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Figure 1: A coarse-grained simulation of the peptidoglycan cell wall

Abstract

Rod-like bacteria control cell width with high precision during growth. For a given
species and growth medium, the variation in cell widths in a population is only
about 5%. At the same time, the widths appear flexible when the cells are subjected
environmental perturbations by changing their cell widths into a new steady state
quickly. Despite decades of research on cell shape, how cells display such precise
width control while also showing pliancy upon environmental perturbations remains
unknown. Previous experiments have shown that the peptidoglycan (PG) cell wall
is the major contributor to resisting the high intracellular pressures in the cell by
forming a rigid scaffold around the cell. During growth, new PG is inserted into
the cell wall and old material is broken down. Together, these processes result in
the dynamic equilibrium that determines cell shape. To understand the effects of
cell wall remodelling and PG topology on width homeostasis, we conducted coarse-
grained computational simulations that mimic the cell wall and the processes of
PG synthesis and breakdown. Different from previous simulations of whole-cell
sacculi, we restrict our simulation to a small periodic patch of PG with dynamic
boundaries that mimic the high intracellular turgor pressure. This allows for fast
computation and thus for the systematic investigation of model parameters, e.g.,
the rates of cutting and insertion. Our computational simulations then allow us to
systematically test different mechanisms of PG insertion and breakdown for their
ability to decrease or increase cell width over time. We show that insertions of
long, unstretched glycan strands when coupled with cutting of nearby PG bonds is
sufficient to constrict the width of the cell over many generations, and the inhibition
of such insertions results in an increase in cell widths.
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Chapter 1

Introduction

Bacteria show an exceptional diversity in shapes. The examples shown in Figure 1.1
barely capture the full range of forms found in microbiology. Yet, it is fascinating
that each bacterial species maintains its shape with remarkable consistency. In fact,
the morphology for a given species is so reproducible, that it has been used to
identify bacteria for decades [5].
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Figure 1.1: Immense diversity of bacterial morphologies, Figure 1 from Kysela et al.
[23].

Rod-shaped, gram-negative bacteria are especially known for their tightly controlled
shape. When grown in a given medium, their widths vary by only about 5% [46]
across the population. This might make it seem that their shape is rigid; where they



elongate, without changing their width. However, bacteria can rapidly adjust their
width in response to environmental or drug induced perturbations. For example,
Escherichia coli cells growing in rich media are wider than those growing in poor
media. When shifted from the rich to the poor medium, the cells plastically reduce
their widths to reach the new steady state [27] and similarly, when shifted from a
poor to a rich medium, they plastically increase their widths to return to their wider
morphology.

Recent research has shed some light on how bacterial lengths are regulated [46].
However, the mechanism of width control - how cells orchestrate the fast and tight
control over their diameter remains unclear. In this thesis, I focus on understanding
how bacteria regulate their width. Specifically, I am interested in understanding the
enzymatic processes that allow rod-shaped bacteria to rapidly increase and reduce
their diameters.

1.1 The envelope remodelling system

To understand how cells control their shape, we must consider how they achieve any
shape in the first place. It has been shown that the peptidoglycan (PG) cell wall
confer shape to bacteria [43]. It does this by forming a rigid scaffold around the cells
which resists the high intracellular turgor pressure while instantiating cell shape [6]
19 [20].

The peptidoglycan (PG) layer is part of the cell envelope. In Gram-negative bac-
teria, it is 2-4 nm thick and located between the inner and outer membranes [13].
Conversely, in gram positive bacteria, the cell envelop does not have the outer mem-
brane, but has a much thicker and multi-layered PG layer. The PG layer consists of
long, circumferentially oriented polymers of alternating N-acetylglucosamine (Glec-
NAc) and N-acetylmuramic acid (MurNAc) sugars, called glycan strands. Each
disaccharide, also referred to as a glycan subunit, has a peptide stem attached
perpendicularly, oriented helically around the glycan strand such that every other
peptide is in the same plane as the PG layer. Adjacent peptides covalently link
to each other, forming peptide cross-links that join glycan strands to each other to
form a large covalent macromolecular mesh around the cell (Figure 1.2).

On average, glycan strands are 25 subunits long [13], but their length distribution
has a long tail, with some strands reaching up to 200 subunits [36]. Depending on
the enzyme that makes cross-links between the peptide oligomer stems on the glycan
subunits, there are two types of peptide bonds: 4->3 peptide bonds, which link the
4th peptide (D-ala in E.coli) in the donor stem to the 3rd peptide in the receiver
peptide stem (DAP in E.coli) as shown in Figure 1.2, and the 3->3 peptide bonds,
which link the 3rd peptide in the donor stem to the 3rd peptide in the receiver.

Since the PG layer is a single rigid macromolecule, the only way for cells to grow
beyond what stretching the covalent bonds can allow, is by enzymatically remod-
elling the cell wall. This involves cutting bonds and incorporating new material
into the cell wall. This is called ‘plastic’ growth, since the enzymatic remodelling is
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Figure 1.2: The peptidoglycan cell wall is a single, covalently linked macromolecule.
Adapted from [13]. Blue hexagons: MurNAc; Grey hexagons: GlcNAc. P: intracel-
lular turgor pressure.
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Figure 1.3: Enzymatic remodelling of the cell wall is essential for growth. The three
main types of PG remodelling are cutting done by autolysins, repair done by aPBPs
and insertion done by the rod-complex.
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irreversible. In order to understand how this remodelling regulates width, it is im-
portant to understand the types of remodelling processes available to the cell.

Breakdown

In order to facilitate the incorporation of new PG material into the PG network,
the old peptide and glycan bonds need to be cleaved. The peptide cross-links and
glycan strands are cut by endopeptidases (EPs) and lytic transglycosylases (LTs)
respectively. Together, they are called autolysins (Figure 1.3A). Autolysins, aptly
named after their ability to cause cell lysis, reduce the structural integrity of the
cells, and thus cells must regulate their activity very tightly. Unchecked autolysis
can cleave too many bonds and lead to rupture. This is demonstrated by the over-
expression of hydolases causing cell lysis seen both in the rod-shaped bacterium B.
subtilis [31], and our own experiments with E. coli in section 4.2.

Bacterial autolysins form a large and diverse group of enzymes, with the ability to
cleave every amide and glycoside linkage in the PG layer [44], although not every
specificity is found in every species. Despite the diversity in the number of autolysins
and their substrates, autolysins show remarkable redundancy. For example, E.col:
endopeptidases MepM, MepS and MepH are redundantly essential, while all showing
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very subtly different activities [13]. In fact, seven out of eight EP encoding genes can
be deleted in E.coli while maintaining cell viability [42]. Another striking example
of the flexibility of the autolytic system in maintaining cell viability is that cells can
grow with all DD-EPs (EPs that cleave 4->3 peptides) deleted if the cells are grown
in conditions where only the 3->3 peptide cross-links form [21].

With so many redundancies in autolytic activity, it is often difficult to understand
the unique role of individual enzymes. For example, F.coli has multiple DD-EPs,
LD-EPs, LTs and a number of other autolysins, all of which appear to contribute
to growth and cell shape maintenance, and often show interchangeable functions.
Thus, the regulation and specific role of distinct autolysins is still an open question
in the field. Although the substrates for the autolysins are well characterised |13],
when and where in the PG layer the enzymes cleave their respective bonds is not
fully understood yet.

Regulation of the autolytic activity could be at the substrate, enzyme and transcrip-
tional levels. For instance, autolytic activity could deplete its own substrate or the
substrate of other enzymes, which might provide a robust feedback loop to control
cleavage sites. One candidate for such a loop is age-dependent autolytic activity.
Newly synthesized glycan strands have peptapeptide stems. The eventual activity of
carboxypeptidases, another type of hydrolase EPs, cleave the last peptide from the
oligomer to make it a tetrapeptide. As such, the activity of carboxypeptidases might
increase the availability of substrates for a hydrolase that prefers cleaving cross-links
made with tetrapeptide stems. For regulation the enzyme level, it has been shown
that ShyA, an EP native to V. cholerae and MepM undergo conformational changes
from ‘active’ to ‘inactive’ states and vice versa [31]. What mediates shift between
the states is not fully understood. Protein-protein interactions are another way hy-
drolysis is regulated. In E.coli, the outer-membrane bound regulator Nlpl associates
with Prc protease to tightly control the abundance of MepS hydrolases [3].

Another regulatory mechanism for ‘smart’ autolysins proposed in 1990 by Koch is
their dependence on mechanical stress in the system [22], as demonstrated by cells
that respond to external bending forces by growing into curved shapes independent
of cell wall insertion [21].

Synthesis

There are two types of synthesis of the PG layer: 1. Rod-complex mediated synthesis
and 2. Class A penicillin binding proteins (aPBPs) mediated synthesis. , while the
aPBPs are responsible for maintaining cell wall integrity [41].

The rod complex

The rod complex maintains the rod shape of the cell [40]. It is a large protein com-
plex at its core comprised of MreB, MreC, MreD, RodA, RodZ and PBP2 proteins.
RodZ coordinates with actin-like cytoplasmic filaments of MreB to insert long glycan
strands into the cell wall [39]. RodA contains a transglycosylase (TGase) domain,
which polymerizes glycan subunits into long glycan strands, and associates with



PBP2, a transpeptidase (TPase) which cross-links adjacent glycan strands via pep-
tide bonds. Additional peripheral proteins regulate its activity and mediate MreB
binding and orientation [28|.

MreB filaments have an intrinsic curvature that aligns them with the circumferential
direction of the cell [17|. This, in turn, directs the rod-complex to align circumfer-
entially and move along the MreB as it inserts long glycan strands in its wake. [3§]
[35]. It has been seen that inhibiting rod-complex mediated insertion causes cells to
lose their rod shape and and become spherical [27], demonstrating that the inser-
tion of long, circumferentially aligned glycan strands into the PG layer plays a vital
role in rod-shape maintenance. Even for cells that have been forced to grow spher-
ically, the Rod-complex is able to rescue cylindrical shape [6]. Recent experiments
using florescent labelling of cell walls along with microscopy has shown that local
cell walls elongations temporally and spatially co-localise with MreB persistence,
implying that the activity of the rod-complex leads to local cell elongations along
its length [38].

Repair

Class A penicillin-binding proteins (aPBPs) are inner membrane-bound enzymes
that play a key role in maintaining the structural integrity of the bacterial cell
wall. They are bifunctional, with an N-terminal transglycosylase (TGase) domain
that polymerizes glycan strands and a C-terminal transpeptidase (TPase) domain
that cross-links peptides in the peptidoglycan (PG) mesh [13]. While aPBPs do
not contribute directly to the determination of cell shape, they are crucial for pre-
venting the formation of large pores in the PG by inserting short glycan strands at
discontinuities in the wall [41].

There are two main types of aPBPs in E. coli: PBP1la and PBP1b. Though func-
tionally similar, they contribute to cell wall synthesis in different ways. PBPla
primarily operates along the lateral sides of the cell and works in coordination with
the shape-determining synthase PBP2, suggesting a role in elongation. In contrast,
PBP1b is found both along the sidewalls and at the division site, where it associates
with division machinery and helps in septal PG synthesis [41].

The activity of aPBPs depends on outer membrane-anchored cofactors: LpoA acti-
vates PBP1la and LpoB activates PBP1b. These cofactors stimulate the TGase and
TPase domains of their respective synthases and are essential for proper enzymatic
function. Importantly, these aPBP—cofactor complexes are thought to detect and
respond to local damage or gaps in the cell wall. Rather than being guided by cy-
toskeletal elements like MreB, aPBPs and their cofactors move diffusely along the
membrane, scanning for sites where repair is needed.

This repair role is distinct from the directional cell wall synthesis carried out by
the Rod complex. When acting independently, aPBPs can drive isotropic expansion
of the cell envelope. In addition, they provide robustness under stress conditions.
PBP1b, in particular, is involved in responding to PG damage and may function
independently of the Rod system. Along with L,D-transpeptidases, which form
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alternative cross-links resistant to beta-lactam antibiotics, aPBPs form an important
part of the bacterial response to cell wall stress.

The question of width regulation

Given that cells can only grow and change shape through the enzymatic remodelling
of the PG layer, it is unclear how enzymes on the nanometre scale coordinate to
control a macroscopic quantity like cell diameter. Intuitively, cutting and adding
material to the cell wall should both cause it to expand. How, then, are they able to
constrict the cell diameters? Additionally, when small local defects in width appear
in the cell, how are small bulges in width reduced while small constrictions increased
within a single bacterial cell, maintaining a consistent width along the cell length
(section 4.1)7

1.2 Standing on the shoulders of giants

To summarise from the preceding discussion, it is clear that 1. autolysis' is necessary
for cell growth, 2. Rod-complex activity maintains rod-shape and 3. aPBP mediated
PG repair is required for the integrity of the cell wall. The question is; how do these
processes coordinate in time and space to give rise to width control?

Nano-scale imaging in live cells is very difficult for various reasons. For instance,
high-powered lasers that are often required for fluorescence imaging can lead to
phototoxicity in the cells, or molecular tags may have inadvertent effects on the
function of the cells. Electron microscopy needs fixed samples, which makes it
incompatible with live cell imaging [25], and atomic force microscopy (AFM) can
be much too slow to measure dynamic changes in the cell [35]. Without nano-scale
imaging, it is difficult to understand how proteins localize, when they act, or how
their activity changes upon environmental perturbations.

An alternative is perturbation studies, where selective inhibition or activation of key
enzymes, individually or in combination, can induce different cellular phenotypes.
These phenotypes can help deduce the function of the modulated enzymes. While
successful, such studies can sometimes be inconclusive, as different perturbations
often result in identical morphologies. For example, inhibiting different parts of the
rod complex, such as PBP2 and MreB, both lead to a loss of cell shape and rounding,
making it difficult to distinguish their functions [34]. Constraining the number of
possible hypotheses can guide experimental design and improve the interpretability
of seemingly similar results. A good way to constrain hypotheses and decide what
to test is to build computational models of the system and test various mechanisms
in-silico.

There are a number of models in the literature that give unique insights into how cells
regulate their widths. Notably there are those that treat the cell envelope as a fluid
continuum model where the cell growth is driven by pressure [2] [20]. These types of
models are useful in understanding the dynamics of cell shape over a longer temporal

LCutting of peptide/glycan bonds



Figure 1.4: An illustration of the coarse-grained representation of the PG layer;
glycan springs (blue) cross-linked to each other by peptide springs (red) at nodes.
Figure from Nguyen et al. 2015, Figure 1D [26]

and spatial scales. They treat the cell wall as a fluid system, where the cutting and
remodelling of the system is driven by the pressure. These models are useful in
getting effective mechanical properties of the cell envelopes in various conditions,
and also are much easier and faster to work with because they have only a few
parameters. As such, continuum models might be preferred when quantifying the
effective mechanical properties of cells during various drug or nutrient perturbations
to understand what effect, say, MreB inhibition using A22 (drug) treatment has on
the rigidity of the cell wall [20] [9] [33]. However, continuum models are not ideal to
probe the mechanism of PG remodelling which leads to shape homeostasis, since the
different remodelling systems change the system at scales much smaller than what
the continuum models can probe.

To understand PG remodelling, it is more instructive to explicitly simulate the cell-
wall and the various remodelling processes therein, using molecular dynamics (MD)
simulations [16] [12] [15] [26]. MD is a computational technique that models the
motion of atoms or molecules using Newton’s laws of motion. It allows researchers to
code in biomolecular interactions, structural dynamics, and conformational changes
into their systems and watch its evolution in time.

Coarse-grained MD simulations are principally the same, but the atomic and molec-
ular details are approximated into simple interactions, where multi-atomic molecules
become a single ‘node’, and interactions between them are modelled using springs
instead of physically accurate forces. In this case, coarse-grained MD simulations of
the PG layer look like a network of many glycan and peptide ‘springs’, which are
connected together at ‘nodes’, illustrated in Figure 1.4.

Although these models have many free parameters, are computationally expensive
and slow to run, they offer a unique advantage of independent and specific control
of every aspect of the system. Here, turning on and off different functions and
forcing co-localisation of proteins to see how they behave is feasible, which makes
mechanism exploration tractable.

Using coarse-grained MD similar to what is depicted in Figure 1.4, Furchtgott et
al. simulated an entire cell wall sacculus along with a proposed mechanism for
insertion, which demonstrated how cells might regulate their widths, keeping it
constant over multiple doublings [12|. Here, they simulated insertion by the rod-
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complex by weaving in the new glycan strands in between the old glycan strands;
cutting peptide cross-links and making new ones as they went. To regulate width
over many generations, this type of insertion needed to stretch the glycan strands by
up to 10% before insertion, so that upon insertion the system did not expand. While
their model showed a remarkable consistency in width over many generations, there
is little evidence for any enzymatic process that could pre-stretch a glycan strand
by such an amount. Glycan strands are stiff, and by some rough estimates [26], it
would take of the order of 500 pN of force to stretch a strand by 10%, which is an
exceptionally high force for enzymes to exert during insertion.

Nguyen et al. revisited the width homeostasis mechanism with a paper in 2015
[26]. This paper started with highly detailed atomic scale MD simulations of gly-
can strands and peptide stems. First, they showed that glycan strands are best
represented as stiff linear springs, while peptides are best represented as worm-like
chains (more details in section 2.1). Using this, they made a coarse-grained model
for the entire cell sacculus. On top of simulating extremely detailed rules for each of
the enzymes independently, they also tested multiple co-localisation and enzymatic
coordination hypotheses. Their model was able to show width conservation with-
out the need for pre-stretching over many generations, and proposed ways in which
enzymes work together to achieve stable width control.

Both these groups pioneered the use of MD to probe the shape regulation in bacteria,
and demonstrated how bacteria might keep a consistent width over multiple gener-
ations. However, the models do not show any width control: systematic increase
or decrease of width. They maintain the widths that the simulations started with,
but do not give clues into how cells might increase or reduce its width systemically
depending on their growth conditions. The feedback loop for the cell to achieve a
set-point width remains an open question. Additionally, owing to the size of these
models, they were not able to explore a large parameter space, and only showed
width conservation for a narrow range of conditions.

Because atomic scale MD simulations are extremely computationally expensive, it
is not feasible to simulate the entire PG sacculus in atomic detail. The models by
Furchtgott et al. and Nguyen et al. were able to circumvent this by simplifying
the atomic detail into ball-spring interactions. However, Gumbart et al. [15] used
a different way to make atomic-scale MD simulations of the PG layer tractable.
Instead of simulating the entire PG sacculus, they simulated a small patch of the
layer with periodic boundary conditions. Periodic boundary conditions are a way
to simulate an infinite system by making the opposite edges of a simulation box
connect. So, when a strand exits one side, it re-enters from the opposite side. This
allowed Gumbart et al. to make a small system behave like a much larger one, thus
being able to save on computational costs while still maintaining the large-scale
order of the system. However, being an atomic scale model, it was still prohibitively
slow to be able to iterature through many runs over long periods of time. While
they were able to comment on the physical properties of the pg layer with their
model like the stiffnesses or the distribution of holes, they did not simulate growth
or remodelling.

10



Taking inspiration from Nguyen et al.’s coarse-grain structure and Gumbart et al’s
[15] periodic boundary conditions, we tried to address width control in our simulation
by building a small, fast and detailed computational model of the PG layer, capable
of growth (section 2). In this work, we propose a mechanism for persistent width
decrease, and use our model to demonstrate it. We also perform some preliminary
experiments in order to inform the model, and justify its validity despite its smaller
size (section 3.6).
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Chapter 2

Modelling the peptidoglycan cell
wall: The 2DPG model

Cell widths are controlled by the PG layer, which in turn is constantly being reorgan-
ised by enzymes that cut and insert PG material. The three remodelling processes
are autolytic cutting (section 1.1), rod-complex mediated glycan insertion (section
1.1) and aPBP mediated repair (section 1.1). It is not understood how these pro-
cesses come together to give rise to width control, and a good way to begin answering
such a question is to simulate the processes, and see how they interact to change
system sizes.

The current models in the literature show width conservation rather than control. In
other words, they show how widths can remain constant, but they do not explain how
the cell might systematically increase or reduce its width into a new steady state
depending on environmental perturbations. Additionally, recent work has shown
that these processes are generally independent of each other [10] [41], which these
models do not incorporate.

In this chapter, I describe the development of a new model that can help answer
how the processes individually contribute to width regulation by implementing the
remodelling processes as independent events.

Similar to Nguyen et al and Furchtgott et al., [16][26], we represent the PG layer as a
network composed of nodes and bonds. One glycan bond corresponds to one glycan
subunit (see section 1.1), and a peptide bond corresponds to a peptide cross-link.
For each glycan subunit, one of the disaccharides has a peptide stem, which allows
it to bond with adjacent peptide stems to make a peptide cross-link. Only about
50% of all peptides are in the same place as the PG layer, while the rest are jutting
90°to the layer, and are less likely to be involved in cross-linking adjacent glycan
strands (Figure 2.1). The degree of cross-linking varies between species and even
growth conditions within a single species [43]. For FE.coli, about half of the peptides
are linked and the rest are free [14]. Nodes! correspond to locations where bonds
connect to each other.

1T often use ‘node’ interchangeably with ‘particle’.
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Peptide stem

Figure 2.1: A cartoon representation of a glycan strand, where every peptide stem
is 90°from the other forming a helical pattern. This results in the peptide pointing
in the same direction every four glycan subunits, and half the peptides being in the
same plane. Figure adapted from [43].

We simulate a small patch of the cell wall that is much smaller than the full sacculus
width (500 nm) but larger than individual enzymes (5 nm). This reduces compu-
tational costs by limiting the model size and simplifies the system by treating the
patch as a flat surface. Following [15], we apply periodic boundary conditions so
that long glycan strands behave as continuous loops. The simulation box size deter-
mines internal stresses since a larger box spreads the nodes farther apart, increasing
stress. To mimic the stresses of a cylindrical shell, we allow the box size to adjust
dynamically until the stresses in the x and y directions match their target values
based on the radius (2.6).

Detailed atomic scale molecular dynamics simulations by [15] concluded that glycan
bonds behave like stiff linear springs, while peptide bonds are best modelled as
worm-like chains. Using their force-extension curves respectively, at each time-step
of the simulation, forces are calculated and positions of the nodes in the network are
updated under the assumption of over-damped dynamics, until the system reaches
equilibrium. The steps are detailed in the following section.

2.1 The physics of the peptidoglycan layer

Glycan bonds

Glycan bonds can be approximated by stiff linear springs, with a stretching stiffness
k, = 5570 pN/nm, and a bending energy of k;, = 83.6 pNnm. The stretching force
on a node on the glycan strand is given by:

F =k,Ax (2.1)

where Az = [ — [, is the extension of the glycan bond away from its rest length
lg = 1nm.
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The forces exerted on the nodes due to bending are derived from the energy equa-
tion:

zg:}j%mmﬂ (2.2)

Where p; is the index number of the nodes in the system, and « is the angle the
bonds make at each node (Figure 3.9). By taking the negative gradient of the energy
in terms of Cartesian coordinates at each particle, we find the equation of the force
on that particle (F = —V,E,):

b—a

N

Fp2 = k’ba (23)

Where G and b are the unit vectors joining nodes p; and ps, and py and p3 respectively,
and p = a - Z;, « is the angle that the bonds make at node p,. To make sure linear
momentum remains zero for the system, we also equally distribute an opposite force
on the p; and py as shown in (2.4). This is an approximation of the real forces since
it does not guarantee the conservation of angular momentum. Ideally, the opposite
forces on p; and ps should be distributed based on the individual bond lengths |al
and |b|. But, since the glycan strands are stiff and do not stretch more than 1-3%,
it is a valid approximation that |a| ~ |b|.

ko b—a
p1 = Fp3 - —7—1 _p2 (24)

F

Peptide bonds

From Nguyen et al.’s atomic scale MD simulations of peptides [26]|, we know that
peptides are best represented as worm-like chains. The force-extension curves of the
worm-like chain is given by equation (2.5).

where LY = L.—xy is the effective contour length, L. is the contour length, z is the
extension (end-to-end distance) x at which the force is 0, * = = — zy is the effective
extension, and ky ¢ is a force constant.

The values of the constants are taken from Nguyen et al. [26], tabulated in Table
Al
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Figure 2.2: the 2DPG model simulated a small patch of the cylindrical part of the
rod-shaped bacteria (green surface). The stresses (o) defined as the force per unit
length it’s acting on, are shown by the blue arrows. This small patch is almost
perfectly flat, making it feasible to use periodic boundaries.
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Pressure

Since the PG layer holds the pressure of the cell, the stress on the PG layer is
directly proportional to the turgor pressure. As a result, the internal turgor pressure
is simulated by modulating the stress on the PG layer in the x and y direction to
match those that are calculated for a cylindrical cell with a turgor pressure P. In a
pressurised thin cylindrical shell, the 2 dimensional stresses in the x and y directions
are anisotropic, and are given by equation (2.6):

o, = Pr (2.6)
Pr
O'y = 7

Where r is the radius of the cylinder, P is the pressure inside the cylinder, o, is
the force per unit perpendicular length of the cylinder along the long-axis and o,
is the force per unit perpendicular length of the cylinder along the circumferential
direction as shown in Figure 2.2.

2.2 Simulation algorithms

MD position update

For each type of bond, we maintain a list of bonded node pairs. We iterate through
this list and calculate the distance between the bonded pairs of particles, then use
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the equations mentioned above to calculate the respective forces.

After all the forces are calculated, the positions are updated by looping over all
nodes and adjusting their positions assuming an overdamped system, as described

by:

or=p-dt-F (2.7)

where dt is the timestep value chosen empirically, i is a coefficient of friction, and
F is the net force on that node.

While updating positions, the step sizes dr are normalized such that the maxi-
mum step size is set to max_stepsize to avoid numerical instabilities and oscilla-
tions.

The positions are updated in a loop until one of two criteria are met: 1) The system
reaches equilibrium, or 2) The maximum number of loop iterations (timesteps) is
reached. Equilibrium is determined by the coefficient of variation of bond lengths.
If the coefficient of variation of the bond lengths in the last 3,000 iterations changes
by less than 0.05%, then the system stops updating positions and moves on to the
next step. In most simulations, the maximum number of steps was set to 100,000.
This number was empirically chosen after a few test runs showed it took around so
many timesteps to reach equilibrium. The equilibration codes are written in C and
compiled as a shared object module, which is then called into the Python script.
This allows for much faster and parallel computations in C, while also maintain-
ing the readability and modularity of Python for the more complex remodelling
algorithms.

Simulating pressure by changing the boundary box size

To calculate the stress in the x direction, all bonds that cross the centerline at x = 0
are temporarily cut > The 2 components of the resultant forces on the left node
of each bond-pair are then summed and divided by L,, the system size in the y
direction, as shown in equation (2.8). Here, n represents the relevant nodes on one
side of the centerline, F, is the force in the x direction, and L, is the system size in
the y direction.

Similarly, to calculate the stress in the y direction, the midline at y = 0 is considered.
The sum of the forces along the y direction on the particles is then divided by L.,
the system size in the x direction, as shown in equation (2.9).

o, =Y F,/L, (2.8)
o, => F,/L, (2.9)

2Without updating their positions.
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Once the stresses are determined, the size of the periodic boundaries are modulated
by varying L, and L,:

6L:C = (o, — Pr/2)-d (2.10)
= (0, — Pr)-dt

where 0 L; is the step size by which we increase the boundary box dimension along i,
o, is the stress measured from the simulations, P is the internal pressure of the cell,
r is the radius of the cell and dt is a simulation time-step (see Table A.1). Note here
that for all simulations in this paper, the radius r is set to 400nm unless otherwise
stated.

As while updating positions, we capped the step size (§L,) to max_box_step. Fi-
nally, this results in the box reaching a size where the stress in the x and y directions
match their set point values.

Simulating insertion of new glycan strands

The Rod complex inserts straight and long glycans that are circumferentially ori-
ented [40], and forms cross-links with available peptide stems from adjacent strands,
such that approximately half the peptides are bound [14] [15]. The orientation of
the inserted glycans is independent of the local disorder of the PG layer or growth
conditions, but the amount of cross-linking depends on environmental conditions.
In exponential growth phase for E.coli, the degree of cross-linking is approximately
40-50% [14].

One proposed mechanism for the way the rod-complex works is the ‘make-before-
break’ strategy of insertion [18]. At the scale of the enzymes, the rod complex
aligns with the MreB, and its TGase domain polymerises a new glycan subunit
into the growing glycan strand. The TPase domain presumably ‘searches’ for free
peptides within a certain distance and cross-links available peptides to the newly
inserted subunit. Finally, the stress-bearing bonds near the insertion are cleaved by
hydrolases, which then pulls the newly inserted strand into the PG network due to
the tension in the surface. This mechanism of insertion prevents the cells from lysing
by making the new bonds before cutting older bonds under tension. By cutting the
stress-bearing bonds near the inserted strand, it is ensured that the newly inserted
strand is actually incorporated into the PG layer.

We model this strategy insertion using a simplified algorithm. We start by randomly
placing an (infinitely) long, vertically (circumferentially) aligned glycan strand at a
random x-location. The number of subunits in the newly inserted glycan strands is
determined based on the current width of the system, such that it is the minimum
number whose addition in a loop does not cause any constriction on its own. In
other words, the number of added subunits n is given by n = ceil(L,/l,); where
L, is the width of the system, and [, is the rest length of the glycan subunits. The
ceiling function ensures that the strand is never pre-stretched, although it might
occasionally by pre-compressed due to this kind of rounding. Having placed an
appropriately sized strand, we then test how many cross-links can be made by the
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Start Insertion Cutting

{recently repaired) (to be repaired)

Figure 2.3: (Left to right) Initial system; A long, un-stretched glycan strand is
inserted and cross-links are made with available nodes in the vicinity (red); The
bonds that are crossing over are cut, and the system is allowed to relax. This leads
to large pores, which need to be fixed.

nodes on the new glycan strand whose peptide stems are in the plane of the 2DPG
layer. If the density of possible cross-links along the circumferential direction is
greater than a pre-defined value cl_min, we randomly choose and make peptide
cross-links until a density of cl_max is reached®. After making the new cross-links,
all bonds that ‘cross’ the new glycan strand are cleaved, resulting in the older PG
to separate and transfer the stress onto the new glycan strand. This is illustrated in
Figure 2.3. For a detailed algorithm for insertion, please read section A.2. When we
tried implementing insertion without the autolytic activity, we saw a constriction in
cell length and glycans clumping together. This is discussed in a little more detail
in the appendix (section A.3).

Simulating breakdown

Different from cutting the under-lying bonds during insertion in section 2.2, We
also simulate the effect of autolysins independently of the rod-complex. Since not
much is known about when and where autolytic activity occurs, we begin with the
null-hypothesis of autolytic activity being random across the PG layer.

A pre-determined percentage of peptide and glycan bonds are randomly chosen and
cut, as illustrated in Figure 2.4. As the system size grows, so does the number of
bonds. In our simulations, these numbers will be denoted by pcp and gcp, which
stand for peptide cut percentage and glycan cut percentage respectively.

Additionally, we added a degrade function, which identifies and removes bonds that
are only connected to the network by one end, i.e. not carrying any tension. This
cleans up the simulation, avoids carrying and updating the positions of irrelevant

3Here, c1_min/cl_max is a percentage of in-plane peptides. cl_min — 80% == 40% cross-
linking.
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Cutting Repair
Figure 2.4: (Left to right) Initial system; Random bonds cut and pores form; Pores
are filled by the repair mechanism recursively. The newly inserted PG material is
coloured in red.

nodes and also mimics the function of breakdown enzymes that are responsible to
degrade unsuccessfully inserted or lose strands from the PG layer.

Simulating PG repair

Class A PBPs insert short glycan strands in holes to maintain the structural integrity
of the cell wall. When repair is repressed, the cells lyse almost immediately [41],
presumably because the large pores allow the inner membrane to bulge through the
cell wall, and eventually burst due to the high internal pressure. There must be a
certain hole size beyond which the cells lyse, and holes smaller than a few nanometres
do not affect the integrity of the cell wall. Thus the PG repair mechanism must have
a way to fill holes that are of a certain minimum size.

We implement repair using image analysis techniques to find pores of a certain
minimum area in the simulated PG patch, then add an appropriately sized glycan
strand along the short-axis of the identified pore, and attach the two ends of a short
glycan strand to the appropriate boundary nodes of the pore using peptide bonds.
Similar to during insertion, the size of the inserted glycan strands are modulated to
minimize the stresses on the boundary of the holes, to reduce artefactual pushing
or pulling during repair. (For more details on the algorithm, see section A.2.

Breakdown and repair is illustrated in Figure 2.4).

The simulation

Having implemented each aspect of the PG remodelling system, we simulate the
system in the following way. First, an initially disordered system is equilibrated.
Then, the pores are repaired, and the lose ends are degraded. With this system,
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remodelling events are simulated in a loop as: insertion — repair — random cutting
— repair — degrade. After each of these processes, the system is given time to
equilibrate. One such loop is called a remodelling event or synthesis cycle. This
algorithm is illustrated in detail in the supplementary figure B.1, and snapshots of
the simulation are provided at each step in figure B.2.
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Chapter 3

Results of the 2DPG model

In this project, we built a computational model of the PG cell wall of rod-shaped
gram-negative bacteria, and simulated growth via enzymatic remodelling.

Modelling the three different enzymatic remodelling processes independently af-
forded us the flexibility to test out many different growth conditions. For example,
we were able to toggle the enzymes on and off to mimic drug perturbations, like
turning off rod-complex mediated synthesis to mimic A22 treatment (section 3.6),
or repair function to mimic cefsulodin perturbations. We were also able to test how
our model performs in various conditions such as different pressures, cross-linking
degrees and autolytic activity.

3.1 Validating the mechanical properties of the 2DPG
patch

A characteristic property of the PG layer is its elasticity, or its Young’s Moduli, and
it is often used as a key metric to compare models to experimental measurements
[15]. Other useful dimensions of comparison between simulations and experimen-
tal measurements include the distributions of strand length, bond orientation (i.e.
disorder) and pore sizes.

The glycan strand length distributions of the 2DPG model are skewed due to its
small size and periodic boundaries. This makes perfect comparison of strand length
distributions between this model and experiments difficult. However, using a large
system for the simulations, we are able to validate the mechanical properties of the
PG layer quite well.

Young’s Modulus and the Poisson ratio

In order to validate the elastic properties of the simulated PG patch, we measured
its Young’s moduli and Poisson ratios in the x and y direction.

The elasticity of a material is a measure of how difficult it is to stretch or compress
it along a certain direction. Generally, the elasticity (i.e.Young’s modulus) is mea-
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sured by exerting a known force along a direction, and measuring the the resulting
extension. The inverse of the slope of the force-extension curve gives the Young’s
modulus for that direction. This is Hooke’s law. More generally, Hooke’s law relates
the stress on a material to its strain. Stress, as described in section 2.1, is the force
exerted on the material, per unit perpendicular length over which it is being exerted.
Hooke’s law when written in terms of stress takes the form:

Where FE; is the Young’s modulus or elasticity in along 7, ¢; is the resulting strain
of the system upon a stress of o; in the same direction, while all other stresses are
0.

Since the 2DPG system has different stresses and elasticities in the x and y directions
due to the anisotropy of the glycan bond orientations, the system we are working
with is orthotropic. For such a system!, Hooke’s law is generalized as shown:

€ = —2| [so
_Vx 1 .
LJ [ B B ] [5%}
Where v;; is the Poisson ratio, which is the negative of the ratio of the strain in the
j direction over the strain in the i direction, when stress is applied in the i direction:
vij = —€j/€; [19]. It is important to note the use of differentials here, since the for

a system that is already under stress, the Young’s Moduli are only defined for local
deviations in stress.

We start with a perfectly ordered and equilibrated system at pressure P, and then
iteratively increase the stress (by changing the set-point described in section 2.2) in
the x direction by 0.025% up to a 1% increase while keeping the y stress constant. We
then measure the corresponding strains in both the x and y directions. The measured
strain in the x direction when plotted against the externally exerted stress gave us
the Young’s modulus in the x direction (F,), and when plotted against the measured
y strain gave us the Poisson ratio in the same direction (v,,). This was repeated for
the system as the y stress was varied and the x stress was held constant to measure
the Young’s modulus in the y direction (E,) and the Poisson ratio vy,.

This set of simulations gave us the Young’s moduli for a given pressure. To see
how this changes with pressure, we repeated the above simulations over a series of
pressures ranging from 0 to 0.5MPa. The results are shown in Figure 3.1.

When compared against experimental measurements, the perfectly ordered system
overestimated the stiffness in both the directions (as seen in Table 3.1). We reasoned
that since the real peptidoglycan layer is disordered, increasing the disorder in our
system might lead to a closer match. We varied the disorder of the system first by
randomly cutting some glycan and peptide bonds, and measured the Young’s moduli
and Poisson ratios again. Running the simulation multiple times with different initial

lignoring shear forces
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Figure 3.1: Young’s Modulus and Poisson ratio calculated in a perfectly ordered
system as a function of pressure

cuts, we found that the Young’s moduli in the direction of the peptides match closely
with experimental values, however the circumferential young’s modulus is still larger
than expected. It is possible that the infinite glycan strands make £, much larger
than in the real cell. To test this, we used a non-loop insertion simulation? to ensure
that there were no infinitely long glycans looping around the patch. Indeed, upon
measuring the Young’s moduli for such a system, we saw a much better match of the
stiffness along the glycan strands (E,) between our simulations and literature.

The results of these simulations are tabulated in Table 3.1, for pressure = 0.1MPa.
To compare with experimental data and other models, we assumed the thickness
of the PG layer to be 3nm, which is within the reported range of the thickness of
the peptidoglycan sacculus [45] [15] [9]. Values in the literature when measured in
MPa, were converted to the units of pN/nm used in this study by multiplying the
literature values by PG thickness.

Pore-size distribution

Using AFM, Turner et al. [36] imaged the PG cell wall in E.coli, and were able
to extract a lot of detail about the structure of the cell wall, such as the bond
orientations and pore-sizes, which is another good metric of comparison for models
in the literature [15].

In order to avoid edge effects and have a good representation of the steady-state of
the 2DPG system, we took a 256 subunits long simulation, and ran it for multiple
insertion events. At steady state, the network was extracted, and is shown in Figure
3.2. The pores are calculated using the same methods used in section A.2. Because
we find pores in the 2DPG patch only based on the positions of the nodes (rather
than the bonds), any gaps with a pore diameter less than the typical length of a
bond (3-4nm) is ignored from the analysis.

2A simulation where all the infinitely long glycan strands are randomly cut at one location
before insertion
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Model E, (pN/nm) | E, (pN/nm) | vy, Vay

AFM [45] 105-180 45-90 0.48 | 0.16

AFM [9] 87-207 45-93 0 0
GU-inf [15] 637 34.8 0.30 | 0.018
GU-non-inf [15] 187 18 0.363 | 0.062
2DPG (perfectly ordered) 2669 101 1.31 | 0.04
2DPG (disordered) 1347 110 0.15 | 0.07
2DPG (non-inf simulation) 151 5.1 -1.65 | 0.10

Table 3.1: Comparison of Young’s moduli (YM) and Poisson ratios from literature
measured at around 0.1MPa, to our measurements. We convert the Young’s moduli
reported in MPa into pN/nm by dividing the YM in MPa by the thickness of the
pg layer (3nm). AFM: experimental measurements from Atomic-Force-Microscopy;
GU-inf: Model by Gumbart et al. with infinitely long periodic glycan strands; GU-
non-inf: Model by Gumbart et al. without any infinitely long glycan strands. Bold
numbers show values from our simulations that match with experimental measure-
ments.

We see that in steady state, the general distributions of pore sizes in the 2DPF model
(Figure 3.2B) look comparable to experimental pore-size distributions in from the
literature [36](Figure 3.2).

Taken with the comparison of Young’s Moduli, these results show that the 2DPG
model’s mechanical properties match experimental values, and hence afford us some
confidence that the 2DPG approximates the real cell wall to a good degree. It is
also a testament that the empirically determined parameters have been chosen well,
such that the system now resembles a real cell wall.

3.2 A mechanism for persistent width reduction

Furchtgott et al. had proposed in 2011 that pre-stretching the glycan strand by
approximately 10% before inserting it into the PG network [12] can result in a con-
served width, while pre-stretching it more can cause width to reduce. However from
back-of-the-envelope calculations of the forces required to stretch a glycan strand
by that much, it is hard to enzymatically justify such strong stretching energies
within the cell: For a stiff glycan bond with stiffness constant of ~ 5000 pN/nm
[26], pre-stretching the bond by 10% of its relaxed length would require 500pN
of force. While molecular motors can exert forces in the order of 10s of pN [11],
they are not enough to cause the stretching required to achieve the desired inser-
tional pre-stretching. Furthermore, no such motors are known in the periplasm,
nor is ATP available as an energy source. It is possible that there are some other
conformational-change or Brownian-ratchet based mechanisms that the cells use to
pre-stretch glycan strands during insertion, here we propose a mechanism for width
reduction without stretching glycan bonds during insertion.

Following the make-before-break strategy of glycan insertion (section 2.2), where
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Figure 3.2: Pore-size distribution in the steady state of a 256 subunit long system.
A: Pores (white) and the glycan subunits distribution (red) after about 17 insertion
rounds. B: The histogram of pore sizes, with a filter at 4nm. C: Experimental pore
diameters from [36].

new peptide cross-links on the glycan strand are made before any other bonds are
cut, we propose that sparse cross-links and coordinated synthesis and cutting can
lead to a steady width reduction while maintaining length elongation. When the
newly inserted glycan bond zig-zags due to the tension on the peptide cross-links
along the x axis, it constrict in the y direction and expands the x axis. This alone
might cause the width of the entire system to reduce by a small amount, but it will
not lead to a consistent width reduction. To achieve a continued width decrease
over many insertions in our simulations, we propose that if the kinking of newly
inserted glycan strands eventually constricts the width more than the length of a
single glycan subunit, the next inserted glycan strands will have one less subunit.
Being smaller in length, this strand would carry most of the stress in the y direction
and and constrain the width. This cycle can then repeat where the new glycans
kink and further reduce the width.

To test whether the glycan strand kinking upon underlying bonds being cut is enough
to reduce the width of the system, we separated the insertion of the strand from the
cutting of the bonds underneath it.

As expected, we saw that when the underlying glycan and peptide bonds are cut,
the stress is transferred onto the new strand, which bends and causes the width to
reduce significantly Figure 3.3. Unexpectedly, we see that just insertion also has
a substantial effect in reducing width, which means that just cross-linking alone
is causing enough kinking for the width to reduce. This implies that the search-
radius of the rod-complex while looking for available peptide stems is large enough
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Figure 3.3: Both, the cross-linking of newly inserted glycans and the cutting of
underlying bonds cause width reduction. (Top) Relative width of the simulated
patch against the number of insertion events (remodelling events) shows a consistent
width drop caused by both just insertion and just cutting. (Bottom) Bar-plots of
width reductions caused by each insertion and subsequent cutting shows that both
insertion and cutting lead to comparable width reductions.

to reduce width. This effect can be tuned by changing the search radius in the
rod-complex within a certain range. Search radii that are too large, lead to strands
‘reaching over’ adjacent strands to cross-link to glycans further away. This pulls the
system in length, and ends up inhibiting cell elongation. On the other extreme, a
search radius smaller than half the typical distance between adjacent glycan strands
can lead to the newly inserted strand only cross-linking on one side.

Over many insertions that simulate a cycle of insertion, repair and degrade, we
see a strikingly consistent width reduction, supporting our hypothesis of newly in-

serted glycan strands driving width reduction via the zig-zagging mechanism (Figure
3.4).

In a real cell however, the long glycan strands are not infinite loops, and so the
floppy peptides at the ends of the strands may stretch easily and constrict the glycan
strand without having as much of an effect in constricting the width of the cell. For
sustained width reduction in this case, the kinking would need to compensate for
the peptide stretching at the ends. Naturally, the effect the the peptides at the ends
have on the glycan constriction reduces as the length of the glycan increases. So,
we would expect that for a large enough system, the glycan strands would be long
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Figure 3.4: Width reduces consistently over many insertions. Figure shows relative
width (left) and length(right) normalised to the initially equilibrated system and
plotted against the number of insertion events (remodelling cycles). Over multiple
cycles, the width reduces at approximately 5% every doubling.

enough such that even though they have relatively floppy ends, the constriction due
to kinking more than compensates, and the width would still reduce.

We tested this hypothesis out by only inserting non-looping glycan strands in a
large® system. This was done by randomly cutting one glycan bond in the newly
inserted glycan loops the moment it is inserted. As expected, for a large enough
system size, the widths continue to reduce robustly (Figure 3.5).

Upon comparison with experimental values, the rates appear very similar. Hyper-
osmtic ramp experiments have shown that cell widths change plastically, and when
looked at as a function of length, the ratio of changed width to change length,
the strain ratio, gives us an idea about how quickly the widths are changing. For
hyper-osmotic ramps, the strain ratios were consistently 0.02 [27]. Even in nutrient
shift experiments as well as our own experiments described in section 4.1, we see
a consistent shift width change a rate of 5% per length doubling. The simulations
match this rate quite robustly, also showing an approximately 5% change in width
per doubling. However as we will see in the next chapter, this rate is determined by
various parameters.

3.3 Exploring the parameter space

Experimentally determined parameter values are very important for the 2DPG
model to be able to mimic the real world as well as possible. Over the last few
decades, the understanding of the PG material has improved considerably |7][43]
[15], where researchers have been able to determine characteristic mechanical prop-
erties of the PG layer quite well. Turner et al. used AFM to determine the pore-size
distribution, orientation, disorder and the distribution of length of glycan strands
across the cell, while other studies such as Deng et al. [9] and Shin et al. [31] have

3256 subunit long
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Figure 3.5: Large patch sizes with 256 nodes along the y axis show consistent width
decrease with non-looping long glycan strands. Non-looping glycan strands means
that while the system is still under periodic boundary conditions, the long glycan
strands do not loop around the whole patch. There is at least one break along the
long glycan strands in the initial system, and also during insertion. This mimics a
real PG layer better than the ones with the infinite glycan loops.

experimentally measured the elastic properties of bacterial cells. In a preceding sec-
tion (section 3.1), we showed that using these physical parameters, the mechanical
properties of the 2DPG model agrees quite well with experimental data, giving us
some confidence that our simulations approximate the PG cell wall well.

However, parameters like the autolytic cutting rates or the degree of cross-linking
have not been experimentally measured, and can only be empirically guessed. Un-
like the physical properties of the PG layer, these remodelling parameters, includ-
ing the turgor pressure, may have regulatory mechanisms constantly controlling
them based on the cell’s environment and growth conditions. For example, S. Ty-
phimurium growing inside other eukaryotic cells has a reduction in overall degree
of cross-linking [13] and E.coli cells show sudden changes of turgor pressure upon
nutrient shifts despite a constant medium osmolarity. [27]. Even for parameters
that can be measured like osmotic pressure, what is really measured is the relative
pressure difference in the cell because measuring absolute pressure in the cells is not
yet feasible. Additionally, variability due to the cell themselves regulating pressures
leads to very broad ranges of turgor pressure estimates, ranging over an order of
magnitude from 0.03MPa to 0.3MPa [9].

Thus, we do not know exactly what values to set such parameters at, nor do we
really understand how cell widths depend on each of these parameters. In order to
gain some insight into the effect of the degree of cross-linking, internal pressure, and
peptide and glycan cutting rates independently on the widths and lengths of the cell,
we systematically varied these parameters in our simulations. In these cases, it is
more instructive to see how the width changes as a function of length, since the ratio
of the width and lengths strains is a real measurable quantity, while the insertion
events are a feature of this model and is difficult to assign a discrete measurable
event to.
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Figure 3.6: Simulation run at 0.03 MPa with a range of cutting frequencies. Glycan
cutting rates are varied from 0% to 0.4% (top to bottom), and peptide cutting rates
are varied from 0% to 20% (left to right).

Cutting rates and their effect on the number of long glycan
strands

Cutting glycan strands causes width to increase dramatically. Exploring different
peptide and glycan cutting rates for a system in Figure 3.6, we see that for low
peptide cutting, as the glycan cutting percentage (gcp) increases, so does the width.
However, things get a lot more stochastic when both glycan and peptide cuts are
made. A clear trend for the peptide cutting percentage (pcp) is not immediately
apparent, but a lose trend of width increase from the top left to the bottom right of
Figure 3.6 implies that broadly, cutting increases width.

We had expected that higher pcp would lead to a faster length increase. This is not
obvious from Figure 3.6. However, when the lengths are plotted against the number
of insertion event completed, we see a very clear trend. Three simulation trials are
overlayed in the supplementary Figure B.5 to show that higher pcp leads to a faster
length increase of the system. This implies, as expected, that it is majorly the role
of the peptides to hold the system together in the lateral direction.

The infinitely long glycan strands constrict the width of the cell in our simulations.
So in order to understand how quickly we lose the infinite glycan strands on randomly

29



GCP=0.0063% GCP=0.025%

70 64 25 _ 64

60 i 20 p— 63
x x e
350 622 3 — 2
= B «=is — 62 3
8-40 161 E 8 é’
o c O <]
S g g10 61 8
320 wif F—— :
= =z = z
o O g 60

10 58 —

01 57 of 59

0 200 400 600 800 1000 0 100 200 300 400 500
C Lifetime D Lifetime
GCP=0.158% GCP=0.398%

60 64 35 64

50 .—! 85 30 — 635
> = v > — @
° £ ©2d — T
£ 40 5 ¢ = 63 S
a o 162 g Q20 -— 'g
8 30 5 8 —= 625 %
c _E 5 c 15 %
S . 613 & 2
Q20 = E Q ™ 62 E
> = 10 _= Z
o = < 0O )

10k 5: 61.5

0°f 59 ot 61

0 200 400 600 800 1000 0 200 400 600
Lifetime Lifetime

Figure 3.7: Glycan lifetimes as a function of glycan cutting rates. Each line here
represents the lifetime of a long glycan loop. The colorbars represent the number of
nodes in the loop (or its contour length).

cutting a given percentage of glycan bonds, we plotted the lifetimes of the glycan
loops as a function of time in Figure 3.7. Here, a line begins at the insertion of an
infinitely lone glycan strand, and terminates when the strand get cut. We see here,
that beyond 0.25% cutting, glycans seem to be cut the very soon after their insertion.
This is why, for simulations where the gcp is more than 0.2%, the widths are able
to grow quite quickly. In this figure, the colour of the line indicates the number of
subunits in that glycan strand. When we see the colour of the newer glycan strands
becoming blue from red, this implies that the width of the system is decreasing.
Similarly, when the colours go from red to blue, the widths are increasing.

From this, we proposed that perhaps the density of glycan strands also can determine
whether the widths increase or decrease. While these results are still preliminary,
in Figure B.3 we see that for high glycan cutting, the glycan densities are also
lower. Empirically, I notice that when the glycan density is above 0.1 strand per
nanometre, widths decrease, and vice versa. If this is a real result or a coincidence
is not clear yet, and more work is required to have this kind of a concrete threshold,
if any exists.
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The effect of cross-linking and pressure

We also systematically varied pressure and cross-linking amount across simulations,
as shown in Figure 3.8. Here, we increased the cross-linking by changing the c1_max
and c1_min of the system (see section A.2. As pressures increased from 0.01MPa to
0.1MPa (top to bottom in Figure 3.8), we saw that the strain ratio reduced, meaning
that the amount of width reduction per length increase become smaller, and then
for a pressure of 0.1MPa, width actually began increasing with length. While this
behaviour might seem intuitive at first, it is not immediately obvious why the ‘zig-
zag’ mechanism does not work at higher pressures. We try to understand this
phenomenon using a simplified theoretical model of the glycan strand along with
some more experiments in the next few sections (section 3.5).

Unexpectedly, we did not see a clear monotonous pattern in the amount of width
constriction as the amount of cross-linking was increased. Logically, we expected
that as the cross-linking increased, the amount of kinking would not be very sub-
stantial, and this would cause the width reduction to slow. To have an intuition
about this, consider a taught vertical thread, which is being pulled perpendicularly
to the right from a point along its length. As you can imagine, the thread would
kink from the point of pulling by a certain extent. Now, say you pull the thread
from another point towards the left. As you increase the points along its length
where you're pulling left and right, the amount of kinking will reduce, because the
perpendicular forces will begin cancelling each other out as they get denser. For
infinite such points, the thread should remain perfectly straight.

From our simulations, instead of this effect, it looks like the width reduction is
strongest for an intermediate cross-linking amount, compared to the low and high.
As in the case of pressure dependence, we used a theoretical model to better under-
stand how the amount of cross-linking affects the zig-zagging behaviour, and why
this un-intuitive dependence on cross-linking arises in our simulations.

3.4 Simplified model of a glycan strand

To have a sustainable width decrease, the system needs to constrict in the y direction
enough to be able to fit fewer glycan subunits in a loop, in the next few iterations.
It follows that for a sustainable width decrease, the kinking mechanism needs to be
able to theoretically cause a width reduction of more than 100/nrow%, where nrow is
the number of un-stretched glycan nodes that can fit into the system. This number
is higher in a real system where the glycan strands are not ‘infinite’ loops, and the
edge effect of the stretchy peptides makes it harder for the kinking to constrain the
width of the system (see section 3.2).

Even in the ideal case while dealing with infinite glycan strands, it can be instructive
to understand how much a glycan strand needs to bend or kink to be able to suffi-
ciently reduce the width, and is this theoretically possible, given that the y stress
is 2 times the x stress. In order to explore this, we develop a simplified model of a
perfectly ordered glycan strand that is cross-linked by peptide bonds.
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Figure 3.8: Simulation of many insertions as pressure is increased from 0.01MPa to
0.1MPa (top to bottom), and peptide cross-linking is increased from 45% to 90% of
the theoretically expected peptide cross-links (left to right).

For our general system size of 64 subunits in width, the amount of width reduction
required is at least 1.5%, and as the width reduces, this percentage keeps rising.
The following toy model helps us with guidelines towards two questions:

1. Does the number of cross-links on the new strand matter?

2. Does the lateral density of glycan strands matter?

Does the number of cross-links matter?

Let N be the number of cross-links on each side of the strand, as shown by the blue
dashed lines in Figure 3.9C. Additionally we define v as the angle between each
glycan bond and the vertical axis, [ as the contour length of each glycan strand,
x as the end-to-end distance in the x-axis of the strand (including the [/, nm long
peptide stems i.e. half a peptide bond being used to cross-link the strands), and y
as the end-to-end length of the strand along the y-axis.

For simplicity, we assume that neither the glycan bonds nor the peptide cross-links
are stretchable, and that the system is periodic in the y axis. I, = [/2N, where [,
is the effective bond length of a glycan bond. From some basic trigonometrics, we
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Figure 3.9: The theoretical toy model for a glycan strand. (C) shows a schematic
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can also write x and y in terms of system parameters as:

x = lgsin(a) + 21, (3.3)
= 2N, cos(a) (3.4)

As we change N, we are effectively changing [;,. Assuming that the contour length
or the number of glycan subunits in the strand remains fixed, reducing N means
reducing the number of kinks along the strand, and thus increasing the size of the
glycan between the cross-links, which is nothing but /,.*

Since the strand is a small part of a cylindrical cell, the stress in the x and y
directions are given by equation (2.6). The stress in the y direction is twice the
stress in the x direction. Converting the stress to forces on the strand using F' = ol,
where | = z or y, and dividing it equally by the number of cross-links or supports,
we get

g2y

We also have the relation between the angle o and the forces as tan(a) = F,/F,.
Plugging in equation (2.6), we get:

oy Pry oy
_Nayx_QNPm:_2Na7

(3.7)

tan (o)

Thus, we get a simple toy model that relates the angle that the glycan strand makes
to the number of cross-links. The higher the angle, the more the strands are kinked,
and thus lower the width (y).

From the simulations, we estimate the the average « is in the order of 10°. We
can thus approximate the model using the small angle approximations. After some
algebra, we get:

r=1,(5x-) + 2, (3.8)

y= 2Nl [1- (73-)’ (3.9)

The square-root term is then expanded using the Taylor series, and the higher order
terms are dropped:

v =1,(5x-) + 2, (3.10)
2
y = 2N1, (1 = (813%2)) (3.11)

4Care needs to be taken here to not confuse l, with the length of an un-stretched glycan subunit.
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This shows us that as we increase NV, initially the width drops quickly, and eventually
reaches an asymptote.

This is also what we see in the finger-trapping simulations (Figure 3.11), where
alternate peptide cuts show more of the constricting effect because alternate peptide
cuts effectively leads to a lower N. The behaviour in the simulations are more
complex because this model assumes that the bonds don’t stretch, and as a result,
this model is independent of the pressure. However in the real system the pressure
increases the glycan stretching, and that can lead to width increasing too. In fact,
the finger-trapping effect seen as pressure is increased in section 3.5 explores exactly
this effect.

Does the glycan density matter?

We can model glycan density by distributing the stress in the y direction over more
or fewer glycan strands. This means that for a given stress, if there are more glycan
strands per unit lenght in x, each of the glycan strands will be under a smaller force;
carrying a smaller fraction of the stress.

Let py be the number of glycan strands per unit length in the x direction. Thus,
the force on each glycan strand in the y direction F, becomes

F, =2 = Pr/p, (3.12)

g

From the earlier equations, we then get tan(a) = p,y/2N, resulting in a model in
terms of both glycan density and crosslink amount:

z=1,(55) + 21, (3.13)

y = 2N1,) [1- (55)° (3.14)

As can be seen in Figure 3.9B, as we increase the glycan density, the relative width
is further reduced. This can be interpreted as glycan strands that are close together
work together to reduce the width - with more glycan strands (per unit length), it
gets easier to reduce the width.

3.5 Understanding width dynamics using a toy model

Finger trapping behaviour

At lower pressures, the width of the system decreases plastically, but at higher
pressures, it increases (Figure 3.8). Initially, we had expected that as pressure
increased, the stress on the glycan strand cross-links would lead to more kinking,
causing the width to reduce. However, here opposite effect was observed, suggesting
that increased pressure does not necessarily increase glycan zig-zagging.
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Since it was unexpected, we wanted to understand the mechanics of the 2DPG
network in a little more detail. We examined its equilibrium configuration of the
2DPG network with varying degrees of disorder as a function of increasing pressure.
Focusing on a static network® at different pressures, we measured its steady-state
widths and lengths relative to those at zero pressure (Figure 3.10).

Based on the results shown in Figure 3.8, and the previous discussion, we now antici-
pated a monotonic increase in both length and width with increasing pressure.

As expected, the system’s length increased monotonically with pressure, since higher
pressures push the system outward. However, the width exhibited the behaviour we
had initially guessed: at first, as pressure increased, the equilibrium width of the
cell (L,) constricted. Only after reaching a certain pressure did the width start to
increase (Figure 3.10). This unexpected behaviour is reminiscent of the Chinese
finger-trap toy and has been observed in bacterial cells before [4].

We hypothesize that this initial constriction is due to the glycan kinking mechanism
(section 3.2). At higher pressures, the the glycan strands stretch considerably, and
this results in a length increase that overpowers the kinking effect, causing the width
to begin increasing.

This provides some justification as to why we see width reduction only at some
pressures even in a full PG simulation. When a new glycan strand is inserted and
cross-linked, it behaves essentially like a glycan strand in Figure 3.11. Depending
on the stresses on the x and y axes, this glycan strand stretches and kinks, and this
results in a net constriction in the y axis for lower pressures, but a net expansion at
higher pressures.

A toy model for stretching and bending helped us understand this behaviour and
the dependence of other parameters like the disorder amount or cross-linking along
a glycan strand (as described in section 3.4). The model shows that reducing the
cross-linking should make the effect of constriction more pronounced. This was
already seen in Figure 3.10, because the higher disordered patches mimic lower cross-
linking. We noticed that typically, as the disorder increased, the finger-trapping
effect increased with it. However, since the system size is small, the stochasticity
brought from cuts being in different places is what makes this plot so noisy at higher
disorders.

As an additional test, we also were curious about how the stiffness of the glycan
strands affected this effect. Across the board, stiffer glycans showed a more pro-
nounced effect, as well as shifting the minima of the finger-trap towards higher
pressures.

To test the effect of cross-linking more explicitly and without the stochasticity of
randomly disordered systems, we cut every alternate peptide cross-link, and re-ran
the simulations over a range of pressures (Figure 3.11). Indeed, we saw a much more
dramatic reduction in width when the cross-link amount was reduced in a perfectly
ordered network.

5A network without any enzymatic remodelling
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Figure 3.10: Finger-trapping effect with increasing pressure: Static simulations
(without enzymatic remodelling) of PG networks with various levels of initial disor-
der and glycan stiffness. Here, ipc stands for ’initial peptide cuts’ and igc stands for
‘initial glycan cuts’ corresponding to how many bonds were cut at the start of the
simulation, Kg factor is the factor that is multiplied to the glycan stiffness to alter
its stiffness, For each initial starting condition, the final equilibrium dimensions are
measured at varying pressures.
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Toy model and the Pressure-Crosslinking matrix

From the toy model in Section 3.4 and our results in Figure 3.11, we expected that
increasing cross-linking in newly inserted glycan loops would lead to a decrease in
width reduction per insertion. Specifically, we anticipated that width would decrease
rapidly at low cross-linking but more slowly at high cross-linking, because increased
cross-linking (N) leads to a much larger finger-trapping effect Figure 3.9. However,
Figure 3.8 does not show this trend.

This lack of effect becomes clearer when considering the relationship between cross-
linking and length growth. Higher cross-linking reduces the kinking of newly inserted
glycans, slowing down length increase. Since length growth is proportional to the
x-component of the glycan contour, the contribution of each glycan strand, given
by Equation (3.8) and Figure 3.9A, decreases as cross-linking increases. As a result,
higher cross-linking leads to a higher glycan density in the x direction.

From Equation (3.14) and Figure 3.9B, we see that increasing glycan density leads
to greater width reduction. Therefore, the expected trend does not appear in the
simulations because the higher glycan density counteracts the effect of increased
cross-linking, resulting in nearly constant width reduction rates. In other words,
two opposing effects almost seem to cancel each other out: Increased kinking and
width reduction due to lower cross-linking, and decreased width reduction due to a
lower lateral density of long glycan strands.

3.6 Inhibition of Rod-complex activity

A22 is an antibiotic that inhibits the polymerization of MreB, which is required for
rod-complex mediated glycan insertions. A22 treatment does not cause cell lysis,
but it results in the cells losing their rod shape, and become spherical. Time-lapses
of E.coli cells with A22 treatment show that the width is seen to increase quickly;
50% increase in width, within one doubling time [27].

From systematic variation of gcp similar to the work described in section 3.3 but
not shown here, we found that for our system of 64 subunits in width, and Pressure
of 0.03MPa, the widths remain conserved (neither increase not decrease) at a gep
of ~ 0.25%.

We simulated A22 treatment in the 2DPG model by letting the system grow normally
for a few insertions at a gep such that the width remain conserved (gep=0.25%),
and then turning rod-synthesis off and simulating for a few more insertions. We
repeated this for a range of peptide cutting frequencies to see the effect of peptide
cutting on system dimensions (Figure 3.12.

As expected, width increased. For larger peptide cutting percentages (pcp), the
length strains were larger, while for 0 pcp, the length of the system did not grow.

Some estimates of our system with 8 initial glycan strands show that when pcp is 0,
the peptides that are cut due to the rod complex insertion (syncut) function initially
are at around 5-7%, but within 5 insertions, make about 1-3% of the peptide bonds
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Figure 3.12: Simulated A22 treatment: Let system grow normally (blue) and then
stop rod-complex activity (red) for a range of peptide cutting frequencies. All the
blue lines are from the same simulation; i.e. they are identical.

in the system. In other words, even with 0 random cutting, at steady state, the pcp
is effectively 1-3%. Remarkably, looking at the pcp=2% plot in Figure 3.12 on the
top centre, we see a width increase of 50% in about one doubling time, fitting very
well with experimental data.

While it is still early to tell, this might imply that the baseline cutting rate by the
hydrolases is somewhere around 1-3% of all available peptide bonds, which is a very
reasonable number, and also comparable to our estimates of the baseline glycan
cutting rate, which we estimate to be around 0.2%, at which width is seen to be

pretty well-maintained.
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Chapter 4

Experiments

Over the course of the project I set up some preliminary experiments. However,
due to time constraints and focusing more on developing the 2DPG model, I present
only a subset of these experiments here.

As mentioned earlier, A22 is an antibiotic that inhibits rod-complex activity, causing
cells to lose their rod shape and increase in width by over 50% in less than one
doubling time. To understand how environmental factors influence width regulation,
we investigated the effect of pressure changes on the rate of width increase after
A22 treatment in filamentous FE.coli cells. We started the experiment but were
only able to complete two control conditions: one without any pressure change and
another with a 700 mOsm hyperosmotic ramp, which led to a 5% width decrease
in one doubling time. This experiment is briefly described in section A.5 in the
appendix.

In another experiment, I try to recreate a result from Bardetti et al. [4], where they
show finger-trapping like non-linear behaviour in B.subtilis, similar to what we see
in Figure 3.11. This experiment is also briefly outlined in the appendix in section
A4,

4.1 Defect chasing

Cells can plastically change their widths within a generation timescale. It is also
known that long filamentous cells maintain a consistent width along their length.
However, the physical scales over which width regulation operates are not well un-
derstood. For example, does the entire cell width change uniformly along its length,
or do localized bulges and constrictions form? What are the characteristic spatial
scales of bacterial width regulation?

We hypothesized that if a characteristic scale exists, small width deformations along
the cell length should be corrected within a generation timescale, and also appear
somewhat regularly along the cell-length.

Using phase contrast microscopy, we measured the widths of SulA induced E.coli
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cells for up to two hours, and then used Morphometrics to segment the cells, extract-
ing width data for each cell along its length. Making kymographs to visualise the
width heterogeneity along the cell length, we see that width defects (slight bulges
or constrictions) have a lifetime, and aren’t immediately corrected. The defect cor-
rections even within a cell is of the order of a doubling time, and remarkably, cells
that appear to constrict in one part can simultaneously increase in width in another
part.

Method

E.coli MG1655 cells with pDB192 plasmid with SulA inducible by IPTG are grown
at 30°C in Lysogeny Broth (LB) overnight. The overnight culture (OC) is then
diluted to an optical density at 600nm (OD) of approximately 107, and allowed
to grow until exponential phase is reached will be called the Diluted Culture (DL).
The culture is diluted occasionally to make sure that the OD does not exceed 0.3.
LB-Agar pads are prepared in parallel by mixing 10mg Ultrapure Agarose into 1ml
of LB, and poured into 1Imm thick moulds, and allowed to cool for 30 minutes.

1ul of the DL at OD 0.1 is pipetted on an ibidi glass slide, and a lemxlem square
section of the 1mm thick agar pad is placed carefully on the cells, avoiding bubbles.
Finally, the cells are imaged under a phase contrast microscope for 2 hours. Images
are analysed using Morphometrics [31], an open source software for cell segmenta-
tion.

Results and discussion

Figure 4.1 shows the variation of width along a cell as a kymograph. Here, the width
at each point on the centre-line of the cell is depicted as a function of time. As can
be seen, small defects appear in the cell width; bulges or constrictions, which are of
the order of 1 yum in size. These defects are seen to reduce with time, and also spread
out over the length of the cell, in the timescale of one generation. For example, in
Figure 4.2A, a bulge appears at t=3min at which point the width at that location
is 1.20 pm. In approximately 30 minutes, the width rises to 1.2um (a 2% increase
in width in a little less than one doubling time). Within another doubling time, it
spreads out over the length of the cell, and also reduces in magnitude to the width
returning to 1.2 um.

We also see in cells that within the same cell, there can be parts of the cell where
the width is constricting while others where the width is increasing as seen in Figure
4.2B. in 25 minutes, the width went up from 1.183 pm to 1.22 pm. This was a 2%
weight increase in less than one doubling time. At the same time in another part of
the cell we saw the weight decrease from 1.15 pm to 1.082 pm, which is about a 5%
drop.

In both the cases, we see a similar physical scale of approximately 1 um, and a
temporal scale of 25 minutes; approximately one doubling time.
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Figure 4.1: Kymograph plots of width along the cell’s centerline (cell length) for
SulA induced MG1655 E.coli cells. Magenta streaks correspond to width bulges
that form and disappear in the timescales of 40 minutes, and light-blue streaks show
constrictions. The central light blue streaks show the incomplete division septum.
All images are analysed from phase contrast microscopy.
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Figure 4.2: Width kymograph similar to 4.1. (a): The emergence and dissipation
of a local bulge in cell width between t=3 min and t=60 min. (b): Two regions
in the same cell, one where cell width is increasing showing a magenta streak, and
the other where cell width is constricting, showing a cyan streak. The green arrow
corresponds to the direction of increasing width, and the red arrow to decreasing
width. Data points are highlighted to be able to read the width off easily.

4.2 Hydrolase activity without MreB

Recent experiments in the lab showed that the overexpression of endopeptidases
causes width reduction by more than 5% followed by lysis. This was repeated by
overexpressing in FE.coli a hyperactive mutant of ShyA (endopeptidase native to
Vibrio cholerae [31]), MepS, and a hyperactive mutant of MepM (both of which are
native endopeptidases in FE.coli [13]).

It is not intuitive why the cutting of random peptide bonds in the peptidoglycan
layer can lead to a systematic reduction in cell width by such an amount over the
length of the cell, especially since in our simulations the cutting of random peptide
bonds did not seem to have much effect in reducing the cell width. Since many of the
peptide bonds in the cell are not connected to long circumferentially oriented glycan
bonds, it is hard to imagine how randomly cutting them can cause these bonds to
kink and width to reduce enough, while also avoiding the formation of large pores
due to "irrelevant" peptide bonds being cut.

While it is possible that class penicillin binding proteins (aPBPs) find the pores
extremely fast and repair them before the cell actually lysis in the early stages of
the endopeptidase over-induction, I think it is unlikely that that is the mechanism
here.

In the simulations, we had to cut the peptide bonds that are directly above the
newly formed glycan strands, to transfer the stress on the cell wall onto the new
strands and drive width reduction. We hypothesized that perhaps it is the function
of these endopeptidases to only cut those peptides that are directly under the newly
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inserted strands. As such, I reasoned that the endopeptidases could be co-localised
spatially or functionally with MreB or the Rod complex, such that only the relevant
peptide bonds are cleaved, and this cleavage can drive width reduction.

To test whether peptides are only cut where there are new glycan strands, we thought
to stop the addition of new glycan strands using A22, which de-polymerises MreB.
This would cause there to be very few or a decreasing number of available "newly
inserted" glycan strands. Then if the endopeptidase is overexpressed, it would not
have a lot of sites where it can cleave the peptidoglycan layer, and thus we would
see a reduction in the lysis rates.

Method

To test this, we set a growth curve experiment where we used MG1655 strains
with plasmids containing the MepM mutant, ShyA mutant and wild-type cells, and
looked at the growth rates upon induction of the endopeptidase using 1% arabinose
and 10pug/ml A22. For controls, we had only A22, only induction, and none. If
the hypothesis is correct, we would expect the A22 + arabinose treatment to show
reduced lysis as compared to just arabinose treated cells.

Results and discussion

Opposite to what we had expected, the cells with A22 treatment as well as arabinose
showed an increased rate of lysis as compared to just arabinose. Only A22 treatment
showed no lysis at all (Figure 4.3).

Looking at the MepM treatments (Figure 4.3 column 1, row 2), we see that only
MepM over-iduction reduces the OD a little, and the A22 makes the effect much
stronger. Meanwhile, in the case of ShyA over-induction (Figure 4.3 column 1, row
3), the addition of A22 does not change the growth rates by much, presumably
because the ShyA overinduction already reduced the ODs to almost 0.

This is easily seen in the second column of the figure, where we can see that the action
of ShyA is stronger than MepM in row 2. However, ShyA+A22 and MepM-+A22
both behave identically, despite the differences in the action of the hydrolases alone.
This is a puzzling result.

One interpretation of this data could be that endopeptidase activity is more fatal
when the rod-complex is inactive or when MreB is de-polymerised. But it could also
imply that the activity is more pronounced when MreB is not there. Concretely, it
could be that endopeptidase makes the same number of cuts on the cell wall in both
cases, and with A22 the cuts lead to faster lysis. Or, that without MreB, there are
more cuts made on the cell wall.

One hypothesis I have is that A22 treatment causes the PG layer to become more
disordered, which results in the stresses being more equally distribution among the
bonds. Most probably, this happens by reducing the stress on the long glycan
bonds, and increasing the stress on peptide bonds. If endopeptidases work in a
stress-dependent way where they cut only those peptides that are stressed, the A22
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Figure 4.3: Hydrolase and A22 co-treatment. overactive mutants of ShyA and MepM
are induced in MG1655 cells in the presence and absence of 10ug/ml A22. As control,
cells without any induction or treatment, and cells with only A22 treatment are also
compared. To measure the lysis rates, O Dggo is measured every 5 minutes. (column
1) The data grouped according to Hydrolase. (column 2) The data is grouped
according to treatment type.

treatment would indeed result in a higher fraction of ’stressed’ peptide bonds, which
might show the kind of result we are seeing. This hypothesis is supported by other
fragmented bits of information, such as how we see an increase in width growth rate
at higher pressures, possible because there is an increased rate of cutting, and the
fact that I think it is unlikely the cells actually randomly cut bonds, as this might
lead to the cleavage of really important bonds and eventual lysis. The fact the we
don’t routinely see spontaneous lysis of growing cells implies that which bonds are
cut are probably regulated somehow.
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Chapter 5

Discussion and future directions

Discussion

Cell widths are remarkably conserved, and for a given species and growth medium,
the variation in cell widths in a population is only about 5%. At the same time, the
widths appear flexible when the cells are subjected environmental perturbations by
changing their cell widths into a new steady state in the timescales of less than one
doubling. Despite decades of research on cell shape, how cells display such precise
width control while also showing pliancy upon environmental perturbations remains
unknown.

Cell shape is determined by the peptidoglycan cell wall. It forms a rigid scaffold
around the cytoplasm, enabling the cells to withstand high intracellular turgor pres-
sures and protect the cell from environmental threats. The cell wall, made up of
glycan polymers cross-linked to each other by peptide cross-links, makes a covalently
linked net-like structure around the cell, and can only grow or change its shape via
the effect of enzymatic remodelling.

PG remodelling enzymes can cut older material, and insert new PG material. How-
ever, how cells use cutting and insertion of PG to control cell width is still an open
question. Specifically, how nanoscopic enzymes are able to coordinate to accurately
control a macroscopic property like cell shape and width has been debated for a few
decades.

Seminal work by Nguyen et al. in 2015 showed how a templated insertion of glycan
strands by an enzyme complex can lead to maintained cell widths for many cell
doublings [26]. However, the templated nature of insertion along with the existence
of only one enzyme complex that did everything did not allow for cell width control
wherein the widths could increase or decrease based on environmental cues. Follow-
ing recent discoveries that show that the cutting enzymes (autolysins), Rod-complex
and the cell-wall repair enzymes (aPBPS) work semi-autonomously [8|, this work
employs computational methods to model the PG layer and the independent enzy-
matic processes, to propose a mechanism that the remodelling enzymes might use
to be able to increase, maintain or reduce their widths.
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A small section of the cylindrical part of a rod-shaped bacterium was simulated as
a perfectly flat, periodic network of glycan strands cross-linked by peptide bonds.
Both the glycans and peptides were approximated by springs following the work by
[26]. Long glycan strands were simulated as infinitely long glycan strands, which
looped around the width of the patch (y axis) and connected back to itself. The
formulation of the model is explained in detail in Chapter 2.

Having verified that the simulated cell wall patch shows mechanical properties sim-
ilar to real cell walls, as seen from atomic scale models and experiments (Table 3.1
and 3.2)', we moved on to simulate enzymatic remodelling: Autolysis, Repair and
Rod-complex mediated insertion independently.

We hypothesized that when long, circumferentially oriented glycan strands are in-
serted in an unstretched state and cross-linked laterally, they bend under the tension
from peptide cross-links. This bending causes the strand to adopt a zig-zag shape,
effectively shortening its projected width-wise length (along the y-axis). As more
such bent strands accumulate, they collectively generate a passive constrictive force
on the cell wall. Once enough of these strands are present, the continued insertion
and cross-linking of straight, unstretched strands could lock in the reduced width.
These newer, unbent glycans would resist any expansion, as stretching them would
require overcoming the stiffness of their bonds.

The hypothesis was tested following Figure B.1, where the dimensions along the
y and x axis of the patch correspond to the width and length of a rod-shaped
cell respectively. Simulations of PG showed a persistent reduction in width for
many length doublings at a remarkably constant rate of 5% per doubling (Figure
3.4), corroborating the plausibility of our proposed mechanism of width reduction.
Through this work, it is demonstrated for the first time that the width of a cell can
be constricted without the need for additional enzymes exerting constrictive forces
(as was proposed earlier [12]). Additionally, the work presents a spatial (but not
necessarily temporal) coordination between autolytic activity and the rod-complex,
which can be tested experimentally using single-particle microscopy of tagged MreB
and known autolytic enzymes in live cells. The rate of width reduction matches
measurements from environmental perturbations and osmotic shock experiments

27].

Cells growing in different mediums and upon different environmental and drug per-
turbations have different intracellular pressures [21|. Upon simulating the system at
different pressures, we saw widths decreasing for lower pressures, but increasing for
pressures of more than 0.1MPa 3.8. Further investigation on the nature of the PG
material showed an interesting non-linear effect of pressure to the degree of kink-
ing in the glycan strands. When the enzymatic remodelling was turned off (Figure
3.10), the inert patches of PG showed a ‘finger-trapping’ like effect, where increas-
ing the pressure caused a reduction in the equilibrium width, and then increasing

!The circumferential Young’s modulus is overestimated in our models probably because of the
effect of infinitely long glycan strands that make the system very stiff in the Y direction. When
measured with a system with no glycan loops, we found that Young’s moduli match closely with
experimental results.
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again.

We propose that this finger-trapping behaviour of the PG layer determines at which
pressures insertion of long glycan strands can reduce cell width. When a long glycan
strand is inserted into the PG layer, it is initially not under any tension. However,
when the underlying bonds are cut and the glycan strand is incorporated into the
cell wall, it suddenly experiences stresses in both x and y directions. This system
behaves like an inert PG layer as modelled in Fig. 3.10. Depending on the pressure
in the system, whether these stresses will cause the strand to kink and reduce its
length in the y direction, or stretch and increase it, can be essentially predicted from
the figure based on whether the relative width is lesser or greater than its value at
Zero pressure.

The use of looping glycan strands traversing the width of the simulated patch con-
strains the width increase a lot more than they would in a real cell. In our simu-
lations, the width cannot increase against the stiffness of the glycan strands unless
glycan strands are cut. Meanwhile, in a real cell, the glycan strands do not form
hoops around the circumference, and so they have some leeway to slide past one
another and allow for more flexibility in width.

While the difference in flexibilities may not be large between the simulation and the
real cell (section 3.1), it affects the amount of kinking that is required for the consis-
tent width reduction mechanism. As described in section 3.2, the width reduction
due to kinking needs to be at least as much as the peptide stretching. For example,
if we consider non-infinite glycan strands, the edges of the glycan strand would be
held in place by the peptide bonds, which are much more flexible than the glycan
strands. Thus, upon kinking, while the glycan strand itself might considerably re-
duce in width, it might not pull the rest of the patch with it, since the peptides
would just stretch instead. For a persistent width decrease then, the constriction in
the glycan length would have to be enough to cause make up for the stretching of
the peptides.

Both the previous concerns are addressed by large system size simulations, where the
inserted glycan strands are long, but not looping. We tested the effect of non-looping
glycan strands by randomly cutting one glycan bond in all the infinite loops in a
simulation and then inserting non-looping glycan strands. While we saw consistent
and appreciable width decrease for a 64 subunit long patch in the case of infinite
glycans, we required a system size of 256 glycan subunits in the y direction to see
persistent width reduction 3.5. This fits remarkably well with the persistence length
of MreB filaments reported in [40] and also the length of the long glycan strands as
measured by [35], demonstrating the need for the insertion of long glycan strands for
width maintenance. This further corroborates the importance of the Rod-complex in
maintaining rod shape, since only the rod-complex mediated insertions are capable
of such long glycan strand insertions.

In real cells, autolysins cut bonds in the PG layer, while aPBPs and the rod complex
insert material. As expected, cutting and insertion were shown to have opposite
effects on the cell width, where cutting lead to an increase in width, while rod-
complex mediated insertion lead to a decrease in width (Figure 3.6 and Figure 3.12).
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Thus, it is conceivable that the way cells ‘regulate’ their widths are by essentially
regulating their autolytic activity. For the cells to grow wider, they can upregulate
hydrolysis, and for the cells to grow thinner, the cells can downregulate autolysis
and let the effect of the rod-based insertion take over in constricting the cell.

As it stands, we cut all bonds that cross the newly inserted glycan strand. However,
if only a subset of these are cut, there may be an opportunity to slowly build a
multi-layered PG cell wall, mimicking gram-positive bacteria. Hence, this model can
allow us to probe questions about how gram-positive bacteria might change their
enzymatic mechanisms to be able to regulate their widths too. Moreover, instead
of cutting random bonds, bonds can be cleaved based on their age (for example not
cleaving the newly inserted glycan strands which can be identified by the presence of
penta-peptide stems; untouched by carboxypeptidases), or based on the mechanical
stresses they carry. This might give us some flexibility in trying to understand the
different roles of the many autolysins available to cells, and also why they become
redundant despite subtle differences.

We were able to use the theoretical toy model of the glycan strand (section 3.4)
to then understand why and how cutting caused the finger-trapping to increase its
effect in Fig. 3.11 and in 3.10 as we increase the initial disorder. We were also
able to establish the role of glycan density, and how glycan density and cross-linking
amount affect each other negatively, and effectively are able to cancel each other’s
effect out (Figure 3.8). It is worth noting that the 2DPG simulations are stochastic
(Figure B.4), and many simulations need to be repeated multiple times to get average
data.

The 2DPG model successfully simulated A22 treatment (Figure 3.12), which matched
experimental data remarkably well. From setting the glycan cutting frequency such
that the widths don’t change much, we estimated that the baseline cutting frequency
of glycan bonds might be in the vicinity of 0.2% of all glycan bonds. From estimating
the number of de-facto peptide bonds being cut during the rod-mediated insertion,
we estimated that the baseline peptide cutting frequency must be at least around
1%. Comparing then, the rate of width increase in the simulated A22 data to actual
width increase from experiments, we were able to suggest a baseline peptide cutting
frequency of about 2% of all peptide bonds.

We estimated that the enzymatic remodelling is able to reduce width at a rate of
about 5% in one generation from our model, and also from the rates of width change
from perturbation experiments [27]. This was then confirmed at a sub-cellular scale,
where we saw width control at similar rates along the cell length within the same
cell 4.1. We also saw width defects of the order of 1-2 microns in these filamentation
experiments, implying that the spatial scale of width control is of the order of one
micron. These undulations happen almost independently across the length of the
cell, meaning that the cell widths are probably not affected globally at the same
time, but local changes in width eventually accumulate to have global effects.

Our simulation assumes that the rod complex is uniformly distributed. However,
these micron-scale undulations in width point towards there being regions of differen-
tial rod-complex activity. Since such regions are still much larger than our simulated
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system size, we remain confident that within such a region, the remodelling enzymes
can be treated as ‘well mixed’, and our predictions hold.

Limitations and future directions

While there are only a few empirically determined free parameters in the model,
some sensitive parameters like the search radius of the peptide cross-linking or the
minimum and maximum number of cross-links per strand are hard to test experi-
mentally, and for now can only be estimated indirectly.

Cells must have a feedback loop to control the set-point for their width. However,
in our simulations, the widths either keep reducing, or keep growing. We suspect
that the cells might be regulating the glycan strand density in some way to control
its width, and are currently working on some theories about how the cell might be
doing so, including stress-dependent bond cutting, age-dependent bond cutting, and
also transcriptional /translational regulation. Having understood how the cell might
change its width, a well developed mechanism of width homeostasis would be very
useful in understanding when the cells decide to change their steady state width,
and based on what environmental cues.

While the periodic boundary conditions are useful in approximating the behaviour of
the long glycan strands in the peptidoglycan layer, they fail to capture the variation
in widths along the cell length. Thus, it is not clear from these simulations alone
whether the width along the length of the cell would remain conserved for a sub-
stantial time. To be able to better test the kinking mechanism of width constriction
in more realistic cells, a 3D model of the cell sacculus would be much more ideal, al-
though computationally very expensive. Modelling the insertions as we have in this
work on a system similar to the ones developed by Nguyen et al. [26] or Furchtgott
et al. [12], it would be clear of the width control can be uniform along the cell.

Another limiting factor of our model is that the pressure range within which the
width decrease is seen is in the lower end the reported turgor pressures [9]. It is
possible that some of the other physical parameters like the stretching or bending
rigidity lead to a bias for lower pressure. It would be good to explore the effect of
parameters such as bending and stretching rigidities of the glycans to understand
how these affect the system, and if they influence this bias for low pressure.

The model in its current state is flat and small, and thus lacks the ability to comment
about larger scale defects along the cell wall. It could be very interesting to expand
this model into a full-sacculus model in 3D, where it would then be possible to probe
many new properties of the cell, such as bending upon external stresses [1], or even
comment on local perturbations in width as in section 4.1. A 3D model would also
expand the scope of the model to understand the PG remodelling mechanisms in
gram positive bacteria, which have much thicker PG layers.
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Appendix A

Appendix

A.1 Parameter table

The following this the parameter table used for most simulations, unless otherwise
specified. Most values of physical parameters are taken from Nguyen et al’s work.

A.2 Explanation of important algorithms

The following are brief summaries of some of the more important algorithms used
in the simulations. The purpose of giving them in this form is to aid anyone trying
to use the code to understand the logic for each function.

cutRandom_peptide

This function randomly selects and cuts an existing peptide bond from the simula-
tion. It repeatedly chooses a random index in the list of peptide bonds (PepbondList)
until it finds a bond that is not a glycan bond (i.e., its type is not 1). Once a valid
bond is found, it is removed from the bond list and from the corresponding entries
in the bond dictionary for both involved particles. The bond arrays are updated
by calling the helper function, and simulation pointers are updated along with a
counter (p.rpc) that tracks the number of peptide bond cuts.

cutRandom_glycan

This function is the same as cutRandom_peptide, but instead of sampling ran-
dom bonds from the the list of peptides, it does so from the list of glycan bonds:
PGbondList.

getStrains

This calculates the strain in the simulation box dimensions. It takes the initial
dimensions (Lz —0, Ly —0) and the current dimensions (Lx, Ly), and computes the
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\ Parameter \ Description \ Value
PG physics

kg Stiffness of glycan strands 11140 pN/nm

ky Bending energy of a glycan strand 250.8 pN nm

ly Relaxed length of a glycan disaccharide 1.0 nm

L, (z) Relaxed length of a peptide bond 1.0 nm

l. Contour length of the peptide bond 3.8 nm

kwrc Force constant for the worm-like-chain | 15 pN/nm
equation for peptides

P Internal turgor pressure Range

Integration parameters

dt Time-step for integration 0.001

1 Friction coefficient during position update | 0.01

Q@ Friction coefficient for boundary box up- | 0.001
date

max_box_step The maximum step size of the boundary | 0.001 nm
box

max_node_step | The maximum step size for each node 0.01 nm

stop_thresh Fraction change of bond-lengths to deter- | 0.0005
mine equilibrium

Remodelling parameters

d Search radius for making a peptide cross- | 3 nm
link

q Minimum space between glycan strands | 5 nm
when multiple are being inserted simulta-
neously

f Minimum hole diameter filter during re- | 3.5 nm
pair function - ignores holes smaller than
this

pcp Peptide cutting percentage cuts pcp% of | Range
all peptides randomly

gecp Glycan cutting percentage cuts gep% of | Range
all glycans randomly

cl_min Minimum percent of peptide cross-links on | Range
each side of a newly inserted glycan strand

cl_max Maximum percent of peptide cross-links | Range
on each side of a newly inserted glycan
strand

we treat it as a disaccharide.
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Table A.1: Parameters used for the 2DPG simulations, unless otherwise mentioned.
The physical properties are taken from Nguyen et al’'s MD simulations [26]. It is
worth noting that their paper treated glycan strands as a tetrasaccharide, while
Accordingly, the parameters are changed accord-
ingly. There is a typo in Nguyen et al’s paper where they report /. = 4.8nm. How-
ever, after looking at their code and also speaking to the author, we confirm that it
should be 3.8nm. Integration parameters and remodelling parameters are emperi-
cally determined from simulations.




fractional change in the x and y directions as (Lx — Lx —0)/Lxz — 0 and (Ly — Ly —
0)/Ly — 0, respectively. The initial dimensions are the dimensions of the simulation
box when the first equilibrium condition of the simulations are reached. If other
simulations are being continued, then the equilibrium positions are read from the
recall file.

write_metadata

This writes the simulation metadata to a text file.

run_stats

This function writes summary statistics of the simulation into a text file named
"run-stats.txt" within the output folder. It records whether the simulation was
completed, the number of insertion events executed, and the overall duration. This
file serves as a summary of the simulation’s performance, and is important to know
if a run stopped short.

lammps-datafile

This is an important function that facilitates easy visualisation of the simulation. It
writes a LAMMPS—formatted data file for a specific simulation timestep, allowing
visualization of the simulation in software such as OVITO [32].

cut_infinite_strand

This function detects and cuts infinite strands or loops in the PG network. It uses a
depth—first search (DFS) on the graph defined by the glycan bonds to detect cycles.
As it goes deeper in the network, it keeps track of visited nodes and identifies loops
when a node is encountered twice. When a loop is detected, one of the bonds in the
cycle is removed to break the loop. The function returns a boolean flag indicating
whether a loop was found and cut.

multi_SynCut

A complex function that implements a simultaneous synthesis and cutting (SynCut)
procedure for adding new glycan strands. Depending on the simulation options
(whether a single or multiple insertion is specified), it determines how many new
strands to add as a function of the length of the system in x:

Number of glycan additions = floor(L, /L)

where L, is the current length of the system, and L{? was the length after the first
equilibration. For each new strand, the function first finds a valid z—position that
is at least a specified distance (¢ nm) away from existing new strand positions.
It then assigns y—positions with a small random offset to avoid perfect regularity.
A temporary copy of the bond dictionary is made, and directional tags (e.g., left,

99



up, right, down) are assigned to new strand nodes to indicate the direction of the
peptide stems. For each node of the new strand, the function then searches for
nearby nodes from the pg network that can form new peptide bonds with the new
strand based its distance from the node. If a node from the pg network is less than
d nm from the node on the new strand, and also it is not already connected to
another node via a peptide bond (i.e. it is free to bond), then this list is appended
onto the list of neighbours for that new-strand node (strand_neighbors. Then,
from the shuffled list of strand_neighbors, particles are sampled and based on the
cosine similarity between a preferred direction and the actual displacement vector,
the bond is made:

P(bond formation) = max(0, cos®(6))

where 6 is the angle between the new node’s peptide stem and the node from the
PG network. Once a bond pair is made, the loop over neighbor nodes is broken,
and the function moves on to the next node on the newly inserted strand. Once all
the nodes on the strand have been matched with a neighbor, bonds are randomly
chosen, until as many as cl_max bonds are made on each side of the strand. If
the newly formed bonds meet the requirements of having the correct number of
cross-links: at least c1_min and at most c1_max on each side of the strand, the new
strand is accepted; otherwise, a new random x location is chosen for the strand, and
the process is retried up to 100 times. cl_max and cl_min are percentages of the
expected number of peptide bonds from a perfectly ordered system. Finally, existing
bonds (peptide and/or glycan) that cross the path of the new strand are cut, the
global bond dictionary, particle positions, and simulation parameters are updated
accordingly and simulation moves on.

findHoles

This function employs an image—processing approach to detect holes in the particle
network. It converts particle positions into pixel coordinates on a grid based on
a specified pixel density, creating a binary mask where particles are marked. The
mask is then dilated using a circular kernel, which helps to fill in gaps and highlight
regions with missing particles. The dilated mask is returned for further analysis of
holes in the structure.

label-regions

Performs connected—component labelling on a binary image (with holes appearing as
objects after inverting the mask). To handle periodic boundary conditions, the image
is padded using a wrap—around mode before labelling. After labelling the connected
regions, the padding is removed and corrections are made along the boundaries
to merge regions that are connected via periodicity. The function then adjusts the
label numbers to remove any gaps and returns the labelled mask along with the total
number of regions identified. The output of labelled holes (as different colours) for
a representative system is shown in Figure A.1
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Figure A.1: An example of pores identified in the 2DPG system, with periodic
boundaries considered using tiling. All regions of the same colour have the same
label. For each region, the particles that fall within that region are identified as the
boundary particles for that region.

dilate-regions

As described previously, in findHoles function dilates each labeled region individ-
ually using a circular kernel whose radius is determined by the pixel density and a
scaling factor. It processes each region from the labeled mask and stores the dilated
version in a three—dimensional array (where each slice corresponds to one region).
This allows further analysis on each region independently, and the function returns
the collection of dilated regions.

compute_particle_angles

Calculates the angles of border particles relative to a given centroid (¢ — z, ¢ — y).
For each border particle, the displacement vector (adjusted for periodic boundaries)
is computed, and the angle is determined using the arctan2 function. The resulting
angles are collected into a NumPy array, which is then used for sorting the border
particles along the region’s perimeter.

compute_pbc_centroid

The centroid of a set of border particles for a given region is calculated, while
handling periodic boundary conditions. It first computes the mean position of the
border particles and then orders them based on their angle relative to this mean.
To avoid discontinuities due to periodicity, the particle coordinates are “unwrapped”
relative to a reference point. A closed polygon is then constructed from the ordered
positions, and its perimeter is interpolated to create a smooth contour. The centroid
of this contour is calculated and corrected for periodic boundaries before being
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Dilated (r=50) Inverted Dilated Again (r=55) Inverted Again
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Figure A.2: Step 1: Put the nodes onto the image, and dilate them by r;. Step
2: Invert the image to make the "holes" in white. Step 3: Filter out small holes,
and then dilate these again by r,. Step 4: The re-diluted holes will overlap with
the boundary particles. Looking at which particles fall within the dilated hole, we
identify the boundary nodes for that hole. Here, the points that are visible on
a black background are boundary points. In this example, all holes are treated
simultaneously and so it is not possible to say which particle is the boundary for
which hole. However in the simulation, each hole is individually treated, and so the
'visible’ boundary particles will only correspond to that hole.

returned.

PGrepair

This function repairs holes in the glycan network. It repeatedly performs the fol-
lowing steps up to a maximum number of iterations: converts particle positions to
a pixel grid, creates a binary mask, inverts the mask, dilates the particle objects
by radius r;, and detects contours to identify holes as spaces left after the dila-
tion. Small regions are filtered out, and connected components across boundaries
are labelled with corrections for periodic boundaries. The image is then inverted
again, and each labelled region is dilated by r, = 1.1 - ry, and border particles that
lack peptide bonds are identified by looking at the nodes that fall within the newly
dilated regions. The function then computes pairwise distances among these border
particles to find candidate pairs that can be bridged by synthesizing a new glycan
strand. If a suitable pair is found (based on a minimum separation, absence of ex-
isting bonds as well as a preference of being aligned to the shor-axis of the hole),
a new strand is generated by interpolating positions and updating the bond dictio-
nary. The simulation state (positions, bond arrays, counters, etc.) is updated, and
the process is repeated if further repairs are needed. An example of the algorithm is
illustrated in Figure A.2. If no candidate pairs are found, the hole is not fixed, and
typically random cutting or insertion in that vicinity changes it so that the hole can
be fixed.

degrade

This function cleans up the simulation by removing particles that have become
isolated (i.e., those with one or fewer total bonds, counting both glycan and peptide
bonds). It repeatedly identifies such particles, removes their bonds from both the
bond dictionary and the global LAMMPS bond list, and sets their positions to
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NaN to mark them as removed. This process continues until no particles meet the
removal criteria, and then the simulation state (number of particles and bond arrays)
is updated accordingly.

A.3 Notes on the evolution of the model

SynCut: simultaneous cutting and insertion

At first, insertion was implemented without cutting the underlying PG bonds. We
imagined that the independent random cutting by the autolysins would eventually
cut the underlying bonds, extend the cell in the x axis and bring the new strand
under tension. However, we saw that these cuts were much rarer than we anticipated,
and the added strands remained un-stressed for a long time. Additionally, the
accumulation of 'limp’ glycan strands resulted in the new peptide cross-links to
"reach over" glycan strands and pull on neighbouring glycan strands too. This
made the length of the cell was shrink, which is not physiological. While varying the
search radius for the new peptides helped reduce how quickly the lengths shrunk,
a search radius too small resulted in very few cross-links made. We also noticed
that the recently inserted glycan strands began to serve as templates for the new
strands, since they remained perfectly straight for a long time, and offered many
new binding sites to the new straight glycan strand, such that they would start
forming aggregates of long, parallel glycan strands.

To address these issues, we reduced the search radius to be small enough to reach
neighbouring strands (typically ~ 3nm away) and we incorporated the make-before-
break rule, where the glycan and/or peptide bonds that cross the newly inserted
glycan strands are cleaved immediately after the new cross-links are made. This
caused the new glycan strands to immediately be incorporated into the network,
thus causing the system length to increase, the "template" behaviour to break and
also the glycan aggregates to stop forming. This change resulted in a drop of glycan
densities, which actually resulted in a slower width decrease, but it is still preferred
to artefactual glycan clumping. Figure A.3 shows how the cutting of the underlying
bonds removes clumping.

Repair: including the role of aPBPs

In many of the initial simulations, cutting of glycans and peptides lead to very large
pores forming in the system, often completely tearing the system. This prompted
us to incorporate PG repair as a module. We simulated the role of aPBPs by
algorithmically searching for large pores in the simulation based on the distances
between nodes, and then filling those nodes with short glycan strands until no pores
were left. For more details into the algorithm used to find and fill pores in the
system, see chapter 2.
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Figure A.3: Kymographs of glycan densities. Left: Glycan strands from large clumps
when cutting of the underlying bonds is not implemented. Right: Glycan strands
do not clump.

Custom module in C for fast equilibration

Simulating thousands of bonds over many insertions resulted in the simulation time
increasing almost linearly with the number of bonds. While this was unavoidable,
times of a few hours for only 10 insertions became very difficult to work with,
especially in the testing phase when many parameters are being explored.

Initially, the program had been written fully in python. However, the timescales
prompted us to port the equilibration steps into a custom parallelised module written
in C, while leaving the insertion, repair and cutting algorithms in python for easy
access. In the end, we achieved a 15-20x speed up, and a highly modular code with
the system initialization and remodelling algorithms neatly arranged as easy-to-read
and highly customizable python functions, and the parallelized equilibration code
as an external module written in C. The simulations can be sped up even further
using GPUs, however further optimisation was out of the scope of the project due
to time constraints.

The modularity makes the 2DPG model an ideal platform for further development
even by other researchers. For the code and a short guide on using it, please reach
out to the van Teeffelen lab.

Periodic boundaries reduce minimum system size

Since it has been shown that the insertion of long glycan strands are important for
width control, we needed a way to have very long glycan strands in the system,
without making the whole system large and computationally infeasible. Following
JC Gumbart’s atomic scale model [15], we used periodic boundaries in both x and
y directions, and were able to simulate "infinitely long glycan strands" by making
long glycan strands loop around the whole system. This helped us maintain fast
simulation times without having to give up on important mechanical properties of
the PG layer.
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A.4 Hyper-osmotic shocks lead to width increase

We saw in a pre-print by Enrique Rojas [4] that they have an experiment where
they gave Bacillus subtilis cells a hyper-osmotic shock; thereby reducing the internal
turgor pressure momentarily, and they saw that there was a reduction in width for
a certain AOsm, but if the magnitude of the shock was increased, then the width
started increasing again. This was interesting, as our simulations show that the
modelled PG layer also has such a finger-trapping behaviour as described in chapter
2.2. So, we decided to repeat this experiment in order to understand how the
magnitude of the effect may change with medium, strain or widths. It is worth noting
that the osmotic shocks in Rojas’ paper were in liquid culture, using microfluidics.
As such, they had to use methods to bind the cells to the channels so that they don’t
flow away. The group had used the ‘APTES’ chip to mechanically sandwich the cells
between the top and bottom surfaces, thus fixing them in place. We wondered if
this could be affecting the results.

Additionally, older data from the van Teeffelen lab (by Yuki) using a different os-
molyte (NaCl instead of the Sorbitol used by Rojas’ lab) showed contrasting results,
where no matter the magnitude of the shock, widths were always reduced.

To understand if the osmolyte or the cellasic chip caused this effect, we repeated
the experiment in our lab using sorbitol, and on agar pads.

Method

Cell Culture: Wildtype B.subtilis PY79 cells were cultured in 3ml LB overnight
at 30°C. In the morning, the ODgyy was measured, and the culture was diluted to
the OD of 0.0001. This culture was then incubated again at 30°C for about 10
generations, making sure that the OD never went beyond 0.3. After about 5 hours,
and at an OD between 0.05 and 0.2, cells were imaged.

Sample preparation: 1%w /v UltraPure agarose pads were made with LB along with
varying concentrations of Sorbitol, in 1mm thick moulds. They were left on the
bench in their moulds for about 30 minutes, and then cut to 0.7 cm squares. 1ul of
the sample was pipetted onto a circular glass (iBIDI) slide, and the pad was placed
on top of the cells. Within 60 seconds of placing the pads, the cells were imaged
using a custom imaging script for 5 minutes; where every image is an average of
5 snapshots. Only the first frame was considered for the analysis, as the effect of
osmotic shifts are immediate, and we did not want to consider plastic changes in
cell shape.

Result

Our results showed that like with NaCl, Sorbitol leads to a consistent width de-
crease for hyperosmotic shocks. Actually, the width strains were quite comparable
with NaCl hyperosmotic shocks too (Figure A.4). This contradicts the pre-print
in question, and we think the effect they see might be due to the confinement of
the CellASIC chip, especially since the effect is seen near the same width as the
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Figure A.4: Hyper-osmotic shocks of varying degree: Box plots of cell widths mea-
sured from snapshots immediately after osmotic shock using phase contrast mi-
croscopy, plotted as a function of the degree of osmotic shock. The numbers at the
bottom correspond to the number of cells in the analysis.

CellASIC confinement. Thus, when compared to earlier data from the lab, we see
that NaCl and Sorbitol induced osmotic shocks both cause width to increase by
approximately the same amount.

A.5 Hyper-osmotic ramps

Osmotic shocks are sudden changes in the osmolarity of the growth medium in
which bacteria are growing. This causes a sudden change in the osmotic pressure
difference between the inside and the outside of the cells. Researchers often use
such osmotic shocks to study the elastic effect of changes of turgor pressure in the
cell [4] [29]. However, osmotic shocks have the caveat of being short-lived. Once
pressures change, the cells begin osmo-adaptation to return their turgor pressure
back to what it was [29] before the shock. This prevents the study of long-term
effects of pressure changes. Osmotic ramp experiments attempt to circumvent this
issue by continuously changing the external osmolarity of the medium, such that
the cells do not have the time to 'catch up’ to the pressure changes, and end up
sustaining the changed turgor pressure for a longer time [27].

The changes in morphology that happen immediately after an osmotic shock are due
to the elastic properties of the PG layer. This means they are generally reversible
and are not brought about by explicit remodelling of the cell wall. We do such
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experiments to understand the mechanical properties of the cell wall in section A.4.
However, it is also interesting to see how a changed turgor pressure might affect the
enzymatic remodelling of the cell to give rise to plastic changes in shape. In order
to test this, we performed hyper-osmotic ramp experiments following the procedure
in [27].

Method

Cell Culture: Wildtype E.coli MG1655 with SulA (S290) cells were cultured in 3ml
LB overnight at 30°C. In the morning, the ODgyy was measured, and the culture
was diluted to the OD of 0.0001. This culture was then incubated again at 30°C
for about 10 generations, making sure that the OD never went beyond 0.3. After
about 5 hours, and at an OD between 0.05 and 0.2, cells were imaged.

Sample preparation: 1%w/v UltraPure agarose pads were made with LB along with
1mM IPTG to induce filamentation, in 1lmm thick moulds. Another set of 3mm
thick moulds were made, with 700mOsm NaCl. They were left on the bench in their
molds for about 30 minutes, and then cut to 1 cm squares. 1ul of the sample was
pipetted onto a ibidi slide, and the pad was placed on top of the cells. The cells
were imaged using a custom imaging script for 5-10 minutes, and then the second
3mm thick pad was added on top of the Imm pad on the microscope carefully to
avoid any shifting, and the microscope was re-kohlered and re-focused as soon as
possible. Exposure was adjusted so that the histogram peaked at around 30,000
(units). Cells were then imaged for an hour.

For control, the same as above was done, without NaCl in the second pad.

Result

Unexpectedly, the control showed a sudden increase in width by 5%. To test whether
this was an effect of IPGT induced SulA, we tried adding the SulA in the culture,
and waiting for 30 minutes to take effect. Even then, we saw an increase in the cell
width over the course of a generation. Possibly, the addition of the pad caused the
cells to have an un-intended hypo-osmotic shock. On close inspection of the control
experiments performed earlier in the lab [27] we saw that this was a general trend.
However, during a hypersmotic ramp, when NaCl is added in the second pad, we
see a decrease in width of about 5% over one doubling time (A.5), concurrent with
the data in literature. We concluded that pressure has an effect on the enzymatic
remodelling in some way, since we see a plastic change of width. More experiments
are required to look into how exactly pressure relates to remodelling, for example,
by stress-dependent cutting, or by affecting the cross-linking availability due to a
constant search radius.
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Figure A.5: Timelapse of cells in hyperosmotic ramp experiment: Lengths and
widths of cells with 0 mOsm (A- control) and 700 mOsm (B- test) as a function of
time in yellow, and the means plotted in black. The ramp in both cases is started
at t=0min.
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Appendix B

Supplementary figures
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Simulation algorithm
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Figure B.1: Algorithm flowchart for most simulations: After the system is initialised,
random cuts are made in order to introduce disorder at the beginning. Then, the
deagrade and repair functions remove free-hanging bonds and fill holes respectively.
After this, the patch enters the synthesis cycle, where rod-complex mediated syn-
thesis, removal of lose bonds, random cuts, and repair happens in that order, loops

synthesis cycle

until the simulation is stopped.
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Simulation snapshots

Figure B.2: Snapshots of the 2DPG layer at each step corresponding to the flowchart
shown in Figure B.1. Here, the blue bonds are the old network bonds, and the red
bonds correspond to the added material during each step.
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Figure B.3: Glycan densities are calculated by counting the number of infinite or
looping glycans in the system at a given time and dividing by the system length at
that time. Despite increasing glycan cutting frequencies, these simulations show that
the glycan densities remain strikingly conserved close to 0.1 based on our insertion
algorithms.
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Figure B.4: Stochastic results: Multiple simulations over-layed shows the inherent
stochasticity of the patch, while the trends discussed are still conserved.
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Figure B.5: Multiple simulation overlays of the same type of experiment as in Figure
3.6, but plotting length strains against number of insertions
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