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ABSTRACT

Caulobacter crescentus goes through a classic dimorphic cell division cycle to adapt to the
stringent environment and reduce intraspecific competition. Caulobacter mother cell gives
rise to two progenies with distinct morphology - a motile swarmer cell equipped with a flag-
ellum and a sessile stalked cell equipped with a stalk. Because of the nature of dimorphic
lifestyle, Caulobacter becomes a model bacterium to study the cell differentiation, signalling
transduction, stress response, and asymmetry development of prokaryotes. The dimorphic
cell cycle of Caulobacter is driven by the elaborate spatiotemporal organization of regula-
tory molecules through regulations of synthesis, degradation, phosphorelay, and localization.
There is a wealth of experimental observations about gene/protein interactions and localiza-
tions accumulated in recent decades, while several mathematical models have been proposed
to study the cell cycle progression in Caulobacter. However, the specific control mechanisms
of stress response and spatial asymmetry establishment are yet clearly elucidated, while these
mechanisms are of fundamental importance to understanding the bacterial survival strategy
and developing the microbial industry.

Here we utilize mathematical modeling to study the regulatory network of cell cycle con-
trol in C. crescentus, focusing on the stress response and asymmetry development. First,
we investigate the starvation response of Caulobacter through the connection of phospho-
transferase systems (PTS) and guanine nucleotide-based second messenger system. We have
developed a mathematical model to capture the temporal dynamics of vital regulatory second
messengers, ¢-di-GMP (cdG) and guanosine pentaphosphate or tetraphosphate (pppGpp or
ppGpp), under normal and stressful conditions. This research suggests that the RelA-SpoT
homolog enzymes have the potential to effectively influence the cell cycle in response to
nutrition changes by regulating cdG and (p)ppGpp levels. We further integrate the second
messenger network into a temporal cell cycle model to investigate molecular mechanisms
underlying responses of Caulobacter to nutrition starvation. Our model suggests that the
cdG-relevant starvation signal is essential but not sufficient to robustly arrest the cell cycle
of Caulobacter. We also demonstrate that there may be unknown pathway(s) reducing CtrA
under starvation conditions, which results in delayed cytokinesis in starved stalked cells.

The cell cycle development of Caulobacter is determined by the periodical activation and
deactivation of the master regulator CtrA. c¢dG is an essential component of the ClpXP pro-



tease complex, which is specifically responsible for the degradation of CtrA. We propose a
mathematical model for the hierarchical assembly of ClpXP complexes, together with model-
ing DNA replication, transcription, and protein interactions, to characterize the Caulobacter
cell cycle. Our model suggests that the ClpXP-based proteolysis system contributes to the
timing and robustness of the cell cycle progression.

Furthermore, we construct a spatiotemporal model with Turing-pattern mechanism to study
the morphogenesis and asymmetry establishment during the cell cycle of Caulobacter. We
apply reaction-diffusion equations to capture the spatial dynamics of scaffolding proteins
PodJ, PopZ, and SpmX, which organize two distinct poles of Caulobacter. The spatial
regulations influence the activity and distribution of key cell cycle regulators, governing the
dimorphic lifestyle of Caulobacter. Our model captures major spatiotemporal experimental
observations of wild-type and mutant cells. It provides predictions of novel mutant strains
and explains the spatial regulatory mechanisms of bacterial cell cycle progression.
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GENERAL AUDIENCE ABSTRACT

Cell is the basic unit of life that undergoes a process called ‘cell cycle’ consisting of DNA repli-
cation and cell division to exhibit various functions, abilities, and behaviors. The cell cycle
is well organized by complex regulations in time and space that determine when and where
changes take place. The regulations behind cell cycle development play important roles for
living organisms but are not fully understood. In this dissertation, we utilize mathematical
models and focus on a model bacterium, Caulobacter crescentus, to capture characteristics of
cell cycle and study the underlying regulations. Caulobacter is widely distributed in freshwa-
ter, including environments with poor nutrients. It divides asymmetrically, generating a pair
of daughter cells with different appearances and replicative potentials. Therefore, Caulobac-
ter population has the flexibility to save energy by halting DNA replication and to reduce
the competition with siblings by settling into different places. We utilize the nature of the
asymmetrical division of Caulobacter to quantitatively investigate the control mechanisms of
cell cycle development, including how cells detect and respond to external cues and develop
different organelles at specific times and locations.
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Chapter 1

Introduction

1.1 Cell cycle regulation in bacteria

Bacteria is enormously diverse, with a wide range of cellular volumes and genome sizes [1].
All bacterial species must coordinate their cellular growth, division, shape, and volume with
the inheritance of genetic expression based on environmental changes to survive in diverse
ecosystems worldwide [1, 2]. On the other hand, events and activities of the bacterial cell
cycle have to be precisely operated in time and space. The coordination and regulation
of bacterial cell cycle are referred as ’complex’, which cover not only the transcriptional
control but non-transcriptional mechanisms such as phospho-signalling and subcellular lo-
calization [3].

A few master regulatory proteins constitute a core transcriptional regulatory network to
control the bacterial cell cycle [3]. For instance, CtrA in Caulobacter crescentus directly
controls the transcription of more than 90 genes [3]. It also coordinates with other regulators,
including DnaA and GerA, to control the initiation of chromosome replication [4].

Many bacterial species go through multiple states in response to environmental changes,
such as asymmetrical cell divisions and morphogenesis [1]. C. crescentus cells always divide
asymmetrically, producing distinct daughter cells to adapt to oligotrophic environments.
Bacillus subtilis cells divide asymmetrically to produce a forespore under nutrient starvation
conditions. The sporulation is determined by a master regulator SpoOA, which is parallel in
many aspects to CtrA in C. crescentus [3, 5|. Both CtrA and Spo0OA are response regulators
of two-component transduction signaling pathways (TCS), which are activated (phospho-
rylated) by the phosphorelay kinases CckA-ChpT and SpoOF-Spo0B, respectively [5]. In
addition to the control of DNA replication, phosphorylated CtrA modulates the flagella bio-
genesis and pili structure [3]. Phosphorylated Spo0A regulates the transcription of hundreds
of genes and determines the location of septum [5]. The dynamics of TCS proteins play
important roles in the precise timing and asymmetry development during the asymmetrical
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cell cycle.

Moreover, the phosphotransfer pathways provide fast signaling to integrate internal status
and external cues, enabling bacterial cells to rapidly respond to environmental changes. For
example, the nitrogen-related phosphotransferase system (PTSN') receives nitrogen signals
from environments and downstream mediates the activity of a bifunctional enzyme SpoT
in C. crescentus. SpoT transfers the metabolic cues into the internal system by regulating
levels of guanine-based second messengers (p)ppGpp and cyclic-di-GMP, which participate
in multiple cell cycle progression activities, such as morphogenesis, cell cycle-dependent
proteolysis, and cell growth [6].

The subcellular localization of key molecules is essential for bacterial cell morphogenesis. In
B. subtilis, SpoOA-regulated transcriptions differ on the two sides of the septum, resulting
in the asymmetry between the mother cell and forespore [5]. C. crescentus cells develop two
poles with distinct spatial localization of proteins, such as the new polar scaffolding protein
PodJ and the old polar scaffolding protein PopZ [7]. Although spatial observations and data
have been accumulated in recent years, the underlying principles and mechanisms are poorly
understood.

1.2 The asymmetrical cell cycle in Caulobacter cres-
centus

Caulobacter crescentus is a model organism for the study of cell cycle regulation and asym-
metry establishment in prokaryotes. It is widely discovered in freshwater and some kinds of
soils, even in oligotrophic environments [8, 9]. The successful survival in harsh environments
benefits from its asymmetrical cell cycle. Caulobacter expresses different organelles in differ-
ent phases and undergoes an asymmetrical cell division during the cell cycle, giving rise to
two distinct daughter cells [10] (Fig. 1.1). One daughter, called ‘swarmer cell’; is equipped
with a flagellum and several pili, which allow the cell to move and search for nutrients in
environments. Swarmer cell is in the G1 phase, where DNA replication and cell reproduction
are halted. The other daughter is called ‘stalked cell’, which expresses a holdfast and a stalk,
clinging to a solid surface in environments. The stalked cell is ready to replicate DNA and
to enter the next reproduction cycle. Given favorable environments, the swarmer cell will
differentiate into a stalked morphological cell by rejecting its flagellum and synthesizing a
stalk [11, 12]. Simultaneously, the Caulobacter cell initiates DNA replication and enters the
S-phase during the differentiation stage.

The asymmetrical lifestyle makes Caulobacter easily synchronized and tracked in wet lab,
which greatly helps molecular data collection [10]. The rapid synchronization of Caulobacter
can be performed in a large-scale format by density centrifugation, which permits gene
expression profiling, western blot assays, and fluorescence analysis [10, 13, 14, 15].
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swarmer cell

|
000 [} Bt
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stalked cell
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Figure 1.1: The asymmetrical cell cycle of C. crescentus.
The mother cell produces two distinct daughter cells. The stalked daughter cell is non-motile
with a holdfast. The swarmer daughter cell is motile with pili and a flagellum. The swarmer
cell transforms into a stalked cell before DNA replication commences, while the stalked cell
enters the S-phase and initiates DNA replication immediately.
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1.3 Mathematical models for the study of cell cycle
regulation

With the revolution of biotechnology, a great amount of data for biological systems has
remarkably been made available, from molecule to single-cell and to the population lev-
els [16, 17]. Both temporal and spatial observations for the cell cycle development have been
accumulated from multiple sources of data [14, 7, 13, 15]. To interpret these data, many con-
ceptual models with simple diagrams that describe involved species and their relationships
within cells have been proposed following experiments [7, 18]. However, conceptual mod-
els only superficially explain subsystems rather than a global system with multiple pieces
integrated. It is still challenging to understand and integrate detailed mechanisms of the
complex regulatory system of cell cycle.

Mathematical modeling has been successfully applied in many biological systems to integrate
and provide hypotheses on known and/or unknown pathways and mechanisms to explain ex-
perimental observations [19, 20, 21]. It also has the potential to integrate data from different
sources for different subsystems into a whole-cell model [22]. Additionally, mathematical
models can be used to compare hypotheses and identify which hypothesis is more reasonable
to explain certain experimental observations. Another application of mathematical models is
to predict unrevealed behaviors and phenomena. Mathematical models can suggest further
experimental directions, reduce the range of hypotheses to be verified, and save time and
labor.

1.4 Summary of research

This work aims to integrate various levels and types of experimental observations to for-
mulate a mathematical model that can explain the control mechanisms underlying precise
cell development, asymmetry establishment, and stress responses during the cell cycle of
Caulobacter crescentus.

In Chapter 2, we model a second messenger network to investigate the detection and re-
sponse to environmental nutrition changes in Caulobacter. This work characterizes PTSN™
with empirical data and explains how PTSN" enzymes detect external nitrogen and car-
bon signals - the environmental abundance of glutamine, phosphoenolpyruvate (PEP) and
pyruvate (Pyr). Our model quantitatively describes the signal transmission within PTSN*
via phosphotransfer cascades and the connection to the downstream regulatory second mes-
sengers - guanosine derivative (p)ppGpp and ¢-di-GMP (cdG). As (p)ppGpp and c¢dG both
play important roles in key cellular processes, such as cell growth and differentiation, this
model provides a significant perspective to quantitatively explore the bacterial response to
environments.
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In Chapter 3, we propose a deterministic model described by a set of ordinary differential
equations to characterize the underlying mechanisms of cell cycle regulation, which inte-
grates replication, methylation, transcription, and hierarchical proteolysis of key cell cycle
regulators in Caulobacter. ClpXP is a vital protease in Caulobacter, which hierarchically
recruits helpers to constitute different protease complexes that degrade many proteins such
as CtrA, TacA, PdeA, and so on. The second messenger cdG, investigated in Chapter 2,
is a key member of the ClpXP protease complex, which is specifically responsible for the
proteolysis of CtrA. We explicitly model the hierarchical recruitment by ClpXP and use
this quantitative module to simulate the proteolysis of relevant proteins. Considering the
good consistency between our simulations with experimental observations in the dynamics
of mRNA and proteins of wild type as well as mutant strains, our model can be used to
investigate the contribution of proteolysis and predict unknown behaviors of novel mutant
cells. Additionally, the connection between Chapter 2 and Chapter 3 provides a perspective
to understand the environmental response through the cdG-CtrA pathway.

Chapter 4 integrates the second messenger model of Chapter 2 into a large temporal frame of
cell cycle regulation, which is originally proposed by a previous lab member, Dr. Weston [22].
The previous temporal model explained regulatory mechanisms of cell cycle in Caulobacter
by modeling genetic regulations and multiple interactions of essential master regulators. Al-
though our second messenger network (Chapter 2) easily transmits nutrition cues into the
temporal regulatory network, it is not sufficient to capture all behaviors of starved popu-
lations observed in experiments. Thus, we thoroughly reviewed, modified, and improved
the temporal model focusing on pathways related with environmental responses. Roughly
and wrongly modelled pathways have been improved or corrected, such as the adjustment
of ClpXP protease complexes. An important cdG-relevant pathway, ShkA-TacA-SpmX, has
been integrated to reform the modeling of SpmX and CtrA. Other starvation signaling path-
ways, such as RpoD-targeted transcription and supplementary phosphatase CckN-regulated
phospho-signaling, have been taken into the large frame to improve our simulation. Our new
temporal model is able to reproduce and explain a series of observed changes under nutrition
shifts.

In Chapter 5, we provide a spatiotemporal mathematical model to analyze the asymmetry
establishment during the cell cycle in Caulobacter. We combine the Turing-pattern mecha-
nism with interactions among three scaffolding proteins - PodJ, PopZ, and SpmX - to explain
the initial organization of two distinct poles of Caulobacter cells. Building on the network of
scaffolding proteins, we further integrate spatial regulations with phosphotransfer and tem-
poral regulations to explore the non-uniform distributions of key regulators, such as DivK
and CtrA. Our model captures phenotypes of both wild-type and mutant cells. Besides ex-
planation for the spatial development of the asymmetrical cell cycle, this model also provides
predictions of novel mutants, gives a good application of multiobjective parameterization,
and helps to resolve controversial hypotheses.
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2.1 Abstract

Second messengers, c-di-GMP and (p)ppGpp, are vital regulatory molecules in bacteria,
influencing cellular processes such as biofilm formation, transcription, virulence, quorum
sensing, and proliferation. While ¢-di-GMP and (p)ppGpp are both synthesized from GTP
molecules, they play antagonistic roles in regulating the cell cycle. In C. crescentus, c-di-
GMP works as a major regulator of pole morphogenesis and cell development. It inhibits
cell motility and promotes S-phase entry by inhibiting the activity of the master regulator,
CtrA. On the contrary, the intracellular (p)ppGpp accumulates under starvation, which helps
bacteria to survive under stressful conditions by regulating nucleotide levels and halting
proliferation. (p)ppGpp responds to nitrogen levels through RelA-SpoT homolog enzymes,
detecting glutamine concentration using a nitrogen phosphotransferase system (PTSN'T).
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This work relates the guanine nucleotide-based second messenger regulatory network with
the bacterial PTSN system and investigates how bacteria respond to nutrient availability.

We propose a mathematical model to capture the dynamics of c-di-GMP and (p)ppGpp
in C. crescentus and investigate how the guanine nucleotide-based second messenger system
responds to certain environmental changes communicated through the PTSN" system. In this
chapter, we demonstrate how the PTSN" system influences (p)ppGpp, c-di-GMP, GMP and
GTP concentrations. While this model does not consider all aspects of PTSN" signaling, such
as cross-talk with the carbon PTS system, here we present our first effort to develop a model
of nutrient signaling in C. crescentus. Our simulations are consistent with experimental
observations and suggest, among other predictions, that SpoT can effectively decrease cdG
levels in response to nitrogen starvation just as well as it increases (p)ppGpp levels. Thus,
the activity of SpoT (or its homologues in other bacterial species) can likely influence the
cell cycle by influencing both ¢dG and (p)ppGpp.

2.2 Introduction

Caulobacter crescentus is an oligotrophic, Gram-negative a-proteobacterium, frequently found
in freshwater environments. C. crescentus undergoes asymmetrical cell division, yielding two

distinct progeny cells (Fig. 2.1): a non-motile ‘stalked’ cell (st) immediately re-enters the cell

cycle and initiates DNA replication, while a motile ‘swarmer’ cell (sw) explores its environ-

ment before differentiating into a stalked cell and re-entering the cell cycle [4]. The stalked

cell is equipped with a holdfast to attach to solid surfaces in its environment, whereas the

swarmer cell develops a flagellum to move around in search of a suitable nutrient environ-

ment. The asymmetrical cell cycle affords C. crescentus a certain flexibility to cope with the

vagaries of life in an oligotrophic, aquatic environment [23].

Since asymmetrical cell division plays an essential role in survival for C. crescentus, un-
derstanding how the asymmetry is regulated provides insights into the life cycle of many
bacteria with similar characteristics. Many proteins, genes, and other molecules involved in
the asymmetrical pattern have been reported [23, 24]. CtrA, a master regulator of the C.
crescentus life cycle, regulates more than 100 genes involved in flagellum biogenesis, DNA
replication, and cell division [25, 26]. As CtrA inhibits the initiation of DNA replication,
active CtrA (the phosphorylated form) must be eliminated during the swarmer-to-stalked
(G1-to-S) transition (Fig. 2.1). There are two pathways to inactivate CtrA: proteolysis by
ClpXP [27] and dephosphorylation by CckA [28].

In C. crescentus, the spatio-temporally regulated proteolysis of CtrA requires protease ClpXP
and additional factors called adaptors [27, 29]. The protease complex consists of CpdR,
RedA, PopA, and a second messenger ¢-di-GMP (cdG) (Fig. 2.2). ClpXP primed by un-
phosphorylated CpdR localizes at the old pole (Fig. 2.1) and recruits the adaptor RedA
which directly interacts with PopA. PopA must be bound with ¢dG to adapt CtrA to the
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entire protease complex, which means cdG is indispensable for CtrA proteolysis. In addi-
tion to regulating CtrA proteolysis, cdG also participates in CtrA dephosporylation through
CckA [28] (Fig. 2.2). CckA is a bifunctional enzyme, which can act as both a phosphatase
and a kinase to regulate the phosphorylation state of CtrA and CpdR. When ¢dG binds with
CckA, CckA activity favors the phosphatase state over the kinase state. When cdG level
peaks during the G1-to-S transition, the dephosphorylation of CtrA and CpdR is rapidly
stimulated, which allows DNA replication to initiate [30]. In this way, ¢dG stimulates the
initiation of DNA replication by activating the dephosphorylation and degradation of CtrA
(Fig. 2.2).

l

[
G2—-G1
I!I | g G2—S
t
G1-8 S—G2
. Phosphorylated CtrA  « c-di-GMP ¢ CIpXP

Figure 2.1: The asymmetrical cell cycle and nonuniform distributions of molecules
of C. crescentus.

The nascent swarmer daughter cell is differentiated into the stalked morphology and then
initiates DNA replication, while the nascent stalked cell is ready to reproduce. CtrA regulates
cell cycle progression in time and space. CtrA is eliminated during the G1-to-S transition.
The gray intensity indicates the concentrations of CtrA during cell cycle progression. ClpXP,
a protease specific for CtrA, shows up at the flagellated pole of a cell to degrade CtrA. c-di-
GMP cooperates with ClpXP for CtrA proteolysis.

While ¢dG stimulates the G1-to-S transition, alternative guanine-nucleotide based secondary
messengers, guanosine tetraphosphate and guanosine pentaphosphate ((p)ppGpp), promote
the mobility and cell cycle arrest in C. crescentus. While the exact mechanisms are unknown,
it is understood that (p)ppGpp indirectly promotes the stabilization of CtrA and degradation
of DnaA, as well as interacting with RNA polymerase to influence global gene expression [31].
Additionally, ¢dG and (p)ppGpp control several key processes to help bacteria adjust to
environmental cues, such as depletion of nutrients [31, 32].



Chunrui Xu Chapter 2. Cell cycle control and environmental response ... 9

c-di-GMP
(cdG)
CckA o . * PopA
CckA:cdG PopA:cdG
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DNA /
Replication ClpXP
- ——————— Protease Complex

Figure 2.2: c-di-GMP regulates DNA replication and cell motility through CtrA.
(Left-hand side) c¢dG directly stimulates the phosphatase activity of CckA, thereby dephos-
phorylating CtrA to allow the initiation of DNA replication. (Right-hand side) cdG is also
required for CtrA proteolysis.

There is evidence that bacteria accumulate (p)ppGpp in response to carbon and/or nitrogen
limitation [31] by regulating RelA-SpoT homolog (RSH) enzymes. Furthermore, bacteria re-
spond to the availability of carbon through cdG-regulated signaling processes [32]. However,
the specific mechanisms by which stressful conditions affect cell cycle progression through
the second messenger system and other key proteins in C. crescentus is not clear.

In this work, we combine cdG, (p)ppGpp, and GTP into one mathematical model to in-
vestigate the dynamics of these second messengers and how they respond to environmental
changes through the PTSN". Our model suggests that the concentration of cdG decreases
dramatically following nitrogen deprivation in response to increased synthetase and decreased
hydrolase activity of the bifunctional enzyme, SpoT. This observation suggests a novel mech-
anism by which C. crescentus may regulate its cell cycle in response to nitrogen availability.
Our model also suggests that (p)ppGpp-associated stability of CtrA may be a result of re-
duced cdG activity due to the depletion of GTP. The dynamics of PTSN" enzymes have
not yet been measured experimentally, however our model predicts how they might behave
under various levels of nitrogen availability. Intracellular glutamine, phosphoenolpyruvate
(PEP), and pyruvate (Pyr) affect the phosphorylation state of PTSN™ enzymes in our model,
which suggests that a stringent response to nutrient availability by guanine nucleotide-based
second messengers may be enforced through both glutamine level and the concentrations of
PEP and Pyr.



Chunrui Xu Chapter 2. Cell cycle control and environmental response ... 10
2.3 Methods

2.3.1 Diagram construction
Metabolism and characterization of c-di-GMP

The cellular concentration of c¢dG is regulated by its synthesis by diguanylate cyclases
(DGCs) and its degradation by phosphodiesterases (PDEs) [33]. DGCs (like PleD and
DgcB), whose activities reside in the highly conserved GGDEF domain, act as dimers to
produce cdG from two GTP molecules [34]. ¢dG negatively regulates its own synthesis by
allosterically binding with the I-site of DGCs to inhibit the synthetase activity [33].

PDEs (such as PdeA and PdeB) cleave c¢dG to linear diguanylate (pGpG) or to GMP, based
on the conserved EAL domain or HD-GYP domain, respectively [34]. As pGpG is eventually
converted into GMP (Fig. 2.3), we ignore pGpG in the model and consider two molecules
of GMP as the product of cdG degradation. In addition, the activity of some PDEs in C.
crescentus is activated by binding GTP [35]. The initial velocity of hydrolysis by PDEs
reaches Vyax/2 when the concentration of GTP is 4uM. Because GTP concentration in
bacteria is much higher than 4uM [36, 37, 38], we assume PDEs are constantly saturated
with GTP and do not include this interaction in our model.

c-di-GMP

DGCs PDEs

Figure 2.3: Schematic diagram of cdG metabolism.
DGCs catalyze the synthesis of ¢cdG. PDEs cleave ¢dG into pGpG, which is subsequently
cleaved to two molecules of GMP.

Metabolism and characterization of (p)ppGpp

(p)ppGpp accumulates in most bacteria under stressful conditions, such as nutrient starva-
tion [31, 6]. In C. crescentus, (p)ppGpp delays the entry into S phase and the swarmer-to-
stalked cell transition. This response gives C. crescentus an advantage in nutrient-deprived
environments by maintaining its mobility to search for better environments and by de-
laying DNA replication to conserve energy [32]. C. crescentus utilizes the bifunctional
enzyme SpoT, an RSH homologue, to catalyze the conversion between (GTP)GDP and
(p)ppGpp (39, 6, 40] (Fig. 2.4, Fig. 2.5).

It has been reported that (p)ppGpp inhibits the synthesis of GMP and GDP through binding
the corresponding synthetases, such as HPRT, GMK, and their homologues [41, 42]. The
binding affinity of HPRT for pppGpp is Kq = 3.38 uM in E. coli, but only 0.24 yM in C.
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crescentus [42]. We ignored this inhibition (Fig. 2.5) because the HPRT homologue should
be saturated with basal levels of (p)ppGpp in bacteria (10-50 uM [32, 42]).

AMP pppGpp/ppGpp HO
SpoTSd SpoThd x
ATP GTP/GDP PPi

Figure 2.4: Metabolism of (p)ppGpp.
SpoT, a bifunctional enzyme in C. crescentus, catalyzes both the synthesis and hydrolysis
of (p)ppGpp. SpoTy and SpoTyg indicate the synthetase and hydrolase activity of SpoT,
respectively.

Nitrogen phosphotransferase system

It has been well documented that (p)ppGpp responds to carbon and nitrogen depriva-
tions [32, 39, 41]. While the specific mechanism underlying carbon starvation is not yet
clear, the mechanism responsible for nitrogen starvation has been recently elucidated [31].
The accumulation of (p)ppGpp following nitrogen starvation is regulated by the nitrogen
phosphotransferase system (PTSN™) [31, 6].

The PTSN" consists of three components (EIN®, NPr, and EITAN") which form a phosphory-
lation cascade (Fig. 2.5). The first protein EIN" initiates the cascade through autophospho-
rylation using PEP as the phosphoryl donor. Then the phosphoryl group is transferred from
EIN" to NPr and then to EIIAN®". This process is reversible, so three components exchange
phosphate groups and reach a steady state. EITANY can transfer its phosphate group to
other unknown molecules [43]. We assume that the rate of phosphoryl transfer from EITAN®
to these other molecules outside of the PTSN' is far slower than the transfer rate among
PTSN" proteins and the exchange with PEP and pyruvate. Therefore, we do not consider
to include a terminal phosphate sink in our model of the PTSN'

Glutamine binds to the conserved GAF domain of EIN" (Fig. 2.6) to prevent its autophos-
phorylation. Because glutamine works as a powerful nitrogen signal, enzymes involved in the
PTSN*" become highly phosphorylated under nitrogen starvation when the intracellular level
of glutamine decreases rapidly [31]. The PTSN" influences cdG dynamics by its effects on
SpoT activity. Bacterial two-hybrid assays and mutant experiments [6] indicate that phos-
phorylated EITANY directly interacts with SpoT to inhibit its hydrolase activity, whereas
phosphorylated NPr activates SpoT synthetase activity indirectly (Fig. 2.5). In this way,
the PTSN" which senses nitrogen availability through glutamine, subsequently regulates
SpoT activity and (p)ppGpp levels.
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Figure 2.5: Diagram of the second messenger regulatory network.
Glutamine (Gln) acts as the nitrogen signal, which regulates the phosphorylation state of
PTSN" enzymes. Solid black arrows represent conversion between molecular species. Solid
purple lines indicate transfer of phosphoryl groups between species, where the phosphoryl
transfer is reversible. Dashed lines represent allosteric influences on reaction rates (an arrow-
head represents activation and a bar-head inhibition). Dashed line 1 indicates the product-
inhibition based on c¢dG binding to the I-site of DGCs. Dashed line 2-1 indicates that
phosphorylated NPr indirectly activates the synthase activity of SpoT, and dashed line 2-2
indicates that phosphorylated EIIAN" directly inhibits the hydrolase activity of SpoT.




Chunrui Xu Chapter 2. Cell cycle control and environmental response ... 13

. e Pyr
Glutamine p f PyrLPy /"
~

| _— \PBD -
< I ~o
GY" )
! ¥
7 EI Sms(P)
- |
Ve !
/ /
/" NBD - __ NPr
/ o
. Finp

Figure 2.6: Schematic diagram of EIN* structure and phosphate transfer.

The C-terminus of EIN" bears a PEP-binding domain (PBD) and the N-terminus is respon-
sible for binding NPr (NBD). The red dashed arrows indicate the direction of phosphate
transfer. The separate GAF domain senses nitrogen availability by binding glutamine, which
inhibits phosphoryl group transferred from PEP to EIN'.

2.3.2 Mathematical model

Based on the diagram in Fig. 2.5, the reactions of our model are as follows.

The activity of DGCs is subject to the product inhibition through binding of ¢dG. As two
c¢dG molecules bind allosterically to each DGC dimer, we assumed that ¢dG inhibition of
DGC is a cooperative process. Thus we expressed the activity of [DGC] as a Hill function
with a Hill exponent of 2 (Table 2.1, Equation (1)). Unlike DGCs, PDEs act as monomers,
which convert ¢dG to pGpG or GMP [34]. pGpG is subsequently converted into GMP [31].
We assumed this reaction is very fast and ignored the intermediate pGpG.

2 GTP 2% c_di—aMPZ2E 2 o MP.

As GDP and GTP can be interconverted and their products, ppGpp and pppGpp, with
similar behaviour [39, 44, 32], we lumped GDP and GTP into a single variable, ‘GTP’,
and ppGpp and pppGpp are also condensed into one variable, (p)ppGpp. These ‘variables’
are interconverted by the synthetase and hydrolase activities of SpoT (SpoTyq and SpoThyq,
respectively). To take the direct and indirect effects of NPr~P and EIIAN" ~P into consid-
eration [45], we define a variable o (Table 2.1) as the synthetase:hydrolase ratio of SpoT.

SpOThd
SpoTgq

GTP.

(p)ppGpp

The interconversion of GTP, GDP and GMP is described compactly in our mathematical
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model by the reversible reaction

GTP 2251 G\Ip.

ks.aTp

PEP binds to the C-terminal domain of EI and donates a phosphoryl group to His-189
(Fig. 2.6). Then the phosphoryl group is transferred to the next two enzymes, NPr and
EITANY in sequence [46, 47]. Glutamine binds to an allosteric site of EIN" (the GAF domain)
[48] and inhibits phosphoryl transfer to His-189 [31, 49] (Fig. 2.6). The phosphorylation
cascade is summarized by the following reactions:

k 1
EI + PEP —= EIPEP,

kp_,

k1 (inhibited by Gln)
IEIP“SP

EI~PPYT,

ko1

Pyr kbfZ;
EI~P"Y" ——= EI~P + Pyr,

kb,

EI~P,y + NPr kk: El,y, + NPr~P,
—2

NPr~P + EIIA k“: NPr + EITA~P -
3

where EI~P;;= EI~P + EI~P™ and El,.= EI + EI'®. EI"®™ and EI~P™" indicate
EI bound with PEP and EI~P bound with Pyr, respectively. ky; (i = 1,2,3) are the rate
constants of phosphorylation reactions, while k;, , (j = 1,2) are the rate constants of binding
reactions.

Here, we make several assumptions to describe PTSN" reactions effectively:

(1) As PEP binding to EI is a rapid process [46, 50|, we assumed that PEP and Pyr binding
reactions are much faster than phosphorylation reactions (reaching quasi-steady state) [46].
Therefore, we converted the binding reactions into algebraic equations (Table 2.1, Equation
(8, 9)).

(2) We assumed that EI~P and EI~PP¥ phosphorylate NPr at the same rate, but EIFY
is unstable and immediately dissociates into EI and Pyr. Similarly, we assumed that EI
and EI’*FPcan be phosphorylated by NPr~P, but EI~PPEF is unstable and immediately
dissociates into EI~P and PEP.

(3) Since there is limited experimental data for the kinetic rate constants of the nitrogen
PTS, we utilized experiments on the carbon PTS system to estimate these rate constants in
our model. The kinetics of the carbon and nitrogen PTSs are likely very similar as they are
homologues [51, 52].

(4) The total concentrations of EIN", NPr and EITAN" are assumed to be constants [53]. We
estimated the total concentrations to be: [EIN"]p = 10uM, [NPr]r = 30uM, and [EITAN®]p
= 30uM [54, 55, 56].
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The resulting mathematical model consists of seven ODEs and five algebraic equations (Ta-
ble 2.1 and Appendix A.1). Parameters are defined in Table 2.2. Whenever possible, we
estimated parameters from experimental data. Initial conditions in Table 2.3 were estimated
from the intracellular concentrations in bacteria. The maximum concentration of ¢cdG in C.
crescentus is around 2.8uM [57]. The basal levels of (p)ppGpp and GTP in Gram-negative
bacteria during normal conditions are around 50uM and 1000uM [36], respectively. The
ratio of [(p)ppGpp| to [GTP] in C. crescentus varies from 0.15 to 1.9 under rich and limited
nitrogen conditions [58, 59, 40]. We used these values to calibrate our model. The ODEs
were solved in MATLAB with odel5s.

Table 2.1: Equations of the second messenger model.

(1) d[cdG]/dt = kgeqq - [DGC] Ki . _IGTPE G - [PDE]. kS

ch]2 [GTP]2+K2, [cdG]+ Km2
(2)  d[(p)ppGpp]/dt = ks.(p)ppcpp - {SpOTsd} [GT[%+P[]<M Ka.myppcpp - {SpoTpa} - %
(3)  d[GTP]/dt = kcrp - [GMP] — kacre - [GTP] = ks ppapp - {SP0To} - tpriss
Fka.pyppcpp - {SPoThq} - % 2+ kscac - [DGC] - c2dG]2 ' [GlL(;]T?i)]Iz(fﬂl
(4)  d[GMP]/dt =2 kq.cac - [PDE] - 54— + ka.cre - [GTP] — kS_GTP - [GMP]
(5)  d[ET ~ Pl /dt = ky - ZE5G8 - [EI7™] — &y - [EL ~ PP

—ky - [EI ~ Piot[NP1] + k_3 - [NPr ~ P][EI]]0
(6)  d[NPr ~ P]/dt = ky - [EI ~ PJJ;ot[NP1] — k_5 - [NPr ~ P][EI]]0
—(ks - [NPr ~ P][EIIA] — k_3 - [NPr][EIIA ~ P])
) d[EIIA ~ P]/dt = ks - [NPr ~ P][EIIA] — k_s - [NPr|[EIIA ~ P]
8)  [EIJ[PEP] = Ky, - [EI"®]
) [EI ~ P][Py1] = Kg, - [EIl ~ P™]
10)  [Elp =[EI+[EIPPP]+[EL ~ PP + [El ~ P]
11) [NPi]y = [NPr] + [NPr ~ P]
12) [EIIA]r = [EIIA] + [EIIA ~ P]

1 NPr~ Ks
Tiar SP0Tha = 15,0 = Kspor - prrpﬂ(z/EHANPH(3 {SpoT.,} and {SpoT 4} represent the

* SpoTsd =

fraction of total SpoT for synthetase and hydrolase, respectively.
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Table 2.2: Parameters of the second messenger model.

parameter description source
ks.cac = 33.5/min scaled synthesis rate of cdG this study
k4 cac = 100/min scaled degradation rate of cdG this study
K, =0.5uM dissociation constant for product inhibition [60]
K,1=1500puM binding affinity of GTP this study
Ko = 0.06uM binding affinity of cdG [60]
[DgceB]=0.7uM scaled DgcB level [61]
[basal PDEs|=0.2uM scaled basal PDE level this study
Ks.(pyppGpp = 170pM/min synthesis rate of (p)ppGpp this study
kd.(p)ppGpp = 160M /min degradation rate of (p)ppGpp this study
Ky = 75uM binding affinity of NPr~P this study
K3 =10uM dissociation constant of EIIA~P this study
Kespor = 4 constant of SpoT activity this study
K3 = 1000pM binding affinity of GTP this study
Ky = 2000uM binding affinity of (p)ppGpp this study
Ka Zz50613 M parameters of glutamine inhibition [62]
ks.gTp = 1500/min synthesis rate of GTP this study
kq.crp = 100/min degradation rate of GTP this study
[Ellp = 10uM
[NPr]t = 30puM total enzymes levels [54, 55, 56]
[EITA]t = 30uM
ki1 = 52.4/min

k_, = 67.2/min this study, [62, 47]

ky = 1.2 x 104/ (min - M) phosphotransfer constants

kiz = 3.7 x 103/(min - uM) (53, 47
ke
B = ,f”l = 350uM dissociation constants [47]
b_

Kap =

2 — 670uM

by




Chunrui Xu Chapter 2. Cell cycle control and environmental response ... 17

Table 2.3: Initial Conditions of the second messenger model.

Variables Initial Conditions (uM)

c-di-GMP 0.3
QTP 1300
(p)ppGpDP 100
GMP 20
EI~P 10
NPr~P 30
EITA~P 30

2.4 Simulations and results

2.4.1 Oscillations of DGCs and PDEs

Two well-known DGCs in C.crescentus are DgeB and PleD [61, 57]. DgcB level stays constant
over the cell cycle, while the concentration and activity of PleD vary [61]. Hence, we model
[DGC] as the sum of constant [DgcB] and variable [PleD]. Because experimental data on the
fluctuation of active (phosphorylated) PleD over the course of the C. crescentus cell cycle is
not available, we used the total PleD fluctuation as a substitute. Fig. 2.7A shows immunoblot
measurements (red dots) of total PleD, extracted by ImageJ from Abel et al [61] and the
corresponding curve fitted by MATLAB (R-square is 0.66). It appears that the second data
point from Abel et al [61] is inaccurate because PleD activity should peak around t=20,
since ¢cdG needs to be produced at a high level at this time to deplete active CtrA and
initiate the G1-to-S transition. Assuming that the second experimental point is an error,
we re-fit the total PleD without this point (Fig. 2.7B, R-square is 0.84). In agreement with
our expectations, the fitted curve in Fig. 2.7B increases during G1-to-S transition and peaks
around 30 min. The corresponding accuracy of curve fitting improves as well. Additionally,
we borrowed the active PleD simulation of a mathematical model proposed by Weston et
al [22] (Fig. 2.7C, magenta curve) which captures the dynamics of phosphorylation of PleD.
Weston’s simulation of PleD~P (Fig. 2.7C) shows a similar trend with the experimental
data and re-fitted curve of total PleD (Fig. 2.7B,C), which serves to justify our methods for
calibrating a curve for PleD activity. The different scaled levels between Weston’s simulation
and experimental points are due to different normalization methods.

While PdeA is the most active phosphodiesterase enzyme in C. crescentus [63], other PDEs,
including PdeB, PdeC, and PdeD, have been identified in bacterial species B. subtilis, F. coli
and L. monocytogenes [64]. Assuming there are other PDEs in C. crescentus as well, we rep-
resented total [PDE] in our model as the sum of [basal PDE] plus a variable [PdeA] estimated
by the curve-fitting tool in MATLAB applied to quantitative PdeA measurements derived
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from Western blots of Abel et al [65] using ImageJ. The PdeA points and the corresponding
curve are shown in Fig. 2.7D with R-square being 0.77.
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Figure 2.7: Curve-fitting of PleD and PdeA data.
(A). Original experimental data of total PleD [61] and a curve fitted to the data by MAT-
LAB. Function is 0.1442xsin(Z¢+0.5037)+0.7384. (B). Refitted PleD curve after deleting
the second data point. New function is 0.1834 xsin(7£+0.5587)+0.7579. (C). Weston’s sim-
ulation [22] of phosphorylated PleD and comparison with re-fitted curve and experimental

data from B. (D). Experimental measurements of PdeA[66] and its fitted curve. Function is
-0.3605x sin(Z£t+40.1767)+0.361.

2.4.2 Oscillation of c-di-GMP over the cell cycle in C. crescentus

We used experimental data of ¢cdG concentration (peak point) [57] and bacterial nucleotide
concentrations to estimate parameters that are not available in publications. Experimentally,
cdG peaks at the swarmer-to-stalked transition (/0.284M) and then decreases until reaching
the lowest value (<0.1uM) in the swarmer cell after cell division. Our simulation of cdG
over time fits experimental data well and shows a stable oscillation through the cell cycle
under nutrient-rich conditions (Fig. 2.8), in agreement with experimental data [57].
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Figure 2.8: c-di-GMP oscillates during the swarmer cell cycle.
Red circles indicate experimental data of c-di-GMP in a single C. crescentus wild-type cell

during one cell cycle [57]. Black line indicates the simulated c-di-GMP in a swarmer cell at
Gln=10000pM, PEP=300uM, and Pyr=1500pM.

2.4.3 Comparison of simulated PTSN* to carbon-PTS experimen-
tal data

PTS and PTSN" have a lot in common. Enzymes of PTSN" (EIN" NPr, and EITAN™)
are homologues of carbon-PTS enzymes (EI, HPr, and EIIA/B/C) [51]. They have similar
structures and play parallel roles in nutrient uptake. In addition, these PTSs communicate
with each other by phosphate exchange [48, 67]. PEP acts as the phosphoryl donor for both
carbon and nitrogen PTSs. There are two significant differences between these systems [48]:
(1) Enzymes II in PTS (juxtamembrane EIIB and transmembrane EIIC) assist in the trans-
membrane transport of sugars [68] whereas PTSN" does not aid in sugar transport [52]. (2)
PTSN" is regulated by glutamine levels as part of the nitrogen signaling pathway in prokary-
otes, while PTS senses carbon sources in the environment through regulating transport and
phosphorylation of carbohydrates like glucose [54, 68].

There is limited quantitative data for PTSN" in publications. Based on the similarities
between PTSN" and PTS, we introduced some parameters obtained from PTS experiments
to simulate PTSN™ [47, 53] (Tabel 2.2). In order to calibrate the PTSN model, we set [Gln]
to 0 and compared simulations with carbon PTS experiments.

Kundig and Roseman [69, 46] measured how EI and HPr levels affect phosphorylation of
PTS quantitatively (Table 2.4). We set our initial conditions to the experimental conditions
of the paper, substituting [Npr] and [EIN*] for [Hpr] and [EI], respectively. As there is
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no information about pyruvate concentrations in their experiments, we estimated the [Pyr]
based on one set of experimental data in Table 2.4. The Table indicates that our PTSN"
simulations fit the experimental data well.

Table 2.4: Effect of EI and HPr (NPr) concentrations on phosphorylation of EI and HPr
(NPr) in PTS system.

Condition Experiment[69] Simulation

EI(uM) HPr(NPr)(uM) EI~P+HPr~P(uM) EI~P+NPr~P(uM)

0.157 24.4 6 6.8
0.3125 24.4 6.5 6.9

0.729 24.4 7 7

1.57 24.4 7.5 7.2

0.729 0 >0 0.2

0.729 12.2 3 3.6

0.729 36.6 9.1 10.5

* PEP=1604M.

** This row has been used to estimate Pyr level; Pyr=48.5uM.
**#* Too small to recognize the specific value from the original figure [69].

2.4.4 Simulations under different nutrients conditions

Goodwin et al [62] measured quantitatively how glutamine inhibits EIN" activity. In Ta-
ble 2.5, we show model simulations under a range of glutamine levels. Lee et al [70] showed
that cellular glutamine in E. coli is very low under nitrogen-starvation and increases to more
than 10000uM when environmental ammonium is increased. Therefore, in our simulations,
we used [Gln|=1uM to represent limited nitrogen and [GIn]=10000uM to describe abundant
nitrogen.

PEP, the phosphoryl donor of PTSN" | is an important indicator of carbon availability [71].
However, Osanai et al [72] and Yuan et al [73] showed that PEP and Pyr levels are stable
under nitrogen shifts. Hogema et al [74] measured intracellular PEP and Pyr in E. coli under
different carbon conditions: cells were initially grown in minimal medium (ammonia with
limited carbon) and had PEP and pyruvate concentrations of 2800uM and [Pyr|=900uM,
respectively. After adding 10mM glucose to the medium (now ammonia with high carbon),
PEP and pyruvate concentrations shifted to 300uM and 1500uM, respectively. In consid-
eration of this experimental data, we set ‘[PEP]|=300uM, [Pyr]=1500pM, [GIn]=10000zM’
to represent ‘ammonia with high carbon’; and ‘[PEP|=300uM, [Pyr|=1500pM, [Gln]=1pM’
to represent ‘nitrogen-starved’ condition. As cells require carbon and nitrogen to synthe-
size glutamine, we regard limited glutamine (proposed as 1000-2000uM in Table 2.5) and
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‘(PEP]=28001M and [Pyr]=900uM’ as ‘ammonia with limited carbon’.

Table 2.5: Simulations under different nutrient conditions.

[GIn] 10000M  2000pM  1000xM  100pM 10pM 1uM
cdG range 0.01-0.28 © 0.01-0.26  0.01-0.25  0-0.09 0-0.03 0-0.02 ™

(p)ppGpp (M) 118 150 187 582 895 939

GTP (uM) 1221 1192 1156 787 493 452

[PEP]=300.M (oo tpel 0.10 0.13 0.16 074 1.8 2.1
[Pyr]=1500pM GMP (uM) 81 79 7 52 33 30
EI ~ P (uM) 0.5 0.6 0.8 2.0 3.2 3.4

NPr ~ P (uM) 1.6 1.9 2.4 6.1 9.5 10.2

EIIA ~ P (uM) 1.6 1.9 2.4 6.1 9.5 10.2

cdG range 0.01-0.20  0.01-0.17 770.01-0.13 77 0-0.02 0-0.01 0-0.01

(p)ppGpp (M) 294 371 458 993 1160 1178

GTP (uM) 1056 984 902 401 244 227

[PEP]=2800.M (eypetpel 0.28 0.38 0.51 2.5 4.8 5.2
[Pyr]=9004M GMP (uM) 70 66 60 27 16 15
EI ~ P (uM) 1.1 1.4 1.6 3.7 5.2 5.4

NPr ~ P (uM) 3.4 4.2 4.9 111 156  16.3

EIIA ~ P (uM) 3.4 4.2 4.9 111 156  16.3

* Proposed to be under condition of ammonia with high carbon.
** Proposed to be under condition of nitrogen starvation.
*** Proposed to be under condition of ammonia with limited carbon.

Table 2.5 summarizes the results of our simulations. c¢dG oscillations peak at 0.284M under
’ammonia with high carbon’, and peak at 0.02uM under nitrogen depletion. These results
suggest that depletion of nitrogen should result in cell cycle arrest, which is consistent with
experimental observations [75]. In general, as glutamine concentrations decrease, cdG, GTP
and GMP levels decrease while (p)ppGpp levels increase.

When we simulate conditions of ‘ammonia with limited carbon’, we find that c¢dG oscillations
decrease in amplitude; however, concentrations are presumably not so low to induce cell cycle
arrest. Thus, our results are consistent with the fact that C. crescentus continues to grow
under such conditions [74]. Interestingly, our results suggest that (p)ppGpp levels should
increase when decreasing carbon availability. Our results suggest that shifts in PEP and
pyruvate concentrations due to limiting carbon availability will make the cell more sensitive
to shifts in nitrogen. Table 2.5 suggests, that shifts in the direction of increased [PEP]
and decreased [Pyr] favor increased activity in SpoT synthetase. Based on steady state
analysis of ODEs in our model, phosphorylation of PTSN" proteins depends non-linearly on
the [PEP]:[Pyr] ratio (Appendix A2). Increases in the ratio generally trend towards SpoT
synthetase activity, while decreases trend toward hydrolase activity.
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Our simulations show that the shift of c-di-GMP and (p)ppGpp levels in response to changes
of nutrients is due to both a shift in internal glutamine concentration and an adjustment
to the PEP and pyruvate levels (Table 2.5). Our model suggests that the PEP and Pyr
levels regulating PTSN" is one potential pathway of (p)ppGpp response to carbon avail-
ability. Enzymes within the PTSN* system become highly phosphorylated under nitrogen
starvation (Table 2.5), which is consistent with the existing qualitative analysis as well [31].
Additionally, our simulation fits the experimental observations (Table 2.6) well.

Table 2.6: Experimental information for concentrations and changes under starvation.

Variables Nutrient-rich Nutrient-starved Species Reference
50puM - E.coli [32]
(p)ppGpp 10-30M millimolar B.subtilis [42]
900uM - E.coli [37]
GTP - 3-fold drop (arginine starved) B.subtilis [41]
1000-30001M - B.subtilis 38]
- 3-fold drop (glucose starved)  marine Vibrio [76]
GDP 100pM - E.coli [37]
- 14-fold drop (arginine starved) B.subtilis [41]
GMP 24uM - E.coli [77]
‘ : ~0.1 ~0.3 (arginine starved) B.subtilis [58]
[pppGpp]: | GTP] ratio 0.08 - E.coli (78]
~0.25 ~1.2 (arginine starved) B.subtilis [58]
[ppGpp):[GTP] ratio 0-16 L (argm'me starved) E.coli (78]
~0.1 ' C.crescentus [40]

~2.5 (glucose starved)

Response to environmental change

Given the oligotrophic environments C. crescentus populates, we postulate that C. crescentus
would have to respond rapidly to sudden shifts in nutrients in order to increase its fitness in
these environments. Fig. 2.9 shows how C. crescentus responds to environmental nitrogen-
shifts in our simulation. The response time for starvation is within one cell replication cycle,
which means C. crescentus can respond to nutrient deprivation quickly according to our
model. Perhaps even more importantly, our model suggests that C. crescentus also recovers
quite quickly to normal cell cycle oscillations when we reset glutamine to the starting value.
A response within the time frame of one cell cycle would be a useful characteristic for C.
crescentus to survive in oligotrophic environments.



Chunrui Xu Chapter 2. Cell cycle control and environmental response ... 23

03 T T T T T
[GIn]=10001M (from time Q)
=—[GIn}=100pM (from time 600) T
[GIn]=1000;:M (from time 1200)

0 200 400 600 800 1000 1200 1400 1600 1800

T T T
% 1200 b
& 1000 - b
9
800 = 1 L L L L 1 L B
0 200 400 600 800 1000 1200 1400 1600 1800
= 600 .

200 400 600 800 1000 1200 1400 1600 1800
Time/min

o

[{(P)PpGppl/m
»N B
o o
o o
T T

o

Figure 2.9: Response to nitrogen-shifts in our simulation.
Blue line indicates simulated levels of cdG, GTP, and (p)ppGpp when [GIn]=10000M. Red
line indicates simulated levels of these three molecules when glutamine changes to 100uM
at simulation time 600. Yellow line indicates the simulation when the glutamine recovers to
10000uM. The end point of previous simulation is used to be the initial point of the following
simulation at a different glutamine level.
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2.5 Discussion

Progression through the cell cycle in C. crescentus requires precise coordination of metabolic
and morphological events. The guanine nucleotide-based second messenger network, in-
cluding ¢dG and (p)ppGpp, plays significant roles in regulating bacterial morphology and
metabolism, such as controlling the activity of CtrA and adapting bacteria to environmen-
tal changes. In this study, we proposed a mathematical model to simulate the guanine
nucleotide-based second messenger network, and investigated how this network responds to
nutrient shifts through PTSN'

We calibrated our model using experimental data, and investigated two aspects influencing
phosphorylation of PTSN" in simulations: 1) glutamine levels, which affects autophospho-
rylation of EIN" [48, 31]; and 2) PEP and Pyr levels, which influence the flux of phosphorus
through the PTSN" system (Table 2.5, Appendix A2).

Simulations of nitrogen deprivation suggest that as (p)ppGpp accumulates in C. crescentus,
GTP and c¢dG concentrations decrease significantly as a result of increasing SpoT synthetase
activity. While it is suggested that (p)ppGpp stabilizes CtrA in C. crescentus [79], the
exact mechanism is unknown. As cdG is essential for CtrA proteolysis, the stability of
CtrA may increase due to diminished c¢dG concentration as a result of SpoT synthetase
activity, rather than downstream effects of (p)ppGpp signaling. Thus, we propose that C.
crescentus may respond to nitrogen starvation by stimulating the PTSN" system to induce
SpoT synthetase activity, resulting in depletion of GTP and c¢dG levels to induce cell cycle
arrest via stabilization of the chromosome replication inhibitor, CtrA.

Importantly, our results also suggest that changes to intracellular concentrations of PEP and
pyruvate can have a significant impact on SpoT activity. We find that shifts in PEP and
pyruvate concentrations in response to decreased sugar availability result in an increase in
SpoT synthetase activity and an increase in sensitivity to shifts in glutamine concentration.
Thus, two potential avenues to influence the PTSN" and SpoT are through adjusting PEP
and pyruvate levels as well as glutamine.
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3.1 Abstract

The cell cycle of Caulobacter crescentus involves the polar morphogenesis and an asymmet-
rical cell division driven by precise interactions and regulations of proteins, which makes
Caulobacter an ideal model organism for investigating bacterial cell development and differ-
entiation. The abundance of molecular data accumulated on Caulobacter motivates system
biologists to analyze the complex regulatory network of cell cycle via quantitative modeling.
In this paper, We propose a mathematical model to accurately characterize the underlying
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mechanisms of cell cycle regulation based on the study of: a) chromosome replication, methy-
lation and transcription; b) interactive pathways of five master regulatory proteins including
DnaA, GerA, CerM, CtrA, and SciP, as well as novel consideration of their corresponding
mRNAs; ¢) cell cycle-dependent proteolysis of CtrA through a hierarchical assembly of pro-
tease complex. The temporal dynamics of our simulation results can closely replicate an
extensive set of experimental observations and capture the main phenotype of seven mutant
strains of Caulobacter crescentus. Collectively, the proposed model can be used to predict
phenotypes of other mutant cases, especially for nonviable strains which are hard to culti-
vate and observe. Moreover, the module of cyclic proteolysis is an efficient tool to study the
metabolism of proteins with similar mechanisms.

3.2 Introduction

Caulobacter crescentus (C. crescentus) is a model organism for exploring cell development
and cell cycle regulation in prokaryotes. C. crescentus undergoes an asymmetrical cell di-
vision producing two distinct progenies: a sessile stalked cell equipped with a stalk and a
motile swarmer cell equipped with a flagellum (Fig 3.1). While the stalked cell immediately
initiates chromosome replication and enters the next cell cycle, the swarmer cell searches
for suitable environments and differentiates into a stalked cell (sw-to-st transition) before
entering the cell cycle replication [80]. The dimorphic lifestyle makes C. crescentus feasible
to survive in oligotrophic waters.

The timed asymmetrical cell progression of C. crescentus is highly regulated by a cell cycle-
dependent regulatory network including four master regulators - DnaA, GerA, CtrA, and
CerM [81, 82]. DnaA, GerA, and CtrA are transcriptional factors that control over 200
cell cycle-regulated genes in C. crescentus. These proteins form a loop to control each
other. DnaA activates gcrA expression, GerA regulates the expression of ctrA and dnaA,
and CtrA in turn influences the transcription of dnaA [20, 83, 84]. Furthermore, DnaA is
a conserved DNA replication initiator, activating replication by binding directly with the
chromosome origin (Cori) [85]. In addition, there are five binding sites for CtrA on Cori,
where replication initiation is suppressed when being bound by the phosphorylated form of
CtrA (CtrA~P) [20]. CcrM, a conserved methyltransferase, is turned on at the completion
of DNA replication to fully methylate the motif GANTC, which is carried by promoters
of ctrd, dnaA, and ccrM (see Fig 3.2) [79, 86]. The short window of CerM allows the
maintenance of hemimethylated chromosome during replication, ensuring the robustness of
cell cycle development. Moreover, CcrM has been reported to influence the expressions of
more than 10% genes [19, 79]. Among these CcrM-regulated genes, more than 100 genes
are likely influenced by a GANTC motif-dependent pathways, while the mechanisms of the
rest genes are not clear [79]. Here, we take the CcrM-dependent methylation of GANTC
motif into the regulatory network. Additionally, SciP is an antagonist of CtrA which is
instrumental in cell cycle regulations but receives little attention. SciP spatiotemporally
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represses the transcription of CtrA-induced genes because most of these genes contain a
SciP binding site upstream of a CtrA binding site in their promoters [81].

A wealth of experimental data for cell cycle-regulated genes and proteins in C. crescentus
have been accumulated in last decade [87, 88]. System biologists have proposed different
quantitative models to analyze underlying mechanisms and pathways of cell cycle regulation.
For example, Li et al. 20, 89] quantitatively modeled the interactions between CtrA, DnaA,
GcerA, and CerM and studied the simulated behaviors of some mutants. Murray et al. [19]
proposed a simplified model incorporating CtrA, CckA, and GcrA to capture the cell cycle
features of C. crescentus and predict the behaviors of AgerA cells. However, the proteolysis
of CtrA is not explicitly modeled. Li et al. [20, 89] borrowed DivK while Murray et al. [19]
used CckA to describe the proteolysis of CtrA; but both DivK and CckA are indirect factors
influencing the proteolysis of CtrA through phosphorelay pathways [90]. There are a series of
models working on the spatial regulatory networks in C. crescentus. Li et al. investigated the
spatial regulations focusing on CtrA in a stochastic model [91], which preliminarily revealed
roles of spatial phosphorylation on the asymmetrical cell cycle in C. crescentus. Further,
Chen et al. [92] and Xu et al. [93] proposed spatial models for the scaffolding protein PopZ
in C. crescentus, which complemented Li et al.’s model [91] about the initial localization
factors. Although previous mathematical models revealed some mechanisms of Caulobacter
cell development, the mRNA abundance and transcription process based on master regu-
lators have yet been explicitly investigated. Additionally, there is no mathematical model
describing the cyclic proteolysis of master regulator CtrA, which plays important roles for
cell development especially for the sw-to-st transition [27].

In this paper, we focus on five core components—DnaA, GerA, CtrA, CerM, and SciP that
control over 90% of cell cycle-regulated genes, and propose a mathematical model that con-
siders the regulation of DNA replication, methylation, and transcription, as well as the
gene-protein and protein-protein interactions. Since CtrA is essential in the cell cycle reg-
ulation and its proteolysis is distinctively and spatiotemporally regulated, we construct a
hierarchical ClpXP complex network for the proteolysis reactions, which is then integrated
into the entire model. The simulated dynamics of mRNA and proteins are consistent with
experimental observations. The ClpXP complex model can be used as a quantitative analy-

sis tool to simulate other cyclic proteolysis in C. crescentus, such as the proteolysis of ShkA
and TacA [94, 95].

3.3 Materials and methods

3.3.1 Model description

The regulatory network of bacterial cell cycle includes a series of complex mechanisms, such
as genetic regulations, degradations, phosphorylation, dephosphorylation, and so on. The
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Figure 3.1: The asymmetrical cell cycle of C. crescentus with spatial distribution
of regulators.

C. crescentus cell grows in G1, replicates DNA in S phase, and prepares for cell division in
G2 phase. The predivisional (PD) cell divides asymmetrically into two different progenies:
motile swarmer (SW) cell and non-motile stalked cell (ST). The dynamics of CtrA, GerA,
DnaA, CerM, SciP, RedA, and CpdR is indicated by color during each stage of the cell cycle.

details of the complex regulatory network will be described in the following.

Module 1: The core regulatory network of cell cycle. The master regulatory network
of C. crescentus, as summarized in Fig 3.3, is composed of DnaA (dnad), GerA (gerA), CtrA
(ctrA), CerM (cerM), and SciP (sciP). Specifically, DnaA promotes the expression of gerA,
while GerA inhibits DnaA and activates one of the promoters (P1) of CtrA [85]. Conversely,
CtrA~P suppresses the initiation of DNA replication [96], activates the transcription of
dnaA [20], inhibits the activity of P1, and activates itself through another promoter (P2) [82].
The accumulation of CtrA promotes the expressions of ccrM and sciP, where CerM controls
the methylation state of P1 of ctrA [97]. SciP downregulates CtrA and CcrM [81]. The
regulatory network of the five master proteins and mRNAs governs cell cycle-regulated genes,
thereby driving the cell cycle progression [87].

In normal cell cycle progression, active CtrA (phosphorylated form, blue color in Fig 3.1) is
cleared during the sw-to-st transition; CtrA concentrations are generally low in stalked cells
when the Z-ring is closed [98]. The activity of CtrA is controlled by synthesis, degradation,
and phosphorylation, the latter of which is driven by the CckA-dependent pathway [27, 99|
(Fig 3.3). As CckA~P is the only known phosphoryl donor of CtrA [90], we involve the
CckA-dependent phosphotransfer into our model. CtrA proteolysis depends on a particular
protease complex comprising the protease ClpXP and four additional adaptors—CpdR, RcdA,
PopA, and ¢-di-GMP (cdG) [27]. While the protease ClpXP presents throughout the entire
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Figure 3.2: Methylation site locations of different genes on C. crescentus chro-
mosome.

The elliptical curve represents the DNA fork in replication. Cori is the origin of DNA
replication and Ter is the termination site. The CerM methylation site is located upstream
of the dnaA, ccrM and ctrA genes, represented as rectangles.

cell cycle, RedA and CpdR co-localize at the stalked pole during sw-to-st transition and stay
in the predivisional cell’s stalked compartment (gold and black circles in Fig 3.1) [100]. The
phosphorylation of CpdR is also regulated by CckA, thus CckA regulates the activity of CtrA
through both phosphorylation and proteolysis. Additionally, CtrA controls the expression
of RedA and CpdR in C. crescentus.

Module 2: Cell cycle-dependent proteolysis of CtrA. The stability and activity of
proteins strictly regulate cell cycle processes. Accordingly, proteolysis plays a significant
role in cell development and response to internal/external stimuli [24, 27]. CIpXP, a highly
conserved protease, is responsible for the proteolysis of a wide range of proteins including
CtrA in C. crescentus [27]. Many substrates of ClpXP are cell cycle-regulated. Although
CIpXP levels do not change significantly throughout the cell cycle, it requires additional
cell cycle-dependent adaptors to cyclically degrade proteins [27]. Substrates of ClpXP-based
proteolysis require different classes of protease complex assemblies [29]. A few substrates,
such as PdeA, only require ClpXP primed by unphosphorylated CpdR; we name this type of
substrates as the first class substrate. Similarly, the second class substrates require primed
ClpXP additionally with RcdA assembled; and the third class substrates, such as CtrA, re-
quire binding between PopA and ¢-di-GMP connected with the second class protease complex
(see Fig 3.4).

In this study, we use ‘Complex 1’, ‘Complex 2’, and ‘Complex 3’ to name the protease com-
plexes that degrade the first, second, and third class substrates, respectively (see Fig 3.5).
Unphosphorylated CpdR primes ClpXP to function as the first class protease complex (Com-
plex 1) which degrades CpdR in turn [90]. (Table 3.1, Eq. 20). Primed ClpXP (Complex 1)
recruits RedA (Complex 2) to deliver the second class substrates to the protease ClpXP [29]
(Table 3.1, Eq. 23). Additionally, the RedA proteolysis has been shown to be catalyzed by
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Figure 3.3: The master regulatory network of C. crescentus.
Solid lines represent activation/inhibition influences of master regulators (DnaA, GerA,
CerM, CtrA, SciP) with arrow/bar, respectively. The dashed lines represent the methy-
lation effects on dnaA, ctrA, ccrM genes from CerM.

Complex 1 [95]. Besides CpdR and RecdA, the third class proteolysis requires PopA bound
with cdG, where cdG-bound PopA directly interacts with RedA and CtrA ensuring the spe-
cific degradation of CtrA [27]. The diguanylate cyclase PleD and phosphodiesterase PdeA
are included in our system as the main synthetase and hydrolase of cdG, respectively, where
the expression of pleD and pdeA is controlled by CtrA~P [33]. PdeA is proteolyzed by
Complex 1, shown in Fig 3.5. As PopA bears a GGDEF domain and two receiver domains
akin to PleD, we assume PopA functions as a dimer; thus, PopA dimer binds with two c¢dG
molecules in the same way as PleD does [101, 102] . Since ¢dG levels in C. crescentus are
less than 0.3 M [57], which is much lower than most protein levels, we use ¢cdG to represent
the PopA:2¢-di-GMP binding species in this model (Fig 3.5). Moreover, the phosphory-
lation of CpdR is controlled by the kinase CckA, similarly with CtrA [90]. ¢dG binds to
CckA to inhibit its kinase activity [28], which means ¢dG participates in the degradation
and dephosphorylation of CtrA. CckA and c¢dG connect the master regulatory network and
ClpXP-based proteolysis system through CtrA (Fig 3.5).

Only phosphorylated form of PleD is active to catalyze the synthesis of ¢dG [28]. As the
phosphorylation of PleD is controlled by more than three enzymes, including PleC, Div/J,
CckN, and at least one unknown kinase [103, 104], it is complicated to thoroughly involve
phosphorylation pathway of PleD. We initially assumed that phosphorylated PleD has a
similar trend over cell cycle with total PleD and used total PleD as the synthetase of cdG; but
cdG simulation in predivisional cell was super high, inconsistent with experiments, although
both PleD and PdeA fit data well. We hypothesize PleD~P is relatively low in predivisional
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cell due to the regulation of its main phosphatase PleC and kinase DivJ. To verify our
hypothesis, we quantify western blots of DivJ and PleC over cell cycle using ImageJ [14, 105]
(Fig 3.6). Experimental data indicates that DivJ almost does not change during the cell cycle
and PleC is high in predivisional cell. Therefore, it is reasonable that PleD~P decreases in
predivisional cell because of high phosphatase activity of PleC. We fit PleC data points with
trigonometric functions: 80.09 x sin(0.013¢ + 1.74) + 78.77 x sin(0.013¢ + 4.85) (Fig 3.6A).
The function of PleC is then introduced into our model to represent the PleC level regulating
the phosphorylation of PleD.

RcdA
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Figure 3.4: Hierarchical proteolysis of the first (eg. PdeA), second (eg. TacA),
and third (eg. CtrA) substrate.

The degradation of different substrates is dependent on the degree of adaptor assembly.
Priming of the protease ClpXP by unphosphorylated CpdR results in PdeA decay, which
recruits additional adaptor RcdA to degrade TacA. RedA tethers cdG-bound PopA with the
primed ClpXP, which is responsible for the proteolysis of CtrA.

Module 3: Chromosome replication and methylation We build the module for DNA
replication following the recognized principle in Li et al’s work [20], which consists of ini-
tiation, elongation, and termination phases. During the sw-to-st transition, C. crescentus
requires high levels of DnaA and low levels of CtrA to initiate DNA replication [89]. As
DNA synthesis proceeds, the fully methylated chromosome becomes hemimethylated due
to the semiconservative replication. Replication will not be initiated again until CcrM re-
methylates Cori once more [89]. Additionally, the master regulator genes ctrA, dnaA, and
cerM have CerM-targeted sequence GANTC in their promoters (see Fig 3.2). Therefore,
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Figure 3.6: Quantification of experimental data of PleC and DivlJ.
(A) Black curve is fitted from experimental data [14] by MATLAB. The fitting function is
80.09 x sin(0.013¢ + 1.74) + 78.77 x sin(0.013¢ + 4.85). (B) Experimental data of DivJ [105]
indicates DivJ levels sharply drop during the sw-to-st transition and then almost do not

change.
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the methylation state of these genes are likely influenced by CerM abundance and the pro-
gression of replication. Taken together, the initiation of DNA replication occurs when CtrA
concentration is low, DnaA concentration is high, and Cori is fully methylated. Once initi-
ated, DNA replication continues in a bidirectional manner along circular chromosomes and
terminates in the late predivisional cell [106]. Finally, the newly replicated chromosomes are
separated into two daughter cells with the Z-ring constriction.

We use variables Ini and Elong to model the initiation and elongation phase of DNA replica-
tion, respectively, where Elong was built by Li et al [20] (Table 3.1, Eqs. 1-2). Ini is activated
by DnaA, repressed by CtrA, and affected by the methylation of Cori. When Ini increases
to a threshold, Ini = Piong, the elongation phase is triggered, where Puone = 0.05 [89]
(Table. 3.2). DNA replication is terminated when Elong = 1 and we reset Elong = 0
once replication is terminated (see Fig 3.8A). h, indicating the probability of hemimethyla-
tion [20], is introduced in this study to describe the methylation influences on transcript rate
(see Table 3.1, Egs. 7-12). During the simulation of DNA replication, h is switched from 0
to 1 when the replication fork passes the corresponding gene on chromosome (Table. 3.2). As
the position of dnaA is very close to Cori (see Fig 3.2) and dnaA transcription rate reduces
to half when it is hemimethylated [83], ‘(2 —hcori)’ is used to represent the methylation effect
of dnaA [20]. I is introduced for a time delay. The chromosomes are separated with Z-ring
constriction; however, the Z-ring event is not modeled in this study. Experiments indicate
the S-phase period of Caulobacter is approximately 90 min. Here, we introduce a variable
Zring to control the timing of Z-ring constriction and cell division. The increase rate of Zring
is set as a particular constant to control the time for Zring rising from 0 to 1; and we use the
time event Zring = 1 (Table 3.2) to signal the separation of chromosomes, where the count
of chromosomes (Count) goes from 2 to 1 [84]. Throughout the execution of our simulation,
several events representing cellular phenomena, including time points of replication initiation
and chromosome segregation, can be triggered given particular conditions (summarized in
Table 3.2).

3.3.2 Model derivation

Some proteins are not uniformly distributed in Caulobacter cells (see Fig 3.1). As we focus
on temporal dynamics of regulators and their contributions to cell development, we ignore
the non-uniform distributions and assume the whole cell is well-mixed at this stage. We use
the law of mass action to describe the general synthesis/degradation and binding/unbinding
processes, while protein effects—activation and inhibition—are described by Hill functions. To
be more specific,

r =5 X g 0
is converted as
—— =ksx - — kax - [X] (3.1)
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where X represents protein, = is the mRNA of X, £, x is the rate constant of synthesis, and
kqx indicates the rate constant of degradation.

k* (bind) ‘
A+B —‘m C is converted as
I Ay 1B - k- (0] (32)

A binds to B to produce C, where k™ and k£~ represent binding and unbinding rates, respec-
tively. Activation and inhibition effects are described by Hill functions as follow:

Hy(X) = T X Hi(X) = J_nl—_fxn, (3.3)

where H,(X) indicates activation, and H;(X) indicates inhibition. Variables n, J represent
the corresponding Hill coefficient and the microscopic dissociation constant, respectively.

3.3.3 Model parameters

Experimental data. To compare our simulations with experimental observations from
different publications, we first normalize experimental data to [0, 1] as follows:

x; — min(z;)

Z; =

max(x;) — min(z;)’ (3:4)
where z; indicates the original data point; z; is the scaled normalized value of experiments.
Second, considering the relative abundance of different species in experiments [13], we set
different targeted ranges for different species in the model. For example, the abundances
of DnaA and CerM are relatively low while those of CtrA and SciP are relatively high in
experiments [13] and our simulations (Fig 3.10). For the figures in the Result section, the
normalized experimental data are scaled to the range of our simulations to evaluate the
temporal dynamics.

Parameter description. All 86 parameters used in this study are summarized in Table 3.3.
Among them, seven parameters are obtained from previous experimental or modeling publi-
cations (see Table 3.3). The rest of the parameters are split into two groups: 1) 47 parameters
(summarized in Table B.3) that characterize major functionality of mRNAs and proteins,
such as synthesis and degradation, are chosen for optimization; 2) the remaining 32 param-
eters are set with fixed values, including most dissociation constants.

Multiobjective optimization. Let x € RP p = 47 be the vector of parameters to be
estimated in the caulobactor cell cycle model. For this optimization problem, we focus on
two aspects: the quantitative difference between experimental data and simulated results,
and the cell cycle time, both for wild type cells. The reasoning behind the two objectives
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is that the experimental data have inconsistent concentration levels between the beginning
(t = 0 min) and ending (¢ = 150 min) states of the cell cycle, whereas our model must be
consistent to ensure stable cell cycle regulation. This is also validated in our initial opti-
mization test using a single objective function, where we observe minimizing the difference in
species concentration results in high deviation in cell cycle time, and vice versa. Due to this
conflict, we cannot use the common scalarization scheme to sum up the two objectives using
weights, i.e., FI(x) = wy fi(x) +wafa(x). Our parameter optimization is therefore defined as
a multiobjective optimization problem (MOP). The two objective functions are:

A00 =SS -l Sl = [T~ 150), (3.5)
i

where z; ; denotes the simulated concentration of species 4 at time j, ¥, ; denotes the exper-
imental data of species ¢ at time j, and T, is the simulated cell cycle time. Here, we have
the experimental data for n = 15 species (see Table B.2) and the number of data points
m varies for different species. Note that we only use available observations of C. crescentus
wild type (WT) cells for parameter fitting. The mutant cases of C. cell are used as our model
validation. The optimization problem to be solved is

min fi(x), min fo(x), (3.6)

[L,U] [L,U]

where [L, U] is a search box in R? for model parameters. See the lower and upper bounds of
parameters in Table B.3.

We apply two MOP algorithms to our optimization problem for comparison: one is the widely
used nondominated sorting genetic algorithm (NSGA-II) [107]; the other is the more recent
VIMOP [108] based on VTdirect [109] and QNSTOP [110, 111] that uses response surface
and trust region methodologies, and an adaptive weighting scheme. Initial values in Table B.1
are the levels of corresponding variables used as the beginning state of each simulated cell
cycle. Fig 3.7 shows the combined Pareto front from both methods after multiple runs with
different optimization settings. Observe that the Pareto front is a nonconvex curve, showing
that the multiobjective optimization problem is very difficult. The best parameter estimates
are found by VIMOP and listed in Table 3.3, with f; = 1.57 and f, = 0.02. The sensitivity
of parameters is 18% for experimental data fitting (f1) and 72% for cell cycle time (f3) if we
perturb the parameters of three Pareto points (marked as black circle in Fig 3.7) by 10%.
Note that the sensitivity of the second objective is large when f5 is very close to zero, thus
points near zero are not included in the analysis. The root mean square error (goodness of
fit) is RMS(f1) =~ 1.51, RMS(f3) ~ 0.84 for the three selected Pareto points.

3.4 Results

Integrating the hierarchical proteolysis (Fig 3.5) into the master regulatory network (Fig 3.3),
we propose a model to capture the temporal dynamics of cell cycle regulators and glean
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Figure 3.7: Pareto front returned by NSGA-II and VITMOP.
fi(x) and fi(x) are the two objective function values. The red point is selected as the best
parameter set for our model.

insights about bacterial protein proteolysis systems. Non-uniform distributions of molecules
in space are ignored at this stage.

3.4.1 Our model accurately describes gene transcription patterns
and temporal dynamics of key regulators during the repli-
cation cycle of Caulobacter wild type cells

Chromosome Replication and Methylation. We follow the DNA replication process
as the rationale to formulate a set of ordinary differential equations (ODEs) modeling ini-
tiation, elongation, and termination of DNA replication as well as methylation states, as
shown in Table 3.1 (Egs. 1-6). The initiation of DNA replication requires a fully methy-
lated state (both strands methylated, h, = 0), while semiconservative replication creates
two hemimethylated copies of genes. As such, the variables h, in our model spike when the
corresponding gene is being replicated (Fig 3.8). Later in the cell cycle, the hemimethylated
copies ( h, = 1) are re-methylated by CerM, returning to the fully methylated state. There-
fore, h, then plunge as the newly created, hemimethylated copies become fully methylated
by CerM. The CerM-dependent methylation in the control system ensures DNA replication
initiates once per cell cycle.

The proteolysis of CtrA is controlled by hierarchical protease complexes. In ad-
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Figure 3.8: Simulation of chromosome status.
(A) Simulated chromosome/DNA replication and elongation process; (B) The probability of
loci (Cori, cerM, ctrA) being hemimethylated in a single cell cycle.

dition to replication and transcription, we investigate the proteolysis regulation of CtrA, the
essential component of cell cycle control system, and explore the contribution of the conserved
proteolysis module. Based on the hierarchical diagram of protease complexes (Fig 3.5), we
use ODEs to simulate the temporal dynamics of three classes of protease complexes (Eqs.
20-29 of Table 3.1). Since there is no experimental data of protease complexes, we evaluate
our simulations using western blots of CpdR, RcdA, PleD, PdeA, and ¢dG [90, 112, 61] (see
Table B.2), where numerical values are extracted by ImageJ or GetData, shown as the red
circles in Fig 3.9. Those proteins are essential components of ClpXP-dependent proteolysis
system.

Our simulated CpdR, PleD and PdeA match well the experimental dynamics (see Fig 3.9).
The general trend of modeled RedA and cdG agrees with experiments, whereas cdG peaks
a little bit late compared with experimental data. The discrepancy may derive from other
regulatory enzymes of ¢cdG or PleD which are not involved in our current model. As most
proteins involved in protease complexes are modeled reasonably, We use the hierarchical
model to simulate the cyclic proteolysis of CtrA (Eq. 17 of Table 3.1). In addition to
degradation regulation, the hierarchical model influences the phosphorylation of CtrA via
c¢dG and CckA, while phosphorylated CtrA in turn impacts the expression of components
involved in degradation module, including cpdR, rcdA, and pleD.

Temporal dynamics of mRNA and master regulators. We convert the regulatory
network diagram in Fig 3.3 into ODEs shown in Table 3.1 (Eqs. 7-18) to simulate the
temporal dynamics of five master regulators and their mRNA. The proposed hierarchical
protease complexes are applied to simulate the cyclic degradation of CtrA. Figure 3.10A-
E and figure 3.10F-J exhibit the comparisons between simulations (black curves) in our
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Figure 3.9: The dynamics of total CpdR, RcdA, cdG, PdeA, total PleD, and
PleD~P in simulation with the corresponding experimental data.

.Experimental data of CpdR is from Iniesta et al. [100], RcdA is from McGrath et al. [112],
cdG is from Abel et al. [57], PdeA is from Abel et al. [61], and PleD is from Aldridge et

al. [113].
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model and experimental data (red circles and blue triangles) for mRNA (dnaA, gerA, ctrA,
cerM, and sciP) and protein (DnaA, GerA, CtrA, CerM, and SciP) levels, respectively. In
general, our simulations fit the experimental observations well. As we capture the genetic
information flowing from mRNA to proteins, the protein concentration curves generally
resemble the corresponding mRNA abundance curves. dnaA transcription is reduced by
hemi-methylation state, which in part explains the dip in our simulation of dnaA during
DNA replication (¢ € [30,110] min in Fig 3.10A). Additionally, the expression of dnaA is
activated by CtrA [83] and inhibited by GerA [114]. Thus, the high levels of GerA and
low levels of CtrA during sw-to-stalk transition reinforce the decrease of dnaA expression
(Fig 3.10A, G, H). When the replication fork passes ccrM and ctrA right before and after
50 min, Aeerpr and hega are switched from 0 to 1 (Fig 3.8), which explains the increase of
CerM (cerM) and CtrA (ctrA) at the corresponding time (Fig 3.10B,D,I,H). Meanwhile,
the high levels of activator GerA and low levels of inhibitor SciP amplify the increase of
ctrA. DnaA and CtrA collaborate to regulate the initiation of DNA replication: 1) during
sw-to-st transition, initiator DnaA is high and suppressor CtrA is low, allowing the cell to
initiate replication; 2) during DNA replication, DnaA keeps low and CtrA is high, avoiding
another initiation of replication in the same cycle. Under the combined functions of DnaA
and CtrA, the transcription of of gerA increases in the beginning and decreases in the
predivisional stage, which agrees with the observation of gerA transcription (see Fig 3.10B).
sciP expression is activated by CtrA, which is observed in our simulation as well (Fig 3.10E).
We summarize the simulated and observed abundance of five master regulators in a single
cell cycle in a bar chart (Fig 3.11B), where our simulation shows similar translation patterns
with experiments. Fig 3.11A shows the maximum levels of our simulated master regulators,
in which the relative scales agree with experiments [13]. Even though the experimental data
comes from a variety of sources and experimental techniques, visual inspection suggests fair
agreement between the timing of master regulator abundance in simulation and experimental
data.

One objection worth noting is that some of our simulations deviate from the experimental
data at the beginning or the end of the cell cycle. For example in Fig 3.10C, at the end
of the cell cycle, the expression level of ctrA is considerably lower in our simulation than
the experimental data suggest. Additionally, this type of discrepancy can be witnessed in
the simulated GerA, where the simulated level is lower than experimental observations after
t = 100 min (Fig 3.10G). This disagreement stems from a limitation that the simulated
endpoint has to be equal to the starting point (f = 0 min), because we do not model the
asymmetrical heritage of two distinct daughter cells after progenies are completely separated.
Although there are several mismatches between the simulation and experiments, our model
fits most data points and captures key trends during cell cycle, such as the dynamics of
regulators during sw-to-st transition. Our model exhibits that key regulators interact with
each other through transcription, degradation, and phosphorylation regulations to determine
the timing of cell differentiation and reproduction.
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Figure 3.10: Comparison of mRINA and proteins of master regulators in simulation
with experimental data.

(A-E) Experimental mRNA concentration of dnaA, gerA, ctrA, cerM, sciP (curves) with
corresponding simulated data (red circles, from Schrader et al. [88]), and (F-J) simulated
protein concentration of DnaA, GerA, total CtrA (CtrA~P), CcrM, SciP (curves) with
experimental data (circles or triangles) over a single cell cycle. For the sources of experimental
data, DnaA data is from Shen et al. [4] and Collier et al. [85]; GerA data is from Collier et
al. [85] and Tan et al. [81]; CtrA data and CerM data are both from Reisenauer et al. [115]
and Shen et al. [4]; and SciP data is from Tan et al. [81].
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Figure 3.11: Summary of the simulation results for the five regulators - CcrM,
CtrA, DnaA, GcrA, and SciP.

(A) Relative maximum concentrations of master regulators across one swarmer cell cycle.
(B) Abundance of five master regulators (CerM, CtrA, DnaA, GerA, and SciP) from simu-
lated results and experimental data. Horizontal bars represent the time periods of protein
abundance across the swarmer cell cycle. Blue bars indicate the time frame where simulated
protein levels are above the mid-range concentrations and red bars are the corresponding
experimental data from [99].
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3.4.2 Hierarchical protease complexes contribute to the timed cell
cycle progression

Our modeled hierarchical cyclic proteolysis module performs well in the simulation of CtrA.
Here, we explore the contribution of this module for cell development. We replace the
cyclic proteolysis by a constant for CtrA, CpdR, and RcdA, separately, setting Jq cera—cipxp;
Ja,cpdRr, OF Jareda as 0. In the simulation of Jy ctra—cipxp = 0, where the degradation rate of
CtrA is constant, the system still oscillates during cell cycles whereas the amplitude of CtrA
and SciP shows noteworthy reduces. The cycle time increases, resulting in delays of master
regulators in simulation, including CtrA and CerM (Fig 3.12A). With a constant degradation
of CpdR or RedA, simulations show severe defects, especially for the dynamics of CtrA.
The oscillation of CtrA almost disappears and methylation states are abnormal under these
conditions (Fig 3.12B,C). In summary, the cyclic proteolysis deriving from the hierarchical
protease complexes shows significant impacts on the system. We further replace all cyclic
complexes with constants, setting Jq cwa—cipxp, Jd,cpdr, and Jqreaa as 0 simultaneously.
The corresponding simulation is similar with the Jqcua—cipxp = 0 mutant, which shows
delayed cell cycles and reduced amplitudes of several species (Fig 3.12D). Simulations of
these cyclic proteolysis mutants suggest the cyclic proteolysis of CtrA is key to regulate
the entire system, because both deletion (Jycua—cipxp = 0) and changes (Jqcpar = 0
and Jqgreaa = 0) of CtrA cyclic degradation would screw up the dynamics pattern of both
master regulators and their mRNA. Moreover, the system is more sensitive without the
cyclic proteolysis module. We increased the degradation rate of CtrA to 5-fold for system
with and without the cyclic proteolysis module; wild type system still has an acceptable cell
cycle while cyclic proteolysis mutant systems have severe deficiencies. Taken together, our
model suggests the hierarchical cyclic proteolysis module contributes the timed cell cycle
and robustness of the Caulobacter system.

3.4.3 Our model captures the phenotype of mutant strains

To further test the validity of our model, we use the same equations and initial values to
simulate seven different mutant strains (Fig 3.13). Among these mutant strains, cell cycle of
AdnaA, where dnaA is knocked out (ks gnaa = 0), is arrested. The other six mutant strains
are all viable. Our mutant simulations correctly capture the viability of these seven mutant
strains. To be more specific:

AcerM: cerM is verified to be dispensable for cell viability [19]. The doubling time is
about 16249 min, longer than that for WT. Our simulated AccrM (ks eerps = 0) has a 164
min cycle time, which fits the experimental observation well (Fig 3.13A). In our simulation,
all h can not be returned to 0 because there is no CerM re-methylating the chromosome.
Additionally, experiments have suggested the cell cycle is also regulated by CerM independent
with GANTC motif. This study does not include the GANTC motif independent influence
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Figure 3.12: Simulated results of mutating the cyclic proteolysis of CtrA, CpdR,
or/and RcdA.

(A). Jactra—cipxp = 0 indicates the cyclic proteolysis of CtrA is replaced by a constant.
(B). Ja,cpar = 0 indicates the cyclic proteolysis of CpdR is replaced by a constant. (C).
Jarcaa = 0 indicates the cyclic proteolysis of RedA is replaced by a constant. (D). The
cyclic proteolysis of CtrA, CpdR, and RedA are all mutated as constant degradation.
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of CerM, so the simulation of AcerM only shows the potential of deleting methylation of
GANTC motif by CerM.

AgerA: In gerA knocked out strain, the doubling time is 40% longer than for the WT [19].
Our simulated gerA mutant (ks g4 = 0) has approximately 10 min longer cell cycle compared
with the WT simulation (Fig 3.13B), which less than the experimental observation. The
gap is likely derived from the forced modeling of Z-ring constriction process, which is not
explicitly modeled in this study.

ctrAAQ3: ctr AAQ3 contains modifications to the C-terminal amino acids of ctr A, resulting
in a non-proteolizable CtrA allele [116]. Here, we decreases kq cira-cipxp to 10% of WT in
simulation. In Fig 3.13D, The average CtrA levels increase in simulation with less fluctuation
because of the non-proteolizable CtrA allele. Our simulation suggests the proteolysis of CtrA
is important for its cell cycle-dependent regulation. h in simulated ctr AAQ3 can not decrease
to 0, suggesting the levels of CerM in ctr AAQ3 are not sufficient to completely re-methylate
chromosome, while the lower levels of CerM is caused by higher levels of the inhibitor CtrA.

cdG related mutant strains: cdG® mutant strain has been verified to be viable, although
it shows morphology defects [28]. In Fig 3.13E, our simulation of ¢cdG strain (kscac = 0)
is viable and shows a horizontal shift which may result in morphology defects. The CtrA
levels increase with less fluctuation which is caused by the deletion of cdG. pleD knocked
out mutant (kspiep = 0) results in a lower c¢dG levels (Fig 3.13G), which shows a similar
phenotype with the simulation of cdG°. pdeA mutant increases ¢dG levels in simulation
(Fig 3.13F, kspaea = 0). Both ApleD and ApdeA are viable in simulation, consistent with
observations [28, 61]. Oscillations exist but shifts little bit in the simulations of these three
cdG regulated mutants, as shown in Fig 3.13E-G.

3.5 Discussion

The five major regulators—DnaA, GerA, CerM, CtrA, and SciP-work in tandem to drive the
cell cycle progression of C. crescentus. Here, we investigated the interactions among master
regulators to study the underlying mechanisms of DNA replication, methylation, transcrip-
tion, and proteolysis of cyclic regulators. We applied the central dogma of molecular biology
to simulate the temporal dynamics of mRNAs and proteins. Furthermore, we mathemati-
cally built a hierarchical model to simulate protease complexes and apply this model to CtrA
degradation. Two MOP approaches (NSGA-IT and VTMOP) have been applied to estimate
parameters in this complicated system.

In C. crescentus, the protease ClpXP primed by one assistant adaptor recruits additional
adaptors in sequence [29]. The hierarchical adaptor assembly determines the time and loca-
tion of the proteolysis of hierarchical substrates. Our hierarchical model correctly captures
the key dynamics of CpdR, PleD, and PdeA; it shows fair agreement with the trend of RedA
and c¢dG. Additionally, the protease model performs well in modeling the proteolysis of CtrA.
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Figure 3.13: Simulated results of mutant strains: AccrM, AgerA, AdnaA, ctr AA3SQ,

cdG?, ApdeA, and ApleD.

In knock out mutant simulations, we set ks; = 0, where i indicates corresponding species
including ccrM, gerA, dnaA, cdG, PdeA, and PleD. In the simulation of ctrAA3SQ, the
cyclic proteolysis rate of CtrA is reduced to 10%.
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Deleting the hierarchical protease module causes defects of cell cycle development and pro-
tein oscillations. Considering the fast formation of the protease Complex 3 (ClpXP bound
with CpdR, RedA, PopA, and c¢dG), we test the quasi-steady-state assumption (QSSA)
for Complex 3. QSSA shows similar simulated results in both wild-type cells and mutant
cases, suggesting QSSA might be a good approach in reducing model complexity of biological
systems. As a wide range of proteins is degraded by ClpXP protease complex, our model
provides a good quantitative tool to analyze the proteolysis of these proteins in C. crescen-
tus, such as TacA and ShkA. As most components of the hierarchic protease complexes are
conserved in bacterial species, our model has the potential for a wide range of applications.
Moreover, cdG is a significant component of Complex 3 and participates in several essential
pathways of cell cycle regulation in C. crescentus. For example, cdG binds to CckA and ShkA
to induce phosphatase and kinase activity, respectively. While CckA controls the phosphory-
lation/dephosphorylation of several proteins, such as CtrA and CpdR, ShkA:cdG regulates
the phosphorylation of TacA, which downregulates the stalked pole muramidase homolog
SpmX and the stalk length regulator StaR [117]. Additionally, cdG has been verified to
participate in the stress response, contributing to the survival of Caulobacter in oligotrophic
environments [118] (Chapter 2). Due to the importance of ¢cdG, our protease complex model
is potentially a valuable tool for understanding the regulatory network of C. crescentus.

With the advances in experimental technologies, mRNA and protein abundance of master
regulators have been monitored and measured throughout the cell cycle. However, there
is a limited comparison between experiments and simulations. Our results align very well
with the experimental data. Satisfactory simulation results of our model, as indicated by
visual inspection, suggest that the proposed regulatory network appropriately characterizes
the Caulobacter cell cycle progression. This study also suggests the cell cycle dependent
proteolysis of CtrA is significant for the cell cycle regulations and robustness. Our model can
capture major features of seven mutant strains, which has the potential to predict phenotypes
of nonviable mutant strains and functions of involved proteins. As most molecules involved
in our model (CtrA, CerM, GerA, DnaA, etc.) are conserved among proteobacteria [119,
120, 27], this framework could be applied to the study of other proteobacteria. Last but not
least, this work is a successful application of multiobjective optimization problem, showing
that MOP is a promising approach for handling conflicting objectives in biological modeling.

Table 3.1: Equations of replication and methylation, transcription, translation, and proteolysis.

Equations of DNA

dini S S (%)4 . 1+%
dt s,Ini 4 +<[CtrA~P]>4+( [Duah] )4 g4 +(M)4

a,Ini 6cter eDnaA i,Ini @Cori
dElong __ Elong* . dZring __
d = Ketong oty pr— < Count; (3) T = ks zring
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gtom = —km,Cori - 74 [ _+[(]7ch14 “hcori

m,Cori

Continued on next page
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Table 3.2: Event list.

Event description Condition Change(s)

DNA replication initiates Ini = Piong Ini=0, FElong=0.05, DNA=1.05,
s zeing = 0.011,  heori =1 Count = 2

replication fork passes ccrM locus FElong = 0.2 heernr = 1

replication fork passes ctrA locus  FElong = 0.375  hegpa = 1

DNA elongation terminates Elong =1 Elong =0

Z-ring constriction Zring =1 Zring =0, kszring=0, DNA=1
Count =1
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Table 3.3: Parameter values. (Parameters marked with % are obtained from publications.)

Parameters of DNA

Rate constants, units = min~!

Kot = 3.104e-4, ko, = 6.53-3 [20],  Priong- = 0.05 [20],

b Cori = 1.5637, K coras = 2.2763,  Kumcora = 1.4645

Binding constants (dimensionless)

Jomi =1, Jimi=14565, Jucoi =095, Juersr =095, Juera = 0.95
Scaling variables (dimensionless)

@CtrA = 607 @DnaA = 057 @Cori = 0.308

Parameters of mRNAs

Rate constants, units = min~!

Kor. . = 01105, ks = 0.0696, kyernr = 0.2557, kqernr = 0.1005,

Kodmon = 0199, Kqnoa = 0.0693, Ky gors = 54235,  kq gors = 0.7342,

kot otra = 10035, kgpora = 0.0937, kg ora = 0.0083, Ky eip = 0.583,  kasp = 0.0523,
Binding constants (dimensionless)

Jaceormt-cour =D, Jicermseip = 6, Jidnaa-cea =3, Jagerabnaa = 1.25,  Jigera-ciea = 9,
Jactracor =9,  Jacracar =3,  Jicracuar =8,  Jictrascr =8,  Jascip-CtrA = O

Parameters of master regulators

Rate constants, units = min~!

Kspnaa = 0.0787,  kipnaa = 0.07 [121],  ksgea = 0.032, K goa = 0.022 [20],
kscen = 0.0834, k3 copy = 0.07 [122], Kgseip = 0.1294, kg seip = 0.0673,

kscia = 0.0404,  kj o oa = 0.002 [20],  Kqcira-cipxp = 0.053

Phosphorylation constant, units=min~*

kphos,CtrA = 429197 kdephos,CtrA = 01137 kphos,CckA - 10277 kdephos,CckA = 0.9242
Binding constants (dimensionless)

Ja,ctra-cipxp = 4

Parameters of protease complexes

Rate constants, units = min~!

ki =0.6072, ki =14375, ki =170.4913, ki =3.3013, Ky =0.8164, kj = 2.3133,
Kohos.plep = 0.046,  Kaephos.pien = 0.0414, kg cpar = 1.2227,  kq.cpar = 1.6152,
kpho,deR = 11239, kdepho,deR = 13854, ks,Rch - 01642, kd,Rch - 02323,
kscac = 0.0099, k4 .cac = 0.9893,

kopen = 0.0956, kaplen = 0.1314,  kypaes = 0.012, kg paes = 0.5161

Binding constants (dimensionless)

Ja,cpdr-ctraA = 15, Jacpar = 6,  JaReda-cora = 15, JaReda = 2

Japdea-cua =5, Japdea =5, Japien.cta = 2.5, Jageaq = 0.2 [118]
Constants (dimensionless)

CCkAT:0.3, [CleP]Zl, QOPdeA — 7, QPpleD — 1500, NedG = 10
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4.1 Abstract

Caulobacter crescentus inhabits aquatic environments, which can thrive with poor nutrients.
it divides asymmetrically during the cell cycle, producing two distinct daughter cells. The
“stalked” cell utilizes a stalk to attach to surfaces in its environment, while the “swarmer” cell
utilizes a flagellum to move and search for more favorable environmental conditions. Given
satisfactory conditions, the swarmer cell differentiates into the stalked morphology and pro-
ceeds with the cell cycle. The molecular mechanism underlying this intriguing behavior is
well studied under nutrient-rich conditions, however, the mechanism of responding to nitro-
gen and carbon starvation is unclear. Here we present a mathematical model to capture
the dynamics of the control mechanism driving the C. crescentus cell cycle. We investigate
known carbon and nitrogen signaling pathways. We demonstrate that these pathways are
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sufficient to explain experimental observations of rapid, robust arrest in swarmer cell popu-
lations. However, the reduced CtrA expression because of starvation introduced should be
determined by other independent pathways. We find that the cdG-dependent starvation re-
sponse is significant for the immediate G1 arrest, while it is not sufficient to arrest cells. We
demonstrate that the reduced DnaA responding to starvation is essential for the G1 arrest
for both swarmer and stalked cells. Our simulations also suggest that the reduction of DivK
and PleD levels may stimulate the G1 arrest of starved cells.

4.2 Introduction

Caulobacter crescentus is a ubiquitous Gram-negative bacterium colonizing freshwater and
certain kinds of soils. It utilizes a dimorphic lifestyle to survive in nutrient-poor environ-
ments [8, 15, 123]. In the G1 phase, the bacterium expresses pili and a flagellum, referred to
as a “swarmer” cell. The pili and flagellum enable the swarmer cell to move and search for
nutrients in its environments [15]. Given suitable environmental conditions, the swarmer cell
will differentiate into a “stalked” cell by releasing its flagellum and synthesizing a stalk [24].
During this differentiation stage, Caulobacter simultaneously initiates chromosome replica-
tion, progressing into the S phase of the cell cycle. The bacterium continues to grow and
synthesizes a new flagellum at the pole opposite to the stalk and assembles a Z-ring near the
middle point. Finally, the cell divides into two progenies with different morphologies [99].
Unlike swarmer cell, the stalked daughter cell is non-motile and reproducible, remaining
attached to the environmental surface.

The asymmetrical cell cycle of Caulobacter requires complex coordination of genetic expres-
sion, proteolysis, phosphorylation, and second messenger signaling. System biologists have
proposed a series of mathematical models to study the temporal regulations of chromosome
replication and cell differentiation of Caulobacter. Li et al. [20, 89] and Weston et al. [22]
have utilized a core cell cycle regulatory network, consisting of four master regulators CtrA,
DnaA, GerA, and CerM, to investigate the mechanisms and capture the behaviors of the
cell cycle development in wild type and novel mutant cells. Subramanian et al. [124, 125]
have demonstrated how Caulobacter utilizes the bistability and phosphotransfer of regula-
tory proteins to navigate the cell cycle. Xu et al. have preliminarily explored how second
messengers detect and respond to the environmental nutrition changes through PTS sys-
tems [118] (Chapter 2). However, how Caulobacter cell cycle responds to starvation and the
corresponding detailed mechanisms are yet elucidated. In this study, we are motivated to
develop a mathematical model to explore the cell cycle mechanism in the context of nutrient
stress.

Starvation behaviors of Caulobacter cells. Under carbon or nitrogen starved condi-
tions, C. crescentus arrests its cell cycle, however, the details of arrest are a bit controversial.
Swarmer cells that are introduced to carbon or nitrogen depleted medium immediately ar-
rest at G1. It was thought that swarmer cells arrest and keep their swarmer morphology
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unless the environmental nutrient is replenished [75, 126, 6]. However, Britos et al. [127]
observed that 65% of carbon starved swarmer cells develop stalks and only 11% initiate
DNA replication after 2 hours. Therefore, there is an agreement on the G1 arrest of starved
swarmer populations, but whether swarmer cells develop stalks or remain in the swarmer
morphology is debatable. Gorbatyuk et al. [75] observed that most stalked cells remain in
the pre-divisional phase after 180 min of carbon starvation. However, Ronneau et al. [6]
suggested that starved stalked cells demonstrated delays in S phase and cytokinesis, but
eventually divide and arrest at G1 after 200-260 min. To summarize, these experiments sug-
gest that carbon or nitrogen starved swarmer populations immediately arrest in G1 phase
while starved stalked populations go through a significant delay in cell division and arrest
in G1 phase (Fig. 4.1C).

Response to nutrition signals by second messengers in Caulobacter. Guanine-based
second messengers, (p)ppGpp and cdG, have been reported to influence the cell cycle be-
havior under nitrogen and carbon starvation conditions [6, 40]. As mentioned in Chapter 2,
(p)ppGpp is synthesized from GDP and GTP by the synthetase form of the bifunctional en-
zyme, SpoT, in Caulobacter [44], while the hydrolase form of SpoT converts (p)ppGpp back
into GDP/GTP. The conformation exchange between the SpoT synthetase and hydrolase
state is regulated by the phosphorylation state of enzymes involved in the nitrogen Phos-
photransferase System (PTSN') [6]. Carbon and nitrogen starvation signals are detected by
the PTSN" system through changes of intracellular concentrations of glutamine, pyruvate
(Pyr) and phosphoenolpyruvate (PEP). These molecules directly influence the phosphate
transfer within the PTSN" system, which downstream determines the activity of SpoT. We
have developed a mathematical model involving the PTSN" and guanine-based secondary
messenger network (Chapter 2). Our model captures the dramatic increase of (p)ppGpp
level and decreases of GTP and c¢dG levels under carbon and/or nitrogen starvation [118],
which is consistent with experimental observations [6, 40]. In addition to PTSN" the car-
bon PTS system, which is conserved in many bacteria types, may influence SpoT activities
by detecting carbon starvation signals - the concentration of PEP and Pyr. Moreover, the
carbon PTS likely interacts with PTSN through phosphate transfer because their enzymes
share some conserved domains [128, 129]. However, the mechanisms underlying the crosstalk
between carbon PTS and PTSN" are not fully investigated.

Caulobacter cell cycle response to nutrition changes. The depletion of environmental
nutrients targets Caulobacter regulatory proteins to arrest the cell cycle and to conserve en-
ergy to survive [130]. Here, we refer to carbon and nitrogen starvation as “starvation” unless
otherwise stated, because these pathways mostly rely on the same signaling mechanisms.

The proteolysis of master regulator CtrA is inhibited by a SpoT-dependent pathway under
starvation condition [131]. It was previously thought the CtrA is stabilized by (p)ppGpp, the
downstream second messengers regulated by SpoT. However, our second messenger model
(Chapter 2) demonstrated that starvation-induced SpoT activity leads to reduced GTP and
cdG levels. As cdG participates in CtrA proteolysis, it is more likely that SpoT impairs CtrA
proteolysis through the decrease of cdG levels. Despite being stabilized, CtrA levels are still
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Figure 4.1: Nitrogen/Carbon starvation leads to G1 arrest.

(A) In nutrient rich conditions, C. crescentus undergoes an asymmetrical cell cycle. Upon
cytokinesis, the stalked daughter cell immediately enters S phase while the swarmer cell
delays chromosome replication and enters G1. (B) Starved swarmer populations exhibit
immediate G1 arrest. (C) Starved stalked populations show delays in S phase and cytokinesis
followed by G1 arrest. (D) The G1-S transition is dependent on regulations of CtrA~P and
DnaA (DnaA-ATP), which directly inhibit and promote DNA replication, respectively. In
G1, levels of PleC phosphatase (PleCphos), unphosphorylated DivK (DivKy) and CtrA~P
are high. During the G1-S transition, PleC levels decrease with the increased levels of kinase
DivJ and cdG, leading to accumulation of SpmX, DivK~P and CckA phosphatase. As a
result, CtrA~P levels decrease, chromosome replication initiates, and cells enter S phase.
Solid lines indicate metabolisms, including conversion between two species, synthesis, and
degradation. Dashed lines indicate influential interactions, where an arrowhead indicates a
positive influence and a flat head indicates inhibition.
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reduced to approximately 30% of normal levels in starved cells [127]. It is suggested that
the decrease of CtrA levels is partially dependent on SigT, however the detailed mechanism
has not been determined [127].

Additionally, levels of cell cycle regulator DnaA are rapidly reduced under starvation con-
ditions due to decreased dnaA translation efficiency and constitutive proteolysis by Lon
protease [121]. It has been demonstrated that the depletion of DnaA is dependent on
(p)ppGpp [75], however the mechanism is yet to be elucidated.

Because CtrA and DnaA suppress and activate the initiation of chromosome replication,
respectively, the starvation signaling likely induces the G1 arrest via regulating CtrA and
DnaA stability [131]. However, the detailed mechanism of this possibility is not clear and
should be further explored. First, the half-life of DnaA protein under starvation condition
is 16-20 minutes [126, 121]. It has been reported that 50% of observed swarmer cells enter
S phase around 22 min after synchronization under rich medium [84]. Therefore, there
should be mechanism(s) independent of DnaA to halt DNA replication in starved swarmer
cells, resulting in the G1 arrest. Moreover, while CtrA is first stabilized when starvation
is introduced, only the phosphorylated form (CtrA~P) can inhibit chromosome replication
and it is unclear whether CtrA remains phosphorylated under starvation.

The phosphorylation status of CtrA is regulated by CckA kinase and phosphatase. As
discussed in Chapter 2, ¢cdG decreases under starvation, which should also reduce CckA
phosphatase activity, promoting dephosphorylation and inactivation of CtrA; however, the
cdGO strain (deleting cdG) can navigate through the cell cycle without arrest [57]. It demon-
strates that cdG is not sufficient to halt DNA replication. Additionally, the regulator DivK
binds to DivL to switch CckA from kinase to phosphatase [132]. A previous study indicates
that strains depleted of DivK result in G1 arrest [133], which suggests that DivK likely plays
an important role in response to starvation signaling.

Under starvation conditions, DivJ does not localize to the old pole as it typically does under
nutrient-rich conditions [59]. The delocalization of Div/J is likely caused by the decrease of
SpmX, the scaffolding protein that localizes DivJ at the old pole [18], as ¢dG influences
SpmX levels through a ShkA-ShpT-TacA signaling pathway at the G1 to S transition [94].
cdG is understood to activate the phosphorylation of TacA, which improves the transcription
of spmX [94]. Importantly, SpmX also increases the activity of DivJ kinase.

Figure 3.1D summarizes how the nutrient-regulated SpoT signaling controls the G1-S transi-
tion. However, the underlying nutrient signaling mechanisms and details need further studies.
In this chapter, we integrate our second messenger model [118] into a temporal cell cycle
regulatory network [22] to analyze the molecular mechanisms of nutrition starvation. We find
that the identified signaling pathways can explain many biological observations, but are not
sufficient to explain the delayed cytokinesis of stalked cell populations. A cdG-independent
regulatory pathway has the potential to reduce the levels of CtrA under starvation, causing
the significant delay of cytokinesis in stalked cells. Additionally, we demonstrate that the
cdG-involved second messenger network and DnaA expression both play important roles in
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the G1 arrest of swarmer cells, while both are not sufficient to arrest cells under starvation
conditions. The ‘protection’ of CtrA~P from cdG at the initial stage of starvation is required
for the G1 arrest. Our analysis also reveals both DivK and PleD activities contribute to the
G1 arrest of starved cells.

4.3 Methods

In this study, we integrate our second messenger model [118] (see Chapter 2) into Weston et
al.’s temporal model [22] with the newly modelled connections between second messengers
and key regulators such as CtrA and CckA. Additionally, we modified and improved Weston
et al.’s model with newly investigated pathways to enhance the biological accuracy. Here
we specify our modifications. The full list of equations is provided in Appendix C1, where
modifications are indicated in the red font.

4.3.1 Modeling PTSY"/SpoT nutrient signaling cascade through
cdG:

In chapter 2, we modeled the response of secondary messengers - (p)ppGpp, GTP, and c¢dG
- to starvation signals in Caulobacter [118]. We found that the SpoT enzyme dramatically
influences GTP levels through conversion into (p)ppGpp, which leads to reduced c¢dG syn-
thesis. On the contrary, we find that cdG synthesis and hydrolysis rates make a negligible
impact on GTP and (p)ppGpp levels because cdG concentrations are negligible compared
to GTP concentrations in C. crescentus [57] and other bacteria species [134]. Based on this
observation, we import GTP levels from the second messenger model [118] (Chapter 2) under
normal and starvation conditions and adjust the synthesis rate of cdG such that:

d[cdG]
dt

(GTP2
[GTP] + JZ 4
- ([PdeA] + PDE) - [cdG] — - [cdG] + 2 - (—kypacac - [PoPA] - [cdG]?

+ (kxeag + Kapopa) - [PopA = cdGol) + 2+ (=kfipeag - [PleD]r - [cdG]? (4.1)
+ (kxeaq + Kapiep) « [PleD : cdGalt) — kdyncaa - ([CckAlr — [CckA : ¢dG])

- [cdG] + kggeacag * [CckA = cdG] + 2 - (=kf,peaq - (DgeB — [DgeB : ¢dGyl))

- [edG]? + kxoge - [DgeB : cdGal,

:(ks,chl : [PleD ~ P] + ks,ch2 : [DgCB]a) : - kd,chl

where the red text highlights the change made to the ¢dG differential equation from Weston
et al’s model. Here, J; cqq indicates the concentration of GTP corresponding to half maximal
synthesis. We input different GTP levels to adjust the synthesis of cdG under normal and
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starved conditions in this study, where Jscqg = 1500uM, [GTP|=1221pM for nutrient rich

condition and 227uM for starved condition (obtained from Xu et al. [118] or Chapter 2).
[GTP]?

TP e is reduced to 5.6%-fold under starvation.

Therefore, the fractional term

4.3.2 cdG regulates the morphogenesis of Caulobacter through
ShkA-TacA-SpmX pathway

cdG regulates SpmX accumulation, which recruits DivJ to the old pole, at the G1-S transi-
tion [7]. cdG synthesis is impaired from starvation [118] and DivJ delocalization has been
observed in starved Caulobacter cells [59, 94], which suggests that SpmX synthesis is dra-
matically reduced under such conditions. In weston et al’s model [22] SpmX is modelled via a
simplistic function to reduce model complexity. In order to accurately capture the molecular
mechanism of starvation signaling in Caulobacter, we modify the modeling of SpmX with its
transcription regulation.

c¢dG controls the expression of spmX through the ShkA-TacA pathway. Phosphorylated
TacA controls the transcription of SpmX [18, 94], which recruits and activates DivlJ at the
stalked pole [135] (see Fig. 4.1). TacA is activated by a phosphorelay system, including a
hybrid histidine kinase ShkA and a phosphotransferase protein ShpA [94]. ¢dG binds to
ShkA to induce the kinase activity of ShkA [133, 136]. ShkA kinase transfers phosphates
to a His residue of the phosphotransferase ShpA, which are then received by the receiver
domain of TacA in sequence [133, 94]. Additionally, a few HisKA-family kinases, such as
ShkA, EnvZ [137], and WalK [138], share a conserved HXXXT domain. As EnvZ and WalK
are reported as bifunctional enzymes [139, 140], we assume ShkA is also bifunctional, where
ShkA is the phosphatase form and ShkA:cdG is the active kinase form.

We were unable to find information regarding temporal regulation of ShpA in the literature.
Thus, we turn to a similar CckA-ChpT-CtrA pathway, where ChpT concentrations are stable
throughout the cell cycle [30]. We assume that ShpA level is constant throughout the cell
cycle; thus, the kinetics of ShpA transfer can be collapsed into the transfer of phosphates
between ShkA and TacA directly, to simplify the model.

CtrA~P directly promotes the expression of shkA [141] and tacA [94]. Additionally, ShkA
and TacA are both proteolyzed by ClpXP, but depend on different arrangements of adaptor
molecules [94]. The proteolysis of ShkA requires the adaptors PopA, ¢dG, RedA and CpdR,
while TacA proteolysis only requires CpdR and RedA [94]. Therefore, the ShkA-TacA
pathway includes both cdG-mediated activation and cdG-dependent degradation. We model
the ShkA-TacA pathway as follows:
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d[ShKA] [CtrA ~ P]
— k, ) — (k - [ShkA
7 ShkA [CtA ~ Pl o smeaceen (ka,shka1r + 1) - | ]
[ShkA]
—k - [ClpXP|complex
d,ShkA2 [ p ]c pl [Shk A]T I deshkA
- k;hkAch ' [CdG] : [ShkA] + kS_hkAch7 (42)
d[ShkA : cdG
% = —(M + kd,ShkAl) . [ShkA . CdG]

[ShKA : ¢dC]
ShkA]T + Jd,ShkA
+ kduracag * [€dG] - [ShKA] — kgpncac

where kg ghka is the synthesis rate of ShkA and J,gnkactra indicates the dissociation con-
stant between CtrA~P and the shkA promoter. kqgnkair and kqsnkaz represent the basal
degradation rate and ClpXP-dependent degradation rate, respectively. [CIpXP]complex 1S the
complex of ClpXP, c¢dG, RcdA and CpdR, as described later. Jggnka is the dissociation
constant between ShkA and the ClpXP complex. kdi e and kgppacqe represent binding
and unbinding rates between ShkA and cdG, respectively.

— ka,shka2 - [CIpXP]complex - [

Regulation of TacA is described as:

d[TacA] [CtrA ~ P|
- ks acA * —(k ac - [TacA
dt oeh [CtrA ~ P] + Ja Tacactra (Rarucar + 1) - [TacAl
[TacA]
— k4q.Taca2 - |[RedA : CpdR] -
d,T A2 [ C p ] [TaCA]T + Jd7TaCA 4 3
— Fpnosrtaen - [SHKA : cdG] - [TacA] + kuepnos taca - [ShKA] - [TacA ~ P, (4.3)
d[TacA ~ P] [TacA ~ P]
——————— = —kqTaca2 - |[RcdA : CpdR] - kohos.TacA * [ShkA : ¢dG] - [TacA
dt d,TacA2 [ ¢ P ] [TacA]T+Jd,TaCA + phos,TacA [ ¢ ] [ ac ]

- (ﬂ' + kd,TacAl + kdephos,TacA : [ShkA]) : [TaCA ~ P]a

where kg maca represents the synthesis rate of TacA. kg maca1 and kq tacas indicate the rates of
basal degradation and degradation catalyzed by the protease complex, ClpXP:CpdR:RcdA,
respectively. Aphos TacA and KdephosTaca indicate the phosphorylation and dephosphorylation
constants of TacA, respectively.

The modified equation of SpmX is given by:

dsomX) _ et ~ 7]
il — Nvg,SpmX [TaCA ~ P] + JaysmeTacA

— (kaspmx + ) - [SpmX], (4.4)

where ks spmx and kq spmx represent the synthesis and proteolysis rates of SpmX, respectively.
Ja,spmxTaca indicates the binding affinity between TacA~P and spmX promoter.
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In addition to recruiting DivJ, SpmX stimulates the kinase activity of DivJ. DivJ kinase
activity is upregulated by interacting DivK as well. However, it is unclear how much the
activity is influenced when DivJ is bound to just SpmX, just DivK, or both molecules.
For simplicity, we assume that DivJ activity is negligible when not bound by either SpmX
or DivK, and that DivJ is at 100% activity when bound by both, DivK and SpmX. We
further assume that the phosphorylated and unphosphorylated forms of DivK impact the
DivJ activity to a similar degree. Hence, we model the active DivlJ kinase as follows:

[Div]]a = ([Div] : DivK ~ P] + [DivJ : DivK])
min([SpmX], [DivJ]r)

(1 — epivipivi) - (

DivJ]r ) + €pivipivk) (4.5)
) min([SpmX], [DivJ
+ €DivISpmX * [Div]] - ( IEDiVL]]]L ]T)a

where epiyispmx dictates the fraction of activity DivJ has when only bound to SpmX and
€pivipivk 18 the fraction of DivJ activity when only bound to DivK. The function min([SpmX], [DivJ]t)
represents the fraction of DivJ bound by SpmX.

4.3.3 Modifications to modeling the ClpXP and adaptor complex

The degradation of TacA is dependent on the ClpXP:CpdR:RcdA complex, where the in-
dependent interaction between RcdA and CpdR:ClpXP was not considered in Weston et
al’s model [22]. Here, we assume that RedA may interact with CpdR independently of its
phosphorylated state, and therefore we define the concentration of the RedA:CpdR complex
as:

[RedA : CpdR]r =

[deR]T —+ [RCdA] + KRchdeR — \/([deR]T + [RCdA] + KRchdeR)2 —4- [deR]T . [RCdA}ZlG)
2

where Kgreqacpdr is the dissociation constant for the RedA:CpdR complex. As only unphos-
phorylated CpdR interacts with the ClpXP complex to catalyze proteolysis [27], we calculate
the concentration of RedA bound to unphosphorylated CpdR such that:

[CpdR]
dA : CpdR] = [RedA : CpdR]r + —————
[Re CpdR] = [Re CpdR|r CpdRls

Additionally, it was shown that the proteolysis of RedA adaptor is targeted by the CpdR:ClpXP
complex [95], which was modelled in Weston et al. [22]; however, in vivo expression patterns
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of RedA do not reflect significant proteolysis at the timing of CpdR expression [142, 143].
Therefore, we have removed this insignificant interaction in our model and obtain the fol-
lowing differential equation for RedA:

d[RedA]
dt

[CtrA ~ PJ?
CtrA ~ P]2 + J;iRchCtrA

= ks,Rch : [ - (,LL + kd,Rch) . [RCdA], (4.7)
where kg reaa and kg reaa are the synthesis and degradation rates, respectively, and JaZ’RCd ACHA

corresponds to concentration of CtrA~P that leads to half-maximal rates of synthesis of
RedA.

4.3.4 An unknown kinase phosphorylating PleD and DivK and a
newly identified phosphatase CckIN dephosphorylating DivK~P
are introduced

PleD, the primary synthetase of c¢dG, is active in its phosphorylated form (PleD~P) and
is regulated by DivJ kinase and PleC phosphatase [113]. Previous experiments have mea-
sured that SpmX is expressed in AdivJ and double mutant AdivJApleC strains, while
transcription of spmX decreases to 1/4 of wild type cells in ApleD [94]. Together with the
cdG-ShkA-TacA-SpmX pathway introduced in Section 4.3.2, these results indicate that PleD
is phosphorylated and active in AdivJ and AdivJApleC strains. Therefore, there must be
an unknown kinase responsible for the phosphorylation of PleD independently of DivJ and
PleC. Moreover, significant levels of phosphorylated DivK have been identified in Adiv.J
and double mutant AdivJ&pleC' :: Tnb strains [14]. As DivJ and PleC are the only known
kinases of DivK, this result indicates that an unknown kinase must regulate DivK as well.
These observations suggest that there is at least one unknown kinase acting on DivK and
PleD. We assume the unknown kinase regulating PleD and DivK is the same one and name
this mystery kinase ‘MysK’ for short. Here, we include '"MysK’ as an independent parameter
in the phosphorylation reaction of DivK and PleD (see Appendix C1).

As the AdivJ&pleC :: Tnb strain expresses DivK~P at ~27% of WT levels [14], we also
justify that DivK~P must have a significant basil rate of hydrolysis relative to MysK activity,
otherwise DivK~P levels should be much greater than 27% of WT in the presence of a
sufficient kinase. In support of an additional phosphatase, CckN has been identified as a
phosphatase for DivK. Furthermore, it was shown that CckN makes little impact on the
phosphorylation of DivK in the presence of DivJ and PleC, but makes a profound impact
in their absence [104]. Additionally, the expression of cckN is induced in stationary phase,
depending on the accumulation of (p)ppGpp [104]. As (p)ppGpp increases in responding to
starvation signals, CckN likely increases under starvation conditions.

The transcription of cckN is stimulated by CtrA~P, while its degradation depends on ClpX
with unknown adaptor(s) [104]. The observation of CckN abundance over cell cycle time
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indicates that CckN is quickly and dramatically degraded during the Gl-to-S transition,
faster than the degradation of CtrA. We speculate that the unknown adaptor(s) in CckN-
specific protease complex likely behave similarly with PopA:cdG, although it is independent
with PopA based on mutant analyses [104]. Here, we borrow PopA:cdG, to simulate the
degradation of CckN and model the phosphatase CckN as follows:

d[CckN] [CtrA ~ PJ*
—dt = ks,CckN ' [CtI'A ~ P]4 + J4
a,CckNCtrA
[CckN]
[CCkN] + Jd,CckN’

— (1 + kq,cant) - [CckN]
(4.8)
— kd,CckNZ . [POpA . CdGQ] .

CckN is integrated into the dephosphorylation reaction of DivK (See Appendix C1).

4.3.5 RpoD-regulated transcriptions are affected by starvation

The sigma factor RpoD (¢°) in Caulobacter directly mediates the transcription of house-
keeping genes, while sigma factors are observed to respond to stresses and influence down-
stream gene transcriptions in other bacteria, such as FE. coli and B. subtilis [144]. RpoD
levels are reduced to 78% in 30 min after carbon starvation in Caulobacter, suggesting a
RpoD-dependent pathway of stringent response [144]. RpoD targets the promoter of many
genes, including ctrA, divK, pleC, pleD, rcdA, and so on [141]. Moreover, high-throughput
proteome analyses show that DivK levels, CtrA levels, and PleD levels decrease to 70%,
40%, and 10% in wild type cells upon 60 min carbon deprivation, respectively; while the rest
RpoD-downstream proteins do not significantly shift under starvation [127]. Considering
the importance of CtrA, DivK, and PleD in cell cycle regulation, we take RpoD-regulated
pathways into our model. We introduce ‘RpoD’ as an adjustable parameter, being 1 in
nutrient-rich condition and 0.1 in starved condition, into the modeling of synthesis of DivK,
CtrA, and PleD (See Appendix C1).

4.3.6 Modelling other starvation signaling pathways

(p)ppGpp influences numerous other molecules in response to starvation. SpoT is required
for the rapid proteolysis of DnaA upon starvation, which is confirmed by AspoT mutant
analysis [126]. We reduce DnaA synthesis (ks pnaa) in our model to simulate the inhibition
of DnaA translation efficiency under stress. (p)ppGpp constrains cell size and slows down cell
growth under starvation, where the underlying mechanisms have not been identified [59, 131].
In this study, we reduce the average cell growth rate from normal conditions by 1/3 to capture
decreased growth rates under starvation. While evidence suggests that there is no significant
growth in Caulobacter colonies after 8 hrs of monitoring starvation [75], we assume that there
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must be some growth in the initial stages of starvation response as stalked cells continue to
proceed through their cell cycle slowly and divide before G1 arrest [6].

4.3.7 Improvement to SciP modeling

As SciP binds to several genes targeted by CtrA to perturb promoter activity, including the
ctrA promoter [81]. Meanwhile, CtrA in turn activates expression of sciP through the sciP
promoter. The interaction between SciP and CtrA is essential for the robustness of DNA
replication regulation, which is involved in Chapter 3 and Weston et al.’s model [22]. Here, we
incorporate the observation that SciP binds to its own promoter to impair transcription [141].
The improved equation of SciP is as follows:

d[SciP]
dt

[CtrA ~ PJ? ' JEscipseip _
CtrA ~ PJ? + Jz,sciPCtrA ‘]iQ,SciPSciP + [SciP]?

= ks scip - [ (i + kasep) - [SciP],(4.9)

where kg g.ip and kg gcip are the synthesis rate and degradation rate, respectively. p indicates
the dilution rate due to C. crescentus cell growth. J,scipcira and J;seipseip describe the
affinity of CtrA:sciP-promoter and SciP:sciP-promoter binding, respectively.

4.3.8 Deriving parameter sets

In general, we use the same parameterization algorithm, the Monte-Carlo Markov-Chain
method, as described in Weston et al’s model [22]. However, different list of mutant strains

are used for estimating parameters in this research as follows: PpleC::Tn, AcerM, AgcerA,
ApleD, divLA601L, ctr AA3SY, ctr AD51E, PpleC::Tn&AdivJ, AdivJ.

To be specific, we start from a seed parameter set P=(py, pa, ..., pn). A temporary parameter
set, P" = (py, py, ..., P, ), is generated as follows:

p;- - pi(l +&i - N(07U))7

where &; is a Boolean variable, either 0 or 1, which is randomly determined by a MATLAB
built-in function. N(0, ) is a normal distribution with a mean of 0 and a standard deviation
of 0.

Whether P’ replaces P as the new parameter set is determined by the following algorithm
(same in Weston et al’s model [22]):

P=Pif ¢<T
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Table 4.1: Signaling targets and arrest statistics.
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Paradigm Description Parameters changes 1StFG‘r:;ct1021111231(}A1rreizf 22 DEeD;
Introducing stress response ks, Dnaa =0
through cdG-dependent ks.cag1 = 0.056ks cac1
Signal 1 pathway. ks cage = 0.056ks cagz | SW  100% 0 0 0
Inhibiting DnaA synthesis. w=0.0018 ST 21% 96.9% 0.5% 0
Decreasing all RpoD-dependent transcriptions RpoD=0.1
increasing CckN synthesis ks,caen = 1.5k cokn
Introducing stress response ks,Dnaa =0
through cdG-dependent ks,cac1 = 0.056ks cag1
pathway. ks,cag2 = 0.056ks cag2
Signal 2 Inhibiting DnaA synthesis. ©=0.0018
Decreasing all RpoD-dependent transcriptions RpoD=0.1 SW  100% 0 0 0
increasing CckN synthesis ks,coen = 1.5kg cokn ST 3.1% 96.4% 0 0
. ks,CtrAl = ks,CtrAl/?)O
Decreasing CtrA. ke ctrat = ko Gtear /30
Inhibiting DnaA synthesis. ks,pnaa =0
w=0.0018
Signal 3 Decreasing all RpoD-dependent transcriptions RpoD=0.1 SW  133% 86.7% 0 0
increasing CckN synthesis ks caxn = 1.5ks cokn ST 0.5% 99% 0 0
. ks cerar = ks,ctra1/30
Decreasing CtrA. ks ot = koot /30
Introducing stress response ks,cagt = 0.056ks cag1
Signal 4 through cdG-dependent ks cagz = 0.056ks cag2 | SW 10.2% 0 0 0
pathway. w=0.0018 ST 0.6% 0 0 0

" 1%t G1 corresponds to cells with immediate G1 arrest (no chromosome replication). 2"¢ G1 corresponds to cells that divide
and then arrest at G1. 1% G2 corresponds to cells that initiate chromosome replication but never divide. 2°4 G2 corresponds
to cells that replicate DNA twice but only divide once.
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P)— f(P
T = min(exp(—f< )= f(P)
-
where ¢ is a random number between 0 and 1. f represents the cost function. The cost
function in this research is determined in Appendix C2.

4.4 Results

4.4.1 Investigating performance of model

To study the response of Caulobacter, we first improve Weston et al’s model [22] and integrate
the network with our second messenger network (Chapter 2), the ShkA-TacA-SpmX path-
way, mystery kinase, CckN phosphatase, RpoD-related transcription, and several signaling
mechanisms (Figure 4.2).

To ensure our new model and parameter sets are in sufficient agreement with experimentally
observed behavior, we analyze the prediction of mutant strain viability by the new model
(Fig, 4.3A). The success rate in predicting the viability of 35 mutant strains, 70 types
of cell populations (SW and ST) in total, is about 80%, which is reasonable considering
the complexity of our model and the large number of predicted strains. Additionally, we
compare the temporal dynamics of key regulators in WT swarmer cell in simulation with
this in experiments (Fig. 4.3B), which matches very well with the experimental observations.

Given that Caulobacter arrests at G1 under starvation and CtrA~P regulates the G1-S
transition, we conduct further analysis to ensure that our model can accurately capture
the regulation of CtrA phosphorylation. CckA is regulated by DivK and c¢dG [28]. The
model in Chapter 2 suggests that cdG should be depleted due to SpoT activity in starvation
conditions [118], but the behavior of DivK phosphorylation has not been investigated, to the
best of our knowledge, under carbon or nitrogen stress. To ensure our model can predict
DivK~P levels reliably, we evaluate DivK~P levels measured in mutants from two different
papers: 1) Wheeler and Shapiro (1999) [14]; 2) Radhakrishnan et al. (2008) [18]. We conduct
our own quantitative analysis of the Western blots provided by Wheeler and Shapiro and
Radhakrishnan et al. utilizing ImageJ software (Table 4.2). Our simulation of DivK(~P)
shows reasonable agreement with experimental analysis.
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Figure 4.2: Wiring diagram of regulatory interactions captured by the model.

A box with a plus or minus sign indicates whether the protein indicated by the same
color (e.g., green = GcerA) activates or inhibits expression of the gene. The sigma factor
RpoD is indicated as yellow where its promoter regulation is indicated in yellow box. Dot-
headed solid line indicates the binding of species (e.g., PopA and RedA form the PopA:RedA
complex). Chemical conversion of one molecular species to another is indicated by an arrow.
Proteolysis is depicted by an arrow from a protein to four black circles. Dashed arrows
indicate an ‘influence’ (e.g., catalysis) of a protein on a chemical reaction. A dashed orange
arrow indicates spatial influence. A bright blue S indicates an element of starvation signaling,
where arrow represents activation and bar represents inhibition influence (see Table 4.1).
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Figure 4.3: Model and parameter sets fit experimental data reasonably well.
(A) The fraction of total simulations that failed (F/T fraction) is plotted for each mutant
case. A simulation is considered as ‘failed’ if it predicts cell cycle arrest when experimental
observations report a viable cell cycle, or vice versa. Mutant simulations in this chapter
have the same parameter setting with Weston et al. [22]. 150 parameter sets were chosen
at random from the parameter set collection and simulated for both swarmer cell (SW) and
stalked cell (ST). The black dashed line corresponds to an arbitrary threshold (25%) that
we use to compute the success rate of strain prediction. Strains labeled with red font were
included in the parameterization cost function (see Method). (B) For 50 randomly selected
parameter sets, we plot swarmer-cell simulations in comparison to experimental data. Data
collected as follows: [CckAk|: Jacobs et al. [145]; [CpdR]: Iniesta et al. [143]; [cdG]: Abel
et al. [57]; [SciP]: Tan et al. [81]; [CcrM]:+, Zhou and Shapiro [146]; [CcrM]: solid square,
Grunenfelder et al. [147]; [GerA]: Holtzendorff et al. [114]; [DnaA]: Cheng and Keiler [148];
[CtrA~P]: Jacobs et al. [145]; [CtrA]r: Mcgrath et al. [142]. In all plots except [cdG], [CtrA]r
and [CtrA~P], concentrations are unitless and normalized to the experimental data, which
predict relative concentrations over time are normalized to one. [CtrA|r and [CtrA~P]
experimental data are also unitless, however, absolute CtrA concentrations in our model are
a prediction and therefore the data is normalized to the simulation output. The absolute
concentration of ¢dG is quantified from the source of the data, and the simulation of cdG is
not normalized.
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Table 4.2: DivK~P levels in various mutant strains.

Normailzed DivK~P (%) Normailzed Ratio 25 (%)

Source of Data Ref [14] Ref [18]  Model Results | Ref [18] Ref [14]  Model Results

Source of Analysis | This study* This study* This study This study* This study* This study

WT 100 100 100 100 100 100
AspmX - 36 46 36 - 43
AdivJ 8 4 0.1 4 7 0.1
ApleC' 142 179 160 225 170 185
Aspm X &ApleC - 187 147 222 - 169
AdivJ&ApleC 7 - 27 - 7 28

* Analysis conducted using ImageJ software.

4.4.2 Introducing known signaling mechanisms of starvation (Sig-
nal 1) successfully captures the first G1 arrest of swarmer
population and the secondary 1 arrest of stalked popula-
tion

Given reasonable agreement of our model with experimental data, we proceed to investigate
how our model responds to environmental signals. The exact mechanism of nutrient signaling
is not clear in many cases. For instance, it is observed that GerA levels decrease significantly
under carbon starvation [141], but whether this is a downstream consequence of shifts in
transcription factor activity (e.g. due to shifts in CtrA activity) or due to an independent
signaling mechanism is unclear. Here, we first introduce a signal that we define as "Signal 1’
(Table 4.1) of starvation and compare simulations with observations. Signal 1 composes of
1) inhibition to the translation of dnaA; 2) impaired synthesis of cdG due to the response
of the PTSN"-SpoT pathway [118]; 3) reduced growth rate; 4) decreased RpoD-dependent
transcription of ctrA, divK, and pleD; and 5) increased CckN.

When introducing Signal 1 at t=0 (G1 phase/swarmer cell), we find that the cell cycle arrests
immediately (Figure 4.4A and Table 4.1), which is observed by experiments [75, 126, 6]. We
call this the first G1 arrest. When introducing Signal 1 at t=45 (S phase/stalked cell), the
cell cycle appears to be relatively unhindered but arrests at the G1 stage after cytokinesis
(Figure 4.4B and Table 4.1). We call this the secondary G1 arrest. Although the secondary
G1 arrest is observed in experiments, stalked cells introduced to starvation should also exhibit
significant delays in cytokinesis [6]. Therefore, Signal 1 can explain the G1 arrest of starved
cells, while the stalked cycle-cycle delay is not captured.

To identify whether or not Signal 1 can adequately explain DnaA and CtrA expression
patterns, we plot simulations against temporal protein expression data from a population
of nitrogen starved swarmer cells, retrieved from Gorbatyuk et al. [75] (Figure 4.4C and
D). We find that Signal 1 adequately explains DnaA expression but does not capture the
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Figure 4.4: Cell cycle response of starvation Signal 1.

(A) Swarmer cell simulation of Signal 1 response. Plot of chromosome count and Z-ring
constriction (first panel) and select normalized protein concentrations (second and third
panel). Concentrations are normalized to average WT expression. When the Zring variable
is equal to 1, the Z-ring is fully open. It is closed when Zring is equal to 0. The corresponding
position in the cell cycle is indicated in the illustration above. A double arrow indicates
when the nutrient signal is introduced. A red “X” represents that swarmer cells arrest in the
stage indicated (G1 phase for this figure). (B) Stalked cell simulation of Signal 1 response.
Stalked cells arrest at the secondary G1 as indicated in the illustration. All other details
are the same as in “A”. (C) CtrA expression levels in swarmer cell simulations relative
to normalized data extracted from Gorbatyuk et al. [75]. (D) DnaA expression levels in
swarmer cell simulations relative to normalized data extracted from Gorbatyuk et al. [75].
(E) Protein expression levels 30 and 60 minutes after nutrient depletion relative to nutrient
rich conditions. ‘Exp’ indicates experimental observations from Britos et al. [127]. ‘Sim’
indicates average simulation values from 30 and 60 minutes into simulations of swarmer,
stalked and pre-divisional cells.
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pattern of CtrA. Additionally, we compare the simulated abundance of CtrA, DnaA, DivK,
and PleC under Signal 1 with their experimental measurements under carbon starvation
conditions (30 min and 60 min after starvation was introduced) [127] in Fig. 4.4E. We find
Signal 1 can capture the general response of most indicated proteins except for CtrA. Our
simulation results suggest the decrease of RpoD-regulated ctrA expression in our model is
not sufficient to overcome the initial stabilization of CtrA caused by the cdG shift. As
CtrA levels are eventually reduced under starvation, there should be cdG-independent and
might be RpoD-independent pathways controlling the response to starvation. Moreover,
the successful prediction of GerA response to starvation indicates the current pathways are
substantially sufficient to reduce GcerA in starved cells, so we do not need to introduce
independent GerA pathways to simulate the starvation response in Caulobacter.

4.4.3 The decreased expression of CtrA contributes to observed
delays in cytokinesis of starved stalked cells

In the simulation with Signal 1, the CtrA levels do not reduce as low as Britos et al indi-
cates [127], which suggests that there are likely unknown pathways controlling CtrA under
starvation condition. Moreover, Signal 1 can not explain the obvious delay in cytokinesis
observed in starved stalked cells.

Here, we introduce Signal 2 (Table 4.1), integrating the enforced reduction of CtrA expression
with Signal 1, to investigate the influence of reduced CtrA. Not surprisingly, Signal 2 still
performs well in the simulation of starved swarmer cells and DnaA expression pattern under
starvation conditions (Fig. 4.5A and D). Additionally, the expression pattern of CtrA and
its abundance changes under starvation are accurately captured by simulations with Signal
2 (Fig. 4.5C and E). Importantly, Signal 2 can explain the delayed cytokinesis of starved
stalked cells (Fig. 4.5B), which suggests the reduced CtrA contributes to the observed delay in
cytokinesis for stalked cells under starvation condition. Moreover, the simulation of [CtrA]r
and [CtrA~P] in swarmer cell (Fig. 4.5A and C) suggests that phosphorylated CtrA levels
are relatively high at the initial stage of starvation introduction to inhibit the initiation of
chromosome replication, although the total levels of CtrA reduce.

4.4.4 cdG-dependent pathways play important roles in the re-
sponse to starvation signals

cdG shifts dramatically under different concentrations of environmental nutrients, and it
regulates the activity and abundance of the master regulator CtrA through several path-
ways [118]. Here, we delete the cdG-dependent pathways from Signal 2, calling it Signal 3
(Table 4.1), to study the contribution of ¢cdG in the response to starvation.

Without the cdG-dependent pathways, our simulated swarmer population exhibits the sec-
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Figure 4.5: Starvation Signal 2 simulations fit experimental observations well with

the exception of CtrA expression.

(A) Swarmer cell simulation of Signal 2 response. Red “X” indicates immediate G1 ar-
rest. Other details are identical to Figure 4.4A. (B) Stalked cell simulation of Signal 2
response. Red “X” indicates the secondary G1 arrest in stalked daughter cell. Other details

are identical to Figure 4.4A. (C) CtrA expression levels in swarmer cell simulations relative
to normalized data extracted from Gorbatyuk et al. [75]. (D) DnaA expression levels in

swarmer cell simulations relative to normalized data extracted from Gorbatyuk et al. [75].
(E) Protein expression levels 30 and 60 minutes after nutrient depletion relative to nutrient

rich conditions. Details specified in Figure 4.4E.
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ondary G1 arrest in 86.7% of our parameter sets, while only 13.3% of our parameter sets
indicate immediate cell cycle arrest at G1 for swarmer cells (Table 4.1). Our research sug-
gests the cdG-involved second messenger network proposed in Chapter 2 is significant for
the immediate G1 arrest of swarmer cells in starved environments. Additionally, although
the simulation with Signal 3 performs well in predicting shifts of key proteins including CtrA
after 30 min and 60 min of starvation introduced (Fig. 4.6E), it can not exactly capture the
expression pattern of CtrA under starvation condition (Fig. 4.6C). Taken the simulation of
Signal 3 and previous simulations with Signal 1 and Signal 2 together, our model suggests
that the immediate G1 of swarmer cells results from a relatively high level of CtrA~P in-
hibiting the DNA replication. Our simulation further suggests that ¢cdG decreases under
starvation condition to 'protect’” CtrA~P and inhibits the S-entry.

Additionally, the simulation with starvation Signal 3 together with previous starvation Signal
1 indicates that the decrease of DnaA in swarmer cells under starvation is not sufficient to
prevent chromosome replication. A closer investigation reveals that DnaA levels are about
35-45% of peak levels at the timing of chromosome replication. Leslie et al. showed that
Caulobacter cells in stationary phase have DnaA levels that are approximately 10-18% of ex-
ponential phase [121]. Furthermore, since cells still divide, albeit slowly, in stationary phase,
this suggests that 10-18% of typical DnaA levels (compared to a nutrient rich simulation)
should be sufficient for chromosome replication. Altogether, these investigations suggest that
the rate of DnaA depletion is not fast enough to explain G1 arrest from starvation signaling.
Therefore, the reason of G1 arrest under starvation is that CtrA~P remains sufficiently high
to inhibit chromosome replication, at least until DnaA can be sufficiently depleted.

4.4.5 cdG-dependent pathways are not sufficient to arrest cells

We keep the reduced growth rate and cdG-dependent pathways in Signal 4 to investigate
whether the important cdG-related response is sufficient to capture observations of starved
cells. We find neither swarmer cells nor stalked cells arrest as experiments suggest in the
simulation with Signal 4 via most parameter sets (Table 4.1, Fig. 4.7A and B). Our simulation
agrees with the experimental observation that cdGO strain (deleting cdG) is not arrested.

We also try other combinations of starvation response pathways shown in Table C3.1. When
adding reduced DnaA expression into Signal 4, calling it Signal 5a, the simulated swarmer
cells with 92.3% parameter sets can arrest at the first G1 stage, while the simulated stalked
cells with 98.4% parameter sets can arrest at the secondary G1 stage. Therefore, our model
suggests that the reduced level of DnaA is essential for the cell cycle response to star-
vation, although it is not enough to stimulate the rapid G1 arrest of swarmer cells. We
further explore the significance of RpoD-dependent transcription of ctrA, divK, and pleD
with Signal 5b-5d (Table C3.1). Signal 5¢ (adding decreased RpoD-regulated divK expres-
sion) increases the fraction of first G1 arrest of swarmer cells from 92% to 100%, while
Signal 5d (adding decreased RpoD-regulated pleD expression) improves this index to 97%.
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Figure 4.6: Starvation Signal 3 is not sufficient to arrest swarmer cells in the first

G1 stage.

(A) Swarmer cell simulation of Signal 3 response. Swarmer cell is not arrested at the first

G1 phase. Other details are identical to Figure 4.4A. (B) Stalked cell simulation of Signal

3 response. Red “X” indicates the secondary G1 arrest in the stalked daughter cell. Other

details are identical to Figure 4.4A. (C) CtrA expression levels in swarmer cell simulations
relative to normalized data extracted from Gorbatyuk et al. [75]. (D) DnaA expression

levels in swarmer cell simulations relative to normalized data extracted from Gorbatyuk et

al. [75]. (E) Protein expression levels 30 and 60 minutes after nutrient depletion relative to

nutrient-rich conditions. Details specified in Figure 4.4E.
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(A) Swarmer cell simulation of Signal 4 response. Swarmer cell is not arrested in this case.
Other details are identical to Figure 4.4A. (B) Stalked cell simulation of Signal 4 response.
Stalked cell is not arrested in this case. Other details are identical to Figure 4.4A. (C)
CtrA expression levels in swarmer cell simulations relative to normalized data extracted
from Gorbatyuk et al. [75]. (D) DnaA expression levels in swarmer cell simulations relative
to normalized data extracted from Gorbatyuk et al. [75]. (E) Protein expression levels 30
and 60 minutes after nutrient depletion relative to nutrient rich conditions. Details specified

in Figure 4.4E.
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Both reduced divK expression and reduced pleD expression help to improve the simulation
performance of swarmer population arrest, while the divK expression plays more important
roles.

4.5 Discussion

In this study, we investigate the molecular mechanism behind Caulobacter cell cycle arrest
from nutrient starvation. Our model has good agreement with experimental observations
in the phenotypes of WT and mutant cells under nutrient-rich condition (Fig. 4.3, Ta-
ble. 4.2). Based on the rationality of this model, we further explore the contribution of
known starvation-relevant pathways (Signal 1) and find that these pathways are sufficient
to capture most characteristics of starved cells except for two observed phenomena: 1) the
delayed cytokinesis of stalked cells and 2) the expression pattern of CtrA which does not
reduce to a low level which experiments suggest. Therefore, we enforce the reduction of CtrA
level in Signal 2, which solves the above two problems. This suggests that nutrient signals
must influence CtrA via additional mechanisms to explain reduced CtrA expression under
carbon and nitrogen starvation. The delayed cytokinesis in starved stalked cells seems to be
a consequence of the slowed synthesis of Z-ring proteins which are controlled by CtrA~P.
Altogether, CtrA~P remains high at the initial starvation stage because c¢dG is reduced,
and it is required to decrease to delay the cytokinesis in starved stalked populations.

In previous work (Chapter 2) [118], Xu et al. demonstrated that cdG levels are likely depleted
due to the accumulation of (p)ppGpp, thus providing a link between (p)ppGpp regulation
and CtrA proteolysis. ¢dG is also responsible for the accumulation of SpmX at the G1-S
transition via TacA and ShkA [94]. Modelling the ShkA-TacA-SpmX pathway reinforces the
relationship between ¢dG and phosphorylation state of CtrA. We expand on this work here
and find that the sole cdG response is not sufficient for cell cycle arrest (Table 4.1, Signal 4).
However, when we remove the impaired cdG from the starvation signal (Signal 3), we find
that immediate G1 arrest in swarmer cells is heavily compromised. Thus, while the proposed
signal from Chapter 2 is not sufficient on its own to explain starvation response behavior,
it is an essential component of the starvation response. Our simulation results suggest that
the cdG-dependent stabilization of phosphorylated CtrA is essential for the G1 arrest of
starved cells, while the following reduction of total CtrA levels is caused by unclear control
mechanisms. Similarly, our simulations with Signal 5a and Signal 3 suggest the reduced
expression of DnaA is essential but not sufficient for the rapid G1 arrest of swarmer cells
population. Our model suggests that the Caulobacter response to starvation signals is under
multifaceted regulations and interactions.

In addition to essential players in starvation response control, such as cdG and DnaA, there
are a few regulators that contribute to the robust and rapid G1 arrest. We individually
introduce the RpoD-regulated expression of divK and pleD in starvation signals, which play
roles in phospho-signaling. DivK affects the phosphorylation of CtrA and CpdR through
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switching CckA from kinase to phosphatase state, while PleD is the major synthetase pro-
ducing cdG from GTP molecules. The simulation results suggest that the reduced expression
of both divK and pleD stimulate the G1 arrest, where divK is more powerful than pleD.
Additionally, a newly discovered DivK phosphatase CckN has demonstrated elevation in re-
sponse of (p)ppGpp [104]. Comparing the simulation result of Signal 1 and Signal 5d, with
and without the shift of CckN, we find that the CckN-pathway also helps cells to arrest at
G1 when nutrition is depleted.

In summary, our results indicate that numerous aspects of the cell cycle machinery are targets
of starvation signals. The phosphorylation of CtrA together with DnaA determine the G1
arrest, while CtrA also influences the cytokinesis delay under starvation. Although second
messengers are small molecules with relatively low levels in Caulobacter cells compared with
proteins, they play key roles in detecting and responding to starvation signals.
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5.1 Abstract

Caulobacter crescentus is a model organism to investigate the spatial asymmetry of prokary-
otes. The dimorphic cell division cycle of Caulobacter crescentus is driven by the asym-
metrical localization and periodical appearance of key regulatory proteins that control cell
fate, such as the master regulator CtrA. The spatial regulations of phosphotransfer and pro-
teolysis of CtrA are characterized by two distinct signaling hubs at opposite poles of the
Caulobacter cell, where the scaffolding protein PodJ and PopZ work as the central organizer
at the flagellated pole and the stalked pole respectively. In this study, we use a modified
Turing-pattern mechanism to simulate the spatiotemporal dynamics of scaffolding proteins,
accounting for the initial arrangement at distinct poles. Additionally, the non-uniform dis-
tributions of key regulators involved in two phosphotransfer modules, DivJ/PleC-DivK and
DivL-CckA-CtrA, are investigated based on the network of scaffolding proteins. Our math-
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ematical model captures key features of wild-type and mutant strains, and we predict the
distribution of CtrA~P in mutant strains.

5.2 Introduction

The asymmetrical distribution of proteins in prokaryotic cells contributes to diverse biolog-
ical processes, including morphogenesis, stress response, and signal transduction [149, 150].
The oligotrophic aquatic bacterium, Caulobacter crescentus (Caulobacter), is a model or-
ganism for investigating the bacterial cellular asymmetry, in which at least 10% of proteins
are non-uniformly distributed across cells [149, 151]. Caulobacter undergoes a dimorphic cell
cycle regulated by asymmetrically distributed proteins, such as the master cell cycle regula-
tor CtrA, producing two distinct progenies: a motile non-replicable swarmer cell with a high
level of phosphorylated CtrA (CtrA~P) and a sessile replicable stalked cell with a low level
of CtrA~P [125] (Fig. 5.1). As phosphorylated CtrA inhibits the initiation of DNA repli-
cation by targeting the chromosome replication origin (Cori) in Caulobacter, the swarmer
daughter cell is required to reduce the CtrA~P level to reproduce. The nascent swarmer
cell goes through a phase named swarmer-to-stalked (sw-to-st) transition given suitable en-
vironments, reducing the level of CtrA~P and differentiating into the stalked morphology,
whereas the stalked cell can immediately enter the next replication cycle [152, 3, 15]. The
predivisional cell, with a flagellum at the ‘new’ pole and a stalk at the ‘old’ pole, establishes
a spatial gradient of CtrA~P, with high levels near the flagellated end and low levels near the
stalked end (Fig. 5.1). Then, the cell divide asymmetrically producing distinct daughters,
where the new swarmer cell enters the sw-to-st transition stage and the new stalked cell
re-commences DNA replication (Fig. 5.1). Additionally, CtrA is an essential transcriptional
factor controlling the expression of over 90 genes in C,crescentus [153, 25]. During the sw-
to-st transition, the flagellum of swarmer cell is shed and replaced by a stalk and holdfast,
which is also regulated by the level of CtrA~P.

As CtrA is of great importance for DNA replication, gene transcription, and cell cycle regula-
tion, its spatial concentration gradient is a decisive factor for the establishment of asymmetry
in Caulobacter. The abundance of active CtrA is determined through three pathways: syn-
thesis, proteolysis, and phospho-signaling. The temporal regulation of CtrA synthesis has
been well studied [20]. There are two ctrA promoters: the weaker promoter (P1) is in-
hibited by CtrA~P and the stronger promoter (P2) is activated by CtrA~P. Additionally,
three other major regulators - DnaA, GerA, and CerM - collaborate with CtrA constitut-
ing a pivotal regulatory network to orchestrate the cell cycle and ensure the robustness of
Caulobacter [22, 20, 89]. Li et al. [20, 89] converted the regulatory network into quantitative
models, investigating the mechanisms underlying cell-cycle-based DNA replication, methy-
lation, and protein metabolism. Simulation results of Li’s model reproduced the temporal
dynamics of key regulators in wild type (WT) and relevant mutant cells, and predicted
the phenotype of novel mutants. Murray et al. proposed a simplified mathematical model
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involving GerA, CtrA, and CerM in the cell cycle regulatory network in Caulobacter [19].
Weston et al. constructed a CtrA-centric temporal mathematical model, suggesting that the
unphosphorylated CtrA competes with the phosphorylated form for binding to the Cori [22].
However, these models fail to account for the localization of essential regulators, which are
fundamental to the polar morphogenesis and asymmetry establishment in Caulobacter.

The phosphorylation state of CtrA is regulated by two phosphotransfer modules: DivL-
CckA-CtrA and DivJ/PleC-DivK (Fig. 5.2, yellow and green boxes), where CckA and PleC
are bifunctional histidine kinases working as either a kinase or phosphatase for their response
regulators - CtrA and DivK, respectively [125, 154, 30, 124]. CckA mediates the phos-
phorylation /dephosphorylation of CtrA and CpdR via a phosphotransferase ChpT, while
unphosphorylated CpdR is an essential component of the ClpXP protease complex specif-
ically responsible for the proteolysis of CtrA [155]. Thus, CckA regulates the activity of
CtrA through both phosphotransfer and proteolysis. Although CckA level remains constant
throughout the cell cycle, its subcellular localization varies [156]. Time-lapse microscopy in-
dicates that CckA has no preferential localization in swarmer stage and accumulates at the
flagellated pole (new pole) during stalked and predivisional stages (Fig. 5.1, fluorescent yel-
low). Around 30% observed WT cells have a strong old-polar accumulation of CckA during
the stalked stage, which suggests that the old pole may serve as a depot for surplus CckA,
and CckA localized at the old pole is dispensable for normal cell cycle development [155, 30].
The switch between kinase and phosphatase of CckA is allosterically mediated by DivL and
cyclic-di-GMP (cdG) [157]. DivL stimulates the kinase activity of CckA, whereas CckA
binding with ¢dG or DivL:DivK~P complex leads to the increase of CckA phosphatase
activity [157, 132, 151]. Therefore, DivL connects the two phosphotransfer modules by in-
teracting with DivK and CckA. Additionally, DivL is required for the new-polar localization
of CckA [157, 158]. Another binding partner of CckA which may contribute to its localization
is PopZ [159].

DivJ functions as a kinase phosphorylating DivK whereas PleC is the major phosphatase
of DivK [160, 149]. In addition, PleC can function as a kinase of DivK in a specific state
which is stimulated by DivK~P [154]. Experiments have indicated that phosphorylated
DivK accumulates at the old pole during most time of the cell cycle, while it is temporarily
localized at the new pole in the predivisional stage and released from the new pole after
cytokinesis [160] (Fig. 5.1, red). Interestingly, DivJ and PleC are localized at opposite poles
during the cell cycle of Caulobacter: Divl] is localized at the old pole and PleC is localized
at the new pole [14, 18] (Fig. 5.1, orange and purple). The function and polar localization
of DivJ and PleC regulate the spatial phosphorylation and dephosphorylation of DivK.
Therefore, DivK is phosphorylated at the old pole and dephosphorylated at the new pole,
resulting in a lower level of DivK~P in the swarmer compartment after cytokinesis [149].

Chen et al. [151] and Tropini et al. [149] have constructed mathematical models to simulate
the development of CtrA~P gradient in predivisional cells via CckA-relevant and DivK-
relevant reactions, respectively. Their models account for the phenotype of relevant mutants
and suggest that Caulobacter establishes robust asymmetry before cytokinesis. Subramanian
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Figure 5.1: Dynamic localization of key proteins over the cell cycle of C. crescen-
tus.

CtrA~P develops a spatial concentration gradient during the cell cycle (gray). The three
scaffolding proteins, PopZ, PodJ, and SpmX, interact with each other and recruit (directly
or indirectly) client proteins at specific poles, including Div] [18], PleC [7], DivK [18],
CckA [159], DivL [159], and CpdR [159].

et al. [125] proposed an ‘inhibitor-sequestration’ model, suggesting that new-polar DivK~P
is sequestrated by PleC kinase, so that CckA can retain its kinase activity at the new pole
in the predivisional stage.

These spatial modelling work provided certain insights into mechanisms of spatial regulations
and morphogenesis of bacteria; however, in these models, initial non-uniform localizations
were enforced and the source of localization could not be well explained. Normally, spatial
orchestration is fulfilled by scaffolding proteins which initially occupy particular areas and
recruit binding partners to the same or neighbouring area [161]. The localization and ac-
tivity of several key regulators involved in the CtrA-centric network are dependent on the
localization and interactions of three scaffolding proteins - PodJ, PopZ, and SpmX in C.
crescentus [161, 18]. PodJ is localized at the flagellated pole, SpmX at the stalked pole, and
PopZ at both poles during the cell cycle of Caulobacter [161, 18] (Fig. 5.1, blue, violet, and
black). PodJ and SpmX directly bind to PleC and DivJ respectively, causing the new-polar
PleC and old-polar DivJ [7, 18]. Additionally, the localization of DivK, DivL, CckA and
CpdR are dependent on PopZ [159, 18, 162]. Mutant analysis indicates the new-polar DivL
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is determined by PodJ [135]. As PleC and DivL, recruited by PodJ at the new pole, are
binding partners of DivK, PodJ likely influences the localization of DivK as well.

Several hypotheses have been proposed for the initial polar localization of scaffolding pro-
teins [161]. One suggests the nucleoid occlusion may result in polar distributions because
poles, which are devoid of chromosomes, can provide sufficient space for the assembly of pro-
teins [163]. Other suggestions indicate some unique elements of poles, such as the negative
polar curvature [164, 165], lipid [165, 166] or peptidoglycan [167] composition, may cause
polar accumulation of scaffolding proteins.

Chen et al. [92] and Subramanian et al. [168, 21| utilized the Turing-pattern mechanism to
investigate the spatial dynamics of PopZ. The PopZ model suggests there is an unknown nu-
cleating factor at the new pole recruiting PopZ to stabilize the bipolar accumulation. In this
study, we use a similar reaction-diffusion mechanism to investigate the initial localization
of three scaffolding proteins - PopZ, PodJ, and SpmX. We use protein-protein interactions
together with Turing-pattern to simulate the temporal and spatial dynamics of scaffolding
proteins and their client proteins. In our study, PodJ functions as a nucleating factor re-
cruiting PopZ, which is sufficient to ensure the bipolar pattern of PopZ. Moreover, we apply
the scaffolding protein network to explore the non-uniform distribution of CtrA, DivK, and
CckA. Our mathematical model correctly reproduces two signaling hubs at two poles of
a wild type cell and the phosphorylation state of DivK of mutant cells. Additionally, we
predict the distribution of DivK~P and CtrA~P in mutant cases.

5.3 Methods

5.3.1 Reaction-diffusion equations and compartment-based dis-
cretization

We apply a reaction-diffusion model to capture the spatiotemporal dynamics of proteins. The
governing partial differential equation (PDE) for a generic protein S is as follows (Eq. 5.1):

oC 0*C
i Chemical Reaction Rates + Dw, (5.1)

where C(z,t) is the concentration of protein S. D denotes the diffusion coefficient of S.

We use a compartment-based scheme to convert continuous equations to discrete compart-
ments to solve PDEs. In addition, the compartment-based method allows us to extend the
determined model to its stochastic version in our future work. Here, the total cell length (L)
is divided into 10 even compartments of length [ = L/10. Therefore, we convert the PDE
into 10 ODEs as follows:
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d01 — CR + D(C2 C1)

dC _CR+D(@+1 G ¢ PO =29 (5.2)
M CR+—CN)

The first compartment represents the new pole of Caulobacter cell and the tenth compart-
ment is the old pole.

The number of compartments influences the computational complexity of the model. To
initially test the rationality of our work and efficiently search parameter space, we used a
four-compartment model at the first stage shown in Appendix D 3. The four-compartment
model makes the computation simple enough yet still provides sufficient spatial information.
Moreover, it is more efficient to search the parameter space through a model with a small
number of compartments. After the model is initially verified and parameters estimated,
we extended the four-compartment scheme to a ten-compartment model to provide more
accurate simulations, as described above. In principle, the compartment-based model can
be extended to greater numbers of compartments.

As the Caulobacter cell is growing as a result of new cell wall materials being added uni-
formly along the long axis [169], we assume each compartment grows exponentially with
time (Eq. 5.3).

dl

Ra——" .
o = H (5.3)

During the swarmer cell cycle, a swarmer cell grows, over the course of 150 min, from ~2 pm

at birth to ~4.4 um at separation [170, 171], so we calculate p = log ( ) ~ 0.0053
1

min~".

150 min

Localizations of PodJ, PopZ, and SpmX based on an activator-
substrate depletion (A-SD) type of Turing pattern

Turing Pattern [172] has often been used to explain periodic patterns in space, such as spots
and stripes on coats of animals, bacterial colony formation, and the MinCD system in F.
coli [21]. The stable formation of A-SD type Turing Pattern requires two criteria [21, 93]:

1. the activator species is formed from the substrate by an autocatalytic reaction;

2. the substrate species diffuses significantly faster than the activator [173, 21].
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In the Caulobacter system, the three scaffolding proteins (PodJ, PopZ, and SpmX) satisfy
the two criteria of A-SD Turing-pattern formation. These proteins have monomeric and
polymeric forms in cells, while the monomer diffuses much faster because of lower molec-
ular mass [7, 174, 21]. PodJ, PopZ, and SpmX self-assemble in wvitro and in vivo [161].
Furthermore, these proteins show branched accumulations in overexpressed and filamentous
conditions [175, 176, 21, 7, 174], implying autocatalytic polymerization processes. A-SD
Turing pattern has the potential to exhibit unipolar, central, and bipolar accumulations of
product corresponding to various Turing wavelengths [21]. The characteristics of Turing pat-
tern fits well with the observation of PopZ localization that PopZ has an old-polar focus in
shorter nascent swarmer cells (Fig. 5.1) and accumulates at both poles in longer stalked cells
and predivisional cells (Fig. 5.1). Therefore, we utilize a Turing pattern model to explain
the spatial dynamics of PopZ. In order to stabilize the bipolar pattern for PopZ, we also
include its interaction with PodJ, a nucleating factor biasing PopZ localization to poles [7]
(Eq. 5.4).

d|PopZ
% = ks,PopZ - (kd,PopZ + ,u) : [POpZm] + kdepol,PopZ : [POpr]
— Kdnv,Popz - (1 + apopzpoas - [PodJLy]) - [PopZ,, ]
0?[PopZ,,
- kaut,PopZ : [POpZm] : [POpr]Q + DPopZm : %
v (5.4)
d[PopZ,)
T at —(kapopz + 1) - [POPZ,] — Kdepol,popz * [POPZ]
+ Kdnv,popz - (1 + apopzpods - [PodJLr]) - [PopZ,]
0?*[PopZ
+ kaut,PopZ : [POPZm] . [POpr]Q + DPopr : %

where [PopZ,,| and [PopZ,| are the concentrations of PopZ monomer and polymer, respec-
tively. [PodJLt| denotes the total concentration of long form PodJ ([PodJL,,] + [PodJL,]).
ks popz and kg4 popz represent the synthesis and degradation rate of PopZ. kqepolpopz indicates
the rate constant of de-polymerization, while Kgny popz and kauepopz are the rate constants
for the de novo and autocatalytic polymerization of PopZ, respectively. apopzpoas describes
the recruitment by PodJ. Dpopzm and Dpepz, are the diffusion coefficients of monomer
and polymer of PopZ respectively, where Dpopzm < Dpopzp- The diffusion coefficients of
species except for polymers in this study are estimated by an empirical function in FE.coli
(Eq. 5.5) [177].

D = a(MW) ™2 + Dy, (5.5)

where o = 4.3 x 103um?s~'kDa?, Dy = 0.65um?s~* and MW is for the molecular weight of
the protein.

In addition, PopZ at the old pole recruits SpmX, which inhibits the localization of PodJ [7,
93]. Thus, we take interactions of PopZ-SpmX and SpmX-PodJ into our Turing pattern
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model to explain the periodical localizations of PodJ and SpmX (Fig. 5.2 blue box, Eq. 5.6,
Table. D1.1 Eq. (1)). PodJ shows bipolar localization when it is expressed alone in E. coli,
suggesting that PodJ itself has an intrinsically high affinity with poles [7]. Furthermore,
co-expressed SpmX and PodJ in E. coli results in dispersed PodJ [7]. Additionally, PodJ
accumulates at both poles in AspmX mutant strains, while accumulation of PodJ is reduced
in SpmX overexpressed strains [7]. Taken together, these experiments suggest that SpmX
suppresses the assembly of PodJ (Fig. 5.2 blue box). Here, the inhibition effect of SpmX on
PodJ is modeled in Eq. 5.6.

d[PodJL,, Jpodicir
d[PodL = ks pods - ((1 — €) - Spoas + €) + ks pods2 - PodJOuA

dt Sipodscma T [CtrA ~ PJ2
— (ka,podst + kapodse - [PerP] + 1) - [PodJLy,] 4 KdepolPods - [PodJL,]
kaut PodJ 9
_k nv.Po . P dJLm — 2 . P dJLm X P dJL
dnv,Podd * [P0 ] 1+ aroqssym - [SPIXon] [Po ] - [PodJL,)
0?[PodJL,,]
D (o) m°' = ~ 5 ]
+ DpodiL 92 (5.6)
d|PodJL
[ — o) = —(ka,poas1 + ka,poasz - [PerP] + 1) - [PodJL,] — Kaepol,pody - [PodJL,]

kaut,PodJ

+ kduv pPoas + |PodJL,| +
dov.Pod] [ ] 1 + aPodJSme : [SmeT]

- [PodJLy,] - [PodJL,]?

92[PodJL,)]
0x?

where apoqjgpmx indicates the inhibition from SpmX on the polymerization of PodJ proteins.
Ji podyctra describes the binding affinity between CtrA~P and pod.J promoter, which models
the suppression of podJ expression by transcriptional factor CtrA~P [130]. ((1—¢€)-Spoas+€)
represents the methylation regulation of podJ expression, which is explained in next section
(see ‘Chromosome replication, methylation, and cell division’).

+ Dpodjip -

5.3.2 Chromosome replication, methylation, and cell division

In addition to CtrA, other regulators control the chromosome replication to ensure the
robustness of Caulobacter system. One key regulator is DnaA, which activates the initiation
of replication by binding to Cori [85]. During DNA replication, fully-methylated chromosome
turns into hemi-methylated. CecrM, a conserved DNA methyltransferase that methylates
promoters with methylation sites, is turned on around the completion of replication [79].
In this study, we do not explicitly model chromosome replication and methylation because
these processes are not closely associated with spatial regulations, although they are vital
to temporal checkpoints of cell cycle. As increased DnaA and reduced CtrA~P levels of
initiating the DNA replication are concurrent, we take a threshold of [CtrA~P] as an event
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Figure 5.2: A schematic diagram of the spatiotemporal regulatory network.
Red dashed lines indicate the localization effects by scaffolding proteins. Black dashed
lines indicate the metabolism effects. Arrows are for activation and bars are for inhibition
effect. ‘Meth’ indicates methylation-controlled transcription. The red square with minus or
plus represent CtrA-regulated inhibition or activation of transcriptions. Four black spots
represent the products of degradation. The line with solid circles at ends describes the
binding reaction.

to initiate the DNA replication [19] (Table 5.1). When [CtrA~P] is reduced to a level lower
than the threshold (©), replication initiates and that time is recorded as Ti,;. The replication
period time (S-phase) of WT cells is approximately 90 min [84]. Here we do not explicitly
model the signal for replication termination. Instead, we set replication termination time,
Tierm = Tini+90 min. For promoters with methylation sites (ctrA, pleC, perP, and podJ), we
use (1 — €)S 4 € to model the methylation regulation by CcerM (see yellow rectangles with
‘Meth’ in Fig. 5.2):

e S=0: fully-methylated promoters with lower rate of transcription.

e S=1: hemi-methylated promoters.

where € is a small number indicating the suppressed expression of genes when fully methylated
(Eq. 5.6, Table D1.1). Experiments suggest that the bacterial chromosome arrangement
likely preserve the linear order of genes [178]. Therefore, we calculate the approximate time
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when replication fork passes the corresponding gene based on its genome coordinate [179,
141]. When the replication fork passes the gene, S is set to 1; when replication terminates,
S is set back to 0. All switching parameters for these events are listed in Table 5.1.

Z-ring closure is not modelled in this study. Here, we assume that the completion time of
compartmentalization (z-ring closed) is 5 min after DNA replication terminates, formulated
as t = Tierm+5 min. The simulated cycle completes about 25 min after the compartmen-
talization. Then the two daughter cells are assumed to be completely separated. The cycle
timeline is shown in Fig. 5.3. Note that the assumptions of time for specific events, such
as the Z-ring closure and progenies separation, come from experimental observations of WT
cells. For mutant cases where the levels of CtrA~P are either too low or too high to trigger
the ‘DNA replication’ event (Table 5.1), we enforce we enforce following operations:

1. if the average [CtrA~P] is already lower than the threshold © (Table 5.1) at t=15 min,
Ti,i=15 min;

2. if the average [CtrA~P] has never been lower than © until t=300 min, the simulation
is forced to stop.

Table 5.1: Events and switches of parameters.

event description condition change at the event
replication initiation average [CtrA~P] T =t
changes from >to <© | ~™

replication fork passes ctrA | t>90x37%+Tiu Setra=1

replication fork passes pleC | t>90x65%+Ty; Sprec=1

replication fork passes perP | t>90x74%+Tin; Sperp=1

replication fork passes podJ | t>90x87%+Tiu Spods=1

replication termination t>T}erm All ‘S’s are switched to 0

90 min 5 min 25 min

( ] | ]
I I I I |

0 min Tini Tierm Z-ring closed  cycle ends

Figure 5.3: Schematic simulated cell cycle timeline for a WT cell.
The DNA replication initiates when the average [CtrA~P] changes from higher than © to
lower than ©. DNA replication needs 90 min to terminate, where Tier =71, +90 min. Z-ring
is completely closed 5 min after the replication termination, and the daughter cells need 25
min to completely separate.
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In addition to methylation, transcription of certain genes is regulated by CtrA~P (see red
squares with plus and minus in Fig. 5.2). We use Hill functions to describe transcriptional
activation and inhibition by CtrA~P as follows:

[CtrA ~ P]"
H,(CtrA ~ P : 5.7
(CtrA ~ P) T cear + [CtrA ~ PJ" (57)
Jr
H;(CtrA ~ P) = LOUAR (5.8)

SHcuap + [CtrA ~ P

1

where the subscripts a and ¢ denote activation and inhibition. n is the Hill coefficient and J
is the dissociation constant between CtrA~P and the corresponding promoter.

Finally, because mRNAs in Caulobacter diffuse slowly (=~ 0.03 pm?min) [180] and poles are
void of chromosome [163], we assume that the translation of proteins only take place in
central compartments. Thus, the synthesis rate (k) is set as 0 in polar compartments.

5.3.3 Multiobjective optimization

We use MATLAB’s built-in multiobjective genetic algorithm to estimate parameters. There
are in total 110 parameters in this model. Parameters are split into two groups: fixed
and optimized parameters. 69 parameters are fixed, including 1) 33 parameters that are
estimated from experimental or mathematical publications, and 2) 36 parameters that were
initially estimated from our preliminary trials of scaffolding protein models, such as the model
included in Xu et al. [93], and tuned slightly and manually in this study. The remaining 41
parameters are chosen for optimization. Let y € R*! be the vector of estimated parameters.
We define two objective functions as follows:

cycle3 PodJ n

H0) =D (@i — i) + max(0, | Tin — 25| — 5)%, (5.9)

cycle2 CtrA ¢

cycle3

f2(x) = ) SpatialCost, (5.10)

cycle2

where z; indicates the simulated value at time ¢ and y; indicates the experimental data point
at time point ¢ of WT cells. n varies for different species. We compare simulation results
for the second and the third cycle so that we may avoid bias in initial values. The first
objective function include the temporal fitting cost of two species: PodJ and CtrA, as well
as the initiation time fitting cost for DNA replication in the WT simulation. The second
objective function indicates the spatial fitting cost of WT simulation that includes three
types of penalties to ensure experiment-similar simulation of spatial dynamics for DivK and
PopZ:



Chunrui Xu Chapter 5. Turing-pattern model of scaffolding proteins ... 86

1. PopZ concentration in new-polar compartment is less than in central compartments,
2. PopZ concentration in old-polar compartment is less than in new-polar compartment,

3. DivK~P concentration in new-polar compartment is less than in central compartments.

Details of objective functions are in our codes at https://github.com/chunruixu/Turing-
pattern-model-of-scaffolding-proteins.git. Note that these objective functions only include
temporal data of PodJ and CtrA, the spatial observations of PopZ and DivK; and the
initiation time of DNA replication. Other WT observations and mutant phenotypes are not
included in parameter optimization and are used to validate our model.

Additionally, to improve the efficiency of searching parameters, we first apply the optimiza-
tion to the four-compartment model described in Appendix D3. The parameters derived
from the optimized four-compartment model are used as the seed to search for optimized
parameters in the ten-compartment model.

5.4 Results

To simulate mutant cells, we make appropriate changes to some of the parameters, as spec-
ified in Table S1.4. For W'T cell type the simulation is run for three cell cycles and we plot
results of the third cycle. For mutant cells that DNA replication initiates before 300 min in
our simulation, we plot results of the second cycle. For mutant cells that DNA replication
does not initiates before 300 min, we plot simulated results of 0-300 min.

5.4.1 A-SD Turing-pattern accurately captures the spatiotempo-
ral dynamics of scaffolding proteins

The simulated spatial dynamics of scaffolding proteins in wild type swarmer cells are shown in
heat-maps (Fig. 5.4), where the top line indicates the new pole and the bottom line indicates
the old pole. PopZ simulation shows stable bipolar localization over the cell cycle. To be
specific, the second focus of PopZ starts to present at approximately 60 min, matching with
experimental data [7] (Fig. 5.4(a)). SpmX, recruited by PopZ, sharply accumulates at the
old pole at approximately 10-20 min in our simulation, which also agrees with experimental
data (Fig. 5.4(b)) [18]. Full PodJ (the long form PodJ indicated as PodJL) is localized at
the new pole and is truncated by the protease PerP to turn into a short form PodJ (PodJS)
(Fig. 5.1, blue) [7, 181]. PodJS remains at the flagellated pole until it is degraded during the
sw-to-st transition of the next cell cycle, where the new flagellated pole of the previous cycle
turns into the old pole (Fig. 5.1). Later, PodJL is newly synthesized and localized at the
new pole of the new cycle (Fig. 5.4(c)) because old polar SpmX inhibits the polymerization
of PodJL. The simulation results of PodJL and PodJS are consistent with experiments. To
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specify, PodJL proteins occupy the new pole during the S-phase in simulation, while PodJS
proteins are localized at the old pole at the beginning of cell cycle, which are inherited from
the mother cell (Fig. 5.4(c)(d)). In the predivisional stage, PodJS proteins re-accumulate at
the new pole (Fig. 5.4(d)). The assumption that synthesis of proteins only takes place in
central compartments impairs the polar localization of Turing pattern; however, our system
is robust enough to reproduce polar localizations of scaffolding proteins in wild type cells.

(a) PopZ (b) SpmX (c) PodJL (d) PodJS

2 30 2 2 2 2 2
3
1 1 1 15 1 15
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Figure 5.4: The spatial dynamics of scaffolding proteins in ten-compartment spa-
tial simulations over one cell cycle of the Caulobacter swarmer cell.

(a-d)PopZ, SpmX, long form PodJ, and short form PodJ. X-asix indicates time of cycle,
while Y-axis represents the distance to the midpoint of long-axis of cells. Top and bottom
compartment indicates the new pole and old pole, respectively. Color denotes the scaled
concentration of indicated species.

5.4.2 The spatial gradients of CtrA~P and DivK~P are repro-
duced by our model

With the mechanisms of A-SD Turing pattern formation, the three scaffolding proteins -
PodJ, PopZ, and SpmX - can initially occupy specific polar areas through polymerization
and protein-protein interactions. Here, we build a spatiotemporal regulatory network for
the asymmetry development over the cell cycle on the basis of scaffolding proteins network
(Fig. 5.2). In addition to the three scaffolding proteins, we include key enzymes DivJ, PleC,
DivL, DivK, CckA, the master regulator CtrA and its proteolysis promoter CpdR (Fig. 5.2,
green and yellow boxes).

DivJ and PleC are recruited by scaffolding proteins to localize at the old pole and new pole,
respectively, to function as a major kinase and phosphatase of DivK. The opposite local-
izations of DivJ and PleC provide the foundation of spatial gradient for DivK~P. DivK~P
binds to DivL to control the switch of CckA phosphatase and kinase [182, 183]. As CckA
kinase and phosphatase regulate the phosphorylation state of CtrA and CpdR, the distribu-
tion of DivK~P likely influences the distribution of CtrA~P. Additionally, PopZ has been
reported to directly bind to DivL and CpdR [159], and PodJ participates in the localization
of DivL [135, 184]. Therefore, the spatial regulation of scaffolding proteins is multifaceted.
Detailed molecular mechanisms involved in the three modules, scaffolding proteins module
(blue box in Fig. 5.2), phosphotransfer module of DivJ/PleC-DivK (green box), and phos-
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photransfer module DivL-CckA-CtrA (yellow box), are explained in Appendix D 2. We
convert the diagram in Fig. 5.2 into a set of PDEs shown in Table. D1.1, and then convert
the PDEs into a system of ODEs using the compartment-based discretization explained in
Methods.

Fig. 5.5 shows the simulated spatial dynamics of proteins involved in the two phospho-
transfer modules. Overall, the simulations of proteins shown in Fig. 5.5 match well with
experimental observations. In Fig. 5.5(c), phosphorylated DivK accumulates in the stalked
compartment after the cell division, which is consistent with experiments (Fig. 5.1) [160].
In detail, DivK~P is not only localized at the old pole over the cell cycle, but also shows
a temporary accumulation at the new pole in the predivisional stage, which has been ob-
served in experiments [160]. The general asymmetrical distribution of DivK in simulation
is caused by the new polar PleC and old polar DivJ, because DivJ and PleC regulate the
phosphorylation state of DivK and bind to DivK to influence its localization ( Fig. 5.2 and
Fig. 5.5(a-b)).

Experiments show that DivL is stably localized at the new pole during S phase and less
frequently localized at the old pole (Fig. 5.1, olive) [185]. Our model captures the new-polar
accumulation of DivL, which is mainly recruited by PodJ (Fig. 5.5(d)). CckA is dispersed
in the nascent swarmer cell and shows a strong new-polar accumulation later (Fig. 5.5(f)),
which agree with experiments (Fig. 5.1) [30, 155]. Following cell division, simulations exhibit
a higher level of unphosphorylated CpdR in the stalked compartment (Fig. 5.5(g)) and a
higher level of phosphorylated CtrA in the swarmer compartment (Fig. 5.5(h)), which are
consistent with the asymmetrical life-cycle of Caulobacter. Furthermore, the mechanism that
unphosphorylated CpdR promotes the proteolysis of CtrA reinforces the reduced levels of
CtrA~P in the stalked compartment.

5.4.3 The consistency in temporal dynamics between our simula-
tion and experiments further demonstrates the rationality
of this model

We further compare the temporal dynamics of PodJL, PodJS, SpmX, DivJ, PleC, DivK, and
CtrA in model simulation and experiments (Fig. 5.6). Generally, our temporal simulation fits
well with experimental data although there are some minor mismatches. PodJS is degraded
at the beginning of the cell cycle,while PodJL keeps increasing until PerP is expressed in the
late S-phase, which converts PodJL into PodJS (Fig. 5.6(a)). SpmX levels grow slowly, while
most of SpmX at the end of cycle is in the stalked compartment, which explains the low
levels of SpmX at the birth of a swarmer cell (Fig. 5.6(b)). Similarly, because most of DivJ is
localized at the old pole, the nascent swarmer cell inherits less DivJ, which explains the lower
level of DivJ at t=0 min (Fig. 5.6(c)). Compared with experimental data, the simulated PleC
shows a slightly delayed turning point, but it still catches the general trend (Fig. 5.6(d)). The
decrease of CtrA (Fig. 5.6(f)) during the sw-to-st transition is used to signal the initiation
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Figure 5.5: Spatial dynamics of client proteins (or complex) in ten-compartment
simulations, including PleC, DivJ, DivK~P, DivL. without binding to DivK~P,
DivL:DivK~P complex, CckA, unphosphorylated CpdR, and CtrA~P.

time of DNA replication and methylation-regulated synthesis in this model (see ‘Methods’,
Table 5.1). The simulated initiation time of DNA replication is approximately 29 min after
previous cell separation. This is reasonable and works well in simulating the timing of cell
cycle.
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Figure 5.6: Comparison of simulated temporal dynamics with corresponding ex-
perimental observations over one cell cycle of a Caulobacter swarmer cell.
X-asix indicates time of simulated cell cycle. Y-axis represents the scaled concentration of
proteins. Triangle, plus, and asterisk represent data points from indicated publications.
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5.4.4 Interactions among scaffolding proteins and higher polar
affinity are required for their proper localization patterns

PopZ is a critical scaffolding protein recruiting core regulators of CtrA, such as SpmX, DivL,
and CpdR [159]. Therefore, it is imperative to look into the mechanisms underlying the lo-
calization of PopZ [7]. While PopZ stably shows bipolar accumulation in wild type cells, no
detectable PopZ accumulates at the new pole in the Apod.JJ mutant, suggesting the recruit-
ment by PodJ is required for the stable second focus of PopZ [7]. Here, we model the Apod.J
mutant by setting the synthesis rate of PodJ as 0, in which podJ expression is completely
deleted (Table. D1.3). In the wild type simulation, PodJ works as the factor biasing PopZ
from the monopolar accumulation to the bipolar accumulation. When the biasing effect of
PodJ disappears, PopZ can not ensure its polar localization. There are other candidate fac-
tors reinforcing the new polar accumulation of PopZ, such as ParA, TipN and ZitP, which
interact with PopZ at the new pole [7, 21, 186]. Additionally, unique characteristics of poles,
such as curvature and composition of polar cell walls, may provide a higher affinity for scaf-
folding proteins like PopZ [161]. As the specific mechanism of polar affinity independent
of PodJ is unclear, we assume a higher polymerization rate of PopZ at poles to enforce
the polar affinity in our model. Specifically, auto-catalytic polymerization rate of PopZ
(Kaut,popz) 18 25% higher in polar compartments than in central compartments. Likewise, the
auto-catalytic polymerization rate of PodJ is 25% higher in polar compartments.

With the assumption of higher polar affinity, our model reproduces the phenotype of ApodJ
that PopZ localizes at the old pole without PodJ, while PleC is dispersed across the cell
(Fig. 5.7(a)). Our model indicates that PodJ is required for the new polar focus of PopZ and
PleC. Additionally, SpmX and DivJ keep co-localized with PopZ in the Apod.J simulation.

Next, we investigate the spatial regulation of PopZ via ApopZ mutant (ks pepz = 0). Instead
of accumulate at one pole, PodJ shows bipolar pattern but less accumulation in the ApopZ
simulation, which is consistent with experiments (Fig. 5.7(b)) [7, 162]. Our simulation
also captures the features of ApopZ observed in experiments that the polar localizations
of SpmX, DivJ, CpdR and DivK are severely impaired (Fig. 5.7(b) and Fig. D4.1) [162].
The delocalization of DivlJ is likely caused by the delocalization of SpmX. Moreover, the
bipolar localization of PodJ is likely a result of delocalized SpmX because SpmX works as
an inhibitor of PodJ localization [7, 93].

To further investigate the function of SpmX, we set kg spmx = 0 to simulate AspmX strains
(Table.D1.3). In our simulation, PodJ exhibits bipolar localization, while DivJ is dispersed.
The new-polar localization of PopZ is weakened, which is likely caused by two pathways: 1)
partial PodJ is localized at the old pole, which means that the new-polar recruitment by
PodJ is reduced; 2) The absence of SpmX results in weaker kinase activity of DivJ, so that
DivK~P level decreases, CtrA~P level increases, PodJ level is reduced because of higher
inhibition by CtrA~P (Fig. 5.2), and less PopZ is polymerized at the new pole in sequence.
Experiments of AspmX indicate that the number of cells with bipolar PodJ and ectopic
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midcell PodJ increases [7]. Thus, our model can capture certain behavior of AspmX cells.

Taken together, our A-SD Turing model can reproduce most phenotypes of deleted mutant
cases relevant to scaffolding proteins. Our work suggests that interactions among PopZ,
PodJ, and SpmX are indispensable for their correct localization. Additionally, there should
be a higher polar affinity for PopZ and PodJ.
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5.4.5 DivL determines the new-polar localization of DivK in the
predivisional stage

A previous study has shown that the phosphorylated form of DivK preferentially localizes
at the cell poles [150]. Among the currently known binding partners of DivK, PleC and
DivL show significantly higher affinity with DivK~P in wvivo, whereas DivJ can bind to
both phosphorylated and non-phosphorylated forms [182]. Therefore, we consider the fol-
lowing complexes of DivK in our model: PleC:DivK~P, DivL:DivK~P, DivJ:DivK~P, and
DivJ:DivKu (DivKu denotes unphosphorylated DivK, see Appendix D2). Our model can
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reproduce the phenotype of DivK spatial dynamics in DivJ and PleC mutants, as described
below.

DivJ is necessary for the polar localization of DivK. DivJ binds to DivK and functions
as the major kinase phosphorylating DivK [150]. Without DivJ (see the AdivJ mutant,
Table. D1.3), DivK~P levels drop dramatically and DivK is delocalized [150, 187, 15]. DivK
in the kinase-defective DivlJ strain (DivJ-H338A) can localize at the old pole but fails to
localize at the new pole [150]. Our simulations of AdivJ and DivJ-H338A (Fig. 5.8(a)(b)) are
consistent with experimental observations, which agree that DivJ determines the old polar
localization of DivK and DivJ kinase activity is required for the new polar accumulation of
DivK. PleC has been reported to determine the new polar release rather than the localization
of DivK, because DivK~P keeps occupying the new pole after z-ring closure in ApleC
and PleC-H610A mutant strains [150, 160, 22]. Here, we simulate ApleC' and PleC-H610A
(inactive kinase and phosphatase PleC mutation) in Fig. 5.8(c)-(d), where DivK~P fails to
release from the new pole after cell division. We also check the function of kinase activity of
PleC in the simulation of PleC-F778L (kinase-defective pleC strain), where DivK shows WT
like dynamics, consistent with experiments (Fig. 5.8(e)) [160]. Therefore, our model together
with experimental observations suggests that the kinase activity of PleC is dispensable for
the transient new polar accumulation of DivK in the predivisional stage.

Based on these results, we speculate that either the localized PleC or DivL or both function as
the physical binding partner to recruit DivK~P at the new pole, which requires the kinase
activity of DivJ. We utilize Our spatial model to explore two hypothetical mutant cases,
‘delocalized PleC’ mutant (kg piec = 0) and ‘delocalized DivL’ mutant (o pivipoas = 0,
deleting the recruitment of PleC by PodJ), to further study the effects of PleC and DivL.
DivK fails to accumulate at the new pole in delocalized DivL mutant, while delocalized
PleC mutant exhibits WT similar dynamics in simulation (Fig. 5.8(f)(g)). Therefore, we
suggest that DivL plays a more important role in recruiting DivK~P at the new pole in the
predivisional stage.

To sum up, our model agrees with experimental observations that the DivJ kinase activity
is required for the new-polar accumulation of DivK, while PleC is required for the timely
release from the new pole [150]. Additionally, our mutant simulations suggest that PleC
localization and kinase activity are not necessary for the localization of DivK, while DivL is
required for the new polar localization of DivK.

5.4.6 Our model captures key characteristics of phosphotransfer
processes

In AdivJ strain, the level of DivK~P is reduced and CtrA-dependent transcriptions in-
crease [188, 15]. The observed phenotype of AdivJ is successfully captured by our model
(Fig. 5.8(a)). The simulation of ApleC' shows increased levels of DivK~P and reduced lev-
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Figure 5.8: DivK(~P) and CtrA~P dynamics in Adiv.J, DivJ-H338A, ApleC, PleC-
H610A, PleC-F778L, delocalized PleC, and delocalized DivL mutant strains.
The total DivK rather than DivK~P is observed in two DivJ mutant cases because DivJ
can bind to unphosphorylated DivK while PleC and DivL prefer to bind to phosphorylated
DivK. In ‘delocalized PleC’ and ‘delocalized DivL,’ mutant simulation, the recruitment by
PodJ on PleC and DivL is deleted, respectively.
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Table 5.2: Phosphorylation state of DivK in mutant strains.

mutant WT | AspmX | AdivJ ApleC ApodJ
. T Exp?| 1 0.36 [18] | 0.04 [18] | 1.79 [18] | 1.50 [5)
DivE~P o =1 0.28 0.09 1.02 127

I DivK~P levels are normalized with respect to the level in wild-type cells.
2 Experimental data in Radhakrishnan et al. [18] is quantified using ImageJ.

els of CtrA~P, which is consistent with experiments as well (Fig. 5.8(c)) [188, 124]. We
further quantitatively compare the simulated levels of DivK~P in four mutant cases with
the corresponding experimental measurements in Table 5.2. Numbers in Table 5.2 indi-
cate normalized levels with respect to WT cells (both for simulation and experiment). Our
simulation captures the key trends of DivK~P level in mutant cases and matches with ex-
perimental data. DivK~P level dramatically decreases in AspmX and AdivJ because the
kinase activity of DivlJ is largely impaired or deleted (Table 5.2, Fig. D4.1, Fig. 5.8(a)). As
PleC mainly functions to dephosphorylate DivK, ApleC' mutation results in the increased
DivK~P (Table 5.2, Fig. 5.8(c)). In addition, the higher level of DivK~P in ApodJ sug-
gests that PodJ likely inhibits rather than activates the kinase activity of PleC, which is a
debatable issue in Kowallis et al. [161].

Because DivK~P inhibits the phosphotransfer to CtrA~P through interacting with DivL,
mutations that impact the localization or/and abundance of DivK~P should affect the es-
tablishment of CtrA~P spatial gradient by amount or degree.

Here, our model provides predictions of CtrA spatial dynamics for some relevant mutant
strains (Fig. 5.8, Fig. D4.1). ApleC and PleC-H610A mutant strains, failing to release
DivK~P from the new pole, exhibit severe reverse distribution of CtrA~P in simulation
(Fig. 5.8(c) and (d)). Our model predicts the spatial gradient of CtrA~P almost disappears
in AdivJ, DivJ-H338A, and ApopZ mutant cases. Our model predicts the spatial gradient
of CtrA~P almost disappears in AdivJ, divJ-H338A and ApopZ mutant strains. All other
mutant simulations in this study show higher levels of CtrA~P in the swarmer compartment,
but the ‘delocalized PleC’ and ApodJ mutant simulations display shallower CtrA~P gradient
(Fig. 5.8, Fig. D4.1). These predictions suggest that mutations in activity of key enzymes,
such as the DivJ kinase and PleC phosphatase, seem to have more severe phenotypes than
localization mutations.

5.5 Discussion

In this study, we integrate the Turing-pattern mechanism with protein-protein interactions
of scaffolding proteins to study polarity establishment in C. crescentus. The mutant analysis
of scaffolding proteins indicates that PopZ and PodJ should have a higher affinity with poles.
Jacob et al. has proposed a hypothesis that the cell membrane only grows in a central zone
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of bacterial cells [189], which has been supported by subsequent evidences [190, 191, 192].
Therefore, the unique curvature and less new wall insertion of cell poles may cause the higher
affinity of PodJ and PopZ with poles suggested in this study. In addition to using different
auto-catalytic polymerization rates in different types of compartments (this study), it is
reasonable to apply different growth rates in polar and central compartments in modeling.
We tried a different-growth-rate model with an assumption that the growth rate of poles is
half of the growth rate of centers (with the difference of auto-catalytic polymerization rates
of PodJ and PopZ being removed). The different-growth-rate model successfully reproduced
the polar accumulation of WT, ApodJ and AspmX mutant simulations, while PodJ failed
to localize at the pole in ApopZ simulation. Our trial verified that the slower growth rate
of pole contributed to at least part of the polar localization of scaffolding proteins. Chen
et al. [92] has constructed a two-dimensional model to describe the poles and central zones
of C. crescentus cells with different shapes, which provides an idea to differentiate poles
from middle areas. Additionally, other proteins, such as ZitP and TipN, has the potential
to stabilize the polar accumulation of PopZ. They are not currently modelled in this study
yet [186].

We model the CtrA-relevant phosphotransfer cascades based on a scaffolding protein net-
work to investigate the relationships among localization, activity and asymmetry within
Caulobacter cells. The activities of proteins are closely associated with localization. We
directly include the activation of DivJ kinase by SpmX, the activation of PleC kinase by
DivK~P, and the inhibition of PleC kinase by PodJ in this model, where the activation or
inhibition is influenced by the spatial distribution of corresponding proteins. Moreover, the
spatial regulation of phosphorylation/dephosphorylation and proteolysis affects the activity
and abundance of key regulators. The activation of DivJ kinase by DivK~P is ignored for
simplification at this stage. Our model reproduces the asymmetry establishment over the
cell cycle and captures the key characteristics of phosphotransfer cascades (Fig. 5.5, Fig. 5.8,
Table. 5.2), while more associations between localization and activity can be discussed in
the future.

We apply the multi-objective optimization genetic algorithm (GA) in this spatiotemporal
model to estimate parameters. Objective functions of spatial dynamics and temporal dy-
namics of two species, and timing of replication initiation in WT cells are used to minimize
the disparity between simulations and experiments. To increase the efficiency, we first apply
the GA optimization in the four-compartment model and get a bundle of parameter sets that
work well (Fig. D4.2). We next apply the parameter set optimized by the four-compartment
model as the seed set of parameters to search the parameter space in the ten-compartment
model with the same set of PDEs. With a set of parameters that was already selected
based on a coarse discretization, it is easier to reach a set of parameters that enable the
ten-compartment model to capture phenotypes of WT cells. To verify the feasibility and
efficiency of starting from a model with less number of compartment, we further run this
model with the same set of parameters and different numbers of compartments (Fig. 5.9).
The simulation time is approximately a quadratic function of the compartment number.
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Thus, this trial suggests that using a small number of compartment helps to improve the
efficiency of searching parameters.
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Figure 5.9: The simulation time increases with the number of compartment as a
quadratic function.

x-axis indicates the number of compartment, and the y-axis indicates the simulation time of
one cell cycle in this spatial model. The quadratic function is estimated by the built-in tool
of MATLAB as: y = 0.0972% + 2.216, where the R-square is approaching 1.

To summarize, our spatiotemporal model is built on the foundation of the A-SD Turing model
to explain the asymmetrical localization of regulators and the establishment of polarity. It
captures the phenotypes of WT and mutant strains and provides predictions in mutant
cases that are not experimentally observed and in hypothetical mutant cells that can be
experimentally tested (Table. 5.3). This work investigates the functions and associations of
localizing and phosphotransfer reactions during the cell development, which can be utilized to
predict the behavior of bacterial mutant cases that are difficult to be cultivated or operated.
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Table 5.3: Predictions provided by the spatiotemporal model

predictions cell types

higher polar affinity for PodJ and PopZ | all cell types
distributions of SpmX and DivJ ApodJ (Fig. 5.7(a))
distribution of PopZ AspmX (Fig. 5.7(c))

‘delocalized PleC’” and ‘delocalized DivL’ (Fig. 5.8(f)(g));

DivR~P spatial gradient ApodJ, ApopZ, and AspmX (Fig. D4.1)

delocalized PleC’ and ‘delocalized DivL’ (Fig. 5.8(f)(g));
ApodJ, ApopZ, and AspmX (Fig. D4.1)

CtrA~P spatial gradient AdivJ, divJ-H338A, ApleC, pleC-H610A, pleC-F778L (Fig. 5.8)




Chapter 6

Summary and future directions

6.1 Overview of this dissertation

In this dissertation, we have applied mathematical models to investigate control mechanisms
of stressful responses and spatial cell cycle regulations in Caulobacter crescentus.

Chapters 2-4 were motivated by the important roles of cdG in controlling the cell cycle of C.
crescentus, especially in influencing the master cell cycle regulator CtrA. The intracellular
levels of ¢dG and its antagonists (p)ppGpp fluctuate during the cell cycle progression and
under stressful conditions, influencing the synthesis and proteolysis of key regulators in C.
crescentus [31]. As the stress signaling pathways are relatively conserved in prokaryotes
and regulate the bacterial interactions with host cells, it is attractive to study the under-
lying mechanisms of stressful responses starting from cdG-relative networks. c¢dG regulates
the activity of CtrA through two pathways - proteolysis and phospho-signaling. c¢dG is a
significant component of ClpXP protease complex, where the conserved protease ClpXP hier-
archically recruits adaptors to specifically degrade substrates [29]. The hierarchical assembly
of ClpXP complex determines the degradation of different substrates in time and space. The
proteolysis of CtrA requires ClpXP to recruit CpdR, RedA and ¢dG bound PopA in se-
quence. Thus, the dynamics of involved adaptors, including cdG, spatiotemporally mediate
the abundance of CtrA [27, 29]. Additionally, cdG mediates the switch between kinase and
phosphatase state of the histidine kinase CckA [157, 193] and ShkA [133], which control the
phosphorylation and dephosphorylation of CtrA. Thus, ¢dG plays an important role in the
phosphorylation state of CtrA [124, 155]. Although c¢dG has been verified to regulate the
cell cycle progression and environmental responses of C. crescentus, the detailed relation-
ships between environmental cues and cdG as well as downstream pathways are not clear.
In Chapter 2, we propose a temporal model of the cdG-centered second messenger network
to study how second messengers respond to external changes. The hierarchical assembly of
ClpXP protease complex is modelled in Chapter 3 and Chapter 4 to improve the simulation

98
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of proteolysis of CtrA and other regulators such as PdeA and TacA. Moreover, we have intro-
duced known targets of starvation signals in the temporal model in Chapter 4 and provided
predictions of stress response and cell cycle arrest to different signals in C. crescentus.

Chapter 5 was motivated by Subramanian et al’s spatial models, which include spatial regu-
latory networks of scaffolding protein PopZ, Z-ring mediator FtsZ, and proteins involved in
phosphotransfer modules [21, 125]. Their spatial models explained the dynamic localization
of some key regulators; however, some sources of localization are missing and individual spa-
tial model can not be integrated into one system because of these absent factors. In Chapter
5, we propose a Turing pattern model integrated with the interactive network of three scaf-
folding proteins - PopZ, PodJ, and SpmX. Our model provides a reasonable explanation
of stable localization of scaffolding proteins and downstream client proteins, which fills in
gaps of Subramanian et al’s work. Additionally, we provide a simple temporal frame for
the spatial regulatory network, integrating the control mechanisms of DNA replication and
methylation in Chapter 5. Thus, spatial studies can be combined with temporal perspectives
to investigate the bacterial cell cycle control from a comprehensive viewpoint.

6.2 Future directions

Although our work can answer a series of questions for environmental responses and spatial
regulations in C. crescentus, there are still several unclear and exciting directions that can
be further investigated.

6.2.1 Other pathways of environmental responses
phosphoenolpyruvate:sugar phosphotransferase system

In Chapter 2, we investigated the response to carbon and nitrogen starvation through the
nitrogen phosphoenolpyruvate phosphotransferase system (PTSN') where we took [PEP],
[Pyr] and [GIn] as adjustable carbon and nitrogen signals. In addition to detecting nutri-
tion signals through PTSN" many bacteria can incorporate carbohydrates via the phospho-
enolpyruvate:sugar phosphotransferase system (PTS) [194, 195]. Similarly with PTSN" | the
Enzyme I (EI) of PTS accepts the phosphoryl group from PEP and transfers the phosphoryl
group to downstream enzymes HPr and Ells (EIIA, EIIB, etc) [68]. Interestingly, PTS and
PTSN" in the same bacterium likely share a number of functional motifs, which enables the
cross-talk between different phosphotransferase systems [129]. The exchange of high-energy
phosphates between separate phosphotransferase systems has been observed in vivo and in
vitro [129, 196]; however, the biological significance and mechanisms of the cross-talk are
not clear. Therefore, for the response to nutrition signals, our work can be extended by
1). introducing [PEP] and [Pyr] as dynamical variables rather than adjustable parameters,
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and 2). including carbohydrate PTS into our system to globally understand environmental
responses for both carbon and nitrogen shifts.

UV Radiation and extreme abundance of salt and ethanol

Our work already included multiple-faceted regulatory networks and it has the potential to
integrate separate modules into one comprehensive system in the cell cycle progression of
Caulobacter. 1t is efficient to utilize our model to study the responses to different environ-
mental cues, such as ultra-violet (UV) lights, heat shock, salt and Ethanol stresses and so
on.

UV light waves have the ability to cause mutations in DNA [197]. When a DNA mutation
occurs, a cell must repair the DNA before the chromosome(s) replicate and duplicate the
mutation. However, in Caulobacter, the cell cycle is arrested in the predivisional stage [198],
which is typically associated with the completion of chromosome replication. Therefore,
there must be repair pathways to avoid inheriting a mass of mutations during the DNA
replication in Caulobacter cells. One known pathway of response to DNA mutations in
Caulobacter is the SOS response regulon. In normal cells, the SOS repair is repressed by the
LexA protein, which binds to the ‘SOS box’ of targeted DNA; when the cell detects DNA
damages, LexA is released from SOS box, thus the genes of the SOS response regulon can be
transcribed [198, 199]. SidA is the primary SOS-induced division inhibitor in Caulobacter.
Besides SidA, there is a second division inhibitor, DidA, which is induced by DNA damage
but independent with SOS system [198]. Both SidA and DidA target Z-ring proteins to
block cytokinesis in response to DNA mutations [198, 199]. Additionally, CtrA is inhibited
in response to light-induced DNA mutations independent of the SOS regulon, although the
mechanism is unknown [2, 198].

Ethanol and salt concentrations impair bacterial function as they can damage proteins [200].
Under such stressful conditions, the bacteria must conserve their resources towards repairing
their cell walls and therefore will arrest their cell cycle to conserve energy. Caulobacter cells
respond to salt and Ethanol stress by arresting the cell cycle at the S to G2 transition,
likely by shifting the activity of CckA towards the phosphatase state [201]. While the
mechanism that results in the shift of CckA activity is unknown, it is hypothesized that
it responds directly to external stimulation by the stressors. Because CckA phosphatase
drives dephosphorylation and proteolysis of CtrA, the stimulation of CckA phosphatase
likely targets CtrA activity to arrest the cell cycle.

While some aspects of the stress signalling pathways have been elucidated, it is unknown
whether these pathways are sufficient to explain corresponding experimental observations.
Additionally, some detailed mechanisms are missing. Our model can be extended by inte-
grating these known pathways and applied to identify the mechanisms and the contribution
of these mechanisms of responding to different stress signals.
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6.2.2 A comprehensive spatiotemporal model

Chapters 2-4 and Chapter 5 respectively offered temporal and spatial insights on how the
Caulobacter cells navigate the asymmetrical cell cycle. One future goal is to integrate more
distinct modules and construct a comprehensive deterministic model to thoroughly study
the control mechanisms of Caulobacter cell cycle.

Integration of temporal regulations with spatial networks

In Chapter 5, to concentrate on the study of spatial control mechanisms, we simplified the
modeling of DNA replication initiation, elongation, segregation and the Z-ring closure during
cell division. A CtrA-determined replication initiation and a fixed duration of replication and
cell separation were applied. For future research, our model can be extended by integrating
the temporal work in Chapter 4 with the spatial model in Chapter 5. To be specific, the core
regulatory network with DnaA and GerA, two major transcriptional factors collaborating
with CtrA to regulate the chromosome duplication, can be integrated into the spatial model.
CtrA-regulated and DnaA-regulated pathways both control Caulobacter cell development
and improve the robustness of Caulobacter system. Including both pathways in modeling
DNA replication can improve the accuracy of our model and its tolerance to disturbance.
Another improvement is to integrate the temporal regulation of Z-ring development. The Z-
ring formation is highly regulated by a series of Z-ring proteins, while many of these proteins
are controlled by CtrA~P [141, 202, 203]. The shift of [CtrA~P] should influence the timing
of cell division. Hence, including the CtrA-regulated Z-ring dynamics will further improve
our model and help in analyzing and predicting the viability and arrest of mutant strains.

Spatial regulations of chromosome replication, separation, and Z-ring formation

In Chapter 5, the model suggested PopZ and PodJ have higher affinity with poles, where
the underlying mechanisms are unknown. In addition to a slower growth rate of poles and
potential nucleating factors ZitP and TipN that had been discussed in Chapter 5, the biased
location of genes likely contributes to the polar localization of PopZ and PodJ. Although
bacterial chromosome is folded and dynamically distributed, experimental visualizations sug-
gest that gene locations are linearly consistent with their genome coordinates [178]. Instead
of simply assuming the synthesis of proteins only takes place in middle compartments as de-
fined in Chapter 5, the spatial dynamics of genes can be modelled by the genome coordinates
and the movement rate of replication forks.

The segregation of chromosomes is also involved in the spatial regulatory network. The
scaffolding protein PopZ binds to parS/ParB centromeric complex, which captures the mi-
gration of one chromosome from one pole to the other [21, 204]. Additionally, ParA interacts
with PopZ and DNA, the asymmetrical distribution of which is required in the chromosome
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migration [204]. The detailed mechanisms underlying the ParA-ParB regulatory system are
still being debated and need further studies.

The Z-ring construction is spatially regulated by FtsZ, which forms polymers and recruits
other Z-ring proteins for Z-ring development [205, 206, 207]. The midcell localization of FtsZ
is a consequence of chromosome segregation. MipZ, a protein promoting the depolymeriza-
tion of FtsZ, forms a complex with ParB. Hence, MipZ is localized at two poles with the
segregation of chromosome [21, 208]. As a result, the maximum concentration of FtsZ is
near the midpoint of the cell, where [MipZ] is very low. Our previous model provided the
foundation of investigating and integrating the spatial dynamics of chromosome and Z-ring
complex, which likely in turn influences the localization of scaffolding proteins [209].

6.2.3 Stochastic version of the spatiotemporal model

This dissertation focused on the deterministic simulations of cell cycle control in Caulobacter,
which is to predict average behaviors at the population level. However, deterministic models
can not answer questions related to inherent noise and randomness in cells [210]. Our plan
is to convert the deterministic model into a stochastic version to capture the variations
of cell development. One concerned point of the stochastic model is the computational
complexity. For the current version of our deterministic spatial model, the parameterization
is already highly time-consuming. The computational time will dramatically increase with
the consideration of randomness [211]. Hence, it is imperative to improve the efficiency of
stochastic simulation in future work.



Appendix A. Supplementary Material
for Chapter 2

A1l. Calculations for ODEs

A set of equations in Table 2.1 in the main text of Chapter 2 can be simplified further.

From Equation 8 and Equation 9, we can get the relationship between [EI] and [EIPEP]) as
well as [EI ~ P] and [EI ~ PP
[EIPEP] = [PEI?]I[EI]
[EI ~ PPyr] _  [Pyr] [EIINP} (All)
Kas

We plug Equation Al.1 and Equation 10 into Equation 5 and write the expression as follows:

dEI ~ Pl jo . KutelGin]  [PEPJEI _ 4 [Pwi][BI~ P
dt - 1 K4+[Gln} Kai -1 Kaz <A12)
— ko [EI ~ Pliot[NPr] + k_5 - [NPr ~ P][EI]¢0

EI] — [EI~P] (14 22
where [ET] = Z21 [Hui]fj“w); [E1], . = [EI.—[EI ~ P]

tot
Kaq1

_ [Py]
[EI ~ PJ,,, = [EI ~ P)(1+22).

tot? tot

With the same method, we plug Equation 11 and Equation 12 into Equation 6 and Equation
7. Then we can rewrite Equation A1.2, 6, and 7 as follows:

d[El ~ Pleor jo, . Ka+Gln] [PEPIEI] _ . [Pyr][EI ~ P]
dt = MR, F[GIn] Ka1 -1 Kaz
— Ky [EI ~ Plioe([NPr]q — [NPr ~ P]) + k_y - [NPr ~ P][El}so¢

NP2l kB~ Pl ((NPrJr — [NPr ~ P))
— k_g- [NPr ~ P][El]s (AL3)
— kg - [NPr ~ P|([EIIA]r — [EIIA ~ PJ)
+ k_3- ([NPt]p — [NPr ~ P])[EIIA ~ P

d[EH?tNP] = ks [NPr ~ P)([EIIA]r — [EIIA ~ P))

k_s - ([NPr]p — [NPr ~ P])[EIIA ~ P
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In this manner, the seven ODEs and five algebraic equations in Table 2.1 can be rewritten
rewritten as seven ODEs:

d[cdG]
dt

d[(p)ppGpp]

dt

d[GTP]
dt

d[GMP]
dt

d[EI ~ Pliot

dt

d[NPr ~ P]
dt

d[EIIA ~ P]

dt

o+

K? [GTP]?
ks.caa - [DGC] K2+[ch]2 ’ [GTP]2+K2,

cdG
—kd.cac - [PDE] - [cd[G}dfl](mg
GTP
kg .(p)ppGpp * {SpOTsd} [Grl[ﬂi“r[](nﬁ

p)ppGpp)
ka.(p)ppGpp - {SPOThq} - %

2 2
ke - [GMP] — kagre - [GTP) = 2 kycac - [DGC] - g diap - aropae

(P)pPG [GTP
K. (p)ppGpp - {SPOThd} pié)gp}ipl](m — Ks.(p)ppGpp - {SPOTsd} [GTP]—}-I}(mg

2 - kg.cac - [PDE] - Ngffc*){m

kd.GTP . [GTP] — ks.GTP . [GMP]

ki - K4+¢€[Gln] . [PEP][EI] . k? . [Pyr][EI ~ P]
1" K4 +[GIn] Kai Ka2

2 - [EI ~ Pyt (NPt
2 - [ET ~ Plioy ([NP]y

_o - [NPr ~ P][El]tot

k NPr ~ P]) + k_s - [NPr ~ P|[E¢
k

k_o

ks - [NPr ~ P|([ELIA]r — [EIIA ~ P])
k_3

k

k_3

=
— [NPr ~ PJ)
_3- ([NPx]r — [NPr ~ P])[EIIA ~ P]

3 - [NPr ~ P]([EIIA]T — [EIIA ~ P])

_3- ([NPr]p — [NPr ~ P])[EIIA ~ P]
(A1.4)
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A2. Phosphorylation of PTSN is non-linearly depen-
dent on the [PEP]:[Pyr] ratio in simulation.

We simulate EIIANY" ~P under various PEP and Pyr levels in Table A2.1 to investigate how
[PEP], [Pyr], and [PEP]:[Pyr] ratio affect phosphorylation of PTSN" proteins.

Table A2.1: Effect of [PEP]:[Pyr] ratio on phosphorylation of EITAN® in simulation.

[EIIAN™ ~P[uM~_[Py1]
500uM  1000uM  1500uM  20004M

[PEP]
500uM 3.1 2.3 2.0 1.8
1000uM 3.8 2.8 2.5 2.3
1500uM 4.1 3.0 2.7 2.5
20004 M 4.3 3.2 2.8 2.6

Based on steady state analysis of ODEs, [E[gﬁZ}P ], [N[E;:]P ], and [EEENI]T c]:’t are dependent on

{gfﬁ;g‘jﬁgyﬁ; in our model, which means the phosphorylation fraction of PTSN" proteins

is non-linearly dependent with [PEP]:[Pyr] ratio.
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for Chapter 3

Table B.1: Initial values of model variables.

DNA variables Initial values | Master regulator vars. Initial values
Ina 0.0383 CerM 0.435
Elong 0 DnaA 2.638
DNA 1 GerA 3.841
Count 1 SciP 12.485
Zring 0 CtrA 1.973
hcori 0 CtrA~P 3.960
hccr‘]\/[ 0
hctrA 0
mRNA variables Initial values | Protease complex vars. Initial values
cerM 0.173 Complex 1 0.211
dnaA 3.154 CpdR 1.045
gcerA 4.525 CpdR~P 0.042
sciP 6.335 Complex 2 0.187
ctrA 0.658 RedA 0.789
Complex 3 3.407
CckAP 0.042
cdG 0.511
PleD 0.526
PleD~P 0.663
PdeA 0.228
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Table B.2: Sources for experimental data used to evaluate our models.

Species Data source | Species Data source
cerM 88] CerM [115, 4]
dnaA [88] DnaA [4, 85]

gerA 88] GerA (85, 81]

sciP 88] SciP [81]

ctrA [88] CtrA [115, 4]
CpdR [100] RcdA [112]

PleD [113] PdeA [61]

cdG [57]

Table B.3: Parameter optimization with lower and upper bounds and starting point.

Parameter [L,U] Starting | Parameter [L,U] Starting
o Cor 0.35, 5.6] 14 [E— [0.35, 5.6] 14
Ko ctcA 035, 5.6] 1.4 . [0.025 0.4] 0.1
sy [0.016675, 0.2668] 0.0667 | kycernt 0.064, 1.024]  0.256
ki cernt 0.02, 0.3 0.08 K dnar 0.0605,0.968]  0.242
ki dnar 0.015, 0.24] 0.06 e gern 1.4, 22.4] 5.6
ki gora 0.15, 2.4] 0.6 Ky scip 0.125, 2] 0.5
K scip 0.01, 0.16] 0.04 Kot cor 0.2475, 3.96]  0.99
sz, ce [0.0225, 0.36] 0.09 kdcora 0.02075, 0.332]  0.083
ks Dnaa 0.01625, 0.26]  0.065 s Gera 0.007, 0.112]  0.028
ks corm [0.02125, 0.34] 0.085 ks scip [0.0295, 0.472]  0.1183
ki seip 0.015, 0.24] 0.06 s Cora 0.0108, 0.1728]  0.0432
ka.coacoxp  [0.015, 0.24] 0.06 ki [0.15, 2.4] 0.6
kT 0.75, 12 3 ks Cpdr [0.175, 2.8] 0.7
k. Cpdr 0.375, 6] 1.5 Fdephos.Cpar 025, 4] 1
kohos.cpar, 0.25, 4 1 ki [0.275, 4.4] 1.1
ky 10.25, 4] 1 ks e 0.0375,0.6)  0.15
kit Reda 0.05, 0.8] 0.2 kit 135, 560] 140
ky 0.5, § 2 Kscd 0.0025, 0.04]  0.01
kd.edG 10.25, 4] 1 ke pleD 0.025, 0.4] 0.1
ka.pien [0.0375, 0.6] 0.15 KohospleD [0.01, 0.16] 0.04
kiephospien  [0-01, 0.16] 0.04 ks paea 0.0025, 0.04]  0.01
N [0.125, 2] 0.5 KonoCira [1.25, 20] 5
Faonocen  [0.25, 4] 1 kaephoceea  [0.025, 0.4] 0.1
Ephoceka 0.25, 4] 1
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C1l. New Equations

Here, we provide equations of the model in Chapter 4 and compare with Weston et al.’s
model [22]. New equations and terms are shown in red font.

Table C1.1: Equations.

d[CtrAy] _ p, €CtrA—GerA®Ja,CtrAGerA T[GCrA] [CtrA~P]
(1)T - RPODCtTA'QkSthrAl (1- mCtr? ’ (2MC;“A —1)- Ja,CtraGera+[GerA] (- Ji,CtrAanJr[CtTAU]Jr[CtrANP])
ECtrACtrA'Ja,CtrACtrArvP4»[CtrA’\JP] Ji,CtrASciP [CleP}Complex
+ks,CtrA2 . Jag ctrACtrANP+[CtrAU]2+[CtrANPP : J'QCtrAsciP+[SCiP]2 - (,U/ + kd,CtrAl + kd,CtI‘AQ . Jd,CtrA+[CtrANP]+[CtrAU]) . [CtI‘AU]

i

+kdephos.cira - [CckAp] - [CtrA ~ P] — kppos.ctra - [CtrAy] - [CckAk]
—d[CtrANP] = [CleP}complex

()= = —(u+ kacuwar + kacuwaz - JoaTiowasp sicuag)) - [CTA ~ Pl = Kaephos,otra - [CckAp] - [CtrA ~ P]
+kphos,CtrA . [CtrAU] : [(?]CkAK]
_d DnaA i,Dna. cr

(3) [ i v _ ks Dnaa - Ji,Dnafecrﬁ{écrA] (1 =2 -mppaa - (1 = Manaa)) — (14 + ka,pnaa) - [DnaAl;

(4)W =~ /vs,DnaA Ji,Dif(::/:i:EécrA} ) (1 -2 MDnaA * (1 o MdnaA))

— (i + ka.pnaa + RepSwitch) - [DnaA ~ ATP]

d[GCI'A] _ 6GrcrADnaA‘Ja,(}crADnaA"’([])nafA}T_[IDI‘IE’“A’VA‘T‘PD JiZ,GCrACtrA _
(5) = ks Gera Jo.GorADnaa + (IDnaA] 7 — [DnaA~ATP]) T2 GernciraHCtrA~P]2 (1 + ka,gera) - [GerA]
d[SciP] __ . [CtrA~P]2 . J2scipscip _ Y. :
(6) e kS’SCIP [CtrANPP_"‘JiSciPCtrA 'in,SL:iPSciP+[SCiP]2 (’u + deClP) [SCIP]
d[DivK CtrA~P]? . .
(7) ALt a L = RpoD iy ks pivk1 + s pivka * 32 - K[Ct A+[C]trANp]2 — (1 + kapivi) - [DIvK] = (Kphos,pivk - [DiviJ]a
a,Div. T

+kphos,Divi2 * [PleClk +Ephos pivics - MysK) - [DIVK] 4 (kdephos,Diviki * [P1eCl+Edephos, Divicz - [CckN]) - [DivK ~ P]
—kb Divipivk - [Divd] - [DivK] 4+ (kub pivapivk + Ka,piva) - [DivJ : DivK] — kp, pivipivi - [DivL] - [DivK]
+(kub pivLDivk + Ka,pive,) - [DivL : DivK]
(8) PP — — (1 + kg pivic) - [DIVK] — (Kdephos,pivit + [P1eCl+ Kaephos.pivica - [CckN]) - [DivK ~ P]
+(Kphos,pivki + [Divd]a + Ephos,pivicz - [PleClk+Fpnos pivics - MysK) - [DivK]
+2 - ((kub,precpivip + ka,plec + kapivk) - [PleC : DivK ~ Ps] — ky, precpivip - [PleC] - [DivK ~ PJ?)
— kb pivapivip - [Div]] - [DivK ~ P] + (kup pivipivkp + Ka,pivs) - [Div] : DivK ~ P]

Continued on next page
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— kb pivpivip * [DivL] - [DivK ~ P] 4 (kub pivipivkp + kapivi) - [DivL : DivK ~ P]

d[CckN CtrA~P]* CckN
(9) %% = kcaa - [CirA~ [P]t4+(]1 (] ——— — (1 kacaan) - [CkN] = Kq canna - [PopA : cdGo] - ‘[cck1£1]+JJchN

(10) 22 = Ky pivs — (1 + kapiva) - [Div]] = ki, pivapiviee - [Div]] - [DivK ~ P + (kub,pivipivke + ka.pivk)
[DIVJ DivK ~ P] ]Cb DivJDivK * [DIVJ] . [DIVK] + (kub,DivJDivK + kd,DivK) . [DIVJ . DlVK]
(11)d[DWJ DvK] _ g, Divapivk * [DivJ] - [DivK] — (Kub,pivipivk + kd,pivk + +kd,piva + 1) - [DivJ : DivK]
(11)M = kb DiviDivk~p - [Div]] - [DivK ~ P] — (kub DiviDivk~p + kd Divk + +Ka,pivy + ) - [Div] : DivK ~ P]
)

(12)[DivJ]a = ([DivJ : DivK ~ P] + [DivJ : DivK]) - (1 — epivypivic) - (ZnUSemXLDivIir)y 4 )

([SpmX][Div] [Divd]p
+€DiVJSleX [DIVJ] e I[)Siv}]L oo

OS)% = ks pivi, — (1 + kapive) - [DIVL] — kb pivipivi~p - [DivL] - [DivK ~ P]

+(Kub,pivEDivk~P + Fa,pivk) - [DivL : DivK ~ P]
(14)M;VKNP] = kb, pivLpivk~p * [DIVL] - [DivK ~ P] — (Aup pivipivk~p + Ka.pivk + kapive, + #) - [DivL : DivK ~ P]
(15) CCkA = kscoea — (1t + ka,coxa) - [CckAlp
(16)d[CCkA <A = ky, cacacac - [cdG] - ([CckA]r — [CckA : ¢dG]) = (kub,cekacdc + Facaea + 1) - [CckA : cdG]
(17)[CckA : DivL]y = [CckA]p+[DivL] 1+ K cekapivt, —y/ ([Cck Al +[DivL] 7+ Kcerapive )2 —4-[Cek Al p [DivL]
(
(
(

| 2
CokA:cdq]. [CkADIVLI - [DivL:DivK~P]
18)[CckAlp = _ [CckA: Dle[}D : \EJE]ZL :DIVK~P] (kA : dG] — [ ] [CCkA][:WLJT
19)[CckAlk = [CckA]r — [CckAlp

20) [PleC = kyprec * (2 =2+ Mprec) — (it + kaprec) - [PleC] — ky precpivicp - [P1eC] - [DivK ~ P)? + (kub plecpivip
+2 k?d Dvi) [PleC DivK ~ PQ]

(21)w = kp,precpivip * [P1eC] - [DivK ~ PJ? — (kub plecpivip + 2 * ka,pivk + Ka,plec + /)
-[PleC : DivK ~ Ps]

eClpole o
i dt}p le — kPlerinding . ([PleC]T — [PleC]pole) . [PodJ}~5+ilfflecpodJ - (kPlerinding + kfd,PleC + ,u) : [Plec]pole

d[PodJ GerA Ji7 o na.
[ ] = ks PodlJ * [GcrA]—[f—Ja PidJGcrA . Ji,PodJTD:af+[§0dJ] . (2 —2- MPOdJ) — (,u + kd,PodJl + kd7POdJ2 . [PGI'P]) . [POdJ]

CtrA
7t — ks,PerP [CtrA]Q[—::]il})erPCtrA (2 — 2 . MPeI‘P) - (,u + kd,PerP) . [PerP]

(22)
(23)
(24)
(25) 2 = (1 =2 mus - (1= Miw)) - (1 = [DNA 2 CtrA ~ Pa])’ - (er SR amy)? — kg - [l
(26)[DNA]p = By
(27)
(28)
(29)
(30)

CtrAyl? | [CtrA CtrA~P
Kaq1+2-CtrA~P+(1—0cuau:cori)-(2-[CtrAy]+ t;(dg] (Cr U];d[;r )

[DNA : CtrA ~ Py] = [CtrA~P]?-[DNA]p

Ka1-Kas
= Kelong - RepSwitch

d[CCI‘M] . [CtI‘A}z . Ji,CchDnaA . _ . _ .
di - ks ,CerM [CtrA]2+J§,CchCtrA Ji. CerMDnaa +[DnaA] (2 2 MCch) (,LL + kd,CCI‘M) [CCI'M]

dlned] — s, TacA * AP — (ka/acar + ) - [TacA] — kg raca2 - [RedA : CpdR] - [TacA[]Tf%

d[Elong] __

[CtrA~P]+Ja TacACtrA
_kphos,TacA : [ShkA : CdG] [TdCA] + kdcphos TacA * [ShkA] [TacA P}
d

(31) LA — Jii pacas - [RedA : CpdR] - % + Kphos Taca - [ShKA : cdG] - [TacA]
—(pt + Kd,TacA1 + Kdephos,Taca - [ShkA]) - [TacA ~ P]
(32) 5 = Kyspmx * [Taeram T sy — (Faspmx + 1) - [SpmX]
(33) A = ke sha - [CtrAN[Sfﬁ:gkm ~ — (kasnkat + ) - [ShKA] — kq shicaz - [CIPXP]comptex - Wﬁ%

Continued on next page
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_k‘b,ShkAch . [(,dG] . {ShkA} + kub,ShkAch . [ShkA . CdG]
d[ShkA:cdG ShkA:cdG
(34) G = — (i + kg snkan) - [ShKA : cdG] — kagnas - [CIPXPcompiex * ATt o

+kb,S}1kAcch - [cdG] - [ShkA] — Eup shkacac - [ShKA : c¢dG]

dZproteins CtrA 1
(302G = by (e ey — (M b + Koz - [CIPAPY) - [Zproteins]
d[Zring] [Zproteins]
236; dvdt & = _k:ZCOHStFiCt ’ szzsttCh ) (JZring—l-Oz~[Zpring})5+[Zpr0teins]5
37)% = uV
(38);?- Ty - Ingi
d[CpdR " € naAJa, naA+[DnaA] CtrA]? Ji, cr
(39)—[ > l — ks,cpdr - deRzycthD?;ilf[DﬁaA]T = [CtrA]2[+J§,C]jp ARCuA Ji,cpdigiii[écm} — (1 + kacpar) - [CpdR]

+kdeph0s,deR . [deR ~ P] . [CCkA]p — kphos,deR . [deR] . [CCkA]K
(40) URaR~P] kdephos,cde - [CpdR ~ P] - [CckAlp + Kphos.cpar - [CPAR] - [CckA]k

d|Rc rA~P]2
2 T k) e

(42)% — (k:del - [PleC ~ P] + kycaco - [Dch]a)-% — kdcact - ([PdeA] + PDE) - [cdG]

[GTP2+J2 4c
[+ 2+ (~f s - [POPA] - €GP + (kqg + Karopa) - [PopA : Gy
+2 - (—kpiepeqg * [PleD]r - [cdG]* + (kxee + Kapien) - [PleD : edGolr) — klapeac
([CckA]p — [CckA : cdG]) - [cdG] + kgyacaq - [CckA = cdG]
+2 - (=KD gepeac - (DgeB — [DgeB : ¢dGy))) - [cdG]? + b qq - [DgeB : ¢dGy)
(43) PR, — ki popa - gRerdCed s — (14 Kapopa) - [POPA] = ki popacac - [PopA] - [cd GJ?
+kub ,PopAcdG ° [POPA CdGQ]

(44> d[PopA cdGa] _ kb ,PopAcdG * [POpA] [CdG] (,u + kd ,PopA + kub PopAch) [POpA CdG?]
(45)[RCdA deR] [CDdR]T+[RCdA]+KRC(1ACI, IR — \/ deR]T+[RCdA]+KRrlAdeR)Z —4-[CpdR]r-[RedA]
(46)[RedA : CpdR] = [RedA : CpdR]y - (5208 2
A7 IPXP]comslex = [RedA:CpdR] . [PopA : cdG
e T "
(48) = Ks.paea * GaA~PlT T ooy — (M T Kapaear) - [PdeA] — kapaea - paoasiy pacs
(49)[Dch] = maX(Dch PdeA, 0) - DgCB_[[)Dgi?:CdGzl
(50) R = by e - (DgelB — [DgeB : edGal) - [cdGJ” — (s + Fuxeac) - [DgeB : cdGo)
(51) 45 ol _ = kspre1 - [CtrA~[IC>T;+;§1]aleDcuA + ks prep2 BpoDpiep — (1t + kapien) - [PleD] — Kphos,prep - ([DiviJ]a + MysK)
(PleD)] + (3 + B - ety recpien - [PLeC] - [PLeD ~ P] -+ Fiepnos caspien - [CAN]
—Fkp, prepedc - [PleD] - [cdG]? + Eup prepeac - [PleD : ¢dGoy]
eD~ . le tot— le pole
(5@% = — (1t + kapren) - [P1eD] + Epnos,piep * ([DivI]a + MysK) - [PleD] — (55 + 15 - : C}[Plec[iotC] <)

'kdephos,PleCPleD : [PleC] . [PleD ~ P] - kdephos,CckNPleD : [CCkN} . [PleD ~ P] - kb,PleDch ' [PleD ~ P] . [CdG]z
+kub PleDcdG * [PleD ~ P CdGQ]

(53)M — (it + kapiep) - [PleD : ¢dGa] — kpnos.pien - ([Divi]a + MysK) - [PleD : ¢dGo]

dt
‘|‘(10 + 1_0 . [PleC][t;i;C[i:C]pOle) : kdephos,PleCPleD . [PleC] : [PleD ~P: CdGQ] + kdephos,CckNPleD : [CCkN]

[PleD ~P: CdGQ] + kb,PleDch . [PIGD] . [CdGr]2 — kub,PleDch . [PleD : Cng]

Continued on next page
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(54) AD=edGa] — (14 + kg pien) - [PleD ~ P : cdGa) + kphos.pien * ([DivI]a + MysK) - [PleD : cdGy]
Ple tot — Ple pole . g
_(% + 1% | C][Pleé]mtc] 1 ) : kdephos,PleCPleD : [PleC] : [PleD ~P: CdGQ] - kdephos,cckNPleD : [CCkN]
[PleD ~ P CdGQ] + kb,PleDch : [PleD ~ P] : [CdG]2 - kub,PleDch . [PleD ~ P CdGQ]




Chunrui Xu

Appendix

C3. Other starvation signals

112

Table C3.1: Additional signaling targets and arrest statistics.

Parameters changes

Fractional Arrested*

Paradigm Description 61 9G] 15'G2 9o
Introducing stress response w=0.0018
Signal 5a through cdG-dependent ks cag1 = 0.056ks cag1 | SW  92.3% 6% 1.7% 0
pathway. ks,cagz = 0.056ks cagz | ST 1% 98.4% 0 0
Inhibiting DnaA synthesis. ks Dnaa = 0
Introducing stress response © = 0.0018
through cdG-dependent ks,cac1 = 0.056k;s cac1
Signal 5b pathway. kscage = 0.056kscacz | SW  923% 7.1%  0.5% 0
Inhibiting DnaA synthesis. ks Dnaa = 0 ST 1% 98.4% 0 0
Decreasing RpoD-dependent ctrA transcription RpoD.t-a=0.1
Introducing stress response w=0.0018
through cdG-dependent ks.cagr = 0.056ks cag1
Signal 5¢ pathway. ks.cagz = 0.056ks cag2 | SW  100% 0 0 0
Inhibiting DnaA synthesis. ks Dnaa =0 ST 1.6% 96.9% 0/5% 0/5%
Decreasing RpoD-dependent divK transcription RpoDg;wx=0.1
Introducing stress response w = 0.0018
through cdG-dependent ks.cag1 = 0.056ks cag1
Signal 5d pathway. ks cagz = 0.056ks cag2 | SW  97.3%  2.8% 0 0
Inhibiting DnaA synthesis. ks Dnaa =0 ST 1% 97.4% 1% 0

Decreasing RpoD-dependent pleD transcription

RpODpleDZO.l

* Same definitions with Table 4.1.
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for Chapter 5

D1. Equations, parameters, initial conditions, and mu-
tant lists

Table D1.1: PDEs of the spatiotemporal model (Equations of PopZ and PodJL are shown in the main text)

APOAIS] — (K poas + ka,podsz - [PerP]) - ([PodJLy] + [PodJLy]) — (1 + ka poass) - [PodJS)]

BerXel — b, spmx - [CtrAN[S]t;-Z:;g;]:mXc“A — (ka,spmx + #) - [SPmXum] — kdnv,spmx * (1 4 @spmxpopz - PopZr) - [SpmXop,]
~Kaut,spmx * [SPMX o] - [SPMX,]? + kdepot,spmx - [SPmXp] + Dspmx,, - %

ERX] — (o, spmx + 1) - [SPmXp] + Fny Spmx - (14 Aspmxpopz - [PopZr]) - [SpmXy]
+Eaut spmx - [SPMXn] - [SpPmXp]? — Kdeporspmx - [SpmX,] + Dspmx,, - %

0] ot (1= oS (1) Saea 0+ Bycrons - 7 A
—(ka,ctra1 + ka,ceraz - M}Sﬁf% + 1) - [CtrAy] — kp ctrAuCekakin - ([CckAg kin] + [CckAp kin]) - [CtrA,]

+(kub,CtrAuCekAkin + kd,ceka) - ([CtrAu : CckAg yin] + [CtrAu : CckAy, kin])

. . 9*%[CtrAuy]
+kdephoctrA . ([CtI“AP : CCkAﬁph} + [CtrAP : CCkAb)ph]) + Dcira - 5z

A~
W = —(ka,ctra1 + Ka,coraz - % +p) - [CtrA ~ Pl

_kb,ctrAPCCkAph . ([CCkAf,p}J + [CCkAb,ph]) . [CtI‘A ~ P] + kphoCtrA : ([CtrAu : CCkAf,kin] + [CtrAu : CCkAb,kin])

2 ~
+(kub,ctrapcekaph + kd,ceka) - ([CtrAP : CckAg pn] + [CtrAP : CckAy pn]) + Deogra - %

% = ks plec - ((1 — €prec) - Spiec + €piec’) — (ka,plec + 1) + [PleCt] — kg plec - [PodJp] - [PleCt] + kit prec - [PleCy]

—kb,plecpivikp - [PleCy] - [DivK ~ P] 4 (kub,plecDivkP + kd,Divk + KdephoDivk ) - [PleCy : DivKP)]

9*[PleC
+Dplec [8;3 J

% = —(ka,prec + p) - [PleCy] + kg plec - [PodJyp] - [PleCt] — kg piec - [PleCy]

—kb,plecpivikp - [P1leCy] - [DivK ~ P] + (kub plecDivkp + Kd Divk + KdephoDivik) - [PleCy, : DivKP]

7‘1[P1CCZ?WKP1 = —(ka,piec + ka,pivk + Kub,PlecDivkP + KdephoDivk + Kph2kin,plect + 1) - [PleCr : DivKP]

Continued on next page
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+kb7PleCDivKP . [PleCf] . [DiVK ~ P] — ]ffbyplec . [POde] . [PleCf : DiVKP]

2 :Div.
+kbt plec - [PleCy, : DivKP] + Dpjecpivip - w

d[PleCy,:DivKP]

dt = —(ka,plec + Ka,Divk + Kub,PlecDivKP + KdephoDivk + Kphakin,Plec2 + ) - [PleCy, : DivKP]
+kb precpivikp - [PleCp] - [DIivK ~ P] + kg, plec - [PodJy] - [PleCy : DivKP]
—kbt,plec - [PleCy, : DivKP]

% = —(ka,prec + 1) - [P1eCs kin] — Kb piec - [PodJp] - [P1eCr kin] + kbt plec - [P1eCh kin)

2 .
+kphokin,plect - [P1eCt : DivKP] + Dpiec - %

% = —(ka,piec + 1) - [P1eCh xin] + kb, plec - [Poddy] - [PleCe kin] — kbt piec - [P1eCh kin)

‘prthin,PleCQ . [Pler : DiVKP]

d[Divie] _ .

r s,Div] — (ka,pivy + ) - [Divde] — ke pivy - [SpmX,] - [DivIe] + ke pivy - [Divy)
—kb,Divipivkp © [DivJ¢] - [DivK ~ P] + (kub, Divipivkp + ka,Divk) - [DivJs : DivKP]

2[Div
— kb, pivapivkn - [DivJe] - [DivKu] + (kub,piviivicu + kd,pivic) - [DivJs : DivKu] + Dpyyg - 2127

APNI] — (kg pivg + p1) - [Divy] + ki pivs - [SpmXp) - [Dive] — kg pivy - [DivJy]
—kp pivipivip - [DivJy] - [DivK ~ P] + (kub, Divipivkp + ka,pivk) - [DivJy, : DivKP]

—kb,DiviDivku * [Div]p] - [DivKu] + (kub, DiviDivku + Kd,Divk) - [Divdp : DivKu]

d[DivJ¢:DivKu]

T = —(ka,pivy + kd,Divk + Kub,DiviDivku + KphoDivk,Divy; + ) - [Divde : DivKu]

+kb,DivJDivKu . [DlVJf] . [Dviu] — kfbyDivJ . [Smep] . [DiVJf : DivKu] + kbfﬁDiVJ . [DiVJb : DiVKu}

82[DivJ;:DivKu
+DpiviDivK * %

d[DivJy:DivKu]

s = —(kd,Divy T kd,Divk + kub,DiviDivKku + KphoDivK,Div, + ) - [Divdy, : DivKu]

+kb,DivJDivKu . [DiVJb] . [DivKu] + kfb7DivJ . [Smep] . [DiVJf : DiVKu] — kbf7DiVJ . [DiVJb : DivKu]

d[DivJ¢:DivKP]

er = —(ka,pivy + kd,Divk + kub,DiviDivkp + ) - [Divds : DivKP] + kphopivk, Divy, - [Divde : DivKu]

+kb7DiVJDiVKP . [DiVJf] . [DiVK ~ P] — kfb)DiVJ . [Smep] . [DiVJf : DiVKP] + kbf’DiVJ . [DiVJb : DiVKP]
9% [DivJ;:DivKP]

+DpivIDivK * a2

7d[DiVJ‘;thiVKP} = —(ka,pivd + kd,pivk + kub,Divipivkp + ) - [Divp 1 DivKP] + kphopivi,piva,, - [Divdy : DivKu]
+kb Divapivikp * [DivIp] - [DivK ~ P] + kg, pivs - [SpmX,] - [DivIs : DivKP] — kbt pivs - [Divdy : DivKP)

d[PdetrP] = ks perp - (1 =€) - Sperp +€) - J:Pup[iiA:[cPiANP]z — (kd.perp + 1) - [PerP] 4 Dperp - o gze;p]

d[DZVtKu] = ks, pivk1 + ks, Divke - Jﬁ,mviit;A:[g];ANPf — (ka,pivk + 1) - [DivKuy]
—KphoDivK,PleCyiy © ([P1eCr kin] + [P1eCy kin]) - [DivKu] + Edephobivik - ([PleCt : DivKP] 4 [PleCy, : DivKP])
—kb,DiviDivku - ([Dive] 4+ [Divy]) - [DivKu] 4 (kub DiviDivku + ka,Divs) - ([DivJs : DivKu] 4 [Div]y, : DivKu])
+Dpivk - &¥[Diviu) [B;VZK“]

ADVENP] — — (ka,pivi + #1) - [DivK ~ P] + KphoDivk.PleCi, * ([PleCt in] + [PleCh kin]) - [DivKu]

_kb7PIeCDivKP . ([PIGCf] + [Pler]) . [DiVK ~ P] + (kub,PleCDivKP + kd,PleC) . ([PleCf : DiVKP] + [Pler : DiVKP])

Continued on next page
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_kb7DivJDivKP . ([DlVJf] =+ [DlVJbD . [DiVK ~ P] + (kub,DivJDivKP =+ kd,DivJ) . ([DiVJf : DiVKP] + [DiVJb : DIVKP])
—kb,Divi.Divkp - ([DivL¢] + [DivLy]) - [DivK ~ P] + (kub, Divi.Divkp + ka,pive.) - ([DivLg : DivKP] + [DivLy, : DivKP])

+kphokin,plect - [PleCy : DivKP] 4+ kphokin,Plec - [PleCy, : DivKP] 4+ Dpivk - %

% = ks,divl, — (ka,Dive, + 1) - [DivLg] — kb DivL - (@DivLPopz - [POPZp] + apivLpods - [PodJp]) - [DivLy]
+kbt Divy - [DivLy] — kb Divipivikp - [DivLg] - [DivK ~ P] + (kub, DivLDivkp + ka,Divk) - [DivL; : DivKP]
+DpivL %

% = —(ka,pive, + 1) - [DivLy] + kg Dive, - (aDivLPopz - [POPZp] 4+ apivipods - [PodJp]) - [DivLe] — kpg pivy - [DivLy)

—kb,DivLDivkp - [DivLp] - [DivK ~ P] + (kub, DivLDivkP + kd,Divk) - [DivLy, : DivKP]

W = —(ka,pive, + ka,Divk + Fub,DiviDivkp + 1) - [DivLe : DivKP] + kb, pivipivip - [DivLg] - [DivK ~ P]

_kfb,DivL . (aDivLPopZ . [POpr] “+ QDivLPodJ * [POde]) . [DiVLf : DIVKP] =+ kbfyDivJ . [DiVLb : DlVKP]
9?%[DivL¢:DivKP]

+DpivLDivKP 527
w = —(ka,pivL + kd,pivk + kub,DivLpivikp + i) - [DivLy : DivKP] + kb pivipivkp - [DivLy] - [DivK ~ P]
+kgb, DivL - (@DivLPopz - [PODZp] + apivipods - [PodJp]) - [DivLe : DivKP] — kg pivy - [DivLy, : DivKP]
W = ks,ccka — (ka,coxa + 1) - [CckAf xin] + Kbt coka - [CckAy, kin]
—kb,coka - (@CekAPopz - [POPZp] + @cekaDivL - [DivLpr] - “DivLPod] [Podip] ) - [CckAf kin]

aDivLPopz-[Popzp]+aDivLPodJ-[Pode]
+(kpk,cokat + kpk,cokaz - ([DivLe] 4+ [DivLy))) - [CckAs pn)

_(kkp,CckAl + kkp,CckA2 . ([DiVLf : DiVKP] + [DiVLb : DiVKPD) . [CCkAf’kin]

CpdRu
—kb,CtrACckakin * [CckAg kin] - [CtrAu] + (ka,cora1 + kd,ctra2 - % + kub,CtrACckAkin + KphoCira )-

[CtrAu : CCkAf,kin] + Dceka - M

Ox?
W = —(kd,coxa + 1) - [CckAp kin] — kbf,ccka - [CckAp kin]
+kb,ccka - (cckaPopz * [POPZp] + acekapiv, - [DivLpr] - ADivLPod) [Podip] ) - [CckAf xin)

O‘DivLPopZ«[Popr]+O‘DivLPodJ~[Pode]
+(kpk,coka1 + kpk,cekaz - ([DivLe] 4+ [DivLy))) - [CckAyp pn]

—(kxp,ceka1 + Fip,cekaz - ([DivLe : DivKP] + [DivLy, : DivKP])) - [CckAp kin]
—kp,ctracckakin * [CckAp kin] - [CtrAu] + (ka,ctra1 + Ka,ctraz - % + Kub, Cracekatin + Fphoctra)
[CtrAu : CckAy in)

% = —(ka,cexa + ) - [CckAg pn] + ke, coka - [CckAp pn)

- . . . . . . ADivLPodJ-[PodJp] .
kfb’CCkA (aCCkAPOPZ [POPZp]+OlCckAD1vL [DIVLbT] aDivaopz«[Popr]+<¥DivaodJ~[Pode]) [CCkAf’ph]

—(kpk,ccka1 + kpk,cekaz - ([DivLe] + [DivLy])) - [CckAf pn]

+(krp,cekat + kip,cekaz - ([DivLg : DivKP] 4 [DivLy, : DivKP])) - [CckAg kin] — kb, ctrapcekaph - [CckAg pp]-

CpdR
[CtrA ~ P] + (kq,cera1 + ka,craz - % + Kub,CtrAPCckAph + KdephoCtrA ):

[CtrAP : CckAg pn] + Deea - 2LCckALon]

Ox2
W = —(ka,ccka + 1) - [CckAp ph] — kbt,ccka - [CckAp pn]

Continued on next page
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+kb,ceka - (QcekaPopz - [POPZp] + acekapiv - [DivLpt] - N Lrnion ) - [CckAg b

OtDivLPopz-[Popzp]+aDivLPodJ-[Pode]
—(kpk,cekatr + kpk,cokaz - ([DivLg] + [DivLy))) - [CckAp, pn]
+(kkp,CckA1 =+ kkp’CCkA2 . ([DiVLf : DiVKP] + [DiVLb : DiVKPD) . [CCkAden] — kb,CtrAPCckAph . [CCkAbJ,h]-

[CtrA ~ P] + (kg,ctra1 + Ka,ctraz - % + kub,ctraPCekAph + Kdephocitra) - [CtrAP : CckAy, o)
(29) w = —(ka,ceka + ka,cera1 + ka,coraz - % + kub,CtrAPCekAph + KdephoCtra + 1)
[CtrAP : CCkAf,ph] + kb,ctrACPCkAph . [CCkAf,ph] . [CtI“A ~ P] + kbf,CckA . [CtrAP : CCkAbph]
i ok - (AckApop - [PoDZy] + acekapit - [DiVELyy] - e ORI Bathl ) [GirAP : CekAg ]
82 [CtrAP:CckAf o]
+DCuACKA - — 5,7
(30) % = —(ka,ccka + ka,ctra1 + kd,ceraz - % + Kub,CtrAPCckAph + KdephoCtra + /1)
[CtI‘AP : CCkAbJ)h} + kb,CtrAPCckAph . [CCkAb,ph] . [CtI‘A ~ P] - k'bf,CckA . [CtI‘AP : CCkAb7ph]
Fhi o - (acekapopz - [PODZp] + acacapivt - [DivLiy] - g COMP Il ) [GUrAP - OckAr ]
(31) w = —(ka,ccka + ka,ctra1 + kd,cera2 - % + Kub,CtrAuCckAkin + KphoCtra + £4)-
[CtrAu : CCkAf,kin] + k'b,CtrAuCckAkin . [CCkAﬁkin] . [CtrAu] —+ k‘bf,chA . [Ctl"Au : CCkAb,kin]
ok - (0Cekapo - [PODy] + cekapivt - [DIVLyy] - o DI Pl [CirAu - kA
82 [CtrAu:CckAf yin]
+DCuACKA - — g7
(32) w = —(kd,ccka + ka.cera1 + kd,ctea2 - % + Eub,CtrAuCckAkin + KphoCtra + [4)-
[CtrAu : CCkAden] + kb,CtrAuCckAkin . [CCkAb,kin} . [CtrAu] - kbfpckA . [CtrAu : CCkAden]
. ADivLPodJ-[PodJp] . .
+keb,ceka - (AcckAPopz - [fopzp] *acaanit - DV L] - e troas roasyy )~ [CtrAA s CekAtin]
(33)  ABARd — g cpan - e dii:rf:[g]tmwp]z — (ka,cpar + ) - [CpdR¢] = km,cpar - [PopZp] - [CpdR¢] + kbt cpar - [CpdRy)
_kphondR . ([CCkAf’kin] + [CCkAb’kin]) . [deRf] + kdephondR . ([CCkAf’ph] + [CCkAb’ph]) . [deR ~ P]
+Dcpdr - FlCpdR)
p Ox?
(34) % = —(ka,cpar + 1) - [CpdRy] + kg cpar - [PopZp] - [CpdRe] — kue,cpar - [CpdRy]
(35) W = —(kd,deR + u) . [deR ~ P] + kphondR . ([CCkAf’kin] =+ [CCkAbykin]) . [deRf]
—kdephoCpdR - ([CckAg pn] + [CckAy pn]) - [CpdR ~ P] + Dcpar - %
Table D1.2: Parameters of the ten-compartment simulation*.
parameter source parameter source
ks,PopZ:0-24 this study, [21] kd,popzzo.05 [21]
kdepol,PopZ =0.15 this Study kaut,PopZ = 15(p01€) this Study, [21]
Kdny,popz = 2.5 this study, [21] | apopzpoas = 100 this study
Dpopz, = 835 [212] Dpopzp = 0.0005 [21], this study
ks.poay = 0.01 this study e=0.1 [19]

Continued on next page
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ks poase = 0.0154
ka,poas1 = 0.007
©=0.0053
kaut,PodJ = 90(p01€)
Qpodispmx = 30
Dpoqs, = 0.0005
ks,Sme = 0.0123
kd,Sme =0.01
QaSpmXPopz = 90
kdepol,Sme =4F-4
l)Smep = 0.0005
ks,CtrAQ = 1.9193
Jicteacta = 1
ka,ceraz = 0.1306

Fb,corAuCekAkin = 3
ka,coea = 0.2

Dcipa = 427
Fub,ctraPcekaph = 1.0807
eptec = 0.15

kb, plec = 572.1086
kb plecpivkp = 4.9589
kqpivk = 0.014
Dpiec = 71
Dpiecpivkp = 63

ks pivy = 0.008

Kty pivy = 20

Fy pivipivikp = 1

Fb Divipiviku = 1
Dpivy = 108
Dpivipivik = 84.5

ks perp = 1.2112

k4 pep = 0.04

ks pivk1 = 0.001
JaDivkCtra = 2.2878
Dpivipiv = 1319
Fub,pivioivkp = 1.1
ks pivi, = 0.0846
Foepiv, = 1
QDivLPod] = 9.5636
Dpivipivk = 66.4

GA
[181]
[171]

this study, [21]

this study

[21], this study

GA
this study
this study
this study

[21], this study

GA
this study
GA
this study
this study
[213]
GA
this study
GA
GA
this study
[213]
[213]
this study
this study
this study
this study
[213]
[213]
GA
22]
this study
GA
[213]
this study
GA
this study
GA
[213]

Jipodjctra = 1.7634
k4 podayz = 0.05
Edepol,pody = 0.2
Edny.Pods = 2
l)PodJm = 100
Edeg,Podys=0.05
Jaspmxcera = 0.082
Ednv,spmx =1E-3
kaut7Sme =0.1
Dgpmx,, = 200
ks,CtrAl = 0.5444
Ja,CtrACtrA = 5.8361
ka.ctrar = 0.0038
Ja.cna = 0.024
Eub,CirAuCekakin = 0.6563
kdepho,CtrA = 140
kb, ctraPCckAph = 3
ks plec = 0.0219

k4 prec = 0.02

vt prec = 0.1

kub,plecpivkp = 1.2
Edephopivk = 165.7573

Ephokin,plec1 = 1.5149
Ephokin,plec2 = 0.1515

k4 ,pivs = 0.035

kvt pivs = 0.5
Eub,pivipivkp = 1.3254
Eub, DiviDivka = 1.0009
EphoDivik, Divie = 0.18.7
Ephopivk, Divib = 176.0863
Ja,PerPCtrA = 2.5841
DPerP = 853

ks pivikz = 0.4682
EphoDivK,PleCy, = 0.2086
kv pivipivip = 89.7649
k4 pivi, = 5.5412

ke piv, = 1
apivLpopz = 0.0039
Dpiy1, = 76.6

ks.caa = 0.1714

GA
[181]
this study
this study, [21]
[7]

7]
GA
this study
this study
[174]
GA
GA
[116]
GA
GA

[19, 151], this study

this study
GA
this study
this study
this study
GA
GA
this study
22]
this study
GA
GA
GA
GA
GA
[213]
GA
GA
GA
GA
this study
GA
[213]
GA

Continued on next page



Chunrui Xu Appendix 118
Table D1.2 — Continued from previous page
Ka,cexa = 0.2 this study b caa = 1 this study
kbf,CckA =0.5 this Study QO CckAPopZ = 0.0034 GA
acekADvL = 213.2857 GA kpk,cokar = 2.0784 GA
Kpk,caxas = 644.8741 GA kxp,cakar = 0 this study
Fxp cekaz = 563.2248 this study Dcaga = 87.3 [213]
Dciracaa = 65 213] ks cpar = 2.3443 GA
Ja,cpdrcira = 0.0596 GA ka.cpar = 0.4298 CA
kb, cpar = 0.0785 GA vt cpar = 12 this study
Kphocpdr = 3.1971 GA Kdephocpdr = 4 this study
Dciraceka = 1638.6 [143] ©=0.517 GA

- X X X : - - pp— X X =T
*Units: all protein ‘concentrations’ in this model are dimensionless; all diffusion coefficients have units pm?min~ ;

all a’s are dimensionless; all other parameters are rate constants with units min™".

‘GA’ indicates the parameter is estimated by genetic algorithm; ‘this study’ denotes the parameter is tuned manually;

1

‘this study’ with specific reference indicates the parameter is first obtained from publications and tuned slightly.

Table D1.3: Mutant Simulations

mutant setting mutant setting

Apod.J ks pods = 0, ks podjz = 0 ApopZ ks popz = 0

ASme ks,Sme =0 AdZUJ ks’divJ =0
DivJ-H336A  kphopivik,Divi; = 0, KphoDivk, Divy, = 0 ApleC ks plec = 0
PleC-F778L EphoDivK,PleCyy, = 0 delocalized PleC kg, plec = 0
PleC-H610A kdephoDivK = 0, kphoDivK,PleCkm =0 delocalized DivL ADivLPod] — 0
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D2. Statements of detailed mechanisms and diagram.

DivJ/PleC-DivK module

DivJ is a principal kinase of DivK while PleC mainly works as a phosphatase to dephospho-
rylate DivK~P [149]. DivJ and PleC are binding partners of SpmX and PodJ, respectively,
while SpmX activates the kinase activity of DivJ [18]. In this study, we introduce Xy and
X} to indicate free protein and protein bound to anchor(s). For example, DivJ,, repre-
sents DivJ bound to SpmX, where SpmX is the anchor of DivJ (Fig. 5.2). Because bound
DivJ is a more active kinase than free DivJ, we set kpnopivk pivJ, 18 significantly larger than
kphoDivK,Diva (Table Dll)

In addition to phosphatase, PleC can function as a kinase with specific conformation, while
the kinase activity of PleC is stimulated by DivK~P [154]. Therefore, we include the tran-
sition from PleC phosphatase (PleCy:DivK~P and PleCy,:DivK~P) to kinase (PleCy i, and
PleCyp in) (Fig. D2.1). We describe the detailed reactions among DivlJ, PleC and DivK in
the green box of Fig. D2.1.

DivL-CckA-CtrA/CpdR module

In addition to binding with DivJ and PleC, the spatial distribution of DivK is regulated by
binding to DivL [182, 183]. DivL is a binding partner of PopZ [159] and indirectly anchored
to PodJ [135, 184]. Here, we introduce apiyLpods and apivipopz to describe the recruitment
of DivLL by PodJ and PopZ, respectively (Table. D1.1, Fig. D2.1). In summary, the spatial
regulatory network indicates the scaffolding protein PodJ impacts DivK distribution through
PleC-dependent and DivL-dependent pathways.

DivL, the connector between the two phosphotransfer modules, has been reported to directly
control the kinase and phosphatase switch of CckA by varying conformations [158]. The
binding between DivL and DivK~P inhibits the kinase activity of CckA [132, 182]. Here,
we construct a simplified model for the kinase-phosphatase switch of CckA: the complex
DivL:DivK~P promotes the conversion of CckA from kinase into phosphatase state, while
DivL without binding to DivK~P stimulates the kinase activity of CckA (Yellow module
in Fig. 5.2, Table. D1.1, Fig. D2.1). DivL is also suggested to regulate the localization of
CckA [130, 214, 132, 158], while CckA is a binding partner of PopZ [159]. To simplify the
modelling of CckA, we assume CckA has two types of binding sites: a localization site that
binds to DivL or PopZ to decide the location of CckA, and a catalytic regulatory site that
binds to DivL or DivL:DivK~P complex to decide the conformation and activity of CckA.
The two sites are assumed to be independent (Fig. D2.1).

Moreover, CpdR is a binding partner of the scaffolding protein PopZ. We introduce CpdR;
and CpdRy, to indicate the recruitment by PopZ. To simplify the model, we assume unphos-
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phorylated CpdR binds to PopZ, while phosphorylation only takes place in the free form of
CpdR.

[ PleCf + Divk
' DivK~P + PleCf «~—— pleCf:DivK~P — PleCfkin + Divk~P Divk
Podlp——> H ” H <« — Podlp  PleCkin - — —>| i

. ~ A— i ~ — ]
Divk~P + PleCb == PleCb:DivK~P PleCb,kin + Divk~p Divk™P |

? L . b + DIk i

DivK + Divlf *—— DivJf:DivKk — DivJf:DivkK~P =—— DivJf 4 DivK~P

smep——>H Smep——>H ||<—— SpmXp ll < — SpmXp
DivK + Divlb =—— DivJb:Divk — DivJb:DivK®P =—=  DivJb + DivK~P

\

——— > CckAf,ph + CtrA~P =—= CckAf,ph:CtrA~P —— CckAf,ph + CtrAu

< — PopZp&Divlb — = l |
CckAb,ph+CtrA~P =——= CckAb,ph:CtrA~P —— CckAb,ph+ CtrAu
DivL — > < — DivL:DivK¥P — —=>| | « — DivL

CckAb,kin + CtrAu *—— CckAb,kin:CtrAu — CckAb,kin + CtrA~P

< — PopZp&Divltb — —> ] l

CckAfkin+ CtrAu *—= CckAfkin:CtrAu — CckAfkin 4 ctra~p

t
CckAkin
P°P|ZP | DivK™P + DivLf *—— DivLf:DivK~P
v M _
CpdRb == CpdRf = CpdR"P H" POF’ZP&%‘“F’_%[
| DivK~P + DivLb *—= DivLb:DivK~P
CckAph

Figure D2.1: Details of reactions involved in the Div]J /PleC-DivK and DivL-CckA-
CtrA modules.
Red dashed lines with arrows are recruitments by indicated scaffolding proteins.
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D3. The four-compartment model.

In the four-compartment model, the total cell length (L) is divided into four compartments,
with two poles of length 0.2L each and two central compartments of length 0.3L each.
Diffusion across the boundary between neighbouring compartments causes compensatory
changes in the concentrations of the diffusing species within each compartment. Hence, we
describe the reaction and diffusion of protein S in a four-compartment model by a set of four
ODEs for C;(t), the concentration of S in compartment 7 at time ¢ [93]:

dciy __ 4D(Cy—C1)
dt CR + l1+l2)

ac; AD(Ciy1—Ci) | AD(Ci_1—Ci) -

6= CR+ S8 + oD, 123 (D3.1)
dC. 4D Cs—C.

= CR+ = o T

where [; indicates the length of compartment .

D4. Supplementary results of spatial model.
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Figure D4.1: DivK~P and CtrA~P dynamics in the simulation of ApodJ, ApopZ,
and AspmX.
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Figure D4.2: WT simulation of the four-compartment model.
The upper (a)-(1) spatial figures indicate the spatial dynamics over one replication cell cycle
of long form PodJ, short form PodJ, PopZ, SpmX, PleC, DivJ, phosphorylated free DivK,
free DivL, DivL:DivKP complex, CckA, unphosphorylated CpdR, and phosphorylated CtrA.
The lower (a)-(f) indicate the temporal dynamics over one replication cell cycle. Other details
are identical to Figure 5.6.
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