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Chapter 18

Coarse-Grained Molecular Dynamics Simulations 
of the Bacterial Cell Wall

Lam T. Nguyen, James C. Gumbart, and Grant J. Jensen

Abstract

Understanding mechanisms of bacterial sacculus growth is challenging due to the time and length scales 
involved. Enzymes three orders of magnitude smaller than the sacculus somehow coordinate and regulate 
their processes to double the length of the sacculus while preserving its shape and integrity, all over a 
period of tens of minutes to hours. Decades of effort using techniques ranging from biochemical analysis 
to microscopy have produced vast amounts of data on the structural and chemical properties of the cell 
wall, remodeling enzymes and regulatory proteins. The overall mechanism of cell wall synthesis, however, 
remains elusive. To approach this problem differently, we have developed a coarse-grained simulation 
method in which, for the first time to our knowledge, the activities of individual enzymes involved are 
modeled explicitly. We have already used this method to explore many potential molecular mechanisms 
governing cell wall synthesis, and anticipate applying the same method to other, related questions of bacte-
rial morphogenesis. In this chapter, we present the details of our method, from coarse-graining the cell 
wall and modeling enzymatic activities to characterizing shape and visualizing sacculus growth.

Key words Coarse-grained modeling, Molecular dynamics simulations, Cell wall synthesis, Bacterial 
morphogenesis, Rod shape maintenance

1 Introduction

Most bacterial cells are surrounded by a sacculus that prevents lysis 
from turgor pressure and determines the cell’s shape (e.g., a rod, 
in the case of E. coli) [1]. How the cell coordinates sacculus growth 
so that breaks introduced to allow insertion of new material do not 
cause lysis remains an open question.

Considerable work has revealed the structure of the sacculus. 
Paper chromatography and high-performance liquid chromatogra-
phy (HPLC) revealed that the E. coli sacculus is made of peptidogly-
can (PG) [2–4]. The glycan strand is polymerized from disaccharides 
of an N-acetylglucosamine (NAG) and an N-acetylmuramic (NAM) 
acid, each attached to a stem l-Ala-d- iGlu-m-A2pm-d-Ala-d-Ala 
penta-peptide. Peptides on adjacent strands form crosslinks, most at 
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the fourth (d-Ala) residues of the donors and the third (m-A2pm) 
residues of the acceptors, resulting in a mesh-like PG network. Early 
electron microscopy studies revealed that purified sacculi retain the 
cell’s rod shape [5]. Later, electron cryo-tomography was used to 
show that glycan strands run circumferentially around the rod [6]. 
This is consistent with a classical model of sacculus architecture which 
posits that long and stiff glycan strands run circumferentially, bearing 
the greatest stress, while short and flexible peptide crosslinks run par-
allel to the rod’s long axis, bearing half as much stress [1].

Other work revealed the enzymatic details of the PG synthesis 
machinery. PG precursors are synthesized in the cytoplasm and 
then transferred to the periplasm [7] where they are polymerized 
and crosslinked into the sacculus by transglycosylases and trans-
peptidases, also known as penicillin-binding proteins (PBPs) [8]. 
Also essential to the process are endopeptidases that cleave cova-
lent bonds to open space for the new material [9]. X-ray crystal-
lography has revealed the structures of many synthases and 
hydrolases from multiple species [8, 10], and the enzymatic activi-
ties of E. coli synthases have been characterized in vitro [11, 12]. 
Affinity chromatography and bacterial two-hybrid studies showed 
that many synthases and hydrolases interact with one another [12–
16] and with the outer membrane proteins LpoA/B [17, 18], sug-
gesting that the enzymes exist in a complex spanning the periplasm. 
While affinity chromatography showed that both cytoplasmic and 
periplasmic enzymes interact with the morphogenetic proteins 
MreB/C/D and Rod A/Z [19–21], fluorescence microscopy has 
yielded conflicting results as to whether these proteins co-localize/
move in the same complex [21–25].

Despite decades of experiments, how the activities of PG syn-
thesis enzymes are coordinated at the molecular and cellular levels 
remains unclear. Several models have been proposed. For instance, 
a “make-before-break” strategy was proposed in which autolysins 
would cleave crosslinks along the template strand to liberate it only 
after new strands are fully crosslinked to the sacculus underneath 
the existing strand, thus preventing lysis [26]. Whether the enzymes 
could actually be coordinated to execute such temporally and spa-
tially separated operations is unclear, however. Similarly, it was pro-
posed that the cytoskeletal protein MreB forms an extended filament 
that guides PG insertion to maintain rod shape [27]. Disagreement 
on the oligomeric form and driving force of movement of MreB 
[23, 24, 27–41], however, obscures its role in PG synthesis.

We realized that another approach is needed to shed light on 
the coordination of PG remodeling enzymes. Coarse-grained sim-
ulation of cell wall remodeling, pioneered by Huang and colleagues 
[42], has proven to be a valuable method to test different models 
suggested by experiments. The Huang model, however, has mainly 
focused on different mechanisms by which MreB might guide 
insertion sites of new PG. To do that, the incorporation of each 
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new PG strand into the sacculus has been modeled as a single event 
in which an entire glycan strand is introduced, and all necessary 
peptide crosslinks cleaved and re-formed, all in one step before any 
relaxation of the sacculus can occur [28, 41, 43, 44]. This reduces 
the computational cost but has prevented an exploration of the 
properties and coordination of PG remodeling enzymes.

In order to explore different molecular mechanistic models of 
sacculus growth, we have developed a simulation method that 
allows us to vary properties of PG-remodeling enzymes and their 
coordination [45]. To make our model as realistic as possible, PG 
is represented by a coarse-grained model whose mechanical prop-
erties were derived from all-atom molecular dynamics (MD) simu-
lations of isolated glycan strands and peptides. For the first time to 
our knowledge, individual enzymes, including transglycosylases, 
transpeptidases, and endopeptidases, are explicitly represented.

The rich literature of biochemical data and hypothetical mod-
els made it challenging to build our initial model. One approach 
would have been to implement all the models proposed in the lit-
erature. Many models, however, are contradictory, e.g., multi- 
enzyme complex [46] vs. diffusive transpeptidase [25], extended 
helical MreB filament [27, 29–35] vs. circumferentially moving 
MreB spots [23, 24, 28], or single-strand insertion [47, 48] vs. 
strands inserted in pairs [49–52]. And even if the combined mod-
els worked, it would be impossible to dissect which models are 
required and which redundant. We instead decided to pursue the 
simplest model that works. We started with a very simple model 
(named Remodeler 1.0, as explained below) and implemented 
additional hypotheses only when necessary. A schematic of this 
process is presented in Fig. 1, and readers are referred to [45] for 
details. For each model that failed to maintain rod shape, we 

Fig. 1 Schematic of the process of iteratively building a complex model from a simple initial model
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analyzed the most obvious cause and added a molecular hypothesis 
based on evidence from the literature and/or biophysical plausibil-
ity to fix the problem. This process was iterated until rod shape was 
maintained (Remodeler 1.1–1.12). Finally, we removed hypothe-
ses one by one from Remodeler 1.12 to check if any were rendered 
redundant by the other hypotheses. The final model (Remodeler 
1.13) thus comprised one simple set of hypotheses capable of 
maintaining rod shape during sacculus growth.

We have used our model to study how rod shape might be 
maintained in Gram-negative bacteria (see Note 1). We distributed 
the simulation codes for each stage of this model, named Remodeler 
1.0–1.13 [45]. In the future, we anticipate further developing our 
model to study other PG-synthesis related topics, from rod shape 
maintenance in Gram-positive bacteria, to shape recovery of per-
turbed cells, to cell division and even sporulation (see Note 2). In 
each case, we will name our models Remodeler 2.x, 3.x, and so on 
to help readers who wish to use our codes, starting with any stage 
of the model.

In the following sections, the details of our model are described 
and a brief discussion of results is presented. Readers are advised to 
watch https://www.youtube.com/watch?v=_5Ov3vp6Qyg&feat
ure=youtu.be since video represents the model building process 
better than static figures. For further details of results and discus-
sion, the readers are referred to [45].

2 Materials

All-atom MD simulations were conducted using the software 
NAMD [53]. The coarse-grained simulation software was written 
using Fortran language. Visualization of simulation data was done 
using Visual Molecular Dynamics (VMD) [54]. Images were pro-
cessed using Photoshop. Movies were made using QuickTime Pro 
and concatenated using Final Cut Pro.

3 Method

The general procedure for sacculus growth simulations is illus-
trated in Fig. 2. First (Setup), we built the initial system, composed 
of a sacculus and a set of enzymes including transglycosylases, 
transpeptidases, and endopeptidases. Next (PG remodeling), in 
each time step, each enzyme performed its function with a certain 
probability. Forces exerted on the sacculus and enzymes were then 
calculated and the coordinates of the system updated (PG relax-
ation). The process of PG remodeling and relaxation was repeated 
until the sacculus reached the desired mass. We discuss the details 
of the procedure below.
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Most MD simulation software provides atomic-level insights into 
processes that occur on the nanosecond timescale; for example, 
NAMD was used to simulate an HIV-1 capsid of ~107 atoms over 
a period of ~500 ns [55]. By contrast, the sacculus is a giant mol-
ecule (on the order of 108 atoms) that doubles its size over a period 
of minutes to hours. Coarse-graining the sacculus helps reduce the 
computational cost, allowing observation of phenomena occurring 
at both the molecular and cellular levels. To do this, we repre-
sented each pair of disaccharides as one bead and connected the 
beads with springs to form chain-like glycan strands. As adjacent 
disaccharides are rotated 90° with respect to each other [56–58], 
half of the peptides presumably protrude perpendicular to the sac-
culus surface and do not participate in crosslinking. We therefore 
ignored these out-of-plane peptides. Thus, each bead in our coarse- 
grained model was attached to one in-plane peptide (Fig. 3a).

We previously developed all-atom force fields for PG [59, 60] that 
allowed us to set the mechanical properties of the coarse-grained 
model to match the behavior of all-atom MD simulations. To cal-
culate the stiffness of glycan, a fully solvated system of an 
80- tetrasaccharide strand without stem peptides was equilibrated for 
6.6 ns using the software NAMD [53] (Fig. 3b). For scale, this sys-
tem contained nearly one million atoms (mostly solvent) and was 
over 150 nm in length, yet represents only a miniscule fraction of the 
entire sacculus. During the simulation, the strand shrank slightly, by 
about 2 %, but maintained an extended conformation overall. We 
then extracted histograms of distances and bending angles between 
adjacent tetrasaccharides. MD simulations were next run on an 
equivalently sized coarse-grained (CG) strand where adjacent beads, 
each representing one tetrasaccharide, were connected by springs of 
constant kg and relaxed length lg, and a bending angle θi at bead i 
was penalized with an energy of

3.1 Coarse-Grained 
Peptidoglycan Model

3.1.1 Glycan Mechanical 
Properties

Fig. 2 Computational procedure for sacculus growth. For clarity, the names of code sections are italicized in all 
flowcharts
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where kb is the bending stiffness and θ0 is the relaxed angle. A 
Langevin damping term of g = -2 1ps  was added to mimic water 
viscosity; values ranging from 1 to 5 ps−1 were tested and found to 
have no effect on the resulting sampled bond and angle lengths. A 
time step of 100 fs was used for the CG simulations and they were 
run for 500 ns (note that times are not directly comparable between 
the simulations due to the significantly simplified potential of CG 
simulations). The parameters for the CG model were iteratively 
sampled until the histograms extracted from CG simulations 
matched those of the all-atom simulations by visual inspection. The 
CG parameters that produced the best match were kg = 5570 pN/
nm, lg = 2.0 nm, kb J= ´ -8 36 10 20. , and (as expected) θ0= 3.14 rad.

Initially, we tried to fit the peptide-crosslink bond strength using a 
similar histogram matching procedure. However, it quickly became 
apparent that no match could be obtained; the bond- distance histo-
gram from the atomistic simulations of three crosslinked glycan 
strands was not symmetric as would be expected for a harmonic 
bond. To better understand the length distribution of peptide 
crosslinks, we simulated a single peptide crosslink, i.e., an Ala(1)-
isoGlu(2)-A2pm(3)-Ala(4)-Ala(5) pentapeptide linked to an Ala(1)-
isoGlu(2)-A2pm(3)-Ala(4) tetrapeptide through an A2pm(3)-Ala(4) 
peptide bond. Specifically, we determined the potential of mean 

3.1.2 Peptide Crosslink 
Mechanical Properties

Fig. 3 Parameterization of the coarse-grained model, adapted from [45]. (a) The glycan strand—disaccharides 
in blue and peptides in red—in atomic representation (left) was coarse-grained as a chain of beads, each 
representing first a disaccharide attached to a peptide (middle) and finally a tetrasaccharide attached to an 
in- plane peptide (right). (b) Snapshots of a glycan strand in all-atom MD (left) and coarse-grained simulations 
(right). In the latter, the strand was modeled as a chain of beads connected by springs. (c) Extension depen-
dence of force on a peptide crosslink extracted from all-atom MD simulations (blue), and after fitting to a 
worm-like chain model (red)
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force (PMF) as a function of end-to-end extension. We used all-
atom MD adaptive biasing force (ABF) simulations so the full energy 
landscape could be assessed quickly. This is a quasi-equilibrium 
method in which the biasing forces exerted on the two terminal 
(reaction) atoms are iteratively calculated as the positive gradient of 
the PMF, thus making the two atoms diffuse freely [61, 62]. The 
reaction coordinate (extension) was divided into four 10-Å windows 
to accelerate convergence; each was run for between 5 and 8 ns. 
Based on the resulting PMF and associated mean-force profile, we 
determined that the peptide crosslink is better modeled as a worm-
like chain (WLC) than a spring, i.e., the force is almost zero at small 
extension, increases only moderately for extensions less than the 
contour length, but then increases dramatically at large extension 
(Fig. 3c). We therefore fit the mean force vs. extension curve to the 
following formula:
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where L L xc c
* = - 0  is the effective contour length, Lc is the contour 

length, x0 is the extension (end-to-end distance) x at which the 
force is zero, x x x* = - 0  is the effective extension, and kWLC is a 
force constant. We then determined the parameters that produced 
the best fit as kWLC = 15.0 pN/nm, Lc = 4.8 nm, and x0 = 1.0 nm (see 
Note 3). Consistently, Braun et al. used space- filling models to 
show that the peptide crosslink is ~4.2 nm long when fully extended 
and ~1.0 nm long when maximally collapsed [63], which agrees 
well with the Lc and x0 derived from our simulations.

The initial sacculus model was built by placing glycan strands along 
circumferential hoops (Fig. 4a) and connecting opposing peptides 
on adjacent hoops to form crosslinks (Fig. 4b). We used hoops of 
the same diameter to form a cylindrical waist, and those of gradually 
decreasing diameter to form two polar caps. Initially, the lengths of 
glycan strands were chosen uniformly randomly within a range 
from 10 to 20 tetrasaccharides (later, during sacculus growth, the 
length was determined by the enzyme processivity). To reduce the 
computational cost, we used an initial sacculus of circumference 
100 tetrasaccharides, ~10 times smaller than typical wild-type E. coli 
cells. We did, however, test the effect of size by running simulations 
on sacculi of diameters twice and four times as large (about the size 
of a small rod-shaped Gram-negative cell such as Acetonema 
longum), and obtained similar results [45] (see Note 4).

Note that even though the initial sacculus was built with 
ordered glycan strands, its shape after relaxation in the presence of 
turgor pressure is a function of the mechanical properties of glycan 
strands and peptide crosslinks.

3.1.3 Initial Sacculus

Coarse-Grained Molecular Dynamics Simulations of the Bacterial Cell Wall
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Turgor pressure plays an important role in sacculus growth as it 
inflates the sacculus, allowing new material to be incorporated. We 
therefore added to the total energy of the system the work done by 
turgor pressure P to inflate the sacculus to volume V:

 E PVvol = -  (3)

To calculate V, the volume enclosed by the sacculus, the mesh-like 
surface was divided into a series of polygons (Fig. 5). The polygons 
were then further divided into triangles from which tetrahedrons 
were built using the sacculus center as the fourth vertex. V was 
then calculated as the sum volume of the tetrahedrons:

 
V V A h

i
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where Ai is the area of triangle i and hi is the distance from the 
sacculus center to the plane of triangle i. The force on the sacculus 
due to turgor pressure was then calculated as F E= -Ñ vol . As most 
measurements of turgor pressure within Gram-negative bacteria 
have been reported to be between 2 and 4 atm [64–66], we used 
a turgor pressure of 3.0 atm in most of our simulations.

While current MD simulation software is limited to the study of 
“closed” systems, our coarse-grained model allows exploration of 
“open” systems by implementing enzymatic activities that could add 
or remove beads and bonds. To explore possible molecular mecha-
nisms of PG synthesis, generic transglycosylases, transpeptidases, and 
endopeptidases were modeled explicitly as individual coarse-grained 
beads (Fig. 6). They were modeled to diffuse within the confines of 
the periplasm and interact with each other and with the sacculus 
while performing their functions. By modeling enzymatic activities 
step-by-step, we could investigate different molecular mechanisms 
for spatial and temporal coordination of the enzymes.

3.2 Turgor Pressure

3.3 Coarse-Grained 
Model of Enzymes

Fig. 4 Building a coarse-grained sacculus. (a) Coarse-grained glycan strands were arranged in hoops. (b) A 
sacculus was formed by connecting peptides on adjacent hoops

Lam T. Nguyen et al.
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Note that in our later simulations, glycosidic bond hydrolysis 
and carboxypeptidation were also implemented without explicitly 
modeling the corresponding enzymes [45].

We implemented stepwise enzymatic activities using flags, 
which we capitalize for clarity in the following descriptions. Each 
enzymatic activity was modeled to occur with a probability that 
was arbitrarily chosen since we were unaware of any biochemical 
data on the rates of PG synthesis enzymes in vivo.

For transglycosylation, the enzymes were modeled as INACTIVE 
(not synthesizing but diffusing around) or ACTIVE (ready to syn-
thesize a new strand). ACTIVE transglycosylases were modeled as 
STRAND-FREE (not holding a new strand), STRAND-BOUND 
(donor domain holding a new strand), PRECURSOR-FREE (not 
loaded with a precursor in the acceptor domain), or PRECURSOR- 
LOADED (loaded with a precursor in the acceptor domain). 
STRAND-BOUND enzymes could be PRE-TRANSLOCATED 
(immediately after initiating a new strand or adding a bead to the 
growing strand), or TRANSLOCATED (translocated to the strand 
tip after initiating a new strand or adding a new bead to the grow-
ing strand, ready to be loaded with a precursor). A flowchart of the 
transglycosylation loop in our simulation code is presented in Fig. 7.

An INACTIVE transglycosylase, upon interaction with a lipo-
protein was “activated” with a probability of once every 104 steps. 
ACTIVE but STRAND-FREE transglycosylases became STRAND- 
BOUND once they were “loaded” with a PG precursor bead in the 
active site (Fig. 6). Precursor loading was modeled to occur with a 
probability of once every 103 time steps. Precursor reloading on a 

3.3.1 Transglycosylation

Fig. 5 Volume determination. A polygon (green) on the sacculus surface (left) was divided into triangles, each 
having an edge on the polygon and sharing the polygon’s center as the third vertex (right). Tetrahedrons were 
then built from the triangle using the sacculus center as the fourth vertex
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Fig. 6 Coarse-grained model of enzymes. A transglycosylase (3FWM, [10]) in orange, a transpeptidase (3EQV, 
[85]) in yellow, and an endopeptidase (2EX2, [86]) in gray are shown in crystal structures (a), and modeled as 
beads (b). Inner membrane is shown for context. (c–n) Visual depiction of enzymatic activities (noted by blue 
arrows). A transglycosylase initiates a new strand (shown in green) (d), and elongates it (e–h). An endopepti-
dase cleaves a peptide crosslink (i). A transpeptidase crosslinks the new strand to the sacculus (k, m)

Fig. 7 Flowchart of transglycosylation in the simulation code. P denotes probabilities of the activities in a time step

Lam T. Nguyen et al.
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STRAND-BOUND enzyme was prohibited until the enzyme 
TRANSLOCATED to the strand tip [67–69], which occurred with 
a probability of once every 2 104´  time steps. A TRANSLOCATED 
transglycosylase could either be reloaded with another precursor, 
leading to further strand elongation (Fig. 6), or termination could 
occur, with a probability of once every 106 steps, leaving the trans-
glycosylase once again in an ACTIVE but STRAND-FREE state. 
While an ACTIVE, STRAND-FREE transglycosylase could initiate 
a new strand, it could also be “inactivated,” with a probability of 
once every 5 104´  steps.

It is widely accepted that transpeptidation occurs in an ordered 
fashion in which the enzyme first binds to a donor peptide, forming 
an intermediary complex which later catalyzes crosslink formation 
when an acceptor peptide is captured [70–72]. Transpeptidases 
were therefore modeled to be either DONOR- FREE (not loaded 
with a peptide in the donor domain) or DONOR-LOADED 
(loaded with a peptide in the donor domain). DONOR-LOADED 
enzymes could exist as either ACCEPTOR- FREE (not loaded with 
a peptide in the acceptor domain) or ACCEPTOR-LOADED 
(loaded with a peptide in the acceptor domain).

A flowchart of the transpeptidation loop in the simulation code 
is presented in Fig. 8. A DONOR-FREE transpeptidase within a 
reaction distance, d0 = 2.0 nm, of a bead bearing an uncrosslinked 

3.3.2 Transpeptidation

Fig. 8 Flowchart of transpeptidation in the simulation code. P denotes probabilities of the activities in a time step
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peptide was “loaded” with (became bound to) that peptide with a 
probability that was a function of the distance d, P d d= -( )1 0

2/ . 
The enzyme was now DONOR-LOADED. Beyond the reaction 
distance, the peptide-loading probability was zero. A DONOR- 
LOADED transpeptidase could release the peptide (becoming 
DONOR-FREE again) with a smaller probability, once in 104 steps. 
If the enzyme instead loaded, with the same distance- dependent 
probability, an acceptor peptide as well (becoming ACCEPTOR-
LOADED), a new crosslink between the corresponding beads was 
added to the model and the enzyme was released (becoming 
DONOR-FREE again) (Fig. 6). Because the fifth residues of pep-
tides are quickly removed [73], preventing them from acting as 
donors, only peptides on a growing strand can be donors [1], and 
this restriction was implemented in our model.

Endopeptidases were modeled as PEPTIDE-FREE (not bound 
to any peptide), or PEPTIDE-BOUND (bound to one or both 
peptides released from crosslink cleavage). If during a time step 
a PEPTIDE-FREE endopeptidase diffused across a peptide 
cross link, the crosslink was cleaved with a probability of 0.1 
(Fig. 6), and the two peptides remained bound to the enzyme 
(enzyme became PEPTIDE-BOUND). In early models, the two 
peptides were released from the endopeptidase immediately after 
cleavage (enzyme became PEPTIDE-FREE). Later a “cleaved 
crosslink capture” hypothesis was added to the model specifying 
that, until competed off by transpeptidases, endopeptidases bind 
tightly to cleaved crosslinks (remaining PEPTIDE-BOUND), 
only releasing peptides (to become PEPTIDE-FREE) with a low 
probability, on average once every 107 time steps [45]. A flow-
chart of endopeptidation is presented in Fig. 9.

Enzyme diffusion was modeled by exerting a random force on 
each enzyme in each time step. To generate random forces, a set of 
Gaussian distributed random numbers was first generated using 
the Box-Muller transformation [74]:

 
r u u1 2 12 2= ( ) - ( )cos lnp

 
(5)

 
r u u2 2 12 2= ( ) - ( )sin lnp

 
(6)

where u1 and u2 are two random numbers from a uniform 0–1 
distribution. Each Cartesian component of the random force was 
then obtained by scaling a Gaussian random number by a force 
constant of 500 pN. We assumed that random forces on the small 
PG beads were negligible, and thus could be ignored.

In cells, PG remodeling enzymes are confined within the thin peri-
plasmic space. To model this confinement, the enzymes in our 

3.3.3 Endopeptidation

3.3.4 Enzyme Diffusion

3.3.5 Periplasmic 
Confinement

Lam T. Nguyen et al.
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model were constrained to the sacculus surface (Fig. 10a). As an 
enzyme moved a distance ds away from the surface, a Hookean 
spring-like force normal to the surface was exerted on the enzyme:

 F k dsurf surf s= -  (7)

where ksurf is a spring constant chosen as 500 pN/nm.

In E. coli, the outer-membrane lipoproteins LpoA and LpoB inter-
act with and activate the bifunctional transglycosylases PBP1A 
and PBP1B, which are partially embedded in the inner membrane 
[17, 18]. Thus active transglycosylase-lipoprotein complexes, 
spanning the periplasm from the outer membrane through the 
sacculus to the inner membrane, presumably cannot cross through 
strands or crosslinks. To model this constraint, as an active trans-
glycosylase approached the edge of a hole in the network, a repul-
sive force was applied on the enzyme and on the two PG beads at 
either end of the edge (Fig. 10b). For simplicity, in calculating the 
repulsive force we assumed that each transglycosylase-lipoprotein 
complex was rigid and extended perpendicular to the sacculus sur-
face. When the distance Δd from the enzyme’s projection on the 
surface to the edge was less than DD = 0 5.  nm, the repulsive force 
was calculated as:

 
F k

D
dr r= -æ

è
ç

ö
ø
÷

D
D

1
2

 
(8)

where kr pN= 100  is a force constant.

3.3.6 Interaction 
with LpoA and LpoB

Fig. 9 Flowchart of endopeptidation in the simulation code. P denotes probabilities of the activities in a time step
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As the bifunctional transglycosylase/transpeptidases PBP1A and 
PBP1B are the major synthases in E. coli [11], in our model trans-
glycosylases and transpeptidases were modeled as complexes in 
which they were linked together via a spring-like force (Fig. 10c). 
In the initial model, endopeptidase was not part of the complex. 
After a “multi-enzyme complex” hypothesis was added, transgly-
cosylases were tethered to both transpeptidases and endopepti-
dases. To model enzyme tethering, if the distance dez between two 
tethered enzymes became larger than D0 1 0= . nm , a spring-like 
force was applied to draw them closer together:

3.3.7 Enzyme-Enzyme 
Tethering

Fig. 10 Schematic of constraints on the enzymes, adapted from [45]. (a) The enzymes are constrained to the 
sacculus surface by Hookean spring-like forces. (b) In complex with outer membrane lipoproteins (cyan cylin-
der), an active transglycosylase (orange) is constrained within holes (green) formed by surrounding strands 
and peptide crosslinks. (c) In the multi-enzyme complex model, a transglycosylase is tethered to a transpep-
tidase (yellow) and an endopeptidase (gray) by spring-like forces. (d) A transglycosylase (orange) is linked to 
the tip of the growing strand by a spring-like force. An enzyme, either endopeptidase or transpeptidase 
(yellow), once bound to a peptide (red), is linked to the associated PG bead by a spring-like force
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 F k d Dez ez ez= - -( )0  (9)

where kez pN nm= 10 /  is a force constant.

We also modeled binding of enzymes to PG while they remodeled 
the sacculus (Fig. 10d). As a transglycosylase was elongating a new 
strand, the enzyme was linked to the PG bead at the strand tip via a 
spring (called a G-spring) of constant k nmgt pN= 50 /  and relaxed 
length dgt nm= 0 5. . The bending stiffness of glycan was taken into 
account at the tip using Eq. 1 with θ now representing the angle 
between the G-spring and the strand. Enzymes also transiently 
bound peptides. For instance, transpeptidases bound to peptides 
before crosslinking them, and endopeptidases might remain bound 
to peptides released from cleaved crosslinks. To model the binding 
of peptides to an enzyme, a restoring force F k d dpt pt pt= - -( ) , 
where kpt pN nm= 50 / , was applied to both the enzyme and the 
peptide-associated PG bead if the distance d between them was 
more than dpt = 1 0. nm . Within distance dpt, the force was zero.

To relax sacculi after initial generation and during growth we used 
a simple MD simulation of the coarse-grained model. Specifically, 
coordinate X(t) of each bead was evolved following the Langevin 
equation:

 
M

d X
dt

U X
dX
dt

R t
2

2 = -Ñ ( ) - + ( )g
 

(10)

where M is the mass of the bead, U the interaction potential, γ 
the damping constant and R the random force on the bead. 
Assuming inertia of the bead was negligible, and thus M = 0 , 
displacement was therefore simply a linear function of force:

 
dX U X R dt= -Ñ ( ) +éë ùû

1
g  

(11)

In principle, one might be able to estimate viscous drag coefficients 
from the masses and sizes of the PG beads and enzymes. However, 
since sacculi are linked to the outer membrane through lipoproteins 
[75, 76], and since PBPs might exist in complexes with other pro-
teins such as MreBCD, RodA, or RodZ [77], their response to 
viscosity might differ. For simplicity, the effective viscous drag coef-
ficients of the enzymes were estimated to be four times that of the 
PG beads.

Using a fixed time step could make the system unstable because 
a large force might move a bead too far. To prevent this instability, we 
constrained the maximal displacement of the PG beads, correspond-
ing to the maximal force Fmax, in every time step, to Dmax = 0.005 nm. 
Displacement D of each bead was then calculated as

3.3.8 Enzyme-PG 
Interaction

3.4 Relaxation
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D

D
F

Fmax

max

=
g  

(12)

where F is the force on the bead, and g = 1 0.  for PG beads and 
4.0 for enzymes.

We developed measures to quantify preservation of sacculus integ-
rity and maintenance of rod shape. First, we calculated hole size 
since large holes in the sacculus could threaten cell integrity. We 
then quantified bulges, straightness, and roughness of the sacculus 
surface to analyze rod shape maintenance.

We quantified hole size by calculating the surface area covering the 
hole. A hole on the sacculus surface is a polygon whose edges con-
nect neighboring beads into a closed loop that cannot be further 
divided by a glycan or peptide bond (Fig. 5). This polygon was 
divided into triangles sharing the polygon’s center as their third 
vertex. The hole size was then calculated as the sum of the trian-
gles’ areas.

To characterize maintenance of rod shape, we first had to define a 
central line through the sacculus between the polar caps. To do 
this, we constructed a central “axis” chain of beads extending the 
length of the cylinder, connected by unstretched springs of uni-
form spring constant. This axis chain was then connected to the 
sacculus by dividing the PG cylinder into segments, each corre-
sponding to one axis bead, and connecting each axis bead to the 
PG beads in its corresponding segment with identical springs. The 
axis chain was relaxed by minimizing the energy

 
E k d d k k lij i ij= -( ) + -( ) +å å å1

2
1
2

1
20

2

0
2 2

b pgq q q
 

(13)

The first term represents the axis springs, where dij is the distance 
between axis bead i and axis bead j, kb pN nm= 103 / , and 
d0 2 0= .  nm. The second term represents the bending stiffness of 
the axis chain, where θi is the angle at axis bead i, kq =

-10 20  J, and 
q0 3 14= .  rad. The third term represents the springs connecting 
the axis beads to the sacculus, where lij is the distance between axis 
bead i and PG bead j, and kpg pN nm= -10 2 / . The central line 
was then defined as this relaxed axis chain.

To quantify bulges we assessed fluctuations in local radii. The PG 
cylinder was divided into short segments, and each local radius was 
calculated as the average distance from the PG beads of that seg-
ment to the central line.

3.5 Shape 
Characterization

3.5.1 Hole Size

3.5.2 Central Line

3.5.3 Bulges
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Sacculus straightness was defined as the ratio of the shortest dis-
tance between the end points of the central line to its contour 
length.

Surface roughness was defined as the ratio of standard deviation to 
mean of the local radii.

Simulation codes were written in Fortran. Visualization of sacculus 
growth using Visual Molecular Dynamics (VMD) [54], however, 
was a challenge. Sacculus growth involved addition of new beads, 
cleavage of old bonds, and formation of new ones, but VMD could 
only visualize systems with constant numbers of beads and identi-
cal topology. To overcome this problem, the following two strate-
gies were applied.

First, to ensure a constant number of beads, the number of 
“future” PG beads was predicted and their coordinates were  initially 
set to be at the center of the sacculus, forming a reservoir of available 
beads. Once a bead was “added,” its coordinates were simply 
changed to match the location of the corresponding enzyme, and 
then evolved as part of the dynamic system using Eq. 12.

The second problem was maintaining topology. Due to the 
mesh-like nature of the PG network, many bonds, either glycan or 
peptide, were formed on common beads, so that bond cleavage 
and formation violated the topological constraint. To overcome 
this problem, instead of using one visualization bead (V-bead) to 
visualize one PG bead, a bonded pair of V-beads (blue = existing 
glycan, green = new glycan, red = peptide) was used to visualize 
each glycan/peptide bond. Thus, a PG bead at the junction of N 
bonds was visualized with N V-beads overlapping one another, 
ensuring that each bond could be added/removed independently 
from the others. So, for example, when a new peptide bond was 
added, two bonded V-peptide-beads were moved from the central 
reservoir to the location of the corresponding PG beads of the 
bond. When a new glycan bead was added, two bonded V-glycan- 
beads were moved from the central reservoir to the location of the 
new bond, one overlapping the existing bead at the strand tip and 
the other forming the new strand tip. To visualize removal of a 
glycan bead or peptide bond, the corresponding V-glycan/peptide- 
beads were moved back to the central reservoir. A schematic of 
visualization is presented in Fig. 11.

To show a dynamic process like sacculus growth, moving 
images obviously work better than static ones. We therefore cre-
ated movies to document simulated sacculus growth events, 
 analysis of causes of shape loss, and hypothetical mechanisms to fix 
problems [45]. To generate movies, we first captured individual 
snapshots of sacculus remodeling using VMD. Text and graphical 
schematics were then embedded using Photoshop. Frames were 
imported into QuickTime Pro to generate individual movies, and 
Final Cut Pro used to concatenate movies.

3.5.4 Straightness

3.5.5 Roughness

3.6 Visualization 
of Sacculus Growth
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4 Notes

 1. In the first round of our work, we used our model to reveal 
many challenges the cell might face while remodeling its wall, 
as well as possible molecular mechanisms the cell might use to 
preserve its integrity and characteristic rod shape during cell 
elongation [45]. We highlight some of the results of our simu-
lations here.

First and foremost, as hydrolases must cleave peptide 
bonds in order for new PG material to be incorporated, their 
activities must be regulated to preserve sacculus integrity in the 
presence of large internal turgor pressure. We have shown that 
not only do synthases and hydrolases likely form a complex, 
but their activities are likely temporally coordinated in such a 
way that a peptide released by bond cleavage would be cap-
tured quickly by new crosslink formation. Second, activities of 
synthases are also likely regulated spatially and temporally to 
prevent aggregation of new material. To ensure processivity, 
not only might the orientation of transglycosylases be fixed, 
but their translocation along the new glycan strand might also 
be facilitated by transpeptidation. Further, termination of 
transglycosylase is likely not purely stochastic but rather regu-
lated, for instance by crosslinkage of the growing strand and/
or by hole size. Interestingly, we found that the presence of a 
housekeeping glycosidase that removes uncrosslinked glycan 
tails could help prevent aggregation. While our manuscript was 
under revision, such a glycosidase was identified in cells [78], 
proving the usefulness of our approach in generating testable 
biological hypotheses.

Fig. 11 Schematic showing the use of visualization beads (shown in central reservoir) to show the addition/removal 
of PG beads or peptide crosslinks. Existing PG is visualized in blue, new PG in green, and peptides in red
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Maintenance of rod shape requires maintenance of regular 
order of glycan strands, since disordered PG leads to bulges 
and shape distortion. We have shown that the presence of mul-
tiple synthases in the complex could help preserve the regular 
order and shape of the sacculus. While bifunctional transpepti-
dases likely form crosslinks only on one side, the presence of a 
monofunctional transpeptidase would ensure crosslink forma-
tion on the other side of new strands, perhaps explaining why 
the monofunctional PBP2 of E. coli is essential for shape main-
tenance [79]. Finally, in a single-strand insertion mode, new 
peptides do not line up with old peptides, causing circumfer-
ential stress and, gradually, distortion. By contrast, we show 
that the presence of two transglycosylases incorporating two 
strands into the sacculus concomitantly brings the peptides 
into register, thus preventing defects.

Our results show that rod shape maintenance can occur 
with only local coordination of the enzymes within individual, 
randomly diffusing complexes, and that coordination of PG 
insertion sites over long distances by cytoskeletal filament scaf-
folds, a role previously suggested for MreB, is not required.

 2. In the future, it will be interesting to expand our model to 
include cytoplasmic proteins that regulate PG synthesis, nota-
bly MreB during cell elongation and FtsZ during division [77]. 
Several roles have been proposed for MreB including serving 
as a cytoskeletal scaffold to direct PG insertion sites [27, 44] 
and/or simply tagging along [23, 24, 28], bridging cytoplas-
mic and periplasmic enzymes [45, 80], and organizing and/or 
orienting the PG remodeling enzyme complex [45]. To test 
whether MreB directs PG insertion sites, as in the Huang 
model, insertion of new strands could be constrained to sites 
that implicitly represent the location of MreB [28, 41, 43, 44]. 
To test whether MreB helps form the PG remodeling complex 
by channeling PG precursors and/or organizing the enzymes, 
the presence/absence of MreB could be represented by a 
high/low probability of loading precursors onto transglycosyl-
ases and/or a long/short lifetime of the complex.

It has been proposed that FtsZ may serve as a scaffold to 
recruit divisome proteins and/or exert a constricting force on 
the membrane during division [81]. To model the former, the 
localization of PG synthesis enzymes could simply be biased to 
the midcell. To model the latter, assuming that forces exerted 
on the membrane would be transferred to the stress-bearing 
sacculus, forces perpendicular to the sacculus surface could be 
applied to PG beads at sites representing the location of FtsZ.

We plan to use the same method to study many related topics, 
including, for example, shape maintenance of Gram-positive 
bacteria, lemon-to-rod transition and rod shape recovery, cell 
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division, and even sporulation, where PG synthesis/hydrolysis is 
thought to drive prespore engulfment [82–84].

 3. We originally adopted the spring model for peptide crosslinks 
from the work of Huang et al. [44]. This model, however, 
failed to stabilize the system if the diameter of the sacculus was 
large or there were big holes on the surface. As the sacculus 
diameter increased, the cross-sectional area of the sacculus and 
therefore the stress on peptide crosslinks from turgor pressure 
increased quadratically, while the number of crosslinks along 
the circumference increased only linearly. As the sacculus 
reached a certain diameter, the system therefore became 
unstable, preventing realistic representation of the sacculus’ 
mechanical properties and exploration of the effect of size.

 4. In simulating a sacculus four times larger, to reduce the com-
putational cost only the cylindrical part of the sacculus was 
modeled, without including the two caps. In the other simula-
tions, PG synthesis was not modeled to occur at the caps due 
to experimental evidence that the caps are inert, so this should 
not affect the conclusions in any way.
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