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Abstract

The regulation of peptidoglycan (PG) remodeling has been studied intensively in rod-shaped and
coccoid model bacteria such as Escherichia coli and Bacillus subtilis, but the question of how
shape arises in bacteria with more complex morphologies remains incompletely understood.
Among the morphologically complex species is Caulobacter crescentus, a crescent-shaped stalked
a-proteobacterium, which is characterized by a biphasic life cycle and an asymmetric cell

division.

Cell wall remodeling critically depends on the action of peptidoglycan-degrading enzymes, whose
enzymatic activity must be tightly regulated in time and space to prevent cell lysis. In several
organisms, including the model E. coli, it has been found that proteins with catalytically inactive
LytM domains act as regulators of PG lytic enzymes. C. crescentus possesses two such LytM
factors with degenerate LytM domains, DipM and LdpF. These two factors have been individually
studied and the data suggest that they act in different stages of cell division and are responsible of
the recruitment of different PG lytic enzymes. However, these findings only give a partial

explanation of the function of these proteins.

The results we obtained in this work indicate that while LdpF appears to connect FtsEX with
AmiC, DipM interacts in vivo with multiple autolysins (SdpA, SdpB, AmiC and CrbA) and FtsN.
We confirmed in vitro the interactions between DipM and SdpA, SdpB, AmiC and FtsN and our
data supports the notion that the interaction surface with all these factors is shared. Moreover, we
show that the previously reported mid-cell localization dependency of SdpA and SdpB on DipM
is most probably indirect and not mediated by their direct interaction. Additionally, DipM was
able to stimulate the enzymatic activity of SdpA, SdpB and AmiC in vitro. Finally, our data also

suggest a novel mechanism to regulate the activity of AmiC based on its dimerization.

Collectively, our data suggest that the regulatory network of DipM significantly differs from the
already studied ones and give new insight on how the regulation of autolysins can be achieved in

bacteria.



Zusammenfassung

Die Regulation der Peptidoglykan (PG) -Remodellierung wurde in stibchen- und kugelférmigen
Modellbakterien wie Escherichia coli und Bacillus subtilis intensiv untersucht, aber die Frage, wie
die Form bei Bakterien mit komplexeren Morphologien entsteht, ist noch unvollstindig geklart.
Zu den morphologisch komplexen Arten gehort Caulobacter crescentus, ein sichelformig
gestieltes a-Proteobakterium, das durch einen zweiphasigen Lebenszyklus und eine

asymmetrische Zellteilung gekennzeichnet ist.

Der Umbau der Zellwinde hdngt entscheidend von Peptidoglykan abbauenden Enzymen ab,
deren enzymatische Aktivitit zeitlich und raumlich streng reguliert werden muss, um eine
Zelllyse zu verhindern. In mehreren Organismen, einschliefSlich des Modellbakterium E. coli,
wurde nachgewiesen, dass Proteine mit katalytisch inaktiven LytM-Domidnen als Regulatoren
von lytischen PG-Enzymen wirken. C. crescentus besitzt zwei solcher LytM-Faktoren mit
degenerierten LytM-Domidnen, DipM und LdpF. Diese beiden Faktoren wurden individuell
untersucht und die Daten legen nahe, dass sie in unterschiedlichen Stadien der Zellteilung wirken
und fiir die Rekrutierung verschiedener lytischer PG-Enzyme verantwortlich sind. Die Ergebnisse

erklaren jedoch nur teilweise die Funktion dieser Proteine.

Die Ergebnisse dieser Arbeit zeigen, dass LdpF anscheinend FtsEX mit AmiC verbindet, wiahrend
DipM in vivo mit mehreren Autolysinen (SdpA, SdpB, AmiC und CrbA) und FtsN interagiert.
Die Wechselwirkungen zwischen DipM und SdpA, SdpB, AmiC und FtsN wurde in vitro
bestitigt. Die Daten stiitzen zudem die Annahme, dass die Oberfliche mit der diese Proteine mit
DipM wechselwirken geteilt wird. Dariiber hinaus zeigen wir, dass die zuvor berichtete DipM
Abhingigkeit der Lokalisierung von SdpA und SdpB in der Zellmitte von hochstwahrscheinlich
indirekt ist und nicht durch deren direkten Wechselwirkung vermittelt wird. Zusatzlich konnte
DipM die enzymatische Aktivitit von SdpA, SdpB und AmiC in vitro stimulieren. AbschliefSend
deuten unsere Daten auf einen neuen Mechanismus hin, der die Aktivitit von AmiC aufgrund

von Dimerisierung reguliert.

Zusammenfassend legen unsere Daten nahe, dass sich das regulatorische Netzwerk von DipM
erheblich von dem bereits untersuchten unterscheidet und geben neuen Einblick in, wie die

Regulation von Autolysinen in Bakterien erreicht werden kann.
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Introduction

Cellular life and cell walls

Forces are our material universe. They pull and they push, they break and they bind, they allow
atoms to interact with each other, thus creating our world. In some cases, matter interacts so that
the forces keeping it together overcome the ones pulling it apart, hence resilience. Many physical
elements in nature are temporary associations of matter, subjected to a physical-chemical
selection in which the weakest elements are washed away faster, while resilient ones persist
longer: an irregular stone in a river will be subjected to a fast erosion of its sharp edges and
soluble materials, leaving a mostly smooth object, able to endure erosion for longer. Forces
keeping matter together are permanently challenged by external forces, a struggle that shapes our
universe. The same principle applies to the biological world. Living organisms are temporarily
persistent associations of matter, as the core of their existence, the genetic material, is indeed
made of matter, requiring protection against external forces in order to persist and give rise to a
new generation. This work addresses how some of the smallest living beings do manage to
withstand the forces pulling them apart with the help of elegant systems that have emerged in the

course of evolution. And our story starts with the cell.

The cell is a type of organization of life that seems to have emerged during the beginning of the
history of life on our planet, being tremendously successful. The essential characteristic of a cell is
its membrane, a semi-permeable structure that encloses the genetic material, creating an inside
and delimiting the outside. The membrane is constituted by amphipathic molecules (like
phospholipids) that keep their hydrophobic tails together and their polar areas exposed to the
solvent, in the form of a bilayer. It is also a platform for proteins and other elements to interact
with each other and the outside. Thus, the membrane can act as chemoselective barrier based on
its physicochemical properties and with the aid of specific proteins associated to it. The cell can
now import and accumulate certain compounds, like energetically rich organic molecules, whose
energy and atoms it uses to maintain itself and replicate. The membrane can also help to deny the
entrance to certain harmful molecules or even regulate the internal quantity of elements such as
ions, whose concentration inside the cell is critical for the correct functioning of its biological
machinery. Therefore, the membrane not only delimits the physical space of the cell, but it also
allows it to create and maintain an environment inside of it that is different from the outside,
helping the cellular life to thrive [1].

Yet, these advantages come with a price, as entropy is higher when the concentrations of different
solutes inside and outside of a membrane are even, meaning that the creation of a cytoplasmic
space with plenty of non-permeable solutes (DNA, RNA, proteins and other big organic



molecules) is not thermodynamically favorable. This necessarily creates a force, which aims to
erase the differences between inside and outside through a flow of solvent from the space with the
lower concentration to the one with the highest concentration [2]. We call this force osmotic
pressure or turgor pressure. The flow of solvent creates a mechanical stress against the
membrane, which is kept together by weak hydrophobic forces. If the situation is left unattended,
the membrane inevitably bursts. Ultimately, the same difference in concentrations that the
membrane provides could potentially destroy it, defeating the purpose of having a membrane at
all!

Considering the aforementioned advantages of having a membrane, the only option left for the
living cell is to evolve strategies to oppose the osmotic forces without compromising the
membrane function. Various approaches have emerged as life evolved and diversified. A
universal solution is the incorporation of membrane pumps that use energy to lower the
concentration of certain ions, like sodium, inside the cell, reducing the osmotic pressure [2].
Some organisms strengthen the membrane itself, by supplementing it with highly hydrophobic
molecules (like sterols) that increase the forces keeping the membrane together [3][4]. Many
Eukaryotes create an intricate and dynamic cytoskeleton that by contacting the membrane in
multiple places is able to strengthen it from the inside, while maintaining its plasticity [5]. Yet,
one of the most widespread and effective solutions is the synthesis of a cell wall, a semi-rigid
exoskeleton kept together by stronger forces that the ones of the membrane. This structure is
built in the outside face of the membrane, so as it expands it can transmit the osmotic pressure
onto the cell wall, which acts as a structural reinforcement. The semi-rigid nature of cell walls
makes them the main determinants of the cell shape, as membranes are flexible, allowing cells to
acquire a defined morphology. Cell walls appear to have evolved multiple times independently,
being the foremost examples plants (with cellulose walls [6]), fungi (with chitin and glucans walls
[7]), and bacteria (with peptidoglycan walls). Among them, the bacterial peptidoglycan cell walls
stand out because they are formed by a single macromolecule, meaning that every element of the
cell wall is covalently attached to the rest [8], giving it fantastic resilient properties. Indeed, if you
throw a bacterium into a boiling detergent solution, treat it with any kind of high ionic strength
solution, proteases, DNAses, RNAses, and boil it in detergent again, you will still be able to see
under the microscope a structure with the same shape the cell that once had [9,10]. Precisely,
because after these or similar treatments the wall is empty, though retains the shape of the cell

envelope, it was (among other names) called sacculus, from the Latin small bag.



The composition of the bacterial cell wall

The discovery of the cell walls can be traced to the coinage of the word cell by Robert Hook, as the
cork cells he observed with his microscope looked like tiny honeycomb-like units separated by
walls [11]. Among the early cell biologists there were a number of botanists which influenced the
scientific study of the cell. Thus it was initially considered that all cells had walls, a concept often
fused with the one of the membrane, as microscopy techniques did not allow the resolution
between these two structures. However, during the middle of the 19" century, evidence from
animal cells showed that cells do not need cell walls to exist, swaying part of the scientific
community to think that neither walls nor membranes were necessary attributes of a cell, which
came to be defined by the presence of a nucleus in a lump of naked cytoplasm [12]. Eventually, at
the beginning of the 20™ century, diverse studies unequivocally proved the presence of a cell
membrane surrounding the cytoplasm, flexible and permeable to hydrophobic compounds [1].
This key finding also effectively separated the concepts of membrane (cell-universal, flexible and

osmosensitive) and cell wall (rigid, highly permeable and osmoinsensitive).

As it can be noted, the mentioned research was conducted exclusively in eukaryotic cells, for in
the microbiological world, no detailed ultrastructural studies could be done due to the small size
of the specimens. Cell morphology, though, was for many microbiologists a central pillar of
bacteriology (which emerged in the second half of the 19" century), allowing a rough
classification between different species. However, it was a controversial point, as some scientists
defended that bacteria were pleomorphic and thus, able to change their shape. The establishment
of pure cultures and standard laboratory conditions dispelled this notion, and propelled the
development of bacteriology [13]. Incidentally, the acceptance that each species had their specific
shape, which was not mutable, strengthened the idea of a bacterial cell wall, which was proven by
different studies by the end of the 19" century [14]. Nevertheless, the specific nature of this wall
was elusive, as successive studies showed that it was not made of cellulose or chitin. Only the
advent of the electron microscope and more advanced biochemical methods during the second
half of the 20" century allowed the characterization of the bacterial cell wall [14]. Electron
microscopy permitted the detailed observation of the cell envelope ultrastructure and layers,
revealing that the so-called cell wall of bacteria (more accurately renamed as cell envelope) is a
complex multilayered structure, of which only one layer received the short-lived name of rigid-

layer (r-layer) in E. coli, which equals to the concept of the sacculus [8].

This technique also allowed visualizing cell-less sacculi, helping in the process of elaborating
protocols to purify it from the rest of the cellular components, leading to a more robust
characterization of the composition of the bacterial sacculus. Several studies unveiled that the

chemical composition was completely different from that of walls of cells from plants and fungi,
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as among its components there was N-acetylmuramic acid (NAM), an exclusively bacterial sugar,
diamino acids (such as diaminopimelic acid or lysine) and D-amino acids [14]. Finally, not only
the composition, but also the fundamental chemical structure of the sacculus was discovered: a
disaccharide of N-acetylglucosamine (NAG) and NAM, with this last element bearing a peptide
formed by D- and L-amino acids, hence the name peptidoglycan (PG). The disaccharides are
bonded among them through p-1-4-glycosidic bonds, creating glycan chains that can be
covalently connected to other chains through specific trans-peptide bonds [8,15]. Moreover,
multiple evidences showed that in many rod-shape bacteria the PG is placed in an defined way,

with the glycan strands oriented around the long axis and the peptide bonds parallel to it [9,16].

Even without going further into detail, we want to empathize that his represents a separate and
radically different concept of cell wall compared to walled eukaryotes. The latter have a wall
whose elements (cellulose, chitin or other polysaccharides) are held together by electrostatic
forces, requiring an accumulation of these components in order to create a cell wall strong
enough to resist the osmotic pressure [17,6]. On the other hand, all the elements of peptidoglycan
are covalently linked to each other, allowing a much thinner cell wall that in some cases forms a
monolayer [9]. To sum up, the conceptual evolution of the idea of the cell wall in cell biology
together with improvements in many biological techniques (mainly cell culturing, biochemistry
and microscopy) led to the identification of the chemical nature of molecule of the bacterial cell
wall. However, that was only the beginning of our understanding of the bacterial cell wall, as it is
not chemically or structurally homogenous. In fact, the biochemical and morphological
characterization of peptidoglycan from different bacteria showed the wondrous diversity that the

largest bacterial molecule displays.

Variations on peptidoglycan composition

As it was mentioned before, two types of biochemical molecules, sugar chains and peptides,
contributes to forming peptidoglycan. Each of these components is subject to variation between
species or even for a same organism in different environmental conditions. Starting with the
sugars, it is a pan-bacterial characteristic that the PG disaccharide is always NAM-NAG joined by
a B-1-4-glycosidic bond. However, in many cases it undergoes secondary modifications that alter
their chemical structure, giving them different properties. One of the most studied one is the O-
acetylation of the C6 hydroxyl moiety of NAM (or NAG in certain organisms), which prevents
the activity of enzymes that break the bonds between the disaccharides, such as lysozymes.
Precisely, it was thought that the main biological role attributable to these enzymes is to protect

bacteria from the threat of lysozymes, produced in many cases by other organisms to fend off
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bacteria [18]. However, O-acetylation is also required for proper cell division in Firmicutes,
revealing that sugar modifications in PG can have a deep physiological impact, and are not mere
“add-ons” of the cell wall [19,20]. Other modifications found in bacteria include the N-
acetylation and the de-acetylation of NAM or NAG [21].

Yet the stem peptide is the component of PG that displays the highest variety. This is not
surprising, given that by its own nature, it has a modular structure formed by individual amino
acids or diamino acids. The peptide is synthetized in a non-ribosomal manner by a series of
amino acid ligases that in some cases can act promiscuously, depending on the concentration of
certain amino acids [22]. In other cases, the variation of the stem peptide is based on specific
homologs of the amino acid ligases, giving rise to the observed inter-species diversity. However,
there are some constraints in the possible components of the stem peptides. The first amino acid
that attaches to the D-lactyl moiety of NAM is generally an L-alanine (L-Ala), but glycine can
replace it if present at high concentration. The second position is always a D-isoglutamic acid (D-
isoGlu), which can be modified to D-isoglutamine (D-isoGln) in Firmicutes and Actinobacteria
[22,10]. This amino acid is bound to the one in the first position through the amino group of its
a-carbon, but it binds the next element via the carboxyl group of its side-chain. The third position
is the one that displays the widest variety, though it is almost always a diamino acid, as it requires
one amino group to bind the amino acid in the second position and another one to bind to other
stem peptides, which allows peptide cross-link, the key feature of PG [10]. The molecule meso-
diaminopimelic acid (m-DAP) is the most common in this position in Proteobacteria,
Cyanobacteria and Actinobacteria (among others), while in many Firmicutes it is L-Lys, and L-
Ornitine in Spirochetes and Thermus thermophilus [10,23]. In a few cases, it has been reported
that a monoamino acid can occupy this position (such as L-homoserine in Corynebacterium
poinsettiae), and consequently, the cross-linking is bridged by an additional diamino acid [10].
The fourth and fifth amino acids are added to the chain as a dipeptide and, in most cases, they are
both D-Ala. Rarely, the last position can change to D-serine, D-lactate [10], or glycine [24]

making the bacteria insensitive to vancomycin.

Additionally, there is one more layer of variation: the cross-links. In most Proteobacteria,
Cyanobacteria, Actinobacteria and the genus Bacillus, the cross-linking is direct, as the D-Ala
from the donor peptide is directly bound to the mDAP in the third position, creating a 3-4
crosslink. It is also possible to directly link two mDAP molecules, generating a 3-3 crosslink, a
type of bridge that is very abundant in Mycobacteria, and can be also found in many other species
[10,25]. On the other hand, Staphylococcus aureus attaches to the L-lysine (L-Lys) in position 3 a
penta-glycine peptide (creating a branched peptide), which can be used to make cross-links with

the D-Ala in position 4 [26]. Enterococcus faecalis also uses a bridge to join the amino acids in
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positions 3 (L-Lys) and 4 (D-Ala), in this case a L-Ala-L-Ala dipeptide [27]. Other bacteria, like
Streptococcus pneumoniae present a mix of direct 3-4 cross-links and indirect ones mediated by
an L-Ser-L-Ala dipeptide [28].

In conclusion, PG has three common elements: the sugar backbone, the peptide side chains, and
the peptide crosslinks. However, all these three elements display a great chemical variability,
consequence of the evolutionary process that bacterial species have been subjected to since the
beginning of bacterial cell life. We have already noted that chemical variations in the sugar
backbone can change the susceptibility of PG to lysozymes. The variations in the composition of
the stem peptide (and, if present, the bridging peptides) determine the nature of the possible
cross-links. Different types of crosslinks will be synthetized and cleaved by different sets of
enzymes, and consequently, the PG of a specific bacterium can be only modified or degraded in
an enzyme-specific manner [29]. However, this variation in peptidoglycan composition not only
influences the chemical reactivity of the molecule but also its biophysical properties. We have
already presented the cell wall as a structural support for the membrane that absorbs the osmotic
pressure thanks to its elasticity and resilience. While the sugar chains are quite stretched, and
thus, inelastic, the peptides can display a higher degree of elasticity, which is affected by the
composition of the peptide stem itself as well as by the type of cross-link [30]. As some rod-shape
bacteria place their PG material [9,31], when the cell wall is under tension, it expands mostly in
the long axis, while cell width barely changes [31,32]. In addition to all the diversity we have
presented here, PG does not exist in isolation, it forms part of the cell envelope of the bacteria,

which also determines its final organization in the cell.

The architecture of the bacterial cell envelope

The very first method developed by bacteriologists to observe in detail bacterial cells was the
staining of fixed cells, as living cells did not have enough contrast to be properly examined with
the bright-field microscopes of most of the 19" century. Consequently, multiple dyes, produced
by the booming chemical industry of the era, were tested in different protocols aimed to stain
bacterial cells. The most famous of them is the Gram staining, which differentially stains bacteria
depending on the nature of their envelope, based on the fact that the dye crystal violet, when
exposed to iodine, forms big complexes that remain trapped in the mesh of a thick PG layer
(Gram positives), while it can be washed away in bacteria with thinner PG layers (Gram
negatives) [33]. This enabled an early classification of bacteria, roughly according to their cell
envelope structure: Gram negatives (Proteobacteria, Cyanobacteria) and Gram positives

(Firmicutes, some Actinobacteria). The Gram groups had a lasting impact on the microbiology
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culture. However, phylogenetic 1 studies have shown that these groups are not monophyletic [34].
On the contrary, the advent of electron microscopy and modern biochemistry revealed that the
bacterial cell envelope is in fact not a binary choice, but a complex structure that different species
have tinkered with (Fig. 1).

Starting with Proteobacteria, they build a generally thin PG (<6 nm thick) layer outside the
cytoplasmic membrane, which in some cases can be a monolayer, accounting for the resilience of
the PG molecule. Additionally, they present a lipidic layer on top of the PG, the outer membrane
(OM) [35]. This OM, though permeable to small molecules, prevents the scape of soluble
proteins, delimiting a space between itself and the cytoplasmic membrane: the periplasm (which
contains the PG layer). Additionally, it has been shown to contribute to the stiffness of the cell
[36]. The architecture of bacteria with such an envelope, IM-PG-OM, has been denominated
diderm, as opposed to having a single membrane (monoderm). The composition of the OM
stands out because it is asymmetric, with an inner leaflet containing phospholipids and the outer
leaflet lipopolysaccharide (LPS), a complex amphipathic molecule.[37]. These bacteria also have a
lipidation and transport system that allows certain proteins to be targeted specifically to the outer
membrane [37]. Certain species also possess an additional barrier exclusively made of proteins,
the surface layer (S-layer). This barrier prevents big molecules or predators from contacting the
OM and it is generally formed by multiples copies of a single protein, arranged in a regular
pattern, covering the cell surface [38]. The phylum Cyanobacteria also displays a similar diderm
cell envelope structure, with an OM containing LPS (and in some cases S-layer), although their
PG layer is generally thicker (10-35 nm, depending on the species), indicating that they have a
multi-layered PG sacculus [39].

The members of the PVC superphylum were thought to completely lack PG despite their diderm
architecture. However, recent discoveries have shown the presence of PG in species from the
main phyla that form the PVC superphylum. Planctomycetes and Verrucomicrobia appear to
have an envelope organization similar to the one of Proteobacteria (thin cell wall <6 nm and
outer membrane) [40-42]. However, Chlamydiales (obligate intracellular pathogens) stand out
for they only synthetize a ring of PG in their periplasmic space, which they use to carry out cell
division [43-45]. This not only highlights the fact that bacteria can live without a complete cell
wall in osmotically favorable environments, but also the close relationship between the cell wall

and bacterial cell division, which will be addressed later.
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Figure 1. Envelope organization of main bacterial groups. Rootless tree representing the phylogenetic relationships
between bacterial groups mentioned in the text [46]. Qutside the tree, there is a schematic representation of the
envelope organization of each group, including: cytoplasmic membrane (yellow), PG layer (blue, thickness of the line
allows to compare the relative thickness of this layer among groups, real values in text), outer membrane (green) and
mycolic acids layer (brown). The discontinuous line for the PG layer in the PVC superphylum symbolizes the partial
PG sacculi of Chlamydia, and the apparently low PG content in Plactomycetes.

In order to maintain the diderm envelope architecture, the OM is often connected to the
peptidoglycan layer or the cytoplasmic membrane through various systems ensuring a constant
periplasm thickness. For example in E. coli, the Braun lipoprotein (Lpp) is associated though a
lipid moiety to the outer membrane and covalently bound to the m-DAP moiety of PG [47]. In
most Proteobacteria and some members of the PVC (such as Chlamydia) the Tol/Pal complex,
spanning from the IM to the OM and energized by proton motion force, has been found to play a

significant role in the stability of the OM, particularly in moments where the shape of the
bacterial surface changes, like during cell division [48].



As a polar opposite to the aforementioned cases, most Firmicutes have a very thick PG layer (20-
40 nm) and no OM [49,50,28]. Their multilayered cell wall offers high resilience against the
osmotic pressure, and it also has a limited ability to retain large molecules in the space between
itself and the cytoplasmic membrane, creating a pseudo-periplasmic space. In this multilayered
structure, the new PG, synthetized in close proximity to the membrane, pushes the old one
outwards, thus creating an “age gradient” within the sacculi [51]. However, this does not mean
that the PG thickness in these bacteria is left at random, as certain mechanisms are in place to
control it [52]. Their cell wall is decorated with diverse types of molecules, the main ones being
the teichoic acids, which are anionic polysaccharides that can either be bound to the membrane
(lipoteichoic acids, LTA) or to the peptidoglycan (wall teichoic acids, WTA). They change the
permeability of the cell wall, making it a chemo-selective barrier, and they also play key roles in
cell morphogenesis, cell division and pathogenesis [53]. It is to note that the genus Mycoplasma
(inside Firmicutes) completely lacks a cell wall. In order to avoid membrane bursting, species of
this genus rely instead on cholesterol to reinforce their cytoplasmic membrane, on their small size
and on a less osmotically challenging environment, as they mostly live in association with

eukaryotic organisms [54,55].

Among the Actinobacteria, many genera (like Streptomyces) have a cell wall quite similar to the
one described for Firmicutes (PG layer of ~35 nm thick for Streptomyces), but Corynebacteriales
display a different architecture [56]. Members of this order have a PG layer of 6-20 nm thick,
thinner than most Firmicutes, which is decorated with a covalently attached layer of
arabinogalactan polymers. However, the distinctive characteristic of Corynebacteriales is the
presence of a layer composed of highly hydrophobic molecules (like mycolic acids) bound to the
arabinogalactans, which creates a structure with the properties of a hydrophobic membrane on
the outside of the cell. This makes the corynebacterial envelope a very tough barrier to most
molecules [57,56].

There are of course many other cell wall variations in the bacterial world, which due to space
considerations will not be addressed. Here, we want to stress that there are rarely discrete
categories regarding the cell wall. Some bacteria rely on a thick murein layer, while others have a
thinner wall with external supports. However, bacteria can combine characteristics from both
extremes together with specie-specific particularities. This gives rise to endless possibilities that
bacteria have made use of. In all the previous sections, we have attempted to portray an accurate
description of the bacterial cell wall and the diversity it holds. However, all these possible

variations do not exist in a static, finished, structure, but have to be build and remodeled



Peptidoglycan synthesis and degradation

We have previously addressed the chemical nature of the peptidoglycan sacculi, its organization
in the envelope of bacteria and the roles it plays in the cell. However, we already know that
bacteria are living beings that need to grow and divide. This immediately raises the question of
how is possible to modify a single, but huge, molecule that is under constant stress without
breaking it. The constraints that the nature of the sacculus imposes allow only one possible
answer: a tiny part of it needs to be ripped in a controlled and precise manner so that new
material can be incorporated and rapidly bound to the pre-existing PG to close the wound.
Repetition of this process would allow the sacculus to grow and divide (and the bacterium with
it), without compromising any of its properties [15,58]. In order to understand this dynamic

process, we first need to address how PG is synthetized and lysed.

Despite the aforementioned variety in the composition of PG, its synthesis is a highly conserved
process in bacteria, which we can divide in two steps: fist, the generation of the disaccharide with
the peptide chain and its attachment to the membrane, second, the translocation of this unit to

the outer leaflet of the cytoplasmic membrane and its incorporation into the PG molecule (Fig. 2).

The first part is carried out by a series of soluble cytoplasmic proteins and it starts with the
addition of a lactyl group to a NAG-UDP molecule by the enzymes MurA and MurB, creating
NAM-UDP. The corresponding amino acids are added to NAM-UDP by a series of Mur ligases
[22,59] and, if the peptide has to include a bridge (like the penta-glycine bridge in S. aureus), it is
incorporated using tRNA-bound amino acids as substrate [10]. Again, note that some of these
amino acids are PG-specific enantiomers (like D-Ala or D-Glu), which must be generated by
racemases. The resulting soluble molecule is then bound to an undecaprenyl phosphate lipid in
the inner leaflet of the cytoplasmic membrane by MraY, releasing the UMP molecule and creating
the Lipid I. Finally, MurG binds NAG-UDP to Lipid I, which thus becomes Lipid II [60].

The next necessary step is the translocation of the PG subunit to the outer leaflet of the
cytoplasmic membrane, which does not happen spontaneously, as the head of Lipid II is highly
polar, and thus requires a dedicated flipase. The current evidence indicates that Mur] is the flipase
of Lipid II, although in the past some other components were also suspected to act as such (like
FtsW) [61-63]. Once the PG subunit is facing the outer leaflet of the cytoplasmic membrane, it
becomes available for the enzymes that will incorporate it into the sacculi.
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Figure 2. Schematic representation of the synthesis of PG, using m-DAP as third position amino acid. A full
description of the process is given in the text. In brief, in the cytoplasm (up) a NAG-UDP unit is converted to NAM-
UDP, to which the peptide chain is attached by the Mur ligases. The pentapeptide-NAM-UDP is attached to the
bactoprenol phosphate, releasing an UMP molecule, creating Lipid I. The attachment of a NAG to Lipid I creates
Lipid II, to which in certain bacterial species an additional peptide bridge can be attached. Afterwards, Lipid II is
flipped to the periplasm (down) by Mur], where it becomes available for enzymes with glycosyltransferase activity
(GTase), which incorporate it to the bactoprenol-bound subunits of PG strands. Enzymes with D,D-transpeptidase
(DD-TPase) or L,D- Transpeptidase (LD-TPase) can cross-link the peptide chains. The potential cleavage sites for
Iytic transglycosylases (LT), PG amidases (Amidases), endopeptidases (EPases) and D,D-carboxypeptidases (DD-
CPases) are indicated by red arrowheads.

First, a glycosyl transferase (GTase) uses as substrate Lipid II and adds it to another Lipid II
molecule that can be either free or part of a nascent glycan strand [64,65]. This reaction frees the
NAM acceptor molecule from its undecaprenol carrier, which then flips back to the inner leaflet
of the membrane and re-start the transport cycle [66]. In order to fully incorporate these nascent
chains into the PG molecule, enzymes with transpeptidase (TPase) activity crosslink the stem
peptides of the new chain with the ones in the preexisting mesh. The enzymes that perform this
step are specific to the type of crosslink: DD-TPases, also known as penicillin binding proteins
(PBPs), create the 3-4 crosslinks, while LD-TPases form the 3-3 ones [10,66]. This last phase of
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PG synthesis (transglycosylation and transpeptidation) can be carried out by different sets of
proteins. Class A PBPs are enzymes that have the domains necessary to perform both activities
(GTase and DD-TPase), while class B PBPs only bear the domain for transpeptidation and are
usually associated to a cognate transglycosylase, creating a complex able to perform both activities
[67,68]. On the other hand, LD-TPases are enzymes unrelated to PBPs, and they require a
tetrapeptide as substrate. Therefore, they can only act on peptides that have been already

processed by another enzyme [69].

As we mentioned before, for the incorporation of the new material produced by these enzymes, it
is necessary to make small and controlled breaks in the sacculi [58,15,66]. This is the job of a
heterogeneous and poorly conserved (in stark difference with the synthetic pathway) group of
enzymes: the autolysins. We define autolysins as enzymes that have the ability to break any of the
bonds of PG and that use their lytic activity to contribute to the proper growth of the bacterial cell
that synthetizes them. Therefore, we are not referring to enzymes produced to fend off bacteria or
by phages. Since autolysins belong to multiple protein families, we will rather organize them by
the type of bond they break.

Starting with the sugar, we have the N-acetylmuramidases, which cleave the bond between NAG
and NAM, and are divided in two families: lysozymes and lytic transglycosylases (LTs).
Lysozymes are produced by organisms thorough the tree of life, because they constitute an
effective defense against bacteria. As they have been intensively studied since the time of their
discovery, we know that they have a conserved fold and catalyze a hydrolytic reaction though a
conserved mechanism [70]. On the other hand, LTs are ubiquitous in bacteria [71] and the
reaction they catalyze does not involve water. Instead, they use the hydroxyl group of the C-6 of
NAM to attack the p-1-4-glycosidic bond between the C1 of NAM and the NAG unit. This
reaction is resolved with the creation of a intramolecular anhydrous ring, generating 1,6-
anhydro-NAM (anhNAM), an LT specific product [70],[72] involved in PG recycling and
antibiotic stress signaling [73,74]. LTs have been found to be involved in many processes
including cell division [75-77], the formation of trans-envelope structures [78,79] and quality
control of PG synthesis [80].

The next bond in PG susceptible to cleavage is the amide bond between the lactyl moiety of NAM
and L-Ala, which is attacked by the N-Acetylmuramyl-L-Ala amidases, a group of enzymes which
in the context of this work we will refer to as amidases [70,29]. Their presence is widespread in
bacteria and they have been shown to be required for proper cell separation in various members
of Proteobacteria [81-83] and Firmicutes [84], the formation of nanopores in filamentous
Cyanobacteria [85], and the recycling of PG [74].
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Next, we have the endopeptidases (EPases), enzymes that break any of the amide bonds in the
peptide side chains or cross-links. They are present in all bacteria and belong to multiple families,
which have different specificities regarding the bond they cleave, even within the same family
[29]. A representative example is the M23 (or LytM type) class, a family of Zn-dependent
peptidases quite widespread in bacteria. The first of them to be identified is LytM of S. aureus,
which specifically cleaves Gly-Gly bonds of the pentaglycine bridges [86]. However a LytM
homolog identified in B. subtilis, LytH, cleaves between L-Ala and D-Glu [87]. There are also
homologs belonging to this family in the y-Proteobacteria and Cyanobacteria which have lost
their catalytic activity and serve as regulators of other autolysins (which will be addressed in the
following sections). The NlpC/P60 family is also widespread in bacteria, with representatives in
Proteobacteria, Cyanobacteria, Firmicutes and Actinobacteria, which can break a variety of bonds
[29]. Collectively, endopeptidases have been found to be involved in many processes, including
sacculus elongation and cell division. Although individually they are rarely essential, the deletion
of two EPases (CwlO and LytE) in B. subtilis [88] and three (Spr, YebA and YdhO) in E. coli [89]
results in a lethal phenotype, most probably arising from the failure to incorporate new PG in the
sacculus. Moreover, it has been shown that when E. coli synthetizes 3-3 bonds, it requires a
specific endopeptidase, MepK, to cleave them, since the inability to do so would hinder PG
incorporation [90]. This illustrates the need of enzymes that break PG in order for the wall (and

the cell) to grow and divide.

Regarding peptidases, we must make a special mention to a subset of them that only cleaves the
last D-Ala of the peptide chain, the DD-carboxypeptidases (hence forth CPases). Many of them
are the C class PBPs, closely related to class A or class B PBPs, which not surprising, as the
synthetic PBPs also cleave the last D-Ala as part of their mechanism to make cross links. In fact,
some PBPs with TPase activity can in certain conditions display CPase activity. Importantly, the
CPase activity can regulate the proportion between 3-4 and 3-3 cross-links, as their reaction
product (tetrapeptide) cannot be used by PBPs, but it is the substrate of L-D transpeptidases. The
impact of the CPase activity has been found to contribute to the normal growth of the cell. For
example in E. coli the deletion mutant of PBP5 (or PBP6a in acidic media) has wider and
branched cells [91-93] or the deletion of DacA (PBP3) in S. pneumoniae results in a defect in
septum positioning and formation [94]. Additionally, CPases contribute to modify the cell wall as

the cells enter into stationary phase, a process themed PG maturation [95,10,96].

It is self-evident that the action of all these classes of autolysins releases small PG fragments (the
so-called PG turnover), which in some cases can act as signaling molecules [97] and in some
bacteria is responsible of the loss of a significant part of the PG material per cell cycle [98], for

example in B. subtilis [99], Lactobacillus acidophilus [100] or Neiseria gonorrheae [101]. However,
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as these fragments are valuable organic components, there are pathways that rescue them and
feed them back into the PG metabolism in what it has been called PG recycling [74]. The extent of
this PG recycling is exemplified by, for instance, studies supporting that E. coli recycles around
45% of their PG in each cell cycle [102]. Importantly, the recycling pathway can also act as a
sensor, helping the bacterium to adapt to conditions that challenge their cell walls. One clear
example is the induction of p-lactamase synthesis if there is an excess of cytoplasmic anhNAM-
containing fragments, which is often linked to the inhibition of TPase activity and consequent
digestion of the uncross-linked glycan strands by LT's [73,80].

In conclusion, the sacculus is not a passive and static structure, but on the contrary, bacteria
possess various mechanisms to synthetize, modify, break and recycle it. Ultimately, the dynamics
of this macromolecule is a necessary consequence of the need of bacteria to adapt to the

environmental conditions, grow and divide.

The coordination of peptidoglycan incorporation

It is self-evident that if the sacculus has to be remodeled while it is bearing the osmotic pressure
of the cell, the activities of synthetic and lytic components must be highly coordinated, so that the
lesions in the sacculus are immediately filled with new material and, conversely, so that the
synthesis of PG is made specifically as PG is breaking so the integrity of the sacculus can be
maintained. Importantly, PG not only helps the cell to withstand the osmotic pressure but also
gives cells shape. Therefore, the coordination of PG remodeling is also required for the
maintenance of cell morphology [60,103]. How this is achieved is not completely known, not
even in the best-studied model organisms, since this requires to understand the spatiotemporal
action of multiples components and how they interact with each other during the cell cycle.
However, multiple components involved in PG remodeling have been isolated and their activities,
functions and interactions individually studied, giving us a rough idea of how certain cell wall-
related processes work. Many PG remodeling complexes require a common element, a

cytoskeletal polymer.

Polymerizing proteins are widespread in the tree of life, with multiple uses, from chromosome
segregation [104] to vesicle or particle transport [105] [106] or cell cytokinesis [107]. The proteins
that compose them can exist at least in two states, as free molecules or as part of the polymer.
Polymers can also have a dynamic behavior if they have polarity (for example treadmilling),
allowing them to exert force or move cellular components. In bacteria, several cytoskeletal

polymers have been identified with a PG remolding function. They generally act, in their
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polymeric state, as recruiters of structural, regulatory and enzymatic components, thereby
defining their spatiotemporal interactions and activities [60]. In this category we find FtsZ (a
tubulin homolog), MreB (an actin homolog) and bactofilins (a mostly bacterial family of
proteins). These proteins are able to spontaneously polymerize in vitro if their necessary cofactor
is added (FtsZ-GTP, MreB-ATP), therefore they require systems regulating their positioning and
the timing of their assembly [108].

The best-studied cytoskeletal polymer is FtsZ, which is involved in cell division in almost all
bacteria with a PG cell wall. It polymerizes in a GTP-dependent manner [109,110] and attaches to
the membrane through certain membrane proteins, creating a ring-like structure (the Z-ring) that
recruits a multiprotein machinery that carries out cell division, collectively termed, the divisome
[111]. FtsZ polymers have been found to be able to treadmill in vivo, a property that contributes
to the organization of a functional divisome and that is necessary in the early stages of cell
division [112-114]. There are many systems identified in different bacteria that prevent its
polymerization outside the mid-cell (MinCD in E. coli, MipZ in Caulobacter crescentus) or on top
of the nucleoid (Noc in B. subtilis), ensuring that cell division will only take place at a specific
time and at a specific place [108,115]. The recruitment of the divisome components in E. coli is
sequential and hierarchic, as later components require the presence of earlier ones in the Z-ring
for their recruitment [116]. In most studied bacteria, the first-recruited components are FtsZ and
its membrane anchors, FtsA, ZipA or SepF [117-119]. Later, structural and regulatory
components arrive, such as the ABC transporter-like FtsEX [120] and the FtsBQL complex [121],
followed by the PG synthases FtsW (transglycosylase) [122], FtsI/PBP3 (TPase), and PBP1b (class
A PBP) in E. coli [123]. Lastly, FtsN, a central activator of PG synthesis arrives and septum
formation starts [124,125]. Regarding the regulation of these components, it has been best studied
in E. coli, where the data suggests that the FtsBQL complex represses PG synthesis in the absence
of FtsN [126]. FtsN can be weakly recruited via its interaction with FtsA [127] and in turn recruits
PG amidases to the septum [128]. PG amidases are thought to be regulated by the ATPase activity
of FtsEX and cleave off the peptide side chains [129], creating naked glycan stands, to which the
SPOR domain of FtsN can efficiently bind [130-132]. This creates a self-reinforcing loop that
accumulates FtsN at the divisome, stimulating PG synthesis. FtsEX has an additional role in
promoting the interaction of FtsN with the PG synthases through its interaction with FtsA
[133,134]. The combination of these mechanisms is proposed to regulate the timing of septum
formation according to the state of maturity of the divisome. However, the assembly and
regulation of the divisome machinery in other more distant bacterial species might be very

different. For example, some bacteria, such as Mycobacteria, lack the central regulator FtsA [135],
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while others have exclusive components forming part of their divisome that might participate in

the regulation of this machinery [136].

On the other hand, MreB polymerizes in an ATP-dependent manner and creates short polymers
in vivo. It is present in many rod-shaped bacteria and it is thought to drive directional PG
synthesis around the long axis of the cell, thus maintaining the rod-shape [137-139]. The MreB
polymer binds to RodZ [140], a regulatory component that can tether it to the membrane (in
E. coli MreB polymers can also bind directly to the membrane) and to the membrane components
MreCD [141-144]. Together, they recruit the transglycosylase RodA and the transpeptidase
PBP2, forming a complex known as the elongasome or Rod complex [145,146]. The rotation of
these rod complexes is not dependent on ATP hydrolysis by MreB (and therefore they do not
require filament treadmilling), but it requires active PG synthesis [147,148]. In E. coli, MreCD
appear to regulate the activity of PBP2 and RodA, preventing an excess of PG synthesis [149,150].
It is known that this complex is generally excluded from the poles and that it drives PG synthesis
approximately in a perpendicular manner to the long axis of the cell, but how exactly it is able to
orient itself is still unclear. Some works suggest that the lipid composition of the poles excludes
the Rod complex from the poles, leaving it to act only on the lateral walls [151], while others
suggest that the intrinsic curvature of the MreB filament makes it spontaneously align to
negatively curved surfaces, preventing it from acting in parallel to the long axis of the cell
[32,152]. Strikingly, Chlamydia appear to have repurposed the rod complex to synthetize a mid-
cell band of PG that they require for cell division [44].

Finally, the recently identified bactofilins polymerize spontaneously into membrane-associated
filaments with no polarity [153,154]. In some bacteria they are part of the chromosome
segregation machinery [155] or motility systems [156], but when they are involved in PG-related

functions they seem to recruit PG-remodeling components [157,153].

We know of the existence of other PG remodeling complexes, like the one that is responsible for
the polar growth in the Actinobacteria (based on the curvature sensing protein DivIVa) or
Rhizobiales [158], or the one responsible for stalk synthesis in C. crescentus [159]. However they
have not been so intensively studied. On the other hand, there is also PG remodeling outside of
these cytoskeletal complexes. For example the class A PBPs contribute to the enlargement of the
sacculus in a non-oriented manner [32]. This indicates that there must be local associations of
PBPs, autolysins, regulatory and structural elements that contribute to this PG synthesis,
although the precise nature of these complexes is not known.

In conclusion, it becomes evident that the PG remodeling processes (growth and division) require

a dedicated machinery to regulate its spatiotemporal activity of its components in order to
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maintain shape and prevent the rupture of the stress bearing sacculi. Here, we want to turn your

attention to certain elements of these complexes, the autolysins, enzymes whose uncontrolled

activ

Regulation of the autolytic machinery
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