron microscope (EM) measurement assured that the hook length of
V. alginolyticus is stringently controlled and is around 97.3 + 10.6 nm. Fig. 5.3 shows the
EM pictures of hooks of V. alginolyticus. Prof. Hughs from University of Utah discovered
a hook-length-control mechanism in which the hook length is determined by the length of a
flagellar secreted protein FLK [21].

The buckling instability model provides a possible mechanism for flagellar off-axis rota-
tion. However, it is not clear how such an off-axis rotation causes cell-body reorientation. In
experiments, I found V. alginolyticus occasionally can reorient by 180° if the cell-body size
is sufficiently small. In Chapter 4, this question is explained by a dynamic model introduced
by Prof. Fu of University of Nevada (personal communications). The dynamic model also
predicts a cell body reorientation angle and displacement when the path of a flagellar off-axis
rotation is predefined and agrees reasonably well with my measurements using wild-type V.
alginolyticus.

As shown in Fig. 1.4, the chemotaxis network of wild-type E. coli is carefully modulated
by appropriate concentration and activity of chemotactic proteins. When CheY concentra-
tion is increased by over induction with a constant CheA activity, CheY-p concentration
will rise. It is expected that the net effect is that the flagellar motor will switch more fre-
quently compared to the wild-type bacterium but nothing else will happen. However this is
not what was found. In Chapter 5, I describe an experiment in which the effect of CheY
over-expression in V. alginolyticus is studied. I found that in addition to increased motor
switching rate, bacteria with large amounts of CheY-p are less likely to reorient the cell

body in large angles, suggesting that the bacterial basal body may be modified by the over-



expression of CheY. The stiffening of the basal body can affect flagellar off-axis rotation and
hence a reduced ability for the cell body to alter directions.

Gene expression, bacterial behavior, and their regulatory networks are highly dynamic
and complex. Physicists may use mathematical models and physical principles to shine
new light on stochastic gene expression and bacterial motility. In this thesis, I'm going to
present my studies of gene expression and regulation in the second and third chapters. A
flagellar off-axis rotation model is described in the fourth chapter to explains the bacterial
reorientation during a flick. In the fifth chapter, this model will be utilized to predict the

reduced flagellar off-axis rotation amplitude due to an increased CheY-p concentration.
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2.0 STOCHASTIC EXPRESSION OF OUTER MEMBRANE PROTEIN
LAMB

2.1 INTRODUCTION

Living in an environment that undergoes perpetual changes in temperature, pH, salinity, and
availability of nutrients, bacteria developed their own strategies to cope with the fluctuating
environment and to optimize their chance of survival. However the responses of cells in a
population to an environmental change are often very heterogeneous. An archetypal case
is when a population bifurcates into two subpopulations with one responding to the change
but the other not. When this happens, more often than not, the regulatory system in a
cell that makes such a stochastic decision is bistable. It was shown that certain regulatory
networks consisting of a positive feedback, double-negative feedback, or combinations of
different feedbacks together with non-linear responses, can generate bistability [2].

In Escherichia coli, lac operon consists of 3 genes, which play important roles in lactose
transport and metabolism: lacZ, encoding (-galactosidase; lacY, encoding lactose permease;
and lacA, encoding a transacetylase. The expression of lac genes is repressed by the repressor
Lacl, which can be inactivated by allolactose, a metabolite of lactose, or by IPTG/TMG, a
non-metabolizable analog of allolactose. High concentration of lactose leads to accumulation
of allolactose inside a cell, which in turn inhibits the activity of Lacl, and elevates the lac
operon expression, including lactose permease gene lacY. Thus, it constitutes a positive
feedback loop. When induced at intermediate levels by gratuitous inducers (IPTG/TMG),
lac genes are highly expressed in only a fraction of a population, whereas in the rest of
the population the expression level remains low, which forms a stable bimodal distribution.

Here, the coexistence of two subpopulations involves the positive feedback regulation [7, 22].
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Another naturally occurring bistability is the bifurcation of E. coli into lytic and lysogenic
pathways after a cell is infected by bacteriophage A. The key elements in this switch are the
transcriptional regulators Cro and CI. The CI protein represses genes that are required for
phage propagation while stimulates its own expression, whereas Cro represses one of the
two promoters that drives the expression of cl. This forms a double-negative regulatory
circuit [23]. The last example is for Bacillus subtilis. For this bacterium, the competence
for genetic transformation involves only a part of the population (~ 10%). ComK is the
transcriptional factor that regulates more than 100 genes responsible for DNA binding and
uptaking. ComK binds to its own promoter as a dimer of dimers, and is required for its own
expression. This forms a positive feedback loop. Experiments have shown that the bimodal

distribution depends on this positive auto-regulatory feedback loop [24, 25].

The maltose system of E. coli is a typical catabolite-sensitive regulon [26]. Tt consists
of eleven genes encoding proteins for uptake and metabolism of maltose and maltodextrins
[8]. These genes are specifically and positively controlled by an activator MalT. Expression
of malT, as well as of some, but not all, mal genes, is under control of the cAMP-CAP-
dependent catabolite repression as well as by Mlc, a global negative regulator of carbohy-
drate metabolism [26]. A maltose metabolite, maltotriose, and ATP are required for the
activation of MalT. An increase in the active MalT concentration enhances mal gene ex-
pression, including maltose transport gene lamB, and maltotriose synthesis genes malPQZ,
which further increases the active MalT concentration, and forms a positive feedback regu-
lation loop. Appendix E shows the response of maltose regulon in the presence of glucose or

maltose.

The work presented in this chapter is motivated by Emily Chapman’s observation that
binding of A phage on the outer membrane protein LamB is strongly heterogeneous [27] (see
Fig. 2.1) . The large variation in the phage binding affinity was postulated as the cause of a
persistent population that can evade a A phage attack [27]. However, on the cell surface, a
phage only recognizes mature receptors. From gene expression to mature receptors, several
biophysical steps are involved, such as transcription; translation; translocation of prematured
polypeptide across the inner membrane; insertion into the outer membrane; trimerization;

and finally becoming functional [28]. Each of these steps can potentially introduce cell-to-cell
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variability as seen in Chapman’s experiment. The current experiment is designed to quantify
the variation in the first two steps of gene expression, transcription and translation. The
experimental result presented below indicates that the large heterogeneity, in particular the
presence of a minority population seen in Chapman’s experiment, is not due to the noise in

lamB gene expression, but from protein export and assembly processes.

2.2 EXPERIMENT

To quantify LamB expression level inside E. coli strain LE392, I constructed a strain JH1
in which a yellow fluorescent protein (yfp) gene venus [29] was inserted after lamB on the
chromosome of LE392 (See Appendix B for experimental details). The gene construct is
shown in Fig. 2.2. Since lamB and venus are transcribed into one mRNA, and have the
same ribosome binding site (RBS) sequences, which confers the same ribosome recruiting
ability during translation, the expression level of LamB is well correlated to the expression
level of Venus, and can be measured through the fluorescence intensity or the concentration

of Venus.

2.2.1 Bistability

The fluorescence intensity of maltose-induced JH1 cells is shown in Fig. 2.3, where two
separate expriments were conducted. In the first experiment with more than 9x10* cells (Fig.
2.3(A)), a subpopulation shows up as a small peak around fluorescence intensity 1300 A. U.
(arbitrary unit), and majority of the cells forms a peak around 4900 A.U., suggesting that
the maltose regulon might be bistable. The small population of dark cells occupies ~ 4.7 %
of the whole population. Fig. 2.4 displays some dark cells identified in this experiment using
fluorescence microscopy. However, in the second experiment where propidium iodide was
used to distinguish dead cells (see Appendix C for methods), there’s no dark cell population.
All cells reside in the bright population as shown in Fig. 2.3(B).

If all the cells in the small population of Fig. 2.3(A) are low-expressing cells, according
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p(n)

Figure 2.1: Recepter-Bound Phage Number Distributions. Fluorescent A phages were used to
display LamB receptor number (n) per cell. The probability density curves p (n) correspond
to uninduced LE392 (blue), Ymel (red) (mel-1, supF58, tyrT58, su+ III) with less LamB
recepters, and induced LE392 (purple) bacteria. This figure is adapted from Chapman-
McQuiston et al. (2008) [27].

Promoter

1 -
o B o o o i

Figure 2.2: Gene Construct of Strain JH1. A copy of venus gene was inserted in the malK-
lamB-malM operon on E. coli chromosome. To ensure that Venus reports LamB expression
level correctly, I replicated lamB’s RBS for venus, which is shown as an orange stripe in the

graph.
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to the statistics, there should be around 100 dark cells in the second experiment. Now that,
we don’t see any dark cells in the second experiment of 2500 cells, the dark cell population if
ever exist, should be no more than 0.04 %. That is, no more than 36 dark cells in the small

population shown in Fig. 2.3(A).

2.2.2 Autofluorescence Deconvolution

Almost all cells are autofluorescent due to aromatic amino acids inside them [30]. To elimi-
nate the unwanted contributions from autofluorescence in the Venus intensity measurements,
a control experiment was carried out to calibrate the autofluorescence of strain LE392 (see
Fig. 2.5(A)). The total fluorescence (Fig. 2.3(A)) and autofluorescence (Fig. 2.5(A)) are
normalized, and the resulting probability density functions (or histograms) piee (I) and
Pauto(I) are deconvoluted using Eq. (2.1). The deconvoluted Venus fluorescence intensity
distribution pye (I) is shown in Fig. 2.5(B), where the dark (around 0) and bright (around

4000 A. U.) cell subpopulations persist.

Pnet <I> = /dl/ptotal ([/) Pauto (I/ - I) (21)
1

2.2.3 Bursting Statistics

According to Golding et al. (2005) [31], E. coli genes switch between ON and OFF states
with exponentially distributed intervals. The number of mRNA transcripts produced in the
ON state follows a geometric distribution. In general, the ON states are separated by ex-
ponentially distributed OFF intervals. Since only a few mRNA transcripts are produced in
an ON state and such states are sparsely distributed, it is described as a burst-like tran-
scription. A burst-like gene expression model is described by Friedman et al. (2006) [5].
It suggests that the distribution p (z) of a given protein in a population of cells satisfies a

Gamma distribution,
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Figure 2.3: Pixel Fluorescence Intensity Histograms. Each count in a histogram represents
the average fluorescence intensity of all pixels within one cell. (A) Experiment I includes
more than 9 x 10% cells. (B) Experiment II includes a population of ~ 2500 cells, where dead

cells are excluded.
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Figure 2.4: Dark Cells (circled in orange) are observed under phase contrast and fluorescence

microscopy.
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Figure 2.5: Averaged Fluorescence and Copy Number Distributions. All the quantities
presented here are cell pixel averaged values. Autofluorescence from a control group of
LE392 cells is shown in (A). The autofluorescence is deconvoluted from Fig. 2.3(B). The

resulting net YFP fluorescence intensity distribution is shown in (B).

18



where z (t) is the concentration of that protein inside a cell, a is the mean number of bursts
per cell life-cycle, and b is the mean number of protein molecules produced in each burst
divided by the cell volume or area. b shares the same unit with x, that is, (protein) copy
number per pixel area in my experiment. To extract the burst-like features in LamB expres-
sion, the large population in Fig. 2.3(A) is fitted with the Gamma function shown in Eq.
(2.2). Similar results follows when the data in Fig. 2.3(B) is used. To transform the fluores-
cence into protein copy numbers, a single-molecule fluorescence measurement was conducted
to calibrate the intensity of a single Venus molecule (See Appendix D). Fig. 2.6(A) shows a
typical Venus cluster photobleaching curve, where each step corresponds to one fluorophore
bleaching event. The intensity of one Venus fluorophore is measured to be 500 4+ 26 A. U.
under the illumination condition of that day. Microspheres with fixed fluorescence intensity
were used to calibrate the illumination variations from day to day. After taking illumination
variations into account, the fluorescence intensity of a single Venus molecule is estimated
to be around 337 + 18 A. U.. Using this result, the fluorescence intensity in Fig. 2.5(B) is
converted into Venus copy number, as shown in Fig. 2.6(B). It describes the Venus copy
number concentration (per pixel area) distribution in a population of maltose-induced JH1
cells. For a cell of an average area ~ 60 pixel area, and with a most probable Venus con-
centration ~ 10 copy/pixel area, it has around 600 copy of Venus proteins inside the cell.
The bright cell population in Fig. 2.6(B) is fitted with the burst model [5], which yields
a = 9.383, b = 1.281. Namely, in a bacterial life-cycle, on average a ~ 9.4 bursts happen,
and in each burst, bA ~ 82 molecules of Venus protein are produced, where A = 64.4 is
the averaged cell area in pixels. This result is consistent with Taniguchi’s measurement [32].
They got a = 6.36, bA = 14.5 for malK, which is on the same operon, and shares the same
promoter with lamB (see Fig. 2.2). The six fold difference in bA may come from different

ribosome binding site strength of lamB and malK.
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Figure 2.6: (A ) A Tsr-Venus Cluster Photobleach Cuve. A gift strain SX4 from Xie’s lab [33]
was used for this measurement. The curve is presented after background and autofluorescence
subtractions. Orange dashed lines show the step positions for a guide of eye. (B) The
fluorescence intensity is transformed into Venus copy number per pixel per cell, and its
distribution is fitted with a Gamma gene bursting curve [5]. On average each cell occupies

64.4 pixel area (0.16 pm /pixel).
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2.3 DISCUSSION

In Chapman’s paper (2008) [27], they reported that 0.7% of induced LE392 population
had less than 2 copies of LamB receptors per cell. However, my fluorescence measurement
suggested that dark cells should contitute no more than 0.04% of the population, which is
16 fold smaller than that in Chapman’s measurement. Cells with less than 2 receptors per
cell (or 0.03 copy of Venus per pixel) would take a fraction even smaller than 0.04%. Thus,
the bimodal distribution observed in Chapman’s experiment can not be explained by the
stochastical noise in transcription and translation processes.

For LamB to be functional on the outer membrane, additional biophysical steps, such
as transport, maturation, and assembly, are required. As seen in Fig. 2.7 [28], at least 13
proteins are involved in the LamB assembly process from its precurser form in cytosol to
correctly assembled trimers on the outer membrane. Any of these proteins getting under-
expressed, folded incorrectly, or malfunctioning may decrease the amount LamB receptors
on the outer membrane. This might reduce the number of functional receptors in a minority
of cells and explain the bimodal distribution seen in the phage binding experiment [27].
Although this minority of cells is partially malnutritious with a low maltose-uptake rate, it
may help the whole population survive from phage attacks, and overall improves a population

health.

2.4 MATERIAL AND METHODS

Strain: LE392 (F-, A(codB-lacl)3, ginX44(AS), galK2(Oc), galT22, A\~, tyrT58(AS),
metB1, hsdR514, trpR55). Strain JH1 was constructed from LE392 by inserting a venus
(Excitation: 515nm, Emission: 528 nm) gene behind lamB using A — Red recombination
technique [34]. venus has its own RBS, which is a replicate of lamB RBS. Appendix B
describes detailed steps for the construction of strain JH1.

Growth Conditions: LE392 and JH1 were grown overnight in M9 minimal medium (6.78
g/L NayHPOy, 3 g/L KHyPOy, 1 g/L NH4CI, 0.5 g/L NaCl, 0.4% Maltose, 2 mM MgSQOy,
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Figure 2.7: LamB Assembly Pathway. LamB precursers are synthesized in cell cytosol
with a signal sequence in the amino terminal. SecB works as a cytosolic chaperone, which
keeps LamB unfolded in a transport-competent conformation, and delivers it to the inner
membrane transportation machinary SecYEG. In the periplasm, chaperon SurA or Skp and
DegP delivers LamB to the outer membrane assembly machine YaeT, YfgL, YiO, and NIpB.
Adapted from Ureta, et al. (2007) [28].
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0.1 mM CaCly). The overnight culture was diluted 1:100 fold in fresh M9 medium (maltose),
and then grow to midlog ODggp = 0.2 (~ 4 hr).

Slide Preparation: The midlog cells were washed twice in 0.85% NaCl solution, con-
centrated, and then incubated on poly-L-lysine (Sigma, Mol. Wt. 150,000-300,000, 0.01%
solution) coated coverslips (Fisher Scientific) for 30 min. The slide was washed in NaCl
solution for several times, and then assembled into a chamber for microscopic observations.

Microscopic Observation: All the pictures were taken using Nikon TE300 inverted mi-
croscope. Fluorescence images were captured using Hamamatsu C9100 camera with a fluo-
rescence filter set consisting of a dichroic mirror q515lp, an excitation filter hq500-40x, and
an emission filter hq545-40m (Chroma). The exposure time was 0.5 s for the fluorescence
pictures.

Image Processing: A phase contrast image and a fluorescence image were taken for each
field of view. Cell contours are identified on the phase-contrast image using a self-developed
MATLAB script, which also collects cellular area, major and minor axis lengths information.
The mean fluorescence intensity of each identified cell is extracted from the fluorescence

picture, and was plotted in Fig. 2.3.
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3.0 AMINO ACID “DIAUXIE” EFFECT OBSERVED IN E. COLI

3.1 INTRODUCTION

Carbon utility and amino acid biosynthesis are important subjects and have been studied
for a long time in simple organisms such as bacteria and in high-level organisms such as
humans. Amino acid biosynthesis is a set of biochemical processes, catabolic and anabolic
together known as metabolic activities, by which different amino acids are produced from
other compounds. Unlike human, which can only synthesize 8 out of 20 amino acids and
all others, called essential amino acids, have to be supplemented from food, bacteria such as
E. coli have the unusual ability to synthesize all amino acids needed to support growth. A
fundamental problem for biological systems is to obtain nitrogen in an easily usable form.
This problem is solved by certain microorganisms capable of reducing the inert nitrogen
gas in the environment to molecules of ammonia in one of the most remarkable reactions
in biochemistry. Ammonia is the source of nitrogen for all the amino acids. The carbon
backbones come from the glycolytic pathway, the pentose phosphate pathway or the citric
acid cycle. The availability of carbon and nitrogen is represented by the cAMP level inside
a cell as shown in Fig. 3.1. A very beautiful recent work conducted in Prof. Hwa’s lab
at UCSD has illustrated how the carbon and nitrogen afflux in E. coli cells is sensed and
regulated by cAMP [35].

Biosynthetic pathways are highly regulated such that the building blocks are synthesized
only when supplies are low. This promotes the notion that “each amino acid is its own
suppressor” meaning that when extracellular concentration of an amino acid is above a
threshold value, the cell shuts down the pathway that is responsible for the synthesis of

this amino acid. Such a strategy saves energy because making amino acids is energetically
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Figure 3.1: Carbon Utility and Protein Synthesis Pathway in Bacteria. The main biosyn-
thetic task of the bacterium Fscherichia coli is protein production. This requires energy
generation (grey arrow), carbon-skeleton synthesis, nitrogen incorporation to make amino
acids, and protein synthesis. The anabolic fluxes (red, green and blue arrows) increase lin-
early with growth rate, as does the required anabolic proteome fraction except for processes
that are directly slowed by nutrient limitation (such as amino-acid synthesis during nitro-
gen limitation). Carbon catabolism provides energy and building blocks for anabolism, and

cAMP allocates the proper fraction of the proteome to carbon-catabolic enzymes. Adopted

from J.D. Rabinowitz and T.J. Silhavy, Nature (2013).
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costly [36, 37, 38]. Since most amino acids are made in a hierarchical fashion, often a high
concentration of the final product of a pathway inhibits the activity of enzymes that function

early in the pathway.

Most information we know today about the metabolic reactions and pathways is gained
by genetic studies of metabolically impaired bacteria and by biochemical analyses of metabo-
lites at different stages of synthesis [39, 40, 41]. In this thesis I would like to report new
observations that perhaps are reasonably well understood by biochemists, but they are novel
nonetheless and potentially a very useful tool for a quick peek into complicated metabolic
pathways in a variety of bacteria. Specifically I study how the presence of certain amino

acids affects growth of E. coli K12 under the condition when carbon is not restricting.

Traditional growth curve measurement using a spectrometer is rather crude, and it does
not have the sensitivity nor the time resolution required for the study. What makes the
measurement possible is a state-of-the-art multi-well plate reader (Tecan, infinite M200)
that provides temperature control, aeration by shaking, and accurate reporting of O.D. in a
large number of samples. In an attempt to reproduce the classical diauxie effect [42, 43, 44]
in E. coli LE392, a strain used in our early experiment to investigate lamB and A-phage
interaction, we performed the measurement using the 96-well plate reader in Prof. Salman’s
lab. The M9 medium was supplemented by 0.005% glucose, 0.05% of maltose, and 0.1% of
casamino acids. The composition of casamino acids is shown in Table (3.1). The classical
experiment by F. Jacob and J. Monod used glucose and lactose in a growth medium, and
their study of how bacteria grew in such medium led to the discovery of lac operon and
the 1965 Nobel prize [10]. Subsequent work demonstrated that in the presence of glucose
many sugars exhibit the same effect, showing that different sugars are consumed by the
microorganism at different times and glucose is the most preferred one. Indeed, we observed
the classic two-step growth, which is delineated in Fig. 3.2. E. coli LE392 consumed glucose
first and followed by maltose. The switch occurred at t ~ 100 min as indicated by the black
arrow. Surprisingly, in this data a short delay in growth also appeared at t ~ 300 min, which
is totally unexpected. Despite noise in the measurement, the delay, which is marked with a
purple arrow, is present in every well used in the measurement. We found that the delay is

independent of the maltose concentration in the medium as long as its carrying capacity is
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large enough (;0.01% maltose) as seen in the graph. It is interesting to note that while the
bacterium took about 100 min to adapt to the new carbon source, from 100 to ~ 200 min,
the small delay lasted for only about 10 minutes. Moreover, we also noticed that the growth
rates 7y, the slopes on the graph, just prior and just after the growth delay are about the
same, yielding the doubling time (71 /2)71 (z 1“72) ~ 130 min. This is not the case in the
classical diauxic effect, such as glucose-to-maltose switching as seen at ¢ ~ 100 min.

In retrospect, the above finding is very fortuitous in that such a miniature feature was
captured in our first trial and was immediately recognized; this small anomaly would most

likely be ignored if the observation were not made in a plate reader that offered parallel runs

with many identical replicates and a sufficiently fine time resolution.
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Figure 3.2: Growth Curves of LE392 in M9 media supplemented with mixtures of glucose
and maltose. Various amount of maltose (w/v: 0.01%, 0.05%, and 0.4%) and a fixed amount
of glucose (w/v: 0.005%) was added into M9 minimal medium as the carbon source. For
each maltose concentration, 24 wells were measured and plotted. The inserts provide a closer
look of the kinks in two separate wells. The time separation between two successive points

1s 290 s.

To ascertain what we have seen is intrinsic to bacterial metabolism but not some arti-
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fact, control experiments were conducted to show: (i) the growth delay is not due to the
specific carbon source used in the measurement. The data in Fig. 3.3 indicates that growth
arrest occurs for LE392 grown in glucose, maltose, glycerol, but not in LB rich medium. (ii)
The effect is not restricted to LE392 but can be seen in MG1655 strain, which is the model
E. coli strain for metabolic studies (data not shown) [45, 46, 47]. Putting together all the
above findings, amino acid starvation appeared to be a reasonable explanation. I performed
painstaking measurements by systematically eliminating amino acids in the growth medium.
I eventually singled out a single amino acid, arginine, in the M9 medium to be solely re-
sponsible for the delay seen in Fig. 3.2. Most importantly I further showed that by adding
arginine to the growth medium M9, the delay can be moved to a later time on the growth

curve, which is demonstrated in Fig. 3.4.
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Figure 3.3: Strain LE392 was grown in the minimal medium supplemented with maltose
(w/v: 0.2%) (A); glucose (w/v: 0.5%) (B); glycerol (w/v: 0.2%) (C); and in LB rich medium
(D). The arrows indicate the beginning positions of the transition. 24 growth curves are

plotted under each condition.

The next question we asked is the generality of the phenomenon. Do all individual amino
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acids produce a delay in E. coli growth when it is depleted in the extracellular medium? In
order to address this question, we first need to know whether LE392 is capable of making
all twenty amino acids for protein synthesis. To find out, measurements were carried out in
M9 that contains only glucose, again 0.4%, and no amino acid. The data displayed in Fig.
3.5(A) makes it clear that LE392 is capable of synthesizing all amino acids for growth, and
interestingly the growth curve is smooth, showing no growth arrest of the kind displayed in
Figs. 3.2 - 3.4. This behavior is consistent with the prevailing view that “each amino acid

is its own repressor”.

Motivated by the above observations, systematic measurements were conducted in the
growth medium, M9+0.4%-glucose, containing only a single amino acid. Some rather strik-
ing effects were observed in this case. The most outstanding effect happened when valine
is present as the sole amino acid. We found that even a tiny amount of it can completely
suppress growth, behaving almost like an antibiotic, as shown in Fig. 3.5(B). However,
such a repression can be relieved by doping the growth medium with a small amount of
isoleucine, which is shown in Fig. 3.5(C). This is an amazing effect, and made us very
excited. Unfortunately we soon found out that the phenomenon was known and well under-
stood. According to Umbarger [48], valine produces feedback inhibitions on acetohydroxy
acid synthase (AHAS), which is an enzyme essential for isoleucine biosynthesis. The addition
of isoleucine immediately reverses the inhibition. This striking effect is not universal in all
bacteria, and appears to be specific to E. coli K12. E. coli K12 has three different AHAS
enzymes: AHAS I (ilvBN) uses pyruvate exclusively for the production of valine, AHAS
IT (ilvGM) uses pyruvate and a-ketobutyrate for the production of isoleucine, and AHAS
III (ilvIH) catalyze both reactions but favors pyruvate and a-ketobutyrate as substrates.
Both AHAS I and IIT are feedback inhibited by valine. K-12 strains of E. coli harbor a
frame-shift mutation in the ilvG gene, which renders the AHAS II enzyme inactive. Thus,
when isoleucine is limiting and valine is in excess, AHAS I and III are inhibited, causing the

bacterium unable to synthesize isoleucine.

In this regard, the effect of valine is quite different. It inhibits growth at all concentrations
tested in this experiment, 8 uM | [Valine] j 0.8 mM, and it represses gene expression of

not only itself but also others, such as isoleucine. The repressive effect of valine can only
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Figure 3.4: LE392 cultured in M9 supplemented with 0.4% glucose and casamino acids. In

(A) the arginine concentration is the normal amount (80 pM) and in (B) the amount of

arginine is doubled. The arrows indicate the location of the transition.
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Figure 3.5: Strain MG1655 was grown in M9 supplemented with 0.2% glucose and no amino
acid (A), in 0.2% glucose and 80 uM of valine (B), and 0.2% glucose with 80 uM valine and

80 M isoleucine (C).
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Figure 3.6: Strain MG1655 was grown in M9 supplemented with 0.2% glucose and 80 uM
isoleucine (A), with 0.2% glucose and 40 M methionine (B), in 0.2% glucose and 240 pM
glycine (C).

be elevated when isoleucine is present in the medium [48]. Isoleucine that relieves valine
inhibition can cause growth arrest similar to arginine, which is shown in Fig. 3.6(A). The
effect is quite strong and lasts for 30 min. Isoleucine is one of the three branched amino acids.
The other two being valine and leucine. Glutamate and a-ketoglutarate are the precursors
for its synthesis. Methionine is the universal translation start code, but the first methionine
is removed from most mature proteins [49]. This implies that without methionine, most
protein synthesis cannot even get started in a cell, which perhaps is more serious than
starvation of other amino acids. Methionine is also an essential methyl donor in a cell, after
it has been converted to S-adenosylmethione (SAM) [50, 51]. Bacterium LE392 responded
to methionine deprivation in a quite dramatic way as shown by the growth curve in Fig.
3.6(B). Here, instead of exhibiting a plateau when starvation occurs, OD increases sharply
and forms a vertical step before leveling off. The arrest last about 15 min, which is again
comparable to arginine. The sudden increase in OD is striking, implying a sudden burst of
biomass or a significant change in cell’s morphology, which gives rise to a higher scattering
power. Finally, a small arrest is seen in the growth curve with glycine being the sole amino

acid (see Fig. 3.6(C)). Glycine is the smallest of the 20 amino acids, and indeed is the
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smallest possible with a single hydrogen as its side chain. It is also the only amino acid
that is achiral. It can fit into hydrophilic or hydrophobic environments when a protein folds.
Glycine is synthesized by a single step using L-serine as the starting molecule [52]. The kink
in the growth curve, in this case, appeared different from that of arginine or methionine. The
plateau region is narrower, and the growth rates prior and after the kink are quite different;
it looks like a miniature version of the classical diauxic effect shown in Fig. 3.2.

In our current search, no anomaly was found in the growth curves of other 15 amino

acids.

3.2 DISCUSSION

It is known that amino acid starvation causes a so-called stringent response, and the growth
arrest seen in this experiment may be related to such a response. Below we briefly discuss
the current knowledge of this fascinating phenomenon and its possible connection to our

observations.

3.2.1 Stringent Response

When facing environmental stresses, such as osmotic shock, a pH change, amino acid de-
pletion, and fatty acid limitation, a bacterium rapidly triggers a stringent response during
which it transcriptionally down regulates growth promoting genes, such as rRNA and tRNA
encoding genes, also known as stable RNAs [53, 54, 55|, and up regulates stress resistance
and starvation survival genes [56, 57]. An alarmone molecule, ppGpp, acts as an effector of
the stringent response [58].

E. coli uses two pathways to produce ppGpp. Upon amino acid starvation, ribosome
associate enzyme RelA produces ppGpp in responce to uncharged tRNA in the ribosome
A-site, whereas SpoT is responsible for producing ppGpp due to stresses other than amino
acid starvation. In addition, SpoT also serves as a hydrolase for ppGpp [59, 60, 61, 62], and
thus plays a role of regulating the ppGpp level in a cell.
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DksA works with ppGpp as a partner, which potentiates ppGpp’s effect to inhibit or to
activate gene expressions.[63, 64, 65, 56]

Every RNA polymerase (RNAP) holoenzyme contains one sigma factor, which enables
the binding of RNAP to promoters, and initiates RNA synthesis. Different sigma factors are
expressed or utilized under different conditions. In rapidly growing E. coli cells, o™ is the

factor for transcription of the “house-keeping” genes during rapid cell growth.

In an exponentially growing bacterial population, when ppGpp concentration is low,
stable RNA promoters are more competitive than other promotors in recuiting RNAP with
o™ as the transcriptional factor. This machine-making-machine scheme ensures there is no
shortage of “hardware” to maintain a maximal growth. We note that although only 1% of
the whole genome is transcribed into rRNA and tRNA, these promotors sequester 60% RNA
polymerases inside the cell [55]. During transcription, RNAP open complexes form on the
stable RNA promoters and these complexes are intrinsically unstable; they are extremely
sensitive to external perturbations [66, 67]. When a cell is short of an amino acid, ppGpp
and Dsk bind to RNAP and make the open complexes unstable [68, 66]. RNAPs fall off
from stable RNA promoters, and it increases the freely available RNAPs during starvation.
These newly librated RNAPs are now, with the help of a variety of sigma factors, able to
bind to other promotors to initiate a new set of gene expressions; amino acid biosynthesis

is one among many classes of genes during the stringent response that help cells to survive

(69, 70, 71].

3.2.2 Future Experiments

Different from the bacterial strains used in stringent response studies, my experiment used
the wild type E. coli strain MG1655, which is also capable of synthesizing all amino acids.
This leads to the resumption of growth after a brief growth arrest as seen in Fig. 3.2-3.4, and
Fig. 3.6. To verify that the phenomenon I observed here is related to stringent response, an
experiment could be carried out to assay ppGpp concentrations before, during and after the
growth arrest. Isoleucine induced growth arrest can be studied for this purpose, since it lasts

for ~ 30 min. My expectation is that [ppGpp| increases at the beginning of the transition
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Figure 3.7: The Stringent Response. pppGpp is produced by RelA and SpoT two parellel
pathways in response to starvation and stress, and is later converted into ppGpp. ppGpp
binds to RNA polymerase (RNAP), and redirects transcription from growth-related genes
to genes involved in starvation survival and stress resistance. Adapted from Magnusson, et

al. [72]
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in response to the amino acid depletion, resulting in RNAP redistribution and a period of
very slow growth; at the end of the growth arrest, [ppGpp] decreases, RNAP will “refocus”

on the promotors of stable RNAs, and growth resumes.

Further experiments could be conducted to study the RNAP distribution inside a cell
during growth arrest. An F. coli MG1655 strain with fluorescent RNAP has been constructed
by Cabrera et al [73]. If ppGpp is related with the growth arrest seen in my experiment,
we might be able to visualize RNAP diffusion at the beginning of amino acid starvation
and re-clustering around stable RNA loci after the cessation of the stringent response. This
experiment can be conducted under a microscope in real-time when cells are kept at a
constant temperature. It would be interesting to assay intracelluar concentrations of amino

acids [74, 75] when a bacterium enters and exits from the stringent response.

A set of DNA microarray experiments could be conducted to measure gene transcription
profiles around the transition point seen in our experiment. This would provide useful
information about which genes are upregulated and which are down regualted in the process.
In a previous study using F. coli cells, the stringent response was induced by a serine
analogue, which could not be metabolized by the bacteria. It was shown that up to 110
genes get up or down regulated within the first 5 min of induction [55].

It would be interesting to examine bacterial division rate, cell length, and shape change
before, during, and after the growth arrest in my experiment, to see how these factors
contribute to a population-wide growth arrest [76, 77, 78]. This is especially the case for
methionine starvation as shown in Fig. 3.6(B), where the growth curve increased very sharply
before stepping into the arrest. Since our optical density measurement is non-specific, it
would be very interesting to perform direct microscopic observation to see what kind of
morphological change leads to the unexpected increase in O.D.. Is it due to a sudden change
in cell sizes or due to a change in the optical properties of the cells?

Aside from valine only 4 out of 19 amino acids display growth arrests that are strong
enough to be seen in our experiment. This is not consistent with the notion that every amino
acid has a repressive effect on its own biosynthesis when present exogenously in a sufficient
amount. For instance it is well known that exogenous serine inhibits the endogenous synthesis

of both serine and glycine, whereas exogenous glycine fails to inhibit serine synthesis [52].
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In our experiment while growth inhibition has been observed in glycine (see Fig. 3.6C), we
never observed serine inhibition. Failure to identify more cases can be due to one of the
following three reasons: (i) Our search in the concentration space is not thorough enough.
The lowest concentration for each amino acid we used in the experiment is 1/10 of what was
listed on the table for casamino acid. For an example, the lowest concentration of serine
used is 8 uM. There is a good possibility that by restricting serine further, we may be able to
see a growth arrest. (ii) A more interesting possibility is that the four amino acids, arginine,
glycine, isoleucine, and methionine, are special and they cause a different response than other
amino acids. The hallmark of growth arrest when these four amino acids are present in the
medium is the sharpness by which the event takes place. This means that the exogenous
signal is sensed and acted upon uniformly by all cells in the population. We don’t know why
this is the case, but if this were not the case, a rounded transition would result and would
be much harder to identify in the growth curve. (iii) Cells respond slowly to the four amino
acids that we have identified, i.e., the kinetics for all other amino acids is too fast to follow
in our measurements. However, (iii) may be refuted on the bases that the response time we
observed does not seem to correlate with the size and complexity of the regulatory networks.
For instance, to make arginine requires eight enzymic steps but to make glycine, only one is

required. But the response times for both are about the same.

Lastly, it would be interesting to know whether other amino acids are made from the
supplied carbon or from the supplemented amino acids. In other words, to find out how does
the cell make decision on when to make amino acids from an amino acid and when to make
them from a carbon source. A carefully designed experiment using the plate reader should

allow us to address some of these questions.

According to my expierence, experiments involved with cell shape and size monitoring
are feasible under our experimental conditions, provided the samples are stably fixed on the
stage without drifting. The fluorescent RNAP diffusion and re-clustering experiment can
be easily finished since I already obtained the strain from D. J. Jin [79]. The microarray
experiment is expensive and requires some experience since we’ve never analyzed microarray
data before. The search for growth arrests in all amino acids can be an open ended problem.

There’s no guarantee about what one would find. Maybe there are some interesting and
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unknown phenomena still to be found. The last question about whether amino acid is
synthesized from carbon source or other amino acids could be a big good question. To tackle

this problem, more knowledge on the carbon and nitrogen metabolism networks is required.

3.3 CONCLUSION

A major but unexplained finding of this experiment is the uniformity by which a bacterial
population responded to the stress induced by amino acid starvation. The sharpness of the
transitions is in stark contrast with many other known biological responses that are typically
uncoordinated among different cells and hence sluggish at a population level. Moreover,
despite the signal being small and short lived, which surely could not be detected by the
conventional OD measurement, the 96-well plate reader gives reliable measurements that are
consistent between duplicated samples and for different runs. The transient arrests seen in
the growth curves when arginine, glycine, isoleucine, and methionine are individually present
in the extracellular medium, are consistent with the biophysical picture that the amino acid
biosynthesis networks are end-product inhibited. The interesting but puzzling question is
why the effect is seen for these four amino acids, not the others. As pointed out, more work
is needed and in the Discussion, some future works are proposed. Clearly, searches should be
extended to lower amino acid concentrations than currently surveyed, and the measurement
can be improved by better temperature control and aeration in the plate reader. These will
reduce well-to-well variations and allows signals from different wells to be better averaged.
We believe that by averaging the OD data from different wells, the sensitivity in detecting
small anomalies can be significantly increased.

Metabolic networks are among the most complicated networks in biological cells. These
networks are evolutionarily linked in different organisms, but there are significant variations
from organism to organism. Fven for the best studied E. coli K12 strain, not all issues
concerning carbon utility and amino acid biosynthesis are understood; not to mention that
the vast majority of microorganisms have never been studied. Therefore, a simple and

robust method to peek into the inner working of their metabolisms could be very significant.
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The method described here, with perhaps some improvements, can provide such a robust
tool. At an elementary level, the technique will yield important time constants, such as the
activation and termination of the starvation for different amino acids and their threshold
values. There are important but unsolved questions concerning how amino acid starvation is
connected to a larger, global response to stress in bacteria, known as the stringent response.
The method described here can contribute to such study. At a more advance level, one can
use the technique to study interactions between different pathways in a metabolic network
by depleting some key intermediates in the pathways and measure how a cell responds. In
other words, it may be used to diagnose how a network is wired. There are many important
questions in system biology, and understanding how metabolic networks work is one of them.
The big questions include (i) how a cell partitions its resource, such as carbon, oxygen, and
nitrogen for instance, in a given environment; (i) how metabolic networks deal with different
stresses; (iii) is there a logic behind such regulation; and (iv) what are the universal features
of metabolic networks among different bacteria? These are questions that we hope to address

in future experiments.

3.4 MATERIAL AND METHODS

Bacteria Strains: E. coli MG1655 and JH1

Culture Media: M9 minimal medium (m/v %): 0.7% NagHPOy,, 0.03% KHyPOy, 0.05%
NaCl, 0.1% NH,CI1, 1073M MgSO,4 and 107*M CaCl,. 0.4% glucose was used as carbon
source unless otherwise indicated. 0.1% Casamino acid was added except the experiments
in Fig. 3.5 and 3.6, where specific amino acid was used as indicated.

Procedures: Bacteria were firstly grown in the specified M9 medium overnight to get
adapted to the culturing condiiton. The saturated overnight culture was then diluted 100-
fold in fresh media, and started a mid-log growth to reach O.D. = 0.4 (A = 600nm).
Cells were centrifuged down, washed, and resuspended in fresh media. Concentration was
adjusted to O.D. = 0.01 — 0.03 (A = 600nm). Aliquots (100 um each) were pipetted into

a 96-well microplate, which was kept at 37°C in a microplate reader (Tecan, infinite M200)
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Table 3.1: Casamino Acids Composition

Lysine Arginine Isoleucine | Tyrosine Alanine Methionine
3.7% 1.4% 2.7% 3.1% 2.4% 1.7%
Histidine Proline Glycine | Glutamine Serine Leucine
0.7% 4.1% 1.0% 14.2% 9.0% 3.5%
Valine | Phenylalanine | Threonine | Cystine | Aspartic Acid | Unkown
4.1% 0.7% 2.5% 0.3% 3.7% 41.2%

with continuous shaking. Optical density of each well was measured and recorded every 290

s. For one specific medium composition, usually 12-24 replicates (wells) were used.
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4.0 ACROBATIC MOVEMENTS OF MARINE BACTERIUM VIBRIO
AGLINOLYTICUS UPON FLAGELLAR MOTOR REVERSAL

4.1 INTRODUCTION

When a small animal, such as a cat, is tossed up in the air, it will most likely land with its feet
on the ground despite the fact that the cat possesses zero angular momentum initially. A cat
is capable of reorienting itself by twisting and bending its body parts to generate rotation.
This ability of manipulating body’s internal degrees of freedom has been exploited to create
stunning movements in ballet dancing, acrobatic performance, and competitive diving. In
this chapter, I show that marine bacterium Vibrio alginolyticus also exploits the flexibility
of its basal body to maneuver in a viscous fluid and to randomize swimming directions with
high efficiency.

V. alginolyticus is morphologically a simple cell, consisting of an elliptical cell body and
a single left-handed polar flagellum. Viewed from the flagellar tail toward the cell body,
the flagellum can rotate in clockwise (CW) or counter clockwise (CCW) direction. The
cell swims forward when the flagellum rotates in the CCW direction and backwards when
the motor rotates in the CW direction. Despite the motor size being small, diam ~50 nm,
it is remarkably powerful, capable of turning at 1700 r.p.s and pushing the cell body at a
speed of ~ 150 pm/s [80]. Based on these values, the thrust force and torque are calculated
to be FF = 0.73 pN and N = 0.16 pN - um [81]. Despite high motility, V. alginolyticus
swims at low-Reynolds numbers, Re ~ 10~*. This has important consequences for bacterial
chemotaxis because it implies that if the flagellar motor possesses only one degree of freedom,
i.e. it rotates either in CCW or CW direction, the bacterial tracks are symmetric under time

reversal. The only way the swimmer can alter the swimming direction is by brownian motion.
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It typically takes 7g (= 4mna®/kgT) ~ 3's given the typical cell size (a ~ 1 um) and viscosity
(n ~ 0.01cP). In strongly fluctuating environments, where hydrodynamic convection is
significant, such as in oceans, this long idling time is unproductive and prevents the bacterium
from exploring space, limiting its nutrient uptake. Our group found that marine bacterium
V. alginolyticus is able to break this impasse by incorporating a novel movement in its
motility pattern [18]. Specifically, whenever the bacterial flagellar motor switches from CW
to CCW rotation, or from backward to forward swimming, the flagellum flicks and deflects
the cell body to a random direction. The motility pattern of a marine bacterium thus consists
of distinctive features, i.e., a forward (CCW) run is followed by a reversal (CW), and the
new run is typically in a direction ~90 degrees with respect to that of the previous runs. A
typical trajectory of wild-type (wt) V. alginolyticus is depicted in Fig. 4.1(A), showing the
cyclic 3-step (run-reverse-flick) motility pattern. The flick angle definition is given in Fig.

4.1(B).

In Xie et al.’s work in 2011 [18], it was noticed that a cell’s ability to flick is correlated
with its swimming speed. For instance, in de-energized cells, either by reducing Na™ ions in
a motility medium or by oxygen depletion, the bacteria abolished the flicking step. Likewise,
increasing the viscosity of the medium had the same effect. However, the physical mechanism
that caused the bacterial flagellum to flick was not known until Son et al. took an interest
in the problem and studied the phenomenon systematically using fast-speed video imaging
microscopy [19]. They found that the flick does not occur at the same time the motor
reverses from CW to CCW rotation but is delayed by ~ 10 ms. Such a delay was explained
by the investigators as the elastic relaxation of the hook that undergoes the transition from
a taut to a relaxed form and becomes taut again as the motor reverses. Since the elastic
modulus of the hook is not linear, assuming its smallest value when it is relaxes, a kink or
buckle can develop under the combined actions of twist and compression. The end result is
that the cell body is being pushed at an angle relative to the cell-body axis, steering the cell
body into a new random direction. Interestingly, this off-axis movement (or a flick) is very
brief, lasting for 50-60 ms before the flagellum realigns with the cell-body axis and normal
swimming resumes. It was proposed that the realignment is a result of stiffening of the hook

when it is overwound.
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Figure 4.1: A Typical Wild Type V. alginolyticus (YM4) Trajectory (A). The black seg-
ments indicate forward swimming (CCW) intervals, and orange segments are backward
(CW) swimming intervals. An arrow is placed at trajectory starting point. Circles indi-
cate backward-to-forward transitions where flicks take place. The definition of flick angle
is given in plot (B), where the orange arrows indicate bacterial swimming directions. The
angle between the forward (CCW) and the backward (CW) directions is defined as the flick

angle 0, and its complementary angle ¥ is the cell-body reorientation angle.
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In this chapter, I report new experimental observations of bacterial directional random-
ization by flicking, and theoretical analyses of a simple model that mimicks bending and
twisting of the flagellum about its base. My analysis suggests that there is a partitioning
of motor power to flagellar rotation, which produces thrust, and to bending and twisting,

which causes the directional change.

4.2 EXPERIMENTAL OBSERVATIONS

In Fig. 4.2, I show that wild type Vibrio alginolyticus has a higher probability to flick
in large angles as the cell length 2a increases. Specifically, it shows that the flick angle 0
shifts towards 180° as the cell size increases with the mean flick angles shifting from 76° to
136°, which are indicated by the vertical orange lines. According to the definition of ¢ in
Fig. 4.1(B), a large flick angle corresponds to a small change in the swimming directions
between two consecutive runs, or in other words, large cells are less likely to change swimming
directions than their small counterparts. A similar result was also observed by Son et al.
[19].

The most interesting phenomenon observed here is that small YM4 cells, with the major-
axis 2a < 2.9 um, are more likely to flick at § ~ 30° instead of at 90° as reported in Xie’s
and Son’s papers [19, 18] (see Fig. 4.2(A)). This is further illustrated in Fig. 4.3(A), where
bacteria shorter than 2.4 ym have a mean flick angle around 49° and are most probable
to flick at 10°, suggesting that when swimming at high speed, small bacteria tend not to
change direction upon motor reversal from CW to CCW direction or from backward to
forward swimming. That is the new forward swimming is a continuation of the previous
backward swimming. A typical YM4 trajectory with near-0° flick angles is shown in Fig.
4.3(B).

More details are revealed when cases of near-0° flicks are examined under fluorescence
microscope. Fig. 4.4 gives one example where bacteria are stained with Nano Orange
(Invitrogen) [82]. Consecutive images show that the bacterium flipped its head and tail
directions during a flick, and the flagellum kept straight with the cell body at the onset and
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at the end of the process.

We also noticed that during the flick the cell body moved side-wise by about 1 um, i.e.

the width of the cell. Off-hand, it is not clear how a bacterium does such a maneuver.

4.3 A SIMPLE MODEL

4.3.1 Cell-Body Reorientation Theory

Dr. Henry Fu from University of Nevada considered this flick process from a physics point
of view (personal communications). He tried to calculate the cell-body reorientation angle,
when the path for flagellar off-axis rotation is defined. To simplify the calculation, he assumes
that the bacterial cell body is spherical, and the flagellum extends out from the cell center.
One can set up a bacterial body-fixed coordinate system, in which bacterial head is always
pointing in the negative z direction (see the inset of Fig. 4.5). During forward and backward
swimming intervals, the flagellum is coaxial with the cell-body axis, which we specified as
6(0) = 0 and ¢(0) = 0, where 6 and ¢ are the polar and the azimuthal angles of the
flagellum in the body-fixed frame. A flick can be described as the process in which the
flagellum rotates about its base, following some specific trajectory 0(t) and ¢(t), and then

after a time T returns to its original position 0(T") = 0 and ¢(T) = 0.

For simplicity, it is further assumed that the flagellum is represented by a rigid straight
rod of length L, and radius 9. A point on the flagellum is then given by,

where s is the distance of that point from the origin, t is a radial unit vector along the
flagellum. The unit vectors specify the incremental direction of 6 and ¢ are given by n,

and b (see the inset in Fig. 4.5). For a later convenience, it is also useful to write the
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Figure 4.2: YM4 Flick Angle Probability Density Functions (PDF). All bacteria selected
here have a speed larger than 50 um/s. Plot A-C are flick angle PDFs for bacteria with
length (0, 2.9) pm, (2.9, 3.5) um, and (3.5, 6) pum. Each curve includes 578, 278, and 48

flick events respectively. Orange lines indicate the mean flick angles under each condition.
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Figure 4.3: Small Bacteria Are Most Likely to Flick with Small Flicking Angles. Plot (A)
shows the flick angle probability density function (PDF), where the flick angles are collected
from YM4 with the major cell-body axis 2a < 2.4 ym and speed v > 50 um/s. Plot (B)
shows a typical small bacterial trajectory with a near-0° flick. The cell size is 2.61 pm. The
trajectory starting point is marked with a gray arrow. The green (cyan) and red lines are

linear fittings of 5 positions before and after transitions.
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Figure 4.4: Fluorescence Imaging of a Near-0° Flick. These are consecutive video images
with time interval 28 ms. The orange arrow serves as a reference, which stays at the same
position in every frame. White arrows indicate where the flagellum is located in each frame.
The bacterium swam backward from frame 1 to frame 3, and starts the flick process in frame
4, which continues to frame 6. Afterwards, frame 7 and on-wards, the bacterium swims in
the forward direction. During this processes, the cell body flipped its head and tail, namely
reoriented by 180°. The flagellum started and ended in a straight configuration with respect
to the cell body axis, although its position relative to the cell body was unclear during the

flick, i.e., frame 4 to 6.

47



=
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Supposing in the laboratory frame, the bacterial body has a translational velocity V and
a rotational velocity €2, the velocity of a point on the flagellum in the laboratory frame obeys

the velocity addition rule,

I (s) =V + Q x 1+ 5005t + s$sin09,t = V + Q x r + 61 + s¢sin 6b. (4.3)

Its tangential and perpendicular components are given respectively by,

I =tt-V,

i, = (I —tt) -V +5Q x t + s6i + s¢sin b,

According to the resistive force theory [83, 84], as the flagellum undulates, the forces
corresponding to the normal and tangential motion would be approximately given by the

local flagellum velocity times the drag coefficient.

f = <||I"+CLI"L

= [t + ¢ T—E)]- V+sC (Q x €+ éﬁ+sin9q’56) (4.4)
7 = rxf
= sCt x V4+5%¢ [ x (@ x ) +0b — sin ). (4.5)
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Figure 4.5: A and B Coefficients for Translational and Rotational Motion of the Cell Body.
For V. alginolyticus, x ~ 0.2 if I calculated it according to an equivalent sphere for the
translational motion. This gives B ~ 0.92. The insert is a diagram of body-fixed coordinate
system, where the bacterial head is pointing in the negative z-axis direction (the green dot).
The deviation of flagellum from the z direction at time t is depicted by the polar angle 6 (¢)
and azimuthal angle ¢ (¢) in the body-fixed spherical coordinate system.
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where ¢ and ¢, are drag coefficients of the rod in the tangential and normal directions. To

make a better approximation, I'll use the resistive coefficients of a helical flagellum instead.

4

L= 200 = ) — 12

where 79 and pitch A are radius and pitch of the helical flagellum [84], and p is the viscosity.
The torque 7 is calculated about the cell-body center. Integrating the force and torque
density in Eq. (4.4) over the length L, we get the total force and torque acting on the

flagellum:

F,=L[gtt+ ¢ T—t)]-V+ L, (Q x £+ 60+ smeqsla) ,

) I . : (4.6)
Ny = Ztx Vo B i (@ x ) + 0 — sin 060

One can also calculate the force and the torque on the cell body, which according to the

Stokes’ law are given by,

F,=2V,

N, = MQ,

where Z = 6mpa and M = 8mua® being the translational and rotational drag coefficients
of a spherical cell body with a radius a. For free-body swimming, there is no net force or

torque acting on the bacterium and hence,

F=F;+F,=0,

N = N;+N,=0.

Substituting Eq. (4.6) in the above two equations and resolving them along the t, f, and b
directions in the body-fixed frame, I find
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The above complicated results can be organized in a compact form using the matrix repre-

sentation,

vV 0

Vi | =—AL| ¢sing |,

V, 9
Q, 0
O | =B -6 |, (4.7)
Q, $sinb

where A and B are constants given by,

6M

_ L2(L¢L+4Z)
A= 14+ 12M(L¢, +2) (48)
L3¢, (L¢1+42)
1
B= 1 4 ML +7) (4.9)

L3¢ (L1 +42)

By defining the reduced drag coefficient as (| = fr—t = the A and B coefficients

4
In(2\/rg)—1/2

can be expressed by the single parameter ¢/,

48303/ 1
A= 22t  po —, (4.10)
|y i) T T a0
¢ (24z+¢)) ¢\ (24z+¢))

where x = a/L. For V. alginolyticus YM4, our previous experiment [81] found A ~ 1.2 um
and ro ~ 0.016 um, giving ¢, ~ 0.89.
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To gain some intuition about A and B, since they determine the response of the cell-body
to a change in the flagellar angular positions, we plot these two coefficients against z(= a/L)
in Fig. 4.5. The figure shows that while B is a monotonically decreasing function of z, with
B ~ 1 for a very long (z < 1) flagellum and B — 0 for a very short (z > 1) flagellum, A
is peaked at a/L ~ 0.6. We noticed that the above result is independent of fluid viscosity
i, indicating that the phenomenon is purely geometrical [85]. Eq. (4.11) and (4.12) show
that V and Q are completely specified by angular speed of the flagellum, 6(t) and ¢(t), in
the body-fixed frame. Canceling out the time derivatives on both sides of equations (4.11)
and (4.12), I found that the translational and rotational displacements of the cell body are
uniquely specified by a path integral in the (6,¢) space and are independent of their rate of
change.

While the relationship between (V, Q) and (6, ¢) is very concise using the polar coordi-
nates, the relation is not easy to use when one would like to follow the motion of the cell

body in the laboratory frame. In light of this, we write the translational V' and rotational

Q) velocities in the body-fixed Cartesian coordinates,

V. Vi —sing cosfcos ¢ )
. ¢sin@

v, | =R Vi | =—AL| cos¢ cosfsing ; ) (4.11)
V., Va 0 —sinf

Q. Q —sin¢g cosfcos ¢ 0

Q, | =R "' 9 |=B| cos¢ cosOsing . : (4.12)

¢ sin 6
Q, Q, 0 —sinf

This will later be mapped to the laboratory frame. The marine bacterium V. alginolyticus
swims by a cyclic 3-step, forward-reverse-flick, motility pattern. In the body-fixed frame,
therefore, the flagellum has to recover its starting position after a flick, or in other words
the path traced out by the flagellum is closed in the body-fixed frame as delineated in the

insert of Fig. 4.5. However, this is not true in the laboratory frame (see Fig. 4.6).
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Figure 4.6: Cell Body-Fixed Frame Observed in Laboratory Frame.

4.3.2 Cell-Body Reorientation Angle and Displacement

4.3.2.1 Rotation Matrix Rotation about a fixed axis is often encountered in physics,
and in particular when a rotation is about a particular axis, such as about the Z axis by an

angle 1, the rotation matrix is simple and has the well-known form,

cosy —siny 0
R:(¢) = | siny  cosyp 0 |- (4.13)
0 0 1

Rotation about an arbitrary axis @ by a finite angle ¢ in three dimensional space is less
well known but can be derived from an infinitesimal rotation di) with the result dr' = dyu x 7
or in the matrix form drf = dyGy - ¥, where 7 is the position vector and G4 is the rotation

generator given by,

0 —u,
Ga=| w, 0 —u, |- (4.14)
—Uy Uy 0
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Figure 4.7: Rotation of a Position Vector 5. A position vector 7 is rotated about the fixed
axis @ by an angle 1. The resulting position vector is 7. Mathematically, such an operation

is expressed as 7" = Rg(1) - o, where Ry (1) is given by Eq. (4.15).

By integration, one finds 7 = exp (¥Gy) - 7o, which yields the definition for the rotation
matrix Ry (1) = exp (¥Gy), where 7 is the initial position vector. Fig. 4.7 depicts the effect
of the rotation matrix R,(1)) on 7. Using the properties of the generator, G3 = —Gy and

G1 = —G2, it follows,
R (¢) = ¥ = T 4-sintp - Gg + (1 — cos ) - G2. (4.15)

- .-
An physical vector A = (A4,, A,, A,) transforms in the same way as the position vectors

and hence,

Am A[L’O
A, | =Ra(@) | Ap |- (4.16)
Az AZO

Moreover, rotation is a unitary transformation, and transpose of Ry () is equivalent to the
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reverse operation, i.e.,

(Ra (¥))" = (Ra (¥)) " = Ra (1) (4.17)
Despite the fact that R;(1)) describes a finite rotation about «, it will be used for small-angle

rotations as well because we found that Eq. (4.15) converges much faster than its truncated

form, Ry(¢)) ~ I + sin® - G when 9 is small.

4.3.2.2 Rotation Matrix for a Coordinate System Fig. 4.8 shows that the body
fixed coordinate system Oxyz can be generated by rotating the laboratory frame coordinate
system Ogxgyozo around a unit vector i1 by an angle a. I want to know how to express X,
Yy, z in terms of Xq, Yo, Zo.

According to Eq. (4.16), the coordinates of X in Ogxoyozo is

It is getting the first column of matrix Ry (o). As a result, I can write

% = [Ra (0], %0 + [Ra (a)], 90 + [Ra (0], 2. (4.18)

Similarly for y" and Z’, I have

(70 0 21 0
y | =Ra(a)| 1 |, and 2 | =Ra(a)| 0
Y3 0 23 1
And
¥ = [Ra (@)]15%0 + [Ra (@)]55 Yo + [Ra (@)]5; 20 (4.19)
z = [Rq (@)]13%0 + [Ra (@)]53 Yo + [Ra (@)]55 20 (4.20)

If I define a product between a 3 x 3 matrix M and a set of axial unit vectors (X, y, Z)T

as
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ple Muix + Mygy + M3z
Ml y | = | Mux+ Myy+ Myz |,
Z Ms1x + Msoy + Mssz

then Eq. (4.18), (4.19) and (4.20) are equivalent to
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(4.21)
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o

N
o

Eq. (4.21) shows how the axial vectors of a body-fixed coordinate system Ozyz are expressed
in terms of the axial vectors of the laboratory frame coordinate system Ogxgyoz9, when Oxyz
is generated by rotating Opxoypzo around a unit vector i1 by an angle a.

In addition, I want to know how the coordinates of a position vector T transform between
the two coordinate systems. As shown in Fig. 4.8, T can be expressed in either the
laboratory frame, Opxoyo2o, with the components (ry,, 7y, 72, ), or in the body-fixed frame,
Ozyz, with the components (r,, 7, ;). When generating Ozyz, if T also rotates around
u by an angle «, then vector T is generated. T is expressed in Ozyz with components

(7"’ rl o ) By the definition of T, we know that

x) y? z

Tzo Ty
T | = 7y
Tz T
According to Eq. (4.16),
r Ty
r, | =Rala) | r,
r T,

Consequently,
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Figure 4.8: Coordinates Transformation between Two Frames. The plot shows that frame

Oxyz, and vector 1’ is generated by rotating frame Oyxoyozo and vector r around axis u by

an angle a.
To Tz
Tyo - Rﬁ (a) Ty ’
T2 T,
or
Ty Tz
r, | =Ra(=a)| r, (4.22)
T T2

Eq. (4.22) relates the coordinates of a position vector in the new frame Oxyz to its coor-
dinates in the old frame Ogzoyozo, and Eq. (4.21) expresses axial vectors of frame Oxyz in

terms of those in frame Oyxyo2o.
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Figure 4.9: Flagellum Flick Path ¥ Observed in the Body-Fixed Frame.
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4.3.3 Angular and Translational Displacements of the Cell Body

The above derivation shows that the motion of the cell body is a function of the angular
displacement of the flagellum. For bacterial motion to be cyclic, the flagellum must recover
its origin position after a flick. Hence, the motion of the flagellum can be characterized by
a closed path ¥ on an unisphere with # and ¢ being the independent variables. There are
uncountable numbers of possibilities for >, but for a simple analysis we assume that the
flagellum follows the path as illustrated in Fig. 4.9. This path consists of three segments:
(i) ¢ = 0 and € goes from 0 to Op; (ii) § = Oy and ¢ goes from 0 to ¢o; and (iii) ¢ = ¢y and
0 goes from 6, to 0.

Canceling out dt on both sides of equations for the translational and rotational velocities,
i.e., Eq.(4.11) and (4.12) respectively, the linear and angular displacements of the cell body

are given in terms of # and ¢,

dx —sin¢ cosfcos ¢
sin Od¢

dy | = —AL cos¢ cosfsing » ; (4.23)
dz 0 —sinf

dwv, sing  cosfcos ¢ "

dV, | =B| —cos¢ cosfsing ) (4.24)

sin 0d¢
dv, 0 —sinf

and can be integrated. Eq.(4.24) indicates that the rotation is about an instantaneous

rotation axis dW, which is characterized by the unit vector 1,

v,
! ! av
ua=—
aw vl
av,

with d¥ = /dW2 + d¥2 + dV2. Egs.(4.23) and (4.24) represent displacements expressed in
terms of coordinates in the body-fixed frame. This frame of reference is moving and thus
does not reflect the displacements of the cell body relative to the laboratory frame, which

is what we are interested. It is thus necessary to transform the displacements from the
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body-fixed frame to the laboratory frame. The complication of the problem is the fact that
the rotation axis u keeps changing along the path .

To solve the problem, I divide flagellar off-axis rotation path into n small segments.
Each segment is small enough such that the final results, after the summation, is indepen-
dent of n. For the i® segment, by integrating Eq. (4.23) and (4.24), I get the transla-
tional displacement As; = f;l (dz, dy, dz) = (Az;, Ay;, Az;) and rotational displacement
AV, = fz_l (d¥,, dV,, dV,) = (AY, ,, AV, ,, AV, ) in the body-fixed frame. These seg-

mental integrations are path-dependent and will be individually transformed to the labora-

tory frames before the summation is performed.

4.3.3.1 The Path Integral Now let’s use the prescribed flagellar path ¥ to calculate
the cell body displacements in the body-fixed frame according to Eq.(4.23) and (4.24):

0o

n "

(i) @ : 0 — 6y, ¢ = 0. Dividing this segment into n sections with equal intervals, Af =

The contribution due to the i*" section is given by,

(

Ax; = —AL f(iﬁ(i)M cos 0dd,

Az = AL [} 5, sin 00,
\
and
AV, =0,
AV, = —BAW,
AV, =0

(ii) @ = Oy, & : 0 — ¢o. Dividing this segment into n sections with equal intervals,

A = % The contribution due to the i*" section is given by,
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(

Ax; = ALsin 6, fifqb Ag SID odo,

Ay; = ALsin 6, f » CO8 oo,

and

p

AV, = Bsin 6 cos Oy f(ié(ﬁ cos ¢do,

AU, = Bsinfj cos by f , Sin ¢do,

AV, = —Bsin? yA¢.

\

(iii) @ : 6y — 0, ¢ = ¢o. Divide this segment into n sections with equal intervals,

Af = %0. The contribution due to the it" section is given by,

(
= —AL cos ¢y f(: ﬁfie cos db,
(n—i+1)A6

n—1i)Af
i+1)A0

Azx;

Ay; = —ALsquﬁofn gy cos 0dd,
Az ALf sin 0d0,

\

and

(

AV, = —Bsin ¢y Ab,

AV, = Bcos gpyAb,

AV, = 0.

\

We note that by the above chosen path ¥, the axis of rotation 1 is constant for (i) and (iii)

but not for (ii). Such simplification is absent if an arbitrary path is used.

4.3.3.2 Transition to the Laboratory Frame According to Eq. 4.21, for each small
segment, the base vectors in the “current” body-fixed frame are related to that of the labora-
tory frame by a rotation matrix. Let’s call it matrix M. Then the translational displacement
(Az;, Ay;, Az;) of each small segment is transformed back into the laboratory frame by the

transpose of matrix M according to Eq.(4.22).
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The it" frame is connected to the (i — 1)™ frame by a rotation matrix R; = Rg, (—AW;),
and is related to the laboratory frame by a rotation matrix M; = R;--- RoR;. We find the

iteration relation,

X, X Az Ax;
v | =M 5 | Aso=| Ayo | =00)" | Ay (4.25)
Z! Z Az Az
with the initial condition,
X{ b’ Az Az
o [ =] ¥ | Bswu=| Ay | = A |,
Z Z Az Az

since the first frame overlaps with laboratory frame.
After calculating all 3n segments, the translational displacements were added up to give

the net displacement s,

3n
S = E ASiO-
i=1

For the angular displacement, since the cell head is always pointing toward negative z-
direction, the net rotational displacement is the angle ¥ between —z at the beginning and
the end of a flick. According to Eq. (4.25), Zf, = [Man)y X + [Ms,]50 ¥ + [Man]s5 2, ie.,

U = arccos (24, - 2) = arccos ([Ms,]55).

4.3.4 Comparisons of the Simple Model with the Experimental Data

A Matlab function was written to implement the above calculation. Specifically the program
calculates the cell body reorientation angle W as a function of x = a/L (the cell body to
flagellar length ratio), as well as of the flagellar path parameters , and ¢q. In the calculation
we assumed that L = 3.7 ym is constant, which represents the mean value measured for V.
alginolyticus [81].

Fig. 4.10 shows a typical set of reorientation angles ¥ (z) and displacements s (x) for

0o = & and ¢y = 2m. The ¥(z) curve (blue) reaches a maximum angle of 140° for 2 = 0.26,

62



and W(z) decreases to 0 for both large and small z. The displacement curve (orange) s(z)
looks very different; it starts from zero for z ~ 0, increases to form two peaks as x increases,

and finally slowly decreases for larger = values.

160 : . : : : : : : . 2
X x=0.26
/o _— _
120 L 11.5
2 { \
o \ -
<< / \". E
c \ E
s \ s
T o80T 11 8
£ g \ [
o A ]
2 /1 \
40 \ 105
0 yd L 1 . . . . ----__-_T"‘— — .
0 01 02 03 04 05 06 07 08 09 1
x (=alL)

Figure 4.10: Cell-body reorientation angle W(z) (the blue curve) and displacement s(z) (the

orange curve) are plotted as a function of x for 6y = %’r and ¢g = 2mw. The inverted triangle
indicates the peak position of W, which is comparable to what we observed in the experiment

(see below).

Fig. 4.11 displays how the angle ¥(x) changes for different values of 6, and ¢, where x
is fixed at 0.26. It is interesting that it is possible to make the reorientation angle ¥ reach
~ 180°, which corresponds to a 0°-flick; note that according to the definition of the angles
in Fig. 4.1B, a 0° flick angle corresponds to a 180° cell body reorientation.

Thousands of wild-type Vibrio alginolyticus trajectories were video taped, and flick angles
were recognized and calculated with a Matlab script (developed by myself). These flick angles
were binned according to the cell-body size. Mean flick angles as a function of x are plotted
in Fig. 4.13(A) as red circles with error bars. Cell body displacement is defined as the
positional change from the frame with minimum speed at the flick and the following two

frames, which is shown in Fig. 4.12. According to Xie (2011) [86] and Son (2013) [19], the
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Figure 4.11: Cell-body reorientation angle as a function of 6§, and ¢,. Here, x = 0.26 was
used for the computation. Each graph has a marker showing the location of the maximum

U, where (X,Y,Z) corresponds to (0, ¢ V).
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flick lasts for ~ 60 ms, which corresponds to ~ 2 frames in my videos at 36 fps.

Using the model developed in this section, I got the best fit by eyeballing for the cell
body reorientation angle data when 6y = 0.647 and ¢y = 2.37 as shown in Fig. 4.13(A).
However with the same set of parameters, this simple model doesn’t provide a similarly good
fit for the displacement data (as shown in Fig. 4.13(B), blue curve). Actually none of the
s (z) curves in Fig. 4.13(B) has the sharp decay as seen in the displacement data.

As a result, we concluded that this model is over-simplified and doesn’t capture some
important features of the flick process. We need a better model to describe this problem.
Two approximations were made at the beginning of this model: 1) the cell body is spherical
instead of being in a rod shape; 2) the flagellum is hinged at cell center rather than at
cell pole. I think the second approximation has a larger impact on this problem, since it
makes a non-symmetric configuration symmetrical. In the next section, I'm going to move
the flagellum back to the cell pole, and develop an OFF-CENTER MODEL based on the

discussions in this section.

4.4 A MORE REALISTIC MODEL (OFF-CENTER MODEL)

4.4.1 Mathematical Formulation of the Problem

Now let’s make the model somewhat more realistic. In the above model, there are three
simplifying features: (i) the flagellum is located at the cell center; (ii) the flagellum is a rigid
straight rod instead of a helix; and (iii) the flagellum does not rotate about its own axis but
pivoting about its base. We believe that (ii) is not very crucial to the kinetics of flicking
and can be readily fixed even though the mathematical expression is not pretty, and (iii)
is important but its mathematical treatment is too complicated to deal with in this thesis.
Thus, in this chapter we will tackle issue (i) by moving the flagellum to the pole of the cell
body as delineated in Fig. 4.14, and keep the cell body in a rigid spherical shape. The
mathematical formulation of the resistive force acting on the flagellum is the same as before,

but we need to take into account the differences in the translational and rotational velocities
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Figure 4.12: Cell Body Displacement in Flicks. Red segments indicate two successive frames

where flicks take place.
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Figure 4.13: Experimental Reorientation Angle data (red circles with error bars) with a best
fit ¥ (x) curve (blue curve, 6y = 0.647, ¢o = 2.37) from the model (A). Displacement data
(red circles with error bars) and displacement s (x) curves with different sets of 6y, and ¢

angles (B). The curves are divided into three groups: yellow (6 = %), green (6p = %), and

purple (6y = %’r) Within each group, a darker curve has a larger ¢, value from the set

¢o = 5, m, and 27. The blue curve has the same parameter set with the one in (A), being

00 = 0.6471', and ¢0 =237
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at the cell center V. and (2. and at the pole V, and €2,.

Following the same procedure in section 4.3.1 and according to the resistive force theory

[83], we find the total force F ¢ and the torque N on the flagellum is given by,

N a~~ L2 “ . .~
Fy = LIG# + LI §)] - Vo + oG [QO « £+ 6fi + sin 9¢>b} ,

L3¢, . L3
_ Loy, L

N
! 2 3

[ (2 x F) + 0b — sin 64|

However, the force and toque on the cell body are changed due to the shift of the flagellar

base.
F, = 7 - dA,
Ny, =1 x o -dA,
where ' = R +r = —Rz + r and dA is the surface element on the spherical cell body.
o’ is the viscous stress tensor acting on the cell and can be decomposed into two parts,
Rpd

o = ?}T + %5 Rr, Where ?T is a viscous stress tensor due to the translational motion with
a velocity V¢ at the cell center and Vo R 1S a stress tensor from the rotational motion about
the cell center with the rotational velocity 2c = €2,. Since O R is symmetric about the
cell center, the force acting on the cell body due to rotation is zero, ‘o rdA = 0. Using the

Stoke’s law, therefore,

F, = 0 dA = 7 7dA + 7 rdA = 7 7dA = Z V¢,

where Z = 67na is the viscous drag coefficient for a sphere of radius a, n = 0.01g-cm™! - 57!
is the viscosity of the media, which I used the viscosity of water. Additionally, since & is

axial-symmetric about the cell translational direction, {f r x o’r - dA = 0. This allows us

to write,
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Figure 4.14: Cell Body Geometry of the Improved Model. Unlike the previous model, now
the flagellum is moved to the cell pole. The base of the flagellum is at the origin of the cell
body-fixed coordinates. Again, the cell body is in a spherical shape, and the cell head (a
green dot) is pointing in the negative z direction. The movement of the flagellum is specified
by polar and azimuthal angles(6 (t), ¢ (t)) as before. The position of a point on cell surface
relative to the joint point O is given by r' = R + r, where R is a constant vector that
connects the origin O and cell center C as shown. r is a position vector of that point on the

cell surface relative to the cell center C.
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Nb = I‘/X?dA:RX(?T—l-?R)dA—l—rX(?T—l—?R)dA
= R x 0 rdA +1 x5 rdA

= RXZVe+ MQc.

The condition of free-body swimming demands, F; + F, = 0, and Ny 4+ N, = 0, which

correspond to,

L(G =) (Vo §) 4+ (LC+ 2) Vo + B¢ 9 x £+ 6

U (4.26)
+sm9¢b} L 70, xR =0,

Bt x v, + 28 [ (R x £) +0b— sinbdn| + R x 2V,
+ZR x (2, xR) + MQ, =0
where V¢ is related to V, by Ve =V, + Q, x R.

, (4.27)

V,, 2, and V¢ can be solved explicitly as functions of 6 and ng Appendix F shows the

full calculation.

4.4.2 Curve Fitting

This modified (flagellar off-center) model was implemented using the same algorithm devel-
oped in section 4.3.3, except here the translational and rotational velocities, Eqgs. (4.23) and
(4.24), should be replaced by that given in Eqs. (F.7) and (F.8). The segmental integrations
in section 4.3.3.1 should be modified accordingly. A Matlab script was written to calculate
the displacement s and reorientation angle W given the bacterial cell body-flagellum ratio
x, and the flagellar path specified by (6, ¢o). I found the best fit for experimental data,
U and s vs. z, to be y = 113.4°, and ¢y = 378°, which is shown in Fig. 4.15. Here ¥ (x)
is a good fit, and s () captures the feature of sharp decrease when x is large. The slight
mismatch between the displacement data and fitting curve could result from the propulsion
of flagellum, rotation about its own axis, which is ignored in the current model. Bacterial
propulsion during a flick can drive the cell body forward by an additional distance and may

account for the discrepancy see in Fig. 4.15(B).
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Each point in Fig. 4.15(A) or (B) represents the mean reorientation angle and the mean
displacement for a bacterial population of a fixed cell-body size. In priori, one does not expect
that bacteria of different sizes follow the same path characterized by the two parameters 6,
and ¢ or for that matter follow the simple path prescribed. The mere fact that all data
acquired can be fit using a single set of parameters (g, ¢g) is very interesting, suggesting

that bacteria of all different sizes or x = a/L may use a similar tactic to change directions.

How do we know that a bacterial flagellum can indeed carry out such a maneuver during
a flick? By studying tethered wt V. aglinolyticus, we observed that bacterial flagellum is
quite flexible and moves about in a fashion similar to what is described in the theory. Since
in the experiment the cell body is fixed on the glass surface, the ¢ degree of freedom is fixed,
but # is free to change and can be observed. Fig. 4.16 displays a sequence of video frames
showing the waving of the flagellum of a bacterium about its base. The rate of the video
is 36 fps. The action is slower than we observed in a flick during free swimming, but the
angular variation seen in this video indicates that the bacterium can maneuver its flagellum

and make the bending 6 as large as 120°, which is similar to the best fitted result.

It may be useful to compare the theoretical results for W(6y, ¢g) calculated based the
modified model with the simple model proposed by Dr. Fu (personal communications). Fig.
4.11 and Fig. 4.17 show that both models can reach a similar reorientation angle, however
for the off-center case, large reorientation angles are met at a larger 6y angles, 133° vs. 115°.
But ¢q for the off-center model is smaller, 295° vs. 345°. As we will show below, the energy

expenditure for a flick is about the same for the two models.

4.5 ENERGY DISSIPATION

In order to know whether the flagellar motor of V. alginolyticus is capable of powering up the
flick motion, I calculated the energy dissipation rate based on translational and rotational

motions of the cell body and the flagellum.
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Figure 4.15: Cell-Body Reorientation Angle W (x) (A) and Displacement s (z) (B) for Wild
Type YM4 and Fitting with the Improved Model. Experimental data are shown as blue
circles along with error bars (standard deviation of the mean). The orange curves are the

fitting curves according to Egs. (F.7) and (F.8), where 6y = 113.4° and ¢ = 378° are used.
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3

Figure 4.16: Near Surface Flagellum Rotations. The bacterium is tethered to the glass

|
11
16

substrate using poly-L-lysine (see MM). The time interval between the frames is 28 ms. The
flagellum waves about its base and can bend as much as 120°, which is close to the best fit

with 6y ~ 113°.
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Figure 4.17: Cell-Body Reorientation Angle U as a Function of Flagellar Path Parameters
6y and ¢y. The calculation is carried out for x = 0.26. Each graph has a marker indicating
the maximum reorientation angle in the graph, where (X, Y, Z) corresponds to (¢o, 6o, V)

in degrees.
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4.5.1 Calculation Based on the Simple Model

For the simple model described in section 4.3.1, the cell body energy dissipation rate is

P,=F - V4+N-Q=2V?4+ MQ* (4.28)

Substituting V and €2 using Eqgs. (4.11) and (4.12), I obtained

P, = (ZA*L* + MB?) (6* + ¢*sin?0).

The flagellar energy dissipation rate is

P = / dsf (s) - 1 (s), (4.29)

where f is the force per unit length on the flagellum, which is given by Eq. (4.4), and flagellar
velocity r is given by Eq. (4.3).

Following the definitions in Eq. (4.3) and (4.4), a segment of the flagellum at location
s has a linear velocity vy = svy, = s (Q X t + Oh + sin 9¢f)) It is clear that vy -V, = 0.

The energy dissipation rate per unit length Py in Eq. (4.29) is then given by,

dS {[CHEE + CL(I - EE)] . V + gLVf} . (V +Vf)

T
Il
—

0
L
= /ds [GVE+ VI + vy (Vi + V) + vy
0
1
= (Vi + V) Lt LGy Vo4 5 L0V, (4.30)

Substituting Eqs. (4.11) and (4.12) in the above equations, I found

P = ¢ LP {AQ—(l—B)AJré(l—B)Z} (9’2+¢2sm9)

CLLPC (9’2 + ¢ sin 9) ,
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where C'= A2 — (1 - B)A+3 (1 — B)®. This yields the total energy dissipation rate for the

cell body and the flagellum,

P =P+ By= (MB* + (LLPC + ZAL) (02 + §sin?6)

Assuming 6 = <b = wp to be constant, the total energy dissipated along the path X is
given by,

W = (ZA’L? + MB® + (L L*C) (26, + sin® Oy ) wo.

Suppose flagellum finish a 20y +¢o ~ 3.37 angular flick in 60 ms, i.e. wy ~ 170rad - s~*. Using

r=03a=11x10"%em, L =37x10"*cm, n, = ﬁ% ~269x102g-em 157!,
Mag) 2

A= 0.08, B~ 0.50, M ~ 8rua® ~ 3.35x 1073 g-cm?- 8_01, Z =6mpa~2.07x10°g-s71,

and C = A>—-(1-B)A+ % (1 — B)® ~ 0.05, I found that total energy consumption during

flick process is around 10~1-10"12 erg.

4.5.2 Calculation Based on the Off-Center Model

When the flagellum is at the cell pole, the energy dissipation rates for the cell body and
for the flagellum are similar to the previous case given by Eqgs. (4.28) and (4.29). The only
difference here is that the velocities at the center of the cell and at the base of the flagellum
are different. Denoting the translational and angular velocities of the cell-body center to be
V. and €2, and that at the flagellar base to be V, and €2,, the power dissipation by the cell

body and by the flagellum are given respectively by,

P, = Fp-V.+ N Q.
= ZV 4+ (R xZV,.+MQ,)Q,
= Z‘/cz + Za (‘/cyQox - chxQOg) + Mng

1
Pp= (Vo +C Vo) L+ L*vyo - Voo + §L3Qv§0.
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In Fig. 4.18, the total energy dissipation P = P,+ P} in a flick following the path 6, = %7?
and ¢g = 27 are plotted for both models. First of all we notice that numerical differences in P
calculated by the two models are very small, much less than a factor of two for instance. We
also notice that bacteria with a larger cell body to flagellum length ratios (x ~ 1) consume
more energy in a flick than those cells with a smaller cell body to flagellum length ratios
(x < 1). For a cell with an unusually large cell body but a short flagellum, say x ~ 0.7, the
energy dissipation is about 6 x 107!% erg. The energy dissipation is significantly reduced for
a small z, indicating the importance of the flagellar length in effective flicking. Suppose a
bacterium completes a flick in 60 ms, then the energy consumption power is estimated to be
1 x 1071 W. According to the works of Sowa et. al [87], each force-generating subunit in
Vibrio alginolyticus flagellar motor is estimated to produce at least 1.0 x 10° pN - nm/s, and
one motor is estimated to have 5 ~ 8 subunits. This yields 5 —8 x 107> W per motor, which
is just about sufficient to drive the flick, suggesting that flagellar motor spends a significant

amount of power to support flagellar off-axis rotation during a flick.

4.6 DISCUSSION

4.6.1 Bacteria of Large a/L Ratios Cannot Reorient with Large Angles

Fig. 4.19 shows a set of W (6, ¢o) surfaces for different x values. We observed that within the
model, the maximum angle, ¥ ~180°, can be reached for x = 0.24 — 0.26, which corresponds
to small bacteria of size 2a = 2xL = 1.78 —1.92 um. For increasing z, say = = 0.45, the peak
angle U decreases to 77°. This means that the ability of bacteria to reorient decreases with its
body size but increases with the flagellum length. Our calculation shows that a bacterium
with x > 0.42 is unable to reorient with ¥ > 90° no matter what path X the flagellum
follows. It is also manifested in Fig. 4.15(A), where the reorientation angle decrease as x

increases.
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4.7 CONCLUSION

In this chapter, I described a movement in Vibrio alginolyticus, in which bacterial cell body
reorients by a 7 angle during a flick process. The flagellar off-axis rotation model introduced
by Prof. Fu can predict cell body reorientation angles W if the cell body and flagellum length
ratio = a/L, and the flagellar rotation path X (6y, ¢) is known. This model verified that
small cells with size ratio x around 2.4 — 2.6 are able to complete a ¥ ~ 7 flick, and a cell’s
ability to reorient in large angles decreases with its size. Unexpectedly, the model fitting
with experimental data suggests that cells in different size ranges more or less follow a similar
flagellar rotation path, which is defined in Fig. 4.9 with parameters 6 ~ 113° and ¢y ~ 378°.
This maneuver is feasible according to an observation in tethered cells, the flagella of which
can easily finish a 120° rotation in the polar direction. The power required to finish this
movement is of the same order of magnitude as the flagellar motor output, suggesting that
flagellar motors are able to power the flick process, but its capability to drive the cell body

may decrease accordingly.

4.8 MATERIAL AND METHODS

Vibrio alginolyticus YM4 were firstly grown overnight in LBS (10 g/L Trypton, 5 g/L Yeast
Extract, and 3.5 g/L NaCl). The overnight culture regrows in minimal medium (0.3 M
NaCl, 10 mM KCI, 2mM Ky;HPO,, 0.01 mM FeSOy, 15 mM (NHy)2SO4, 5 mM MgSOy, 1%
[wt /vol] glycerol, and 50 mM Tris-HCI pH=7.5) after a 100 fold dilution, and was harvested
when O.D.go0 reaches 0.3. The harvested cells were washed twice in TMN medium(50 mM
Tris-HCI pH=7.5, 5 mM MgCl,, 5 mM glucose, 300 mM NaCl), and pipetted into a 1 mm
thick chamber for microscopic observations.

For the fluorescence observations described in Fig. 4.4 and Fig. 4.16, bacteria were incu-
bated in TMN buffer with 10% (v/v) NanoOrange (Invitrogen) for 15 min, before the washing
step. In the tethered-cell experiment shown in Fig. 4.16, the stained and washed bacterial

culture was spread on a poly-L-lysine coated coverslip before proceeding with microscopic
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video recordings.
Video images were recorded by a Hamamatsu camera at 36 fps on Nikon TE300 micro-
scope. All the trajectories were collected by ImageJ Mosaic module. A Matlab script was

used to detect direction switching events (reverse and flick) and calculate the flick angles.
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5.0 INTRACELLULAR CONCENTRATION OF CHEMOTAXIS
REGULATOR CHEY AFFECTS THE STIFFNESS OF THE POLAR
FLAGELLAR MOTOR OF VIBRIO ALGINOLYTICUS

5.1 INTRODUCTION

As described in Chapter 4, the cyclic 3-step (run-reverse-flick) motility pattern of Vibrio
alginolyticus consists of distinctive features, forward (CCW) run is followed by a reversal
(CW), and the new run is typically in a direction ~90 degrees with respect to that of the
previous runs (see Fig. 4.1(A)). In the course of investigating chemotactic behaviors of
cheY deletion mutants of V. alginolyticus (LX1), we found that the ability of the mutant
to randomize its swimming direction is noticeably compromised when the intracellular con-
centration of the regulator protein CheY ([CheY]) is high. The measurements showed that
the flick angle decreases in an incremental fashion as [CheY] increases, suggesting that this
randomization step may be internally regulated by the cell. We also performed measure-
ments using cheZ deletion mutant (LX2) for which all CheY proteins in a cell are expected
to be phosphorylated. In this mutant, the flick is suppressed relative to the wild-type cells,
suggesting that perhaps it is not [CheY] per se but its phosphorylated form CheY — p that
exerts an influence on the flicking behavior. While the details of how binding of CheY-p to
the motor switching complex affects flicking is unclear at the moment, the general picture is
that the motor complex as a whole becomes more stiff as [CheY — p] increases. It remains
an intriguing possibility that the flexibility of the flagellar basal body in marine bacterium
V. alginolyticus is subject to remodeling according to the environment. A rigid basal body
allows the cell to execute the run-reverse motility pattern while a “loose” basal body allows

the cell to flick upon resuming a forward run. Such plasticity may help the bacterium to
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adapt to different environments, enhancing its fitness.

5.2 RESULTS

5.2.1 The Flicking Angle Distribution Depends on CheY Expression Levels

Our experiment was carried out using a cheY deletion mutant of YM4. The mutant is
supplemented with a plasmid, pMMBYV, expressing CheY and YFP (Venus) from a lac
promotor. The regulator gene cheY was subcloned from the chromosome of YM4, and
its expression level is controlled by the inducer IPTG. In Material and Method (MM), we
showed that Venus copy number in the cells follows closely the copy number of CheY despite
the fact that different ribosome binding sites were used for cheY and yfp.

The regulator CheY protein conveys a chemical signal from the methyl-accepting chemo-
tactic protein (MCP) clusters to the flagellar motor. In E. coli, CheY is phosphorylated by
MCPs and the modified form, CheY-p, binds to the motor switch, the C-ring, enforcing the
CW state. As a result, a higher-than-normal level of CheY-p causes the motor to run more
frequently in the CW direction, increasing the CW bias or more tumbling. In the extreme
case of very high [CheY-p], the motor run exclusively in the CW direction, the cell is in a
perpetual state of tumbling. Marine bacterium V. alginolyticus can swim in both forward
and backward directions with motor rotating in the CCW and CW directions, respectively.
We recently found that the bacterium can also perform chemotaxis in both swimming direc-
tions as both swimming intervals are extended by an impulsive chemoattractant stimulation
[88]. For this to be feasible it requires that the response of the motor to CheY-p binding
is different in V. alginolyticus than in E. coli. Indeed it was observed that when [CheY]
is elevated, and so is [CheY — p], the polar flagellar motor alters between CCW (forward)
and CW (backward) directions more frequently. In other words it is the switching frequency
rather than CW bias that is modulated by [CheY-p| in this bacterium. The dependence
of motor switching frequency on [CheY] is delineated in Fig. 5.1. The altered regulation

scheme observed in the polar flagellar motor illustrates the plasticity by which a microor-

83



ganism exploits to improve its fitness in a habitat.
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Figure 5.1: Motor Switching Frequency of Vibrio alginolyticus Increases with Intracellular
[CheY]. Error bars are the standard error of the mean (SEM). A cheY mutant of YM4
carrying a cheY plasmid (pMMBYYV) was induced to different [CheY] levels, and the mo-
tor switching rate was measured based on bacterial trajectories (see MM for experimental

details). The red and yellow lines indicate switch frequencies of wt YM4 and LX2 (AcheZ).

Bacterial motility patterns for different [CheY] were studied in the motility buffer (TMN)
under an inverted Nikon microscope (TE300). In the absence of IPTG, YM4 swim exclusively
forward, and motor reversals were only observed when cheY gene was induced, even at a
very low level. As displayed in Fig. 5.2, for induction with 0.3 uM IPTG, which corresponds
to the optimal induction as judged by its motor reversal frequency being close to what is
observed in wt cells (see Fig. 5.7). The bacteria swim by the cyclic 3-step (run-reverse-flick)
motility patterns as shown in panel (A). However, for induction with 100 uM of IPTG, most
of bacteria swim by cyclic 2-step (run-reverse) motility patterns as shown in panel (B). A

very noticeable change in the motility pattern was observed when the IPTG induction level
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was above a certain value, ~ 10 uM. At this induction level, intracellular CheY concentration
is [CheY]| ~ 2.9 uM, which is ~ 50 times greater than the steady state concentration in wt
V. alginolyticus (unpublished data) and is comparable to the CheY concentrations in E. coli,

which has many motors [89].

Motivated by Son et al.’s work, we reasoned that since buckling instability is strongly
affected by the length L of the hook, perhaps CheY over-expression may affect the length L
and reduces the cell’s ability to flick. Although it has not been reported to our knowledge,
such a scenario cannot be ruled out based on the genetic analysis of V. parahaemolyticus,
a close cousin of V. alginolyticus, by Kim and McCarter [90]. Their study showed that
the major set of chemotaxis genes (cheYZARW) is organized on the same regulon of the
structural genes (fliM, fliN, fliG, etc.), the assembly genes (iHIJOPQR, and the flagellar
genes (flhBA) of the polar flagellar system. Since the export apparatus is located inside
the C-ring, consisting of FliM, FliN. and FliG, and since FliM/FIliN interact with CheY,
overexpression of CheY may affect the transport of FlgE, the component of the hook, in
the early stage of assembly, rendering the cell unable to flick. To see whether this is the
case we purified the bacterial basal body (see MM) and examined them using transmission
electron microscopy [91]. Fig. 5.3 shows the histograms of the hook length L for YM4 and
AcheY mutant LX1 that has been maximally induced, [I[PTG] = 100 uM. Based on ~ 200
basal bodies examined, we found that the average hook length and diameter for YM4 to be
L =974 11nm and D = 20 + 3nm, and the corresponding quantities for the mutant to
be L =924 11nm and D = 20 & 2nm. The small shift in the hook length is well within
the statistical uncertainty of our measurements and likely not the cause that leads to the

changes in the motility patterns delineated in Fig. 5.2.

For a quantitative characterization of direction randomization, many bacterial tracks
were collected for each IPTG induction level and their flick angles 6 were measured (see flick
angle definition in Chapter 4, Fig. 4.1). Since the ability of a cell to flick depends on its speed
and size [86, 19], only those cells that swim at high speed, vg,, > 50 pm/s, and with a small
cell-body length, 2a < 3 um, were used for analysis. Fig. 5.4 displays probability density
functions of # for different induction levels, IPTG] = 0, 0.3, 1, 3, 10, 30, and 100 uM. The

bacterial swim speed v, and the cell size 2a histograms are shown in Appendix H. It is
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Figure 5.2: Swimming Trajectories of Strain LX1 Induced with 0.3 uM (A) and 100 uM (B)
IPTG. At a low induction level, the trajectory is very similar to those seen in wild type V.
alginolyticus. The forward and backward intervals are labeled in green and red respectively.
The flicking processes, which happen at backward to forward swimming transitions, are

labeled with gray circles. Blue arrow shows where each trajectory starts.

86



80 I ' ! ! I ! ! !

50 nm

R Al N AR .

| |
60 80 100 120 140
L (nm)

Figure 5.3: Hook Length Measurements. The hook length histograms for wt YM4 and LX1
(AcheY, pMMBYYV) are displayed in (A) and (B), respectively. The mutant carries the
plasmid pMMBYYV and the CheY expression was induced by 100 uM of IPTG. The inserts
show the basal body structure for the two strains, where hook length L and diameter D are

delineated.

87



seen that at low induction levels (see Fig. 5.4(C-E)), P(6) is nearly identical to that of wt
cells (see Fig. 5.4(A)) and is peaked at 50° ~ 100°. However, the distribution becomes more
and more skewed towards the large angles, § ~ 7, as the induction level increases (see Fig.
5.4F-T). Observations under the microscope showed that increasing number of cells lost their
ability to flick, i.e., some never flick and other flick less frequently as [IPTG] is increased.
A convenient means to characterize these distribution functions is to plot the first few
moments as delineated in Fig. 5.5. Here I found that as [CheY] increases, the mean flicking
angle # increases in a logarithmic fashion (A), while the second moment, (9 — §)2 slightly

increases at low [CheY] and then levels off at high concentrations (B). The (a)symmetry

3
.. . . . . . 0—06
of the distributions is characterized by skewness, a normalized third moment ( 03) . The

skewness in our measurement is positive (biased towards small flicking angles 6 — 0) for

low [CheY] and negative (biased towards large flicking angles § — ) for high [CheY].

4
.. . - ) . 00

This is delineated in Fig. 5.5(C). Finally, the normalized fourth moment ( 04) or the

Kurtosis is a measurement of whether or not a distribution is heavy-tailed relative to a normal

distribution. Normal distribution has a Kurtosis of 3 whereas my flick angle distributions

4
yields (Q;f ) ~ 2.1, suggesting that most flick angles are centered around @ with a lighter

tail compared to the normal distribution.

5.2.2 The AcheZ Mutant Has the Same Flicking Angle Distribution as CheY

Overexpression

Using the same bacterial conjugation technique, we also created a cheZ deletion mutant
(LX2) that switches back and forth between CCW and CW rotations at a high rate. Based
on its motor switching rate, we found that the pool size of CheY-p is comparable to when
CheY is overexpressed at [CheY] ~ 2.7 uM (see Fig. 5.1). Fig. 5.4(B) displays the flicking
angle PDF for this mutant strain, showing significant similarity with those in Fig. 5.4F and
G when [CheY] is 3 — 20 fold of that in wt YM4 (~ 0.14 uM). The mean and skewness of
LX2 are f = 99°+£46°, and (0;—5)3 = —0.05+0.22 as shown in Fig. 5.5(A) and (C). The slight
skewness in AcheZ mutant is quite different from that observed in wt YM4 and comparable

to 3 uM IPTG induction as shown in Fig. 5.4F.
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the corresponding CheY concentrations. Error bars are standard errors of the mean. Data

from wt YM4 and its AcheZ mutant LX2 are plotted in dashed lines. The orange and yellow

bands represent for their uncertainties. Only one side of the error bounds in plot (B) and

(D) are shown, since YM4 and LX2 data overlap in these two plots.



We considered the observation of AcheZ mutant LX2 to be significance. In the hook
length measurement reported above, even though one can rule out the possibility that hook
length is unaffected by over-expression of CheY, but one cannot rule out other anomalies
in the motor and flagellar assembly. The observation in Fig. 5.4(B) for LX2 suggests that
CheY overexpression per se is not the cause for the bacterium to lose its flicking ability but
rather it is the elevated [CheY-p] that is responsible for the phenotype. So, binding of the

protein to the motor is importatnt.

5.3 MODEL FITTING

Using flagellar off-axis rotation model developed in the previous chapter, the polar and
azimuthal angles (6y, ¢o) of flagellar path ¥ (shown in Fig. 4.9 in Chapter 4) are extracted
from LX1 cell-body reorientation angle data (see Fig. 5.6). The polar angles 6, decrease
continuously with the increased [IPTG]|, while the azimuthal angle ¢ increases slightly.
Overall, the surface area enclosed in the path ¥ decreases with [IPTG]. As discussed in
section 5.2.2, IPTG elevates [CheY-p], suggesting that flagellar swiping amplitude during a

flick decreases with increased CheY-P concentration.

5.4 CONCLUSION

Taking together all of our observations, an inescapable conclusion is that the ability for V.
alginolyticus to flick cannot depend solely on the mechanical properties of the flagellar hook.
Since only CheY-p can bind to the motor complex and since it is unlikely that increasing a
few or several CheY-p on the ring would change the elastic property of the motor complex,
we posit that the motor itself undergoes remodeling for different amount of CheY-p binding.
The idea that flagellar motor undergoes remodeling is not totally new, and has been observed
for different motor components [92, 93, 94]. The general consensus is that some of the motor

components may be worn over time and need to be replaced by new ones from time to
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Figure 5.6: Model Fitting for LX1 Flick Angles. Open circles are data for cell-body reori-
entation angles W (x) of LX1 induced with varying concentrations of IPTG. Error bars are

standard error of the mean. The curves represent the best fits according to the model.
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time. A more novel idea is that remodeling is a means of adaptation. Yuan et al. observed
that the number of FIiM on the c-ring is not constant but adjusts itself according to the
intracellular CheY-P concentration; e.g. adding strong attractant, which decreases [CheY-p],
the number of FIiM changes from 34 to 42 [95]. The remodeling or adaptation time for the
motor complex is about a minute or so, much longer than the typical chemotaxis response
time, which is only a few seconds. This adaptation mechanism, which takes place at the
output of the chemotaxis signaling pathway, also enables cells, which have very different

intracellular [CheY-p] to perform chemotaxis over a very narrow operating range [95].

Although we do not know how the polar flagellar motor remodels when [CheY-p] changes
inside a cell, it is reasonable to assume that such remodeling alters the elastic moduli of
the motor complex, and which in turn modulates the flicking probability as seen in our
experiment. We note that polar flagellar motor of V. alginolyticus appears to be a more
elaborated assembly of components than the E. coli counterparts. It contains all the essential
parts of E. coli’s motor with some important additions. For instance, apart from PomA
and PomB, which are equivalents to the stator components MotA and MotB in E. coli, V.
alginolyticus also possesses additional stator components MotX and MotY. V. alginolyticus
also possesses an H-ring which surrounds the L-P ring, and a T-ring which serves as a docking
station for the MotX/MotY complex. The current consensus is that these additional features
are for structural re-enforcement since the polar flagellar motor rotates at a much faster speed
than E. coli cells. However, their functionality in relation to the the flicking phenomenon

remains to be investigated.

While it is unclear about the biological implication of why V. alginolyticus reduces its
flicking probability in proportion to the intracellular [CheY-p], cases can be made to show
that such behavior can be advantageous under certain conditions. Suppose that the bacteria
are localized near a nutrient distribution, which may be spatially extended, such as striations
created by turbulent fluid flows, or spatially localized like a point source in a quiescent fluid.
The small spatial extent requires the cells to switch the swimming direction more frequently.
Cell localization can be significantly enhanced, if the flicking probability is low. This leads
us to speculate that flicking is mostly helpful when a cell is in the search mode, when

individual swimming intervals are long. But once the cell becomes localized, an elevated
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CheY-P gradually causes the cell to abolish its flick motion and become more localized.

5.5 MATERIALS AND METHODS

5.5.1 Bacterial Cultures

All measurements conducted herein used the V. alginolyticus strain YM4 and its cheY and
cheZ deletion mutants created by a conjugation technique (unpublished material). The
cheY is complemented on a plasmid pMMBYV and the expression level is controlled by
IPTG. Downstream of cheY is a reporter gene venus that allows [CheY] to be measured
quantitatively at different [IPTG].

The bacteria were grown in the minimal medium (0.3 M NaCl, 10 mM KCIl, 2mM
KyHPOy, 0.01 mM FeSOy4, 15 mM (NHy)2S04, 5 mM MgSOy, 1% [wt/vol] glycerol, and
50 mM Tris-HCl pH=7.5) supplemented with 25 ug/ml chloramphenicol. The growth was
taking place at 30 °C and shaken vigorously at 200 rpm. For CheY induction, the cells were
grown to ODgoy = 0.1 and varying amount of IPTG were added to the growth medium, and
further incubated for 3 hrs. The ODgg at this point is ~ 0.2. The cells were washed using
the motility buffer TMN (50 mM Tris-HCI pH=7.5, 5 mM MgCl,, 5 mM glucose, 300 mM

NaCl) once and resuspended in TMN for at lest 30 min before measurements.

5.5.2 Mutagenesis Using Bacteiral Conjugation

Using a bacterial conjugation technique, we created a cheY deletion mutant of YM4 that
swims exclusively in the forward direction when grow in a liquid medium, TMN buffer. We
restored the function of CheY by introducing a plasmid, pMMBYV, into the mutant. The
regulator gene cheY was subcloned from the chromosome of YM4, and its expression level is
controlled by the inducer IPTG concentratoin. Directly behind cheY is a yellow fluorescent
protein (yfp) gene, known as venus, which transcribes along with cheY but has its own

ribonsome binding site. latter allows the expression level of YM4 to be characterized.
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Here the average volume of YM4, based on our measurements, is 2.82 um?.
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5.5.3 Polar Flagellar Basal Body Purification

Vibrio alginolyticus hook purification were adapted from a protocol in Hosogi (2011) [17].
YM4 and LX1 (AcheZ, pMMBYV) were grown with shaking overnight in VC medium (0.5%
[wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 0.2% [wt/vol] Glucose, 3% [wt/vol] NaCl,
0.4% [wt/vol] KeHPO,4) and VC supplemented with 25 pg/ml chloramphenicol respectively
at 30°C. Cells were re-innoculated in 500 ml minimal medium (0.3 M NaCl, 10 mM KCI,
2mM KyHPOy, 0.01 mM FeSOy4, 15 mM (NHy4)2SO4, 5 mM MgSOy, 1% [wt/vol] glycerol,
and 50 mM Tris-HC] pH=7.5) with a 1:100 dilution, and grew at 30°C to O.D.go0 = 0.45.
Cells were harvested by centrifuging at 2000 x g for 15 min. The pellets were resuspended in
100 ml sucrose solution (0.5 M sucrose, 50 mM Tris-HCI at pH 8.0) at 4°C, and turned into
spheroplastic shape by adding EDTA pH=8.0 and lysozyme to a final concentration of 2mM
and 0.1 mg/ml respectively and incubated at 37°C' for 10 min. The spheroplasts were lysed
by adding Triton X-100 to a final concentration of 1%. To reduce lysate viscosity, DNase
and MgSO,4 were added to final concentrations of 0.1 mg/ml, and 10 mM, and incubated in
37°C forl0min. After the viscosity of the solution decreases, EDTA was added to a final
concentration of 10mM. Cell debris and unlysed cells were removed by centrifugation at
10,000 x g for 20 min. Polyethylene glycol 6000 and NaCl, were added to the lysate to final
concentrations of 2% and 100 mM, respectively. The samples were then incubated at 4°C
for 60 min, and centrifuged at 1,000 x g for 15 min to get rid of cell debris. The supernatant
was further centrifuged at 100,000 x g for 30 min, and the pellet was resuspended in TET
buffer (10 mM Tris-HCI at pH 8.0, 5 mM EDTA, 0.1% (w/v) Triton X-100). To remove cell
debris, the supernatant was centrifuged at 1,000 x g for 15 min. Then, the supernatant was
centrifuged at 100,000 x g for 30 min, and the pellet was resuspended in 400 ul TET buffer.
To dissove flagellin, the sample was diluted 30 fold in Glysine-HCI (pH=3.3) containing 0.1%
Triton X-100, and was incubated with shaking at room temperature for 1 hr. After that,
it was centrifuged at 150,000 x g for 30 min at 4°C, and the pellet was suspended in250 pL
TET buffer. Finally, the sample was centrifuged at 10,000 x g for 5 min, and the hook-basal

body complex is in the supernatant collected.
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5.5.4 Calibration of CheY Concentrations Using Single Molecular Fluorescence

See Appendix D, for the fluorescence intensity calibration of a single Venus protein.

After the brightness of each chimeric protein is established, we next measured the average
brightness of YM4 induced by different [IPTG]. This yields the final calibration curve that is
displayed in Fig. 5.7. The curve is sigmoid when plotted in a log-log plot with the steepest
slope occurring at [CheY]y ~ 0.3 uM, which corresponds to the physiological concentration
of CheY as judged by the frequency of motor reversals. Thus over the span of the induction
levels, 1072 < [IPTG] < 10? uM, [CheY] varies by nearly two orders of magnitude, from “130

copies to “13000 copies.

5.5.5 Recording and Analyzing Bacterial Trajectories

Bacterial swimming were imaged using Nikon TE-300 inverted microscope in the phase
contrast mode and recorded in 36 fps on the Hamamatsu camera. A medium magnification
lens, 20x and NA=0.45, was used. Individual bacterial trajectories were constructed using
ImageJ with the plugin module Mosaic. Detailed information, such as the cell size, the
swimming speed, and the flicking angle, can be deduced for each cell by post processing

using a Matlab program. Some typical bacterial tracks are displayed in Fig. 5.2.
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APPENDIX A

STRAIN TABLE
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Table Al: Bacteria Strains used in the thesis.

Strain | Genotype

MG1655 | F-, A-, rph-1

F-, A(codB-lacl)3, glnX44(AS), galK2(Oc), galT22,
A7, tyrT58(AS), metB1, hsdR514, trpR55

LE392

JH1 Derived from LE392, lamB::venus

SX4 Derived from BW25993, lacZ::tsr-venus [33]

YM4 | Derived from 138-2 , Pof™, laf~[96]

LX1 Derived from YM4, AcheY, pMMBYV

LX2 Derived from YM4, AcheZ

LX3 Derived from YM4, AcheY, pfMMBYV
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APPENDIX B

THE CONSTRUCTION OF STRAIN JH1

Competent Cell Preparation: Using the method described in Detsenko et al. (2000) [34],
plasmid pKD46 was transformed into LE392 to confer the A-red recombination competency.
The transformant was grown in 50 ml SOB or LB rich media with ampicillin (50 pg/ml) and
L-arabinose at 30°C to ODggo ~ 0.6. These induced midlog cells were made electrocompetent
by washing three times with ice-cold 10% glycerol, and concentrated ;100 fold in the last
step.

Insert Amplification: venus gene was inserted into plasmid pKD13 on the 5" end of a
curable kan't gene. Two ~ 75bp primers (P1 and P2 as shown below) were used to amplify

the venus-cm’

region. Each of the primers has a 50 bp chromosome homologous fragment
on the 5" end. The PCR product was treated with Dpnl and gel purified.

P1: GTTGGTTGCCGAATGCGGCGTAAACGCCTTATCCGGCCCAGGTTTTGCT
AGTGTAGGCTGGAGCTGCTTC

P2: TGGACCTTCGGTGCCCAGATGGAAATCTGGTGGTAA ATTAAAGAGGAGA
TAGAATGAGTAAAGGAGAAGAACT

Electroporation: 10 — 100ng of the purified insert DNA was mixed with 50 ul LE392
(pKD46) competent cells, transferred to a E. coli Pulser cuvette with 0.2 cm electrode gap,
and incubated on ice for ~ 30 min. The electroporation was done on BioRad MicroPulser.
Immediately after the shock, 1ml of 37°C SOC medium was added into the cuvette. The

culture was then transferred into a tube, and incubated at 37°C for 1hr with sufficient

aeration.
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Selection: After 1hr incubation, half of the culture was spreaded on a LB agar plate
for chloramphenicol resistence selection at 37°C. If colonies show up in the next 15 — 20 hr,
they are picked, and incubated in LB medium without antibiotic at 37°C. They are colony
purified at 37°C and tested ampicillin sensitivity to test for the loss of plasmid pKD46. If it
was not lost, they are colony purified at 43°C and tested again.

To eliminate antibiotic resistance gene, plasmid pCP20 is transformed into the selected
mutant, and selected for ampicillin resistance at 30°C. Since pCP20 is temperature sensitive,
the selected colonies were purified once nonselectively at 43°C, and then tested for loss of all

antibiotic resistance.
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APPENDIX C

LIVE CELL IMAGING

The Venus or CheY copy number in Chapter 2 and Chapter 5 was measured as described
below.

The harvested midlog bacteria were washed twice in 0.85% NaCl solution, and then
tethered onto Poly-L-Lysine coated coverslips. The coverslip was assembled into a chamber,
and then observed under a fluorescence microscope as described in Appendix D.

As shown in Fig. C1, for each field of view, a phase contrast image (A) was taken to set
the cell boundaries, and a fluorescence image (B) were taken to collect its fluorescence. To
eliminate dead cells as described in Chapter 2, an additional image in the red channel was
taken to screen out dead cells labeled by propidium iodide. A phase contrast-fluorescence
overlay picture is shown in (D).

Firstly, cell contours were identified in image (A), out of which cells with connected
boundaries were excluded. Then the pixel intensities in image (B) enclosed in cell contours
were averaged, and converted into Venus copy numbers per pixel using a converted single
Venus intensity from Appendix D. This value reflects the protein concentration inside a cell
in Chapter 2 and it is independent of cell size.

The mean pixel protein copy number times mean area generates the protein copy number

inside a cell. This value will be used in Appendix G.
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C

Figure C1: Live Imaging of Fluorescent Cells. (A) the phase contrast image, (B) the flu-
orescence image in the yellow channel (A, = 500 + 20nm, A, = 545 £ 20nm), (C) the

fluorescence image in the red channel (a propidium iodide test), and (D) image overlay.
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APPENDIX D

VENUS FLUORESCENCE CALIBRATION

Strain SX4 (gift from Prof. Sunney Xie [33]), which has a single copy of chimeric gene tsr-
venus incorporated on the E. coli chromosome replacing the native lacZ gene, was used to
calibrate single venus brightness.

After overnight in M9 (4% glucose) medium at 37°C, cells were reinoculated into fresh
(1:100 dilution) M9 (glucose) medium, and harvested at O.D.gp0 = 0.2. The harvested cells
were washed twice in 0.85% NaCl solution, spread on a 18x 18 mm poly-L-lysine (Sigma)
coated coverslip, incubated for 15 min, and then assembled into a chamber for microscopic
observation. The measurements were carried out using an inverted Nikon (TE350) micro-
scope equipped with a back-thinned charge intensified CCD camera (Hamamatsu C9100).
The light source is a 75W mercury arc lamp, and fluorescent cube consists of the excitation
filter A, = 500+20 nm, the emission filter \.,, = 545+20nm, and a dichroic mirror (Q515lp,
Chroma). An oil immersion lens, 100x and NA=1.35, was used for imaging. To ensure con-
sistency between different runs, a small number of fluorescent beads, diam= 2.5 um, was
used as standard. Photobleaching videos were taken at 2 fps.

Fluorescent puncta were manually detected as 3 x 3 pixel matrices. After background
subtraction, pixel intensity were summed up, and plotted as a function of time as shown in
Fig. D1. Most of times they decrease in a stepwise fashion. An abrupt fluorescence jump in
the curve is considered to be a bleaching event of a single Venus protein. Over 50 bleaching
events were measured, yielding an averaged step size (single venus fluorescence intensity) to

be 500 £ 20 A.U.
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APPENDIX E

POSITIVE REGULATION LOOP IN MALTOSE REGULON

Maltose regulon involves 10 genes on 5 operons, out of which four (malP, malQ), malZ, and
malS) encode enzymes for maltodextrin metabolism, five (malK, malF, malG, malE, and
lamB) encode for transport proteins, and another gene malM encodes a periplasmic protein
MalM with unspecific functions (see Fig. E4). All the mal operons are activated by MalT
protein, the expression of which is controlled by catabolite activator protein (CAP) and a
repressor Mlc.

When glucose is available (as shown in Fig. E1), catabolite repression keeps cAMP
concentration low and CAP are mostly inactive inside the cell, which inhibits mal , lac, ara
operons, inluding gene malT; Mlc, on the other hand, is sequestrated by enzyme IICB during
glucose transport through the PTS pathway, which relieves the repression on malT operon.
It’s unclear whether there is any residual expression of MalT under this condition.

When there’s no maltodextrin transport (as shown in Fig. E2), MalT can be sequested
by MalK on the maltodextrin ABC transport pathway, or alternatively interact with nega-
tive effectors MalY or Aes. Maltotriose and ATP inducers MalT from its resting (inactive)
form to an active form. Maltotriose could be generated from glycogen degradation which
requires MalP or synthesis from maltose by MalQ. Active MalT self-associates into polydis-
perse homopolymers. An increase in active MalT concentration enhances the expression of
mal genes, which translate into maltose transport proteins (LamB and MalEFGK), and mal-
totriose synthesis enzymes (MalPQ). Those proteins further enhance the fraction of active

MalT protein, forming a positive feedback loop.
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The nonlinearity comes from the cooperative binding of MalT homopolymers on the

MalT boxes.
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Figure E1: The Response of Maltose Regulon in the Presence of Glucose. When glucose

is available, it is transported into the cell and turned into glucose-6-phosphate through the

Phosphotransfferase system (PTS). However most enzymes in this system remains in an un-

phosphorylated form. Mlc, a negative regulator of malT is sequestered by unphosphorylated

enzyme II CB. Enzyme II A deactivates adenylyl cyclase, and keeps intracellular cAMP

concentration low. As a result of this, most catablite activation proteins (CAP) remain in-

active, and genes involved in lactose and maltose transportation of metabolism are repressed

(metabolite repression).
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Figure E2: Response of Maltose Regulon in the Absence of Glucose and Maltose. In the
absence of glucose, cAMP is produced by phosphorylated enzyme ITA and Adenylyl cyclase.
It binds to malT promoter region and initiates the production of MalT. In the mean while,
Mlc is released from enzyme IICB, and binds to the starting part of malT coding gene, which
to some degree, represses the synthesis of MalT. In the absence of maltotriose, MalT is at
a resting form, and could be sequested by maltodextrin transporter MalK, or interact with

negative effectors MalY and AeS.
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Figure E3: Reponse of Maltose Regulon in the Presence of Maltose. When maltose firstly
becomes available, it gets into the cell through a small amount of LamB and MalEFGK2
ABC transport complexes on cell outer and inner membranes. MalT is released from MalK

while still remains in a resting form. Maltotriose and ATP are required to activate MalT.
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Figure E4: MalT Positive Regulation Loop. As the intracellular maltose concentration
increases, with some residue level of MalPQZ, maltose is turned into maltotriose and other
forms of maltodextrins. MalT monomers are activated by maltotriose and ATP, and self-
associate into polydisperse homopolymers, which bind to the MalT boxes (cyan arrows),
and activate all the genes on the maltose regulon. The production of maltose transport
(LamB, MalEFGK) and metabolic (MalPQZ) proteins further increases the concentration

of maltotriose and active MalT proteins, forming a positive feedback loop.
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APPENDIX F

TRANSLATIONAL AND ROTATIONAL VELOCITIES CALCULATIONS

Multiplying both sides of Eq. (4.26) by t, we find,

Z(Q,xR)-t

V, t=—
LC”—I—Z

Substituting it back into Eq. (4.26), it yields,

S T B (=) "
Vo= LCi+Z { L{+Z Z (2 xR)-tt - ZQ, x R (F.1)

—1lr, (Q % £ + 0 + sin egisf))} .
In the above equation, velocity at O is expressed in terms of its angular velocity €2,. Substi-

tuting Eq. (F.1) into Eq. (4.27) decouples €2, from V,, and we find,

L¢ +7Z
+ B3¢ - (32200)° b [0b — sinbn + £ x (2, x £) ]

2 L(¢—¢u) S

—|—(ZR) m [(QO X Z) t] (Z X t)

— 25 x (X 2) + ZR*% x (2, % 2) + M, = 0.

LA | X (R, % 2) = 2% (@ x £) — 02 % — sin 032 x b

To put it into a dimensionless form, I divide each side by %L3C | with the result,
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~BZ'R |~ x (R x2) = 2 x (@, x t) — 02 x i — sin#z x b]
+ (1= B) [6b — sin 06 + & x (2 x t) |

R ) (F.2)

+AZ”R? (Q, x 2) -t (2 x t)

—BZ"”R"?2 x (2, x 2) + M'Q2, = 0,
where the dimensionless quantities are redefined as,
=S = A ) _ R _
W—L—O.5; CJ__ﬂJ;]a R_L_Ia
_ _Z _ 12 _ 3(v=1) _ _ 3
I=ng=0 Awoem BT (F-3)
and M’ = (M}, My, M2) = 78 (14, 14, 8) = 3° (14, 14, 8) .
z 3 CL Cl

Rewriting Eq. (F.2) into a matrix form in the body-fixed coordinate system Ozxyz, we

find,

. 6
¢sin @
QOZ
BZ'R'ny— (1-B)¢, BZ'R¢,+ (1—B)n,
where Y =| —BZ'R'n,—(1-B)¢, —BZ'Ré¢.+(1—-B)n, |,

-(1-B)¢: (1= B)n.

and X =[H, J, K| with

M, +1—B—BZ?R?+2BZ'R't, — (1 — B)t + AZ”R*
H= — (1= B) t,t, — AZ”*R"?t,1, ;
—BZ'R't, — (1 — B) t,t,

— (1= B) t,t, — AZ"*R"?t,t,
J=1| M,+1—-B—-BZ?R*+2BZ'R't. — (1 - B)t; + AZ*R*t; |,
—BZ'R't, — (1 — B) t,t,
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—BZ'R'ty — (1 — B) t,t.
and K = —BZ'R't, — (1 - B)tyt, ;
(1-B)—(1-B)t*+ M

where the definitions for unit vectors £, 7, and b can be found in Eq. (4.1), and their are

related to the laboratory coordinates by,

t te t, t. X
b |=| b, b, b. y
n Ny Ny N Z

To solve for €2,, I break the coefficient matrix X into 3 matrices with the hope that by
diagonalizing each of them, a simpler form will appear. {2, can then be solved directly by

inverting the simplified coefficient matrix.

X:X1+X2+C,

U 0 A

xT

where X;=—(1-DB) [ .4, t; t.ty

Y

tot, tyt. 12

z

AZPR?*t,  —AZPR°t,t, —BZ'R't,
Xo=| —AZ*R"”t,t, AZ”R*2 —-BZ'R't, |.
—BZ'R't, —BZ'R't, AM’

with AM' = M. — My + BZ”R* - 2BZ'R't,

100
and C:(Mé—l—l—B—BZ’QR’2—|—2BZ’R’tZ) 010

0 01

Matrix X; can be diagonalized by an orthogonal matrix A,
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0 0 0
A_leA - 0 0 0
0 0 B-1

Substituting €, in Eq. (F.4) with Q, = AQ/ and multiply both sides by A~! on the left, we
find,

00 0 Q. p

00 0 FATXAHC| | | =AY : (F.5)
¢sinf

00 B-1 Q.

Where, A7'X,A =

9BZ'R'n2t, + AM'n? 0
0 AZ”2R"?sin? 0
2BZ'R'n t> — BZ'R'n, + AM'nt, 0

2BZ'R't>n, — BZ'R'n, + AM't.n,
0 ,
—2BZ'R't, (1 — t2) + AMt?

To simplify the notation, we define a P matrix as,

0 0 0
P = 00 0 + AT XA+ C
0 0 B—-1
a 0 d
= 0 b 0
d 0 c
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It then follows,

QOGE Q/ox ‘9
Q, | =A| @, [=AP ATV , (F.6)
oy )
9 o ¢ sin 6
c 0 —d
1
] -1 _ ac— 2
with P~ = p— 0 bd 0 )
—d 0 a

where
a= (M —M)n?+ M, +1-B(ZRt.—1)*,
c= (M. — M) t? — BZ”R*n? + M,
b= AZ”R?sin®0 + M|+ 1+ B — BZ”R*+2BZ'R't.,
d= (M.~ M))n.t, + BZ?R*n.t, — BZ'R'n.,

and ac—d* = (M, — M) (—-BZ*R”*+ M' + >+ 2BZ'R't, — Bt?).

After some simplifications, the final expression for €2, is,

o1(0) . o2(0
Qoz 0;293 sin ¢ aigog cos ¢ ;
Uy | = | S eoss Zgsino [ . ] (1)
0 0 o(6) ¢sin 6
oz oa(0)

with 07 = BR'Z'cosf — B + 1,

oy =M.[(1—B)cosf+ BR'Z'],
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= M)~ B+ AR?Z"sin’ — BR?Z"” + 2BR'Z cos ) + 1,

o, = (M} sin?6 + M’ cos?0) (1 — B) + M!M' — BR"?Z"?sin*6
0 z 0"z
—BM!R?Z"* + 2BM.R'Z’ cos¥,
and o0¢ = [BR?Z” — (1 — B) M| sin6.

Reorganizing Eq. (F.1), cell-body translational velocity V, can be written in a matrix form

in the body fixed coordinates. I get,

Vou AZ'R't,t, —AZ'R't2 + BZ'R' — Bt, Bt,
| Voy | =3| AZR¢ - BZ'R + Bt. —AZ'R't,t, —Bt,
Vi AZ'R't,t. — Bt, —AZ'R't,t. + Bt, 0
QOI‘ nl‘ bl‘ .
Q 5B b ’
o 3 n .
o T\ dsing
QOZ nz bZ

Substituting Eq. (F.7), the solution for €2,, in the above equation, it yields,

210) o5 ¢ pQEg) sin ¢

1 Vor  03(0) i

l _Z ) )

7 v,, | = 3 m(e) sin ¢ 52(0) cos ¢ bsind ;
p3(0)

with p; = R'Z'[B— (A+ B* — AB) sin® 6] + BM; cos ¥,

p2 = BM. (M + R'Z' cos ),

and p3 = [R'Z' (A+ B®>— AB) cosf + BM}, — B°R*Z"” + ABR"”Z"”| sin.
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Finally, the velocity of cell center V., = V4, + €, X R is given by,

[ Ciman) demo (Lp—am) dane \

Voo | = | (=2Lpi + aoy) %sinqﬁ — (3Lps — aoy) icosd) $sind , (F.8)
sin

Ves sLo; 0

To prepare for energy calculations, I transform €2, V,, and V. back into spherical

coordinates as,

Qo sinfcos¢ sinfsing cosf Qo
Qop = —sin¢ cos ¢ 0 Qoy
Qon cosfcos¢p cosfsing —sinf Qo

(09 8in 6 + og cos ) @

= —21f | :

(09 cos — g sin ) %’19
Vo sinfcos¢ sinfsing cosf Vs
Voo = —sin ¢ cos ¢ 0 Voy
Von cosflcos¢p cosfsing —sind Vo,

<—&} sin @ + pf“’—@ 6089) 0
o3 o3(0)

= %L — Z—j sin ¢ ;
— (5—;0059 + gf;—gf;;sine) 0
Ve sinfcos¢ sinflsing cosf Ve
and Vi = —sin¢ cos ¢ 0 Vey
Ven cosfcos¢p cosfsing —sinf V..

(k1sin@ + k3 cos )0

= — Ko sin O )

(k1 cos@ — k3sind) 0
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2
Ko = (ng - aaz)
2
and kg = §L?
3
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APPENDIX G

THE EFFECTIVENESS OF VENUS REPORTER

The best way to calibrate [CheY] as a function of IPTG induction levels, is to use a CheY-
Venus fusion protein, such that the fluorescence intensity of Venus directly reports the abun-
dance of CheY protein. This is implemented in strain LX3, which contains a plasmid pMMB-
fY'V expressing CheY-Venus fusions under the control of an IPTG inducible lac promoter.
To avoid possible interference in CheY function from the fusion protein, another strain LX1
was constructed. LX1 includes a plasmid pMMBYV, on which CheY and Venus proteins
are expressed separately but sharing the same promoter.

Fluorescence pictures were taken following the instructions in Appendix C. The cellular
protein copy number and concentration were plotted in Fig. G1. Throughout the whole
IPTG induction concentration range (0 — 100 zM), the two curves cover the same protein
concentration range, 0.1 — 1 uM, suggesting that the expression level of CheY in LX1 strain

can be well represented by Venus copy number or fluorescence intensity:.
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Figure G1: Intracellular CheY Concentration Calibration Curves. The red (cyan) sigmoidal
curve represents Venus (CheY-Venus) copy number or intracellular concentration in LX1
(LX3) as a function of [[PTG]. Here the average volume of YM4, based on our measurements,

is around 2.82 pm?.
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APPENDIX H

SPEED AND SIZE DISTRIBUTIONS OF VIBRIO ALGINOLYTICUS
STRAINS

Bacterial major axis length 2a and speed histograms are shown in Fig. H1 and in Fig. H2.
Each panel represents: (A) YM4, (B) LX2, (C) LX1 with 0 xuM IPTG, (D) LX1 with 0.3 uM
PTG, (E) LX1 with 1M IPTG, (F) LX1 with 3 M IPTG, (G) LX1 with 10 uM IPTG,
(H) LX1 with 30 uM IPTG, and (I) LX1 with 100 uM IPTG, respectively.
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Figure H1: Vibrio alginolyticus Speed Histograms.
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