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Abstract

The bacterial cell wall is made primarily from peptidoglycan, a complex biomolecule which forms a bag-like exoskeleton that
envelops the cell. As it is unique to bacteria and typically essential for their growth and survival, it represents one of the most
successful targets for antibiotics. Although peptidoglycan has been studied intensively for over 50 years, the past decade has seen
major steps in our understanding of this molecule because of the advent of new analytical and imaging methods. Here, we outline

the most recent developments in tools that have helped to elucidate peptidoglycan structure and dynamics.
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Introduction

In order to counteract their own internal turgor pressure,
most bacteria synthesise a cell wall, which forms a bag-like
exoskeleton that envelopes the cell. The cell wall is composed
primarily of peptidoglycan (PG), a complex biopolymer which
consists of glycan strands of alternating N-acetylmuramic acid
(NAM) and N-acetylglucosamine (NAG) sugars cross-linked
by short peptide chains, most commonly L-Ala-y-D-Glu-meso-
DAP-D-Ala-D-Ala (DAP, diaminopimelic acid) in Gram-negative
bacteria or L-Ala-y-D-Glu-L-Lys-D-Ala-D-Ala in Gram-positive
bacteria'.

As it is a unique characteristic of bacteria and typically essen-
tial for their growth, the cell wall is the target for many of
our most successful antibiotics, and its synthesis and regula-
tion have been the subject of intensive research for over five
decades. Its synthesis begins with the cytoplasmic assem-
bly of a lipid-linked precursor, lipid II**, which is flipped to the
external side of the cytoplasmic membrane to be polymerised
and cross-linked into the mature PG mesh. This assembly is
carried out by the penicillin-binding proteins (PBPs), so named
as they are the target of B-lactam antibiotics®, and the more
recently discovered penicillin-insensitive shape, elongation,
division, and sporulation (SEDS) proteins’. Far from being
static, the cell wall is constantly remodelled to facilitate growth
and division and can be subject to modifications which
confer protection against environmental threats and facilitate
adaptation to the present niche®.

The most recent advances in understanding how PG is
synthesised and regulated have been well reviewed elsewhere’.
Here, we summarise the methods which have emerged in the
last decade that have dramatically improved our understanding
of cell wall structure and dynamics. In particular, we focus on
methods for elucidating the chemical structure of PG as well as
new tools for probing its synthesis and remodelling.

Chemical methods

In the early 1950s, pioneering studies on the mechanism of
penicillin by James T. Park revealed that penicillin treatment
of Staphylococcus aureus led to the accumulation of a
uridine-linked peptide (termed ‘Park’s nucleotide’), which was
unusual in that it contained amino acids in both their L- and
D-stereoisomers®. Coinciding studies showed that the cell wall
of bacteria contained the same amino acids™'’, leading to the
realisation in further work by Park and Jack L. Strominger
that penicillin targeted cell wall biosynthesis and the dawn of
the study of the bacterial cell wall''.

Methods for the purification of the PG sacculus and its enzymatic
digestion for chemical analysis were established not long after
its discovery'” and uncovered some variability in cell wall struc-
ture, particularly in Gram-positive bacteria in both the amino
acid composition and presence of peptide bridges cross-linking
the muropeptides (that is, disaccharide-peptide units)'®. However,
these methods were highly laborious and it was not until
the development of high-performance liquid chromatography
(HPLC) in the early 1980s that efficient muropeptide analysis

and a better understanding of cell wall chemistry were made
possible!*!®, revealing the presence of a DAP-DAP or L,D
cross-link in addition to the DAP-Ala or D,D cross-links which
were previously known'*. HPLC uses the relative affinity
of solutes in a mobile phase for a stationary phase to separate
them, which coupled with ultraviolet (UV)-spectrophotometric
detection produces a chromatogram (the function of absorbance
over time), allowing the identification of muropeptide species
based on retention time. Integration of the peaks of the
chromatogram provides a means by which to quantify the
muropeptide species in terms of relative abundance, while the
proportions of different muropeptides can provide information
on the physical characteristics of the wall. High Ilevels
of dimeric and trimeric muropeptides correspond to more
highly cross-linked and therefore stiffer PG, while a relative
increase in anhydromuropeptides, which represent the glycan
chain termini, corresponds to shorter glycan chains and more
flexibility of the sacculus'®.

While HPLC facilitated major steps in our understanding of
PG, a new awareness of the metabolic diversity of bacteria
brought a desire to understand how fine PG structure might
adapt to environmental conditions. However, many of these
conditions presented challenges for PG isolation, such as where
infection, symbiosis or lab-unculturable bacteria mean that
very low amounts of PG are available for analysis. As around
10° to 10' cells” worth of PG are required for the detection of
minor components in HPLC'®, improved analytical techniques
were needed. As a result, ultra-performance liquid chromatog-
raphy (UPLC), which uses smaller columns with more compact
stationary phases that enable the use of higher pressures,
has superseded HPLC as it is able to achieve similar separation
and resolution using an order of magnitude less sample, help-
ing reveal the presence of very low amounts of PG in anammox
Planctomycetes'”.

An important strength of UPLC over HPLC is its profoundly
reduced run times; 2 hours taken previously by HPLC was
lowered to potentially under 10 minutes. Robust protocols
which allow the rapid isolation and analysis of muropep-
tides from bacteria by UPLC in under 24 hours have now been
established'®'”. The vastly reduced run times brought with
UPLC had implications in the analysis of PG since they opened
the gateway to high-throughput analysis of PG chemistry
under many different conditions, or in many species, in
relatively little time. However, the large amount of chroma-
tographic data produced in these experiments necessitated
the production of new tools to facilitate its comparison. The
development of dedicated chemometric tools enabled many
chromatograms to be aligned and compared and statistical
outliers to be identified using principal component analysis or
constraint randomised non-negative factor analysis®?' (Figure 1).
For example, a chemometric analysis of the chemical variabil-
ity of PG in various Alphaproteobacteria revealed the presence
of a new L,D-1,3 cross-link and mDAP amidation which can
help protect Acetobacteria from Type VI secretion-associated
PG endopeptidases and Drosophila innate immunity”’. With
these tools, it will be possible to analyse PG composition in a
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Overview of ceII wall structure and high-throughput peptidoglycan (PG) analysis by ultra-performance liquid
) Schematic diagram of PG sacculus showing glycan strands with arrows representing cross-links and

chemical structure showing major features of PG, including DAP-Ala (D,D) and DAP-DAP (L,D) cross-links and an anhydromuropeptide. Also
shown is the incorporation of a fluorescent D-amino acid (FDAA) in the fourth position. NAG, N-acetylglucosamine; NAM, N-acetylmuramic
acid. (B) Representative UPLC chromatogram from PG of Gram-negative enteropathogen Vibrio cholerae with schematic muropeptide
structures associated with each peak indicated. (C) Heatmap and principal component analysis (PCA) showing comparison of
UPLC chromatograms from many transposon mutants of V. cholerae, highlighting how statistical tools can facilitate high-throughput

PG analysis by indicating statistical outliers.

species under many different conditions, or in many different
mutants, in a high-throughput manner, thereby revealing new
factors in PG homeostasis (Figure 1).

The Gram-negative bacterium Escherichia coli has around
3.5 million muropeptides in its cell wall>. Given a limit
of detection of 0.1 to 1% of the total muropeptide pool for
UV-spectrophotometric ~ detection, muropeptide species in
orders of magnitude of 10° to 10* muropeptides per cell would
not be detectable but could still be physiologically relevant.
The coupling of UPLC with high-resolution mass spectrometry
(MS) can allow the detection and identification of muropeptide
species which are present in much smaller quantities,
significantly lowering the previous detection limits achiev-
able by UV and allowing rapid identification of muropeptide
species without the need to collect peaks and analyse them
separately by MS. Most modern instruments can automati-
cally identify peaks by their mass and fragmentation spectra,
an ability that lends itself to high-throughput screens for new
PG chemistry. Tandem MS fragmentation analyses, where a
target ion is broken into smaller fragment ions which then are
separated, can aid in the identification of muropeptides, including
those with known modifications. Since coupling UPLC with

MS detection has much lower detection limits than UV alone,
it can also be used for the analysis and quantification of intra-
cellular muropeptides derived from de novo PG synthesis or
PG recycling as well as the analysis of muropeptides that
are released to the supernatant. This technique allows the
facile and comprehensive analysis of released muropeptide
species which can be important in the cell’s environment, such
as in symbiont-host interactions or disease (reviewed in 23-27).

Nuclear magnetic resonance (NMR) has also been used as
a tool to investigate PG chemistry in both elucidating the
chemical structure of individual muropeptides® and provid-
ing insights into the wider architecture of the PG polymer. The
three-dimensional (3D) structure of the PG sacculus remains an
outstanding problem in cell wall biology. An NMR study on the
solution structure of a chemically synthesised two-muropeptide
unit from the Mobashery lab showed that the glycan backbone
formed a right-handed helix with threefold axial symmetry®,
although that study was limited since the structure of dimeric
muropeptides in solution may not correspond to that of
cross-linked and load-bearing PG in the sacculus. As larger PG
fragments are not typically soluble, solid-state NMR, which
is not as widely available or sensitive as solution-state NMR,
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must instead be used. However, solid-state NMR can pro-
vide Angstrom-resolution distance constraints which allow
structure determination. The application of C spin diffusion
centerband-only detection of exchange (CODEX) NMR to
S. aureus PG in situ revealed a 5-A distance between the pen-
taglycine bridge and a glycan chain of a neighbouring strand,
evidence of a more tightly packed structure”. These data suggest
that the glycan strands have fourfold axial symmetry, an organisa-
tion that permits a higher degree of cross-linking that corresponds
more closely with observation. Subsequently, rotational-echo
double-resonance (REDOR) solid-state NMR was applied to
intact cells of S. aureus grown in the presence of D-[1-PC]
alanine and L-["N]-alanine with the addition of a '"F-labelled
glycopeptide antibiotic, eremomycin 4-p-fluorophenylpeperazide,
which binds specifically to PG. This allowed the distance
between the L- and D-alanine moieties in neighbouring
muropeptides to be measured as 4.4 A, which coupled with a
4.8-A distance between the terminal D-Ala of one muropep-
tide and bound glycopeptide of another lends further credence to
this tightly packed arrangement'. A similar arrangement was
observed in Enteroccocus faecalis under similar experimental
conditions®.

Imaging approaches

Fluorescent labelling

In order to understand the spatiotemporal dynamics of PG
synthesis and remodelling, molecular probes which would allow
these processes to be visualised were needed. Historically,
this was achieved using fluorescently labelled antibiotics® or
lectins*, which could be viewed using fluorescence microscopy,
but these tools had significant drawbacks since they displayed
low membrane permeability or toxicity towards the cell.

However, several reports have shown that muropeptides can
be substituted with alternative, non-canonical amino acids
in the fourth or fifth position by L,D transpeptidases or by
PBPs and cytoplasmic ligases (that is, MurF, Ddl and VanA),
respectively™, which opened the possibility for the incorpora-
tion of alternative, fluorescently labelled D-amino acids (FDAAs)
into PG. Capitalising on this, the VanNieuwenhze and Brun
laboratories designed and synthesised a panel of FDAAs,
which consist of a D-amino acid backbone with the side chain
replaced by a fluorophore®**. As they are both biocompat-
ible and highly specific, these probes have proven to be a
powerful tool for labelling PG and as a result have entered
widespread use.

Since FDAAs allow only transpeptidase-mediated PG label-
ling, probes that allowed the direct fluorescent labelling of lipid
II were developed®. These took advantage of the conserved
PG synthesis step of the addition of D-Ala-D-Ala (DA-DA) to
the nascent tripeptide precursor by MurF, using a version of
DA-DA with a functional handle that allows subsequent ‘click
chemistry’ azide-alkyne cycloaddition of a fluorophore. These
tools facilitated the resolution of the ‘Chlamydial anom-
aly’, in which the obligate intracellular pathogen Chlamydia
trachomatis had no detectable PG despite possessing an almost
complete set of PG biosynthetic genes, demonstrating that

C. trachomatis in fact synthesises a ring-like PG structure.
Other probes have used functionalised D-Ala derivatives
which likewise can be used by the cell in PG precursor biosyn-
thesis and subsequently conjugated to fluorophores or other
detectable probes by bioorthogonal chemistry*'*>. This principle
has also been applied to the NAM sugar to produce a function-
alised NAM which can be incorporated into the PG through
the NAM recycling pathway and has an added advantage
since, unlike D-Ala, it is not removed during PG remodelling,
increasing the longevity of the probe, and meaning that it is
also present in muropeptide species which lack D-Ala®.

A caveat of using FDAAs to label PG synthesis is that these
reagents are continuously fluorescent and thus the method
requires washing steps between pulses to remove free FDAAs.
Recently, rotor-fluorogenic FDAAs (rfFDAAs), which fluo-
resce only in environments in which their rotation is restricted,
have been synthesised*. As a result, rffFDAAs become fluores-
cent only on incorporation into the PG sacculus, allowing PG
biosynthesis to be monitored in real time with a temporal resolu-
tion as high as the imaging method will allow while minimising
the disturbance to the bacterial cells brought by repeated
washing. Additionally, their ease of use in monitoring PG
transpeptidation reactions lends itself to the development of
high-throughput screens for inhibitors of these proteins.

Microscopy techniques

Our knowledge of PG chemistry derived mainly from
biochemical analyses, which profited largely from advances
in chromatography methods. Muropeptide analysis by HPLC
enabled us to know more about the general structure and
biosynthesis of the cell wall components; however, many
questions remained about the organisation, assembly and
interaction of the cell wall constituents. Traditionally, these
studies were conducted by electron microscopy (EM), which
relies on a beam of accelerated electrons for illumination.
Therefore, the production of a strong signal depends on the
specimen itself. This would mean that a sample that does not
contain electron-dense elements, such as PG, requires staining
with heavy atoms for successful imaging. However, the treat-
ments that are usually applied, such as staining and chemical
fixation, can lead to damage of the sample and often can be
misleading when it fails to maintain all structural macro-
molecules in their native structure'*. Nevertheless, studies
emerging from EM experiments indicated that isolated PG
sacculi retain their shape*; this has proven to be useful in
several different applications such as atomic force microscopy
(AFM) and cryo-transmission EM (cryo-TEM) as it allowed
the imaging of purified sacculi.

The invention of the AFM in the mid-1980s offered new
opportunities to answer key questions in this field. In addition
to improved resolution, AFM has several advantages compared
with previous microscopy techniques. Sample preparation
did not include any special treatment which might damage
the murein, and it enabled 3D visualisation of the sacculi in a
nearly native state. AFM proved to be a powerful tool to study
different aspects of the cell wall properties and dynamics such
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as following the effects of drugs on the cell envelope and
in vivo nano-imaging studies of the surface layer in Coryne-
bacterium glutamicum®. Studies in this field are employing
AFM to understand the architecture and organisation of PG,
which is important to be able to provide models for bacte-
rial growth and division, with a particular focus on the orien-
tation of glycan chains. A significant part of this work has been
carried out by the Foster group, who were able to show that PG
structure is less ordered than previously thought®. In addi-
tion, the level of order changes when cell shape alterations are
introduced to make E. coli cells spheroid, resulting in short

and disordered glycan chains®.

Complementary to AFM and EM, cryo-TEM became an impor-
tant tool over the years to directly visualise complex struc-
tures and provide information that is fundamental to understand
them. Cryo-TEM enables preservation of higher-order struc-
tures and therefore facilitates new advances. Compared with
conventional EM, samples are studied at cryogenic temperatures
which do not interfere with the specimen’s state, enabling the
preservation of native PG°™°'. The development of an imaging
technique, cryo-electron tomography (cryo-ET), made it pos-
sible to combine the images into a 3D projection™. Research
in this field has made great progress answering questions that
were in focus for decades but remained unresolved because
of technical limitations, such as the molecular organisation
of PG and how cells remodel their cell wall on the molecular
level when they elongate and divide. With the help of cryo-ET,
researchers were able to show that at least two Chlamydia spe-
cies do possess a PG cell wall*® and revealed that the mycobac-
terial cell envelope consists of an inner cytoplasmic membrane
as well as a symmetrical outer membrane’*”. Moreover, it
provided information on the long-standing debate of the
bacterial cell wall architecture. Findings of the Jensen lab
supported a disorganised, layered model in Gram-negative bac-
teria, meaning that a single layer of glycans run circumferen-
tially to the cell surface®. However, it left many questions open,
especially when it comes to Gram-positive bacteria®’. AFM
studies conducted with Bacillus subtilis proposed a ‘coiled
cable model’ in which bundles of glycan strands wrap around
the cell’®. However, questions about its organisation remained
since cryo-EM results from Beeby et al. suggest that the struc-
ture of rod-shaped Gram-positive PG is not different from that
of similarly shaped Gram-negative bacteria®. According to
their results, multiple layers of PG stands run circumferentially
along the long axis. Further AFM studies suggested that just
as when bacteria undergo remodelling during different growth
stages, there is a change in both cell wall architecture and
thickness®. Although the authors could confirm the coiled
cable model in stationary phase in B. subtilis, they described
the side wall architecture more as a ‘ridge and groove’-like
structure in mid-exponential phase. It is proposed that differ-
ences in the surface structure of the PG might vary as well
between different bacterial strains. First high-resolution images
of the bacterial cell wall gave further insight into the PG struc-
ture of Gram-positive bacteria (B. subtilis and S. aureus), reveal-
ing an unprecedented structure. With the help of high-resolution
AFM, it has been shown that the external surface is composed
of a landscape with large, deep pores. However, the internal

surface seems to be much denser, and its organisation is also
location-dependent. Moreover, the structural organisation
also varies among bacterial species®. This is another example
that shows the wide variety in PG architecture within different
bacterial species. Research in this field could lead to a better
understanding of the mechanical properties and the mode
of action of drugs, especially antibiotics, on the cell wall of
bacteria.

The lack of experimental techniques often creates a barrier in
understanding complex processes and therefore it is crucial to
provide insight into molecular and biophysical processes
through computational modelling. These simulations have often
been employed to understand various aspects of the cell wall
properties®. Later approaches combined biophysical and bio-
chemical data with computational modelling. With the help of
so-called mesoscale modelling, researchers were able to simu-
late several hypotheses of molecular processes in their cellular
environment®. This approach made it possible to simulate how
Gram-negative bacteria can retain their shape and integrity
during elongation® as well as to explore how bacteria constrict
their cell wall to divide®.

One of the biggest challenges in this field is trying to under-
stand how bacterial cells grow, divide, remodel and recycle their
PG, which has a fundamental impact not just in basic research
but also in medicine. Owing to environmental changes or
as part of their life cycle, cells constantly change their mor-
phology and therefore often undergo changes in shape and
size. These two features have been linked to various important
behaviours. Cell shape has been shown to be important for pre-
dation, adhesion and motility®, whereas cell size has been
proposed to have a role in host invasion. For example, some
invasive pathogens such as Streptococcus pneumoniae and
Hemophilus influenzae try to escape detection by the host by
minimising their cell size®%. Since cell shape and size are
directly coupled to cell wall, a lot of effort has been put into
image-based screens. Developments in automation and analy-
sis software have made previously highly laborious screens
possible. These observations in morphological changes led to
the discovery of new gene functions, such as the discovery of
RodZ, a cytoskeletal protein responsible for rod shape®. Since
then, microscopy-based high-throughput screens were evolv-
ing fast, and a wide range of studies employ this technique to
explore unknown cell shape determinants’*’>. However, these
studies are limited to single-time point analysis only. With
the help of combined experimental and multivariate image
analysis, profiling of morphological changes, such as antibiotic-
induced changes, became available to follow’”. To predict the
responses to different perturbations and damages, analysis is
often accompanied by mathematical or physical modelling,
such as the physical model of E. coli™.

Another aspect of cell wall research focuses on the inter-
play between cell size determination and its effect on cellular
physiology. Despite early studies, how cells regulate their shape,
size and growth rate is still not entirely understood. As these
questions are being unravelled, it is very important to ensure
a controlled environment, preferably with a microfluidic flow
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cell to maintain a steady flux of nutrients. To achieve steady-state
growth conditions and monitoring over a long time period,
Si et al. introduced a multiplex turbidostat’”. This enables
high-throughput quantification of cells under diverse condi-
tions. Another commonly applied microfluidics device is the
mother machine. One could compare it to a comb where medium
flows through the wide channel perpendicular to several narrow
channels. Some cells get trapped in these narrow channels
and serve as the ‘mother cell” which proliferates up the narrow
channel until reaching the top and being ‘washed away’ from
the field of view by the medium. This way, cells can be imaged
continuously for hundreds of generations’. Lately, these stud-
ies revealed that two evolutionarily distinct bacteria — E. coli
and B. subtilis — share common principles to coordinate growth
and cell cycle”’.

As mentioned above, depending on the scope of the study, a
fluorescence or a phase-contrast microscope can be coupled to
the machine with automated image acquisition. For this pur-
pose, software packages, such as MM3", are freely available.
However, automated microscopy experiments can generate
immense data sets and can create a burden for image processing.
To overcome this bottleneck, deep learning software has been
introduced”.

As the changes in cell shape are closely coupled to the PG cell
wall, many studies in recent years have tried to address the gaps
in our knowledge of the spatiotemporal organisation of cell
wall-related proteins and how cells maintain and regulate their
structural properties. These events require precise coordina-
tion of multiprotein complexes. To understand the underly-
ing mechanisms, sensitive methods needed to be developed.
Cryo-EM played a great role in providing a better structural
overview of known bacterial cytoskeletal elements as well
as in the identification of some novel ones*’. However, one
pitfall of this technique is that it is not able to follow the
dynamics of these proteins which would be vital for the under-
standing of these processes. Therefore, in addition to tradi-
tional fluorescence microscopy techniques, which often face
limitations such as low resolution and sensitivity, a wide range
of new microscopy techniques were developed. For bacte-
rial cells, one of the commonly used microscopy techniques is
total internal reflection fluorescence (TIRF) microscopy, which
allows the visualisation of molecules on the cell surface with
the help of fluorescently labelled molecules. In bacteria, it has
been used mainly to visualise and follow cytoskeletal proteins
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MreB and FtsZ®* and proteins that are involved in cell
wall growth because of its localisation near the cell surface.
Additionally, a great number of powerful imaging tools have
been invented for automated high-throughput quantification
of both fluorescence and cell shape microscopy images®**’.

Nowadays, a wide range of super-resolution microscopy
techniques, such as photoactivated localisation microscopy
(PALM)* fluorescence PALM® and stochastic reconstruction
microscopy (STORM)”, are available. These techniques are
based on the ability of fluorescent probes to be activated and
re-activated after photobleaching relying on photoactivatable
and photoswitchable fluorescent dyes and proteins’. Although
it has not yet been extensively applied in the field, this tech-
nique is becoming more popular and has been used to study
cell wall synthesis in E. coli®” or to visualise modified NAM to
track PG dynamics®.

Single-molecule imaging revolutionised our understand-
ing of protein localisation and kinetics and represents a useful
addition to biochemical studies of protein interactions. Com-
bining these techniques with single-particle tracking is a useful
tool that makes it possible to quantify molecular motion
inside living cells.

Conclusions

After decades of studying the composition of PG, great progress
has been made in understanding PG dynamics and biosynthe-
sis, aided by the technical advances presented in this review. In
PG chemistry, coupling high-throughput analysis with chemo-
metrics allowed us to process large data sets and get an over-
view of the variability in different species and the chemical
composition. The development in microscopy techniques
and tools, such as FDAAs, helped us to visualise various
events. Structural studies benefited mainly from progress in
cryo-EM, which enables us to study the 3D structure of the
specimen and proved to be useful in cases when protein crys-
tallisation presents a bottleneck. In the future, the field would
greatly benefit from improved imaging strategies such as
high-throughput microscopy screens, which would consider-
ably reduce imaging times and increase the number of condi-
tions, as well as from the development of better fluorophores
and labelling approaches. Coupling these methods with compu-
tational modelling will allow us to gain a broader understanding
of cell wall biogenesis.
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