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Abstract 

Bacteria are surrounded by an external cell wall whose main 

component is a polymeric net-like structure named the peptidoglycan (PG) or 

murein sacculus. PG plays crucial roles in bacterial physiology (e.g. 

morphogenesis, growth fitness and regulation of innate immunity). Based on the 

characteristics of this macromolecule, bacteria are grouped as Gram negative 

and positives. Gram negatives present a thin PG layer in the periplasmic space, 

while Gram positive bacteria contain one thick multi-layered sacculus covering 

the cytoplasmic membrane. Although, the PG sacculus is widely conserved 

between bacteria, variations in its chemical structure (i.e. sugars and peptide 

components) have been reported to function as coping mechanism to stress. 

For example, V. cholerae is able to downregulate PG biosynthesis through non 

canonical D-amino acids (NCDAAs) cell wall editing when entering stationary 

phase. NCDAAs production relies on Bsr enzymes, broad-spectrum racemases 

which in V. cholerae are expressed under the control of the stress sigma factor 

RpoS. In this Thesis, we present a comprehensive study that allowed us to 

determine the basic structural and biochemical features required for 

promiscuous D-amino acid production by Bsr enzymes. 

V. cholerae’s PG editing by NCDAAs revealed the existence of 

previously unappreciated chemical modification in the cell wall of bacteria. Such 

an observation made us question whether the latest technology could reveal, 

otherwise undetectable, novel PG traits and furthermore, revisit the existence 

of murein in bacteria which were previously defined as PG-less. Finally, these 

studies would promote a global assessment of the degree of PG-chemical 

variability at a Kingdom scale.  

On the search for novel functional chemistries and associated 

mechanisms of cell wall regulation, we analysed the cell wall of hundreds of 
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different species. Here, I present two proof of concept studies: i) investigation 

of the existence of PG in the Plantomycetes Kuenenia stuttgartiensis, a species 

previously classified as PG-less; and ii) PG chemical diversity within Class 

Alphaproteobacteria. To do so, we developed and experimentally validated an 

innovative chemometric pipeline to rapidly analyse large PG datasets. 

Chemometric analyses revealed 3 PG clusters within Alphaproteobacteria, 

which included unprecedented PG modifications widely conserved in family 

Acetobacteria: amidation at the α-(L)-carboxyl of meso-diaminopimelic acid and 

the presence of (1–3) cross-linked muropeptides between L-Ala and D-(meso)-

diaminopimelate residues from adjacent moieties. Fluctuations of the relative 

abundance of these PG traits were growth phase and media composition 

dependent. Functional studies demonstrated that Acetobacteria atypical 

muropeptides enabled cellular protection against Type VI secreted 

endopeptidases and negatively affected innate immune system recognition 

suggesting relevant functional roles in the environmental adaptability of these 

bacteria.  
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Abbreviations 

3D  Three-dimensional space 

Ala  Alanine 

Ala-R  Ala-racemase 

AMP  Antimicrobial peptides 

Arg   Arginine 

Asp  Aspartic acid 

Bsr   Broad-spectrum racemase 

C55-P   Undecaprenyl phosphate 

CPase  Carboxypeptidase 

DAA  D-amino acids 

DAADH  D-amino acid dehydrogenases 

DAAO  D-amino acid oxidase 

DAP   Diaminopimelic acid 

DDL  D-Alanyl-D-Alanine-ligase 

DNA   Deoxyribonucleic acid 

EPase  Endopeptidase 

FDAA  Fluorescent D-amino acids 

Glu  Glutamic acid 

GlcNAc  N-acetylglucosamine 

Gly   Glycine 

HMW-PBP  High molecular weight PBPs  

HPLC  High Performance Liquid Chromatography 

LC   Liquid Chromatography 
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LD-TPase  LD-transpeptidase 

LMW-PBP Low molecular weight PBPs  

Lpo  Lipoprotein 

Lpp  Brawn’s lipoprotein 

LPS   Lipopolysaccharide 

LT   Lytic transglycosylase 

Lys  Lysine 

MGTases  Monofunctional-glycosyltransferase 

MurNAc   N-acetylmuramic acid 

NCDAA   Non canonical D-amino acid 

OM  Outer membrane 

PAMP  Pathogen associated molecular pattern  

PBP  Penicillin binding protein 

Penta  GlcNAc-β-(1→4)-MurNAc-L-Ala-γ-D-Glu-meso-DAP-(D-Ala)2 

PG  Peptidoglycan 

PLP  Pyridoxal‐5‐phosphate 

Pro  Proline 

SEDS  Shape, elongation, division and sporulation proteins 

Ser  Serine 

Tetra  GlcNAc-β-(1→4)-MurNAc-L-Ala-γ-D-Glu-meso-DAP-D-Ala 

Tetra-tetra GlcNAc-β-(1→4)-MurNAc-L-Ala-γ-D-Glu-meso-DAP-D-Ala-   

meso-DAP-(D-Ala)-D-Glu-γ-L-Ala-MurNAc-β-(4←1)-GlcNAc 

TGase  Glycosyltransferase 

TPase  Transpeptidase 

Tyr  Tyrosine 
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UDP  Uridine diphosphate 

UMP  Uridine monophosphate 

UPLC  Ultra Performance Liquid Chromatography 

Wt  Wild type 
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Background 

Nearly all bacteria synthesize a peptidoglycan (PG) cell wall outside of 

the cell membrane [1]. PG, also known as murein, is a hetero-polymer made of 

glycan strands cross-linked by short peptides stem. PG net-like structure is 

commonly referred as sacculus (latin for small bags) [2]. In Gram positive 

bacteria, PG exists as one thick multilayered structure which covers the 

cytoplasmic membrane. In contrast, Gram negative bacteria present a thin PG 

layer in the periplasmic space, between the cytoplasmic and outer membranes 

[3]. The canonical PG monomeric subunit, the muropeptide, consists of the 

disaccharide pentapeptide N-acetylglucosamine β(1→4)N-acetylmuramic acid-

L-Ala-γ-D-Glu-(diamino acid)-D-Ala-D-Ala [4], where meso-DAP and L-Lys are the 

most common diamino acids for Gram negative and Gram positive bacteria, 

respectively. The PG sacculus functions as an exoskeleton, which fortifies the 

envelope to restraint the internal turgor pressure and also to define the shape 

of the bacterium [5]. Given these essential properties, PG is assumed to be an 

almost universal component of the bacterial cell envelope. Indeed, only a few 

exceptions of Bacteria have been reported to lack PG, including the 

superphylum Planctomycetes-Verrucomicrobia-Chlamydiae (PVC) and the 

Mycoplasmataceae. The PVC bacteria present a proteinaceous cell wall 

structure [6]. However, recent studies have shown the presence of a thin Gram 

negative-like PG structure in certain members of the phylum [7]. 

Mycoplasmataceae present a complex plasma membrane as external envelope  

[8].  

Similarly to other house-keeping components of the cell, the sacculi 

was not expected to show a high degree of variability or dynamism. However, 

analyses of the cell wall under diverse conditions has permitted to observe that 

the PG structural chemistry changes along growth dependent transitions (e.g. 
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exponential to stationary phase) or environmental challenges (e.g. antibiotic 

exposure) [9, 10]. Bacteria can modify the chemistry of the cell wall by: (i) 

encoding alternative enzymes, which could alter the canonical PG composition 

(e.g. Van operon in vancomycin resistant strains) [11], (ii) through specific 

spacio-temporal regulation of the enzymes (e.g. Bdellovibrio predatory PG-

enzymes) [12] (iii) by generating functionally divergent paralogues (PBP2a, the 

broad-spectrum beta-lactam resistance bPBP in Staphylococcus aureus) [13]. 

Thus, modifications in bacteria could appear by the acquisition of a new activity 

(a novel gene or a diversified function) or by a tight regulation in time and space 

of a set of activities [14].  

Bacteria can modify both the sugar and  the amino acid composition 

of the canonical muropeptides [15].  This structural variability appears to be 

instrumental for bacteria to cope with diverse environmental challenges [16]. 

However, the traditional method for PG analysis are laborious and require 

expert knowledge. Thus, to deeply understand the function, requirements and 

conservation of these changes (e.g. modifications during infection), it is 

fundamental to systematically investigate which conditions motivate the change 

and what are the consequences (benefit and cost) for the bacteria. Exploring 

new modes of bacterial regulation of cell wall integrity and environmental 

adaptation will provide new cell wall target to develop new antimicrobial 

therapies. 
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Introduction  

1. The novo PG synthesis 

 

The synthesis of PG is a dynamic process where assembling and 

degrading reactions are finely coordinated to transform pools of metabolites of 

distinct nature into a heterogeneous, cell-size, structural polymer. This process 

occurs at three different locations in the cell: the cytoplasm, the plasmatic 

membrane and the periplasm. In the cytoplasm, the cell wall precursor is 

condensed and activated to be subsequently translocated to the other side of 

the membrane where PG assembly takes place. The precursor molecule is a 

membrane anchored glyco-peptide commonly referred as Lipid II 

(undecaprenyl-pyrophosphoryl-MurNac-(pentapeptide)-GlcNAc) (Figure 1). 

The Cytoplasmic synthesis 

 

The synthesis of PG precursors occurs in the cytosol. The initial 

metabolic intermediates from which the PG precursor molecule is synthesized 

are: phosphoenolpyruvate, UDP-GlcNAc and both L- and D-amino acids [17, 

18](Figure 1). The presence of D-amino acids as part of the PG is a consequence 

of two events, their synthesis by amino acid specific racemases (Glu and Ala 

racemase, and DAP epimerase) [19] and their stereo selective ligation by the 

Mur enzymes (Figure 1)[20]. The presence of D-amino acids as PG constituents 

is believed to provide protection against proteases, as these enzymes commonly 

cleave peptide bonds between L-amino acids. [21].  

The different PG components are put together by the Mur ligases (A-I, 

in Escherichia coli). There is no enzymatic redundancy amongst these enzymes 

and thus, the murA-F genes are essential in bacteria [18]. Mur A, B, Z are 
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responsible for the synthesis of UDP-N-acetylmuramic acid (UDP-MurNAc). Mur 

A and Z transfer an enolpyruvate residue from phosphoenolpyruvate (PEP) to 

the position 3 of UDP-N-acetylglucosamine. Then, MurB catalyses the reduction 

of the enolpyruvate moiety to D-lactate, generating UDP-N-acetylmuramate. 

Finally, MurC-MurF and D-Ala-D-Ala ligase (DDL) perform a step-wise reaction 

to ligate a pentapeptide chain to the UDP-MurNAc which, in the case of Gram 

negative bacteria, is usually L-Ala-γ-D-Glu-(diaminopimelic acid)-D-Ala-D-Ala [18] 

(Figure 1). In the case of Gram positive bacteria, the synthesis of this peptide 

stem may require accessory enzymes to add e.g. interbridge amino acids (Asn in 

the case of Lactococcus lactis, [22]) or peptides (Di-Gly in the case of 

Streptococcus pneumoniae [23] and penta-Gly in S. aureus [24]). The diversity 

present on the Penta (disaccharide-pentapeptide) structure has been review by 

[1]. 

Membrane attachment and flipping to the periplasm  

 

In order to be incorporated into the cell wall, the cytosolic PG precursor 

needs to be translocated to the other side of the membrane. This translocation 

is facilitated by the lipid carrier undecaprenyl-phosphate (C55-P) [25]. In 

addition to PG, C55-P is involved in the translocation of precursor subunits of 

other diverse cell surface polymers such as the lipopolysaccharide (LPS) and 

teichoic acids (TA) [26-28]. 

The complex between PG soluble precursor and C55-P is known as Lipid 

II or undecaprenyl-pyrophosphoryl-MurNac-(pentapeptide)-GlcNAc. Formation 

of Lipid II is catalysed by the enzymes MraY and MurG. MraY is a transferase that 

catalyses the binding between UDP-MurNAc-pentapeptide and the C55-P with 

the release of UMP. The product of MraY reaction is the pyrophosphoryl-

MurNAc-pentapeptide or Lipid I [29]. Subsequently, MurG transfers GlcNAc to 
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the Lipid I to render undecaprenyl-pyrophosphoryl-MurNAc-(pentapeptide)-

GlcNAc (Lipid II)[30] (Figure 1).  

 As Lipid II synthesis occurs in the cytosol, this precursor molecule must 

be flipped to the periplasmic space (in Gram negatives) for PG polymerization to 

occur. Lipid II translocation is mediated by a specific enzyme called flippase. The 

identity of the enzyme responsible of this reaction has been a matter of a 

longstanding controversy in the field.  

 

 

Figure 1. Schematic representation of PG synthesis in Gram negative bacteria. PG synthesis is initiated with the 

synthesis of the UDP-activated precursors in the cytosol (UDP-MurNAc-L-Ala-D-Glu-m-DAP-D-Ala-D-Ala). Then, 

PG precursors are translocated to the periplasmic space facilitated by their interaction with the C55-P lipid (Lipid 

II). Once in the periplasm, PG monomers are incorporated into the murein polymer by transglycosylases 

(TGases) and transpeptidases (TPases).  
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In 2008, Ruiz et al. hypothesized that a PG flipping activity must be only 

present in bacteria bearing a PG sacculi. The researchers then applied a 

reductionist bioinformatics approach that pinpointed MurJ as the Lipid II 

flippase [31]. Further support was provided by a 3D structural and topological 

model that showed MurJ similarity to the MOP family of proteins, which includes 

exporters of amphipathic drugs and C55-PP-linked oligosaccharides [32].  

However,  Mohammadi et al. argued against MurJ as the PG flippase by 

reporting in vitro flipping activity of FtsW protein [33]. Moreover, the fact that 

MurJ is not essential in Bacillus subtilis further supported FtsW over MurJ as the 

PG flippase [34]. Nonetheless soon after, MurJ’s non-essentiality was explained. 

A synthetic lethal screening in this bacterium identified Amj (Alternative to 

MurJ), another PG flipasse activity that compensated the absence of MurJ in E. 

coli. [35]. Moreover, Sham et al. demonstrated in vivo that MurJ was able to flip 

Lipid II [36] and that MurJ localization depends on FtsW [37]. Finally, recent 

reports further supported the role of MurJ as the Lipid II flippase as FtsW was 

shown to be a PG-glycosyltransferases (TGases) [38-41].  

Periplasmic PG-synthetic machinery 

 

Once the Lipid II faces the periplasm, a finely orchestrated apparatus of 

synthetic and degradative enzymes catalyse the insertion of new material into 

the pre-existing murein sacculus. Murein polymerization depends on TGases 

and transpeptidases (TPases) activities: (i) the penicillin binding proteins (PBPs), 

(ii) the Shape, elongation, division and sporulation proteins (SEDSs) and (iii) the 

mono-functional glycosyltransferases (MTGases) [42]. The PBPs were one of the 

first described PG-related enzymes, as these proteins are the target of penicillins 

[43]. Based on the biochemical and functional characteristics of the PBPs, these 

enzymes can be classified in two groups: high and low molecular weight PBPs, 
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HMW-PBP and LMW-PBP respectively. Depending on the catalytic domains, the 

HMW-PBPs can be grouped in class A PBPs (aPBPs) and class B PBPs (bPBPs). 

Whilst aPBPs are bifunctional TGase and TPase enzymes, bPBPs only exhibit a 

TPase domain (Figure 2). Conversely to HMW-PBPs, LMW-PBPs only present DD-

peptidase domains [44] (Figure 2).  

 

 

 

Figure 2. Schematic representation of the domains present on the PBPs. The high molecular weight PBPs (HMW-

PBP) are classified in aPBPs and bPBPs. aPBPs present a transmembrane (TM), a glycosyl-transferase (TGase), a 

regulatory domain represented in dark grey (protein binding domain between the TGase and the TPase domain, 

in PBP1b of E. coli named UB2H), and a transpeptidase domain (TPase). bPBPs present a TM domain, a N-

terminal (N-Ter) domain and a TPase domain. Low molecular weight PBPs usually present a signal peptide (or a 

TM domain), a TPase and a C-terminal domain (C-Ter). Adapted from [45].  

 

The aPBPs can synthesize PG both, in vitro and in vivo, as they present 

both catalytic domains required to achieve this reaction [46]. However, bPBPs 

require an additional TGase activity, which could be either aPBPs, SEDS protein 

or MTGases [38, 40]. SEDS proteins and MTGases are non-PBP TGases. For many 

years the SEDS proteins were thought to work as Lipid II flippases but recent 

genetic, biochemical and structural data have spotlighted the SEDS proteins as 

one of the bacterial TGases [39, 47]. These essential proteins are implicated in 

the synthesis of the PG through their interaction with a bPBP [38, 40]. The MTGs 
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can transglycosylase the PG, both in vitro and in vivo, although Gram negative 

bacteria lacking these activities do not present severely affected phenotypes 

[43, 48].  

The TGase reaction happens when the reducing end (GlcNAc 4-OH) of 

the Lipid II is deprotonated at the catalytic site of the TGase to activate a 

nucleophile attack to the next Lipid II molecule. The results is a β-1,4-linked 

GlcNAc-MurNAc and a free pyrophophoril-C55-group [49, 50], which can be 

further dephosphorylated (UppP) [51] and flipped back to the cytoplasmic space 

of the membrane, by a yet unknown enzyme, for further Lipid II translocation 

events.  

PBP´s TPases (DD-) cross-link adjacent muropeptides by connecting the 

fourth D-Ala of the donor peptide stem with the meso-DAP of the acceptor 

peptide and releasing a free D-Ala molecule [52] (Figure 3). This reaction is 

accomplished by using the energy which results from cleaving the terminal D-

Ala4-D-Ala5 bond in the donor muropeptide.  Penicillins inhibition of PBP’s TPase 

occurs because the structure of these β-lactams resemble that of the D-Ala4-D-

Ala5 termini at the precursor muropeptides [53]. TPase inhibition causes a 

normally lethal crosslinking defect.   

The LMW-PBPs are responsible for cell wall remodeling in cell wall 

growth, cell separation, PG maturation and recycling. The LMW-PBPs are DD-

peptidases that can be divided into DD-endopeptidases (EPases), if they 

separate cross-linked muropeptides by hydrolysing between D-Ala4-meso-DAP3, 

and DD-carboxypeptidases (CPases) if they remove the terminal D-Ala5 [54, 55] 

(Figure 3). In E. coli, the most abundant muropeptide present in the sacculus is 

the Tetra (disaccharide tetrapeptide), followed by its cross-linked version (Tetra-

Tetra).  Instead, Pentas are rarely detectable in the sacculus [9], suggesting an 

important role for CPases in cell wall maturation [56]. Accordingly, when 

combined with additional mutations, accumulation of Penta, due to the loss of 
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the most important LMW-PBP in E. coli (Pbp5, also known as DacA) induces 

morphological defects in E. coli [57, 58]. The reason why PBP5 deficiency causes 

morphological alterations is still unclear, but it has been suggested that Penta 

availability for TPases might prime an excessive and detrimental 

transpeptidation [59].  

 

Genetic redundancy of PG related enzymes 

 

PG synthesis is seemingly redundant since most Gram negative bacteria 

encode several TGases, TPases, EPases and DD-CPases [45]. Traditionally, this 

redundancy was thought to be associated to safeguard PG’s integrity given the 

great importance that the cell wall has for bacteria’s viability and fitness [54]. 

Figure 3. TPase and CPase reactions which could occur on the Penta precursor. DD-TPase use the energy of 

the D-Ala-D-Ala bond of the donor and cross-link it to the diamino acid in third position of the acceptor. DD-

CPase perform a similar reaction but the final acceptor is a water molecule, producing a Tetra. 
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However, recent data suggests that this apparent redundancy might not be 

such; at least not at all times. Instead, paralogues could exhibit distinctive 

regulatory properties at transcriptional level (condition specific), activity level 

(e.g. extra domains, changes in active site to modulate catalytic or inhibitory 

properties),  or cellular location (i.e. complex association) [60].  For example, in 

E. coli the expression and activity of one of the 6 DD-carboxypeptidases, PBP6b, 

is dependent on low pH [61]. Therefore, this activity improves E. coli fitness at 

low pH and consistently, a strain lacking PBP6B presents morphological defects 

in acidic pH [61]. Similarly, Salmonella enterica presents two seemingly 

redundant PBP3 (i.e. divisome bPBP). The paralogue PBP3* is induced and active 

only at low pH, which enables Salmonella intra-lysosomal growth adaptation 

during infection [62].  

Another aspect that argues against the idea of functionally redundant 

PBPs is their association to discrete and specific foci in the cell. PBPs are part of 

multi-enzymatic complexes, which differ in composition and localization for 

elongating or dividing-associated activities [63]. Accordingly, E. coli and many 

other enterobacteria, present two bPBPs, one specifically interacting with the 

division complex (PBP3) and one with the elongation or Rod complex (PBP2) 

[63]. 

However, PBPs are not the only PG related enzymes affected by genetic 

redundancy. Enzymes like lytic transglycosylases (LTs) [64] and non-PBP DD- 

EPases can be encoded in different regions in the genome [65]. These enzymes 

are important players in the development and incorporation of new material to 

the sacculus. Bacteria can present several LTs (e.g. 8 in E. coli) [66]. For E. coli, 

these enzymes present biochemical preferences for, (i) different cell wall 

structures (e.g. naked disaccharide strands vs disaccharide-peptide strands), (ii) 

different activities (e.g. endo vs exolytics) [67] and (iii) specific localization 

preferences in the cell [64, 68]. Some of them have been reported to work as 
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part of multi-enzymatic PG synthetic complexes [69]. So, although they are all 

annotated as LTs, it is possible that their spatio-temporal regulation and their 

physiological implications may differ. Non-PBP EPases are relevant enzymes 

implicated in the incorporation of new material into the PG [70, 71]. For 

example, Vibrio cholerae encodes 3 of these PG-metallo-EPases, ShyA, B and C. 

One of these homologues, ShyB, is expressed and active under Zn2+ starvation, 

thereby compensating the deficit of the other EPases under these conditions, as 

they require Zn2+ as a cofactor [72]. 

Altogether, these examples revisit the so called redundancy of PG 

synthetic activities towards a better understanding of the role of these enzymes 

in bacterial adaptation to changing conditions [63].  

Coordination of the PG-synthetic machinery 

 

To preserve bacteria’s cell wall integrity, the growth of the murein 

sacculus needs be finely coordinated with the bacterial cell cycle. The presence 

of a high osmotic pressure in the cytoplasm requires a tightly organized 

biosynthetic machinery which ensures that both the shape and the mechanical 

stability of the bacteria are not compromised during growth and division [44]. 

In order to incorporate new PG, bacteria must cleave old macrostructural PG in 

a coordinated manner [44]. In this process, murein components are released to 

the extracellular media [73] to be further taken up by the cytoplasm in a process 

named PG-recycling [74, 75]. If the cell wall hydrolysis/synthesis pair is not 

tightly regulated, the integrity of the sacculus can be seriously affected and lead 

to cell lysis. [9, 76]. An example of this is observed in bacteria growing in 

presence of β-lactams [77, 78]. These antibiotics not only inactivate the TPase 

domain of the PBPs, blocking their ability to cross-link the murein, but they also 

induce an imbalance between the hydrolytic and synthetic machineries that 
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leads to a rapid degradation of the murein by the autolytic enzymes, inducing 

lysis in the bacterium [79]. This effect can be overcome by the removal of some 

of these lytic enzymes [80]. 

Moreover, cytoskeletal elements also contribute to the spatial 

orchestration of cell wall synthesis, which has great relevance in cell division, 

growth and morphogenesis [63, 81]. With a few exceptions, PG-synthesis is 

orchestrated in rod-shape bacteria by 2 cytoskeletal elements: the tubuline-like 

FtsZ and the actine-like MreB [82]. Additionally, some species also encode 

intermediate filaments, important for the maintenance of more complex and 

often asymmetric shapes [83]. This is for instance the Crescentine in Caulobacter 

crescentus [84] and FilP in Streptomyces coelicolor [85].  

FtsZ and MreB cytoskeletal proteins are GTPases thatnucleate the multi-

enzymatic complexes divisome and elongasome [86]. In the case of the 

divisome, FtsZ forms a dynamic ring which guides septal cell wall synthesis, 

facilitates cytokinesis and finally leads to cell separation [87, 88]. The spatial 

control over FtsZ assembly is achieved by two partially redundant inhibitory 

systems: the nucleoid occlusion factor [89] and the Min complex [90, 91]. These 

proteins cooperate in the proper positioning of the septal ring in midcell, 

ensuring that the division occurs without any genomic material alteration [81]. 

Thus, the division will only occur once the DNA is located in the poles [92] or 

when the midcell is free of DNA.  

FtsZ polymers move around the ring by treadmilling, which guides and 

regulates the inward growth of the septal wall [87, 88]. So, the PG-synthesis is 

regulated functionally on time (growth vs division) and space (elongation vs 

septum formation). A number of studies have provided evidences regarding the 

functional interactions on the different proteins of this complex. For example, it 

has been demonstrated that the most important aPBP (PBP1b) in E. coli interacts 

with a cell wall hydrolase (MltA) [69] and other bPBPs (PBP3) [93]. Also, PBP1b 
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interact with the Cpo protein [94], FtsN and ZipA, [95] and with parts of the 

Tol/Pal complex (important for the invagination of the membranes during 

division) [94]. It is though that these different interactions modulate the activity 

aPBPs [96].  

In the case of the elongasome in E. coli, MreB is able to self-polymerize 

enabling the interaction with RodZ, which in turn interacts with many cell wall 

synthetic enzymes: RodA (SEDS, TGase), PBP2 (elongation specific bPBP) and 

other cell wall relevant proteins [86, 97-99].  

Additionally, PG synthesis presents a trans-envelope 

regulationgoverned by OM lipoproteins [100, 101]. In Gram negative bacteria 

like E. coli, the aPBPs PBP1a and PBP1b are regulated by specific lipoproteins 

(Lpo) [100-102]. Lpo-aPBP interacts through the ODD domain in PBP1a and the 

UB2H domain in PBP1b. This interaction induces allosteric changes that enhance 

the activity of the TGase domain, and in turn, the TPase domain, acting as a 

positive regulator of PG synthesis [103].  

Altogether, PG synthesis is a complex process driven by multi-enzymatic 

complexes and scaffolded by cytoskeletal proteins, which must be controlled 

with precision both in time and space [104, 105].  

2. PG chemical analysis   

   

Current knowledge on the PG structure, synthesis and regulation has 

been possible thanks to the combination of inter-disciplinar methodologies that 

span from analytical chemistry to advance genetics, biochemistry, imaging and 

structural modelling. The first study describing the concept of a structural cell 

wall in bacteria dates to 1927. John W. Churchman  described the cell wall as 

the covering part of the cell that retained a dye [106]. Soon after, this structure 

was linked to cell division and growth [107]. The first structural insights came 
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some years later with the introduction of novel cell wall purification procedures 

[108-110] and the use of electron microscopy to visualize the cell wall [111-113]. 

Altogether, these pioneering studies demonstrated that the purified PG was 

able to retain the shape of the bacterium, leading to the conception of the cell 

wall as a mesh bag-like macromolecule or murein sacculus [108-110, 114]. Then, 

the analysis of the isolated cell wall subunits was critical to coin the term 

“peptidoglycan” due to its glyco-peptidic chemical nature [108-110]. After this, 

new methods to solubilize the sacculi by enzymatic digestion were 

implemented. Initially, the first chemical insights about PG subunits were 

delivered by amino acid analysis [115, 116] or paper chromatography [117]. 

However, these low-resolution methods allowed the detection of a few 

muropeptidic species (not more than six) [118].  

The next fundamental question was to understand to what extent PG 

chemistry was a conserved feature in Bacteria. Schleifer and Kandler [119] 

characterized the basic murein components in tens of different bacterial 

species. The work highlighted a remarkable degree of chemical variability in the 

PG including long glycan strands cross-linked with peptides. For Gram negative 

bacteria, it was suggested that only some possible modifications could occur 

(although not detected at the time); amidation on both the glutamic acid or the 

meso-DAP [119]. Conversely, a great degree of amino acid substitutions were 

reported for Gram positive bacteria, suggesting that PG chemistry could be 

subjected to a great selective pressure (e.g antibiotics, microbial competition,  

bacteriophages) [120].  

Although these pioneering studies established the fundamental 

chemical constituents of the cell wall and their conservation in Bacteria, they 

could not show the structural organization (i.e. cross-linked muropeptides) and 

their relative abundance within the sacculus. This information is truly 

informative since the presence and accumulation of certain muropeptides is the 
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direct consequence of the intervention of PG-related activities and their 

regulation (e.g. antibiotic treatment) [10, 121].  

In the 80s, a revolutionary methodology was incorporated in the field. 

The application of Reverse Phase High Performance liquid chromatography (RP-

HPLC) allowed the separation of the structures that make up the murein 

sacculus [9, 122, 123]. By HPLC, PG constituents are pumped through a column 

(mobile phase), which contains small porous particles (stationary phase). The 

interaction between the constituents of the sample, the mobile phase solvent 

and the column porous particle defines the different retention times of the 

components and thus, the shape of the PG profile [124, 125]. HPLC analysis of 

PG provided detailed information on the PG chemical structure, 0the relative 

abundance of each component as well as general information about cross-

linkage degree and average, chain length [122]. This methodology gave birth, in 

1988, to the first high-resolution analysis of the PG of E. coli, providing a highly 

detailed information on the structural organization of the PG [9, 122]. A better 

understanding of the cell wall structure quickly primed new knowledge on PG 

biochemistry and dynamics, as well as the different proteins involved on the 

synthesis and remodelling of the sacculus [126]. 

Although highly informative, PG profiles are often highly complex 

spectra composed of several tens of muropeptides, which can sometimes 

partially co-elute and present internal variability between different species in 

their number, type and relative abundance [127]. Moreover, there are some 

technical issues associated with the analysis of the PG. First, separation of the 

different pools of muropeptides is a time-consuming process, which originally 

required 1-2 hours of HPLC run per sample [128]. Also, two chromatograms for 

the same sample might show retention times drifts for the different 

muropeptides if analysed on two different instruments. These drifts are the 

consequence of certain technical variations like (i) temperature fluctuations in 
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the column, (ii) suboptimal mobile phase mixing, (iii) deterioration of the 

stationary phase, (iv) interaction between analytes, or (v) the pH of the samples 

[129]. Moreover, these drifts do not occur in an organized manner but can 

happened across the samples irregularly [129]. Thus, the analysis of large PG 

data sets requires experienced personnel in order to avoid misleading 

conclusions from imperfect alignments between samples [130].  

In order to identify  PG variations and similarities across non-related 

bacterial species, it is important to analyse a significant number of 

heterogeneous samples [127, 131], either PG the same bacteria under different 

conditions (e.g mutant vs wt, medium dependent variations) and from different 

bacterial species. However, as the workload increases, it is needed to develop 

high throughput analytical and computer-based methods to perform these 

analyses in a reasonable time. 

 The recent development of improved LC-technologies, like Ultra 

Performance Liquid Chromatography (UPLC) has allowed the implementation of 

faster methods to analyse PG samples (Figure 4), also decreasing the amount of 

required sample [130, 132]. The improvement of the quality and performance 

of the separation columns has also improved the running times. Before, columns 

with an over 3 μm-particle size nwere used. Nowadays, it is normal to use 

columns with sub-2 μm particles (1.7 μm) that allow a better separation of the 

analytes [128].  

The incorporation of computer-based methods can improve the 

technical issues such as filtering out unnecessary information, peak alignment 

and better extracting information of the relations between the different PG 

datasets (e.g. mutant vs wt (same species) or between species). In this context, 

a breakthrough in the field has been the applications of chemometrics for the 

analysis of PG profiles [133, 134]. This discipline uses advanced statistical 

methods for an efficient and fast analysis of complex chemical PG profiling 
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datasets. Chemometrics is instrumental to determine similarity patterns 

between distinct samples, and as a consequence, it leads to the the 

identification of distinctive chemical structures present in the PG data set [135, 

136]. Chemometrics has been proven to be a relevant tool used in analytical 

chemistry [137]. In principle, chemometric-processed data could be linked to 

difference sources as, for instance, bacterial lifestyle (e.g. planktonic vs sessile), 

phylogeny, RNAseq, proteomics and genomics to assess the degree of PG 

conservation and interconnect specific PG chemical traits with certain bacterial 

conserved genes and phenotypical patterns.  

 

 

Figure 4. Scheme of the PG muropeptide chemistry and analysis pipeline. For sacculi isolation, samples are boiled 

in 5% SDS. After removal of the SDS, the isolated sacculi are treated with PG-hydrolases, like muramidase (Mur-ase), 

which digest the sacculi into monomers or cross-linked oligomers. The samples are reduced afterwards prior to be 

injected in the HPLC/UPLC. A characteristic PG profile of E. coli is represented as an example, where each peak 

corresponds to a specific muropeptide. 
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3. PG chemical structural variations 

 

The initial findings of cell wall chemical variations in the 1970s were followed by 

functional studies to assess whether atypical PG-chemistries were biologically 

relevant [138, 139]. Some of these studies revealed that variations in the 

structural composition in the sacculi were selected throughout evolution to 

cope with certain environmental treats. One of the most commonly described 

modifications are those present on the MurNAc and GlcNAc sugar moieties, like 

N-deacetylation, O-acetylation and N-glycosylation, which have been shown to 

provide resistance to lysozyme [139-141] (Figure 5), an antibacterial enzyme 

that is commonly secreted by eukaryotic organisms. Therefore, these 

modifications are thought to be a bacterial strategy to evade the host innate 

immunity or to survive on environments were these enzymes might be present 

[142].  

These variations are commonly present on Gram positive bacteria, 

because probably their PG is more exposed due to the lack of an external 

membrane. The N-deacetylation, consists on the removal of the acetyl group at 

position C-2 of the MurNAc [143] or the GlcNAc [138]. In this context, GlcNAc 

deacetylation has been recently linked to bacterial predation in Bdellovibrio 

bacteriovorus [12]. This bacterium is a predatory organism which kills other 

Gram negatives, invading their periplasm and later releasing PG hydrolytic 

enzymes which digest the prey’s sacculus. During this predator-prey interaction, 

B. bacteriovorus deacetylates the PG of the prey in order to facilitate its 

degradation by specific PG-hydrolytic enzymes [12, 144], and thus avoiding 

autolytic degradation as its own PG is not deacetylated. The O-acetylation 

occurs at the OH group of the C6 of the sugar moiety of either MurNAc or 

GlcNAc. This modification in the MurNAc seems to be the most widespread PG 

variation across a great number of Gram negative and Gram positive bacteria 
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[145]. Conversely, O-acetylation of the GlcNAc is not that frequent [146]. The N-

glycosylation occurs in the position C-2 of the MurNAc and is only present in 

some Mycobacterium species [140, 147]. 

 

 

 

Moreover, variations on the canonical PG structure of the sugars can 

lead to a worse recognition by the host innate immune system in the case of 

pathogenic or commensal bacteria [148]. The innate immune system is the first 

barrier of defense presented by higher organisms against infections. In general, 

this system is able to recognize conserved bacterial features, or pathogen 

Figure 5. Possible modifications of PG-chemical structure. Chemical groups, which could be modified in PG 

as well as the nature and position of the most frequent modifications. 
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associated molecular patterns (PAMPs), like flagellin, LPS or the PG.  Upon 

recognition, eukaryotic cells are able to activate a cascade response that 

ultimately leads to the production of specific antibacterial molecules (e.g. 

antimicrobial peptides) and, in more complex hosts, also leads to the activation 

of the inflammatory response [149]. This system can be activated by PG 

passively secreted due to lysis, or actively as reported in Bordetella pertussis and 

N. gonorrhoeae [150, 151]. These bioactive molecules are PG anhydro-Tetra 

fragments known as tracheal cytotoxin given that they cause death of tracheal 

and vaginal ciliated epithelial cells, as well as induction of slow-wave sleep [152]. 

Minor variations of the PG chemical structures can provide adaptive advantages 

to the PG-modified bacteria, as they can avoid recognition by this system [153]. 

The different components implicated in the innate immune system vary in 

different eukaryotes (e.g. mammal’s vs insects). For example, in Drosophila 

melanogaster the activation cascade depends on the recognition of the third 

amino acid in the peptide stem. This leads to the induction of Diptericin and 

other antibacterial peptide genes [154]. If the third amino acid is DAP (mostly in 

Gram negative bacteria) the immune deficiency pathway (Imd) will be activated. 

However, if it is L-Lys (mostly in Gram positive bacteria), the activated cascade 

will involve the Toll pathway. So, these different pathways are able to 

discriminate between the types of PG present in each bacterium and 

accordingly, generate a specific response [154]. 

Amino acid variations can also occur in the canonical peptide 

stem[119], which are often associated with novel enzymatic activities and 

regulatory proteins [155]. These modifications include the amidation of the Glu 

residue and in the D center of meso-DAP (Figure 5), both present in several Gram 

positive bacterias. The amidation of D-Glu is mediated by two co-transcribed 

enzymes, MurT (mur ligase) and GatD (glutamine amidotransferase) [155, 156], 

while meso-DAP amidation is catalysed AsnB, an amidotransferase [157]. All 
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these modifications occur in the cytoplasm using Lipid II as substrate [155, 158]. 

S. aureus lacking these genes presents normal morphology but reduced growth 

rate and increase antibiotic susceptibility, suggesting that these modifications 

are required for the normal growth of the bacteria [155]. For Lactobacillus 

plantarum, D-DAP amidation seems to be essential as asnB deletion could not 

be made in the lab [157]. In other Gram positive bacteria like Corynebacterium 

glutamicum and B. subtilis, mutants defective on asnB also present a reduced 

growth rate and no morphological defects [158, 159]. Therefore, the biological 

relevance of this modification for these bacteria is not fully understood yet.  

LD-transpeptidases 

  

Although the DD-cross-link is a landmark of all PG-containing bacteria, 

some species can display a different PG transpeptidation, named LD-cross-link 

[9, 44, 160]. This type of non-canonical cross-link is catalysed by a family of 

enzymes know as LD-transpeptidases (LD-TPase) [44, 161] (Figure 5). These 

enzymes present a Cys-dependent catalysis, instead of the Ser-dependent 

catalysis of the PBPs [162]. Moreover, they are able to attach two meso-DAP 

residues from adjacent peptide stems, using the energy stored from cleaving the 

meso-DAP3-D-Ala4 bond (being the donor muropeptide a Tetra, not a Penta like 

for PBPs) [163] (Figure 6). In addition, this family of proteins are also responsible 

for the covalent attachment of a specific lipoprotein present in the outer 

membrane (OM), commonly known as Brawn’s lipoprotein (Lpp), to the PG 

[164]. Contrary to DAP-DAP cross-linking, in this case the final acceptor is not a 

muropeptide but the terminal amino acid of the Lpp (Figure 6). Thus, LD-TPases 

present two functions in some Gram negative bacteria: the cross-linkage of the 

sacculi and/or the attachment of the PG to the OM. For instance, E. coli presents 

between 2-7% of its muropeptides cross-linked by the LD-TPase and around 10% 



 

28 
 

connected to Lpp in stationary phase [9]. Normally, bacteria lacking this type of 

enzymes does not present any severe phenotype [160].  

 

 

 

The LD-TPases are penicillin insensitive and so, their presence has 

been associated to antibiotic resistance [165, 166]. Several decades ago, it was 

suggested that these proteins could replace the DD-cross-linkage with the LD 

type in presence of sublethal concentrations of penicillin [44]. But, the LD-TPase 

substrate is the Tetra, formed by the LMW-PBPs, which are also inhibited by 

penicillin. Therefore, in order to have antibiotic resistance associated to LD-

cross-link, certain genetic modifications need to occur in the bacterium to 

change the cross-linkage from DD to LD type, and ultimately increase the 

tolerance of the bacteria to certain β-lactams. In the case of E. coli, certain 

mutations are selected in the aminoacylation of tRNA, which activates RelA 

[166]. This protein synthesizes the alarmone ppGpp, involved in the stringent 

response in bacteria, which is a wide-ranging transcriptional and metabolic 

reprogramming to adapt to different stress conditions [167]. Therefore, these 

Figure 6. TPase and CPase reactions which could occur on the Penta precursor. LD-TPases perform a similar 

reaction to the DD-TPases but the donor instead of Penta is the Tetra, which requires the previous action of a 

DD-CPase/DD-EPase. These enzymes can produce PG DAP-DAP cross-link or Braun´s Lipoprotein (Lpp) cross-

link to the sacculus.  
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mutations suggested that the function of LD cross-link could be linked to the 

stringent response in E. coli [166, 168]. 

In addition, the LD cross-link is not only implicated in the bypass of the 

cross-link type when antibiotics are present, but other emerging functions have 

been recently discovered associated with it. The LD cross-link in Salmonella typhi  

seems to be implicated in the export of the Thyphi toxin [169]. The LD cross-link 

this bacterium present a polar location, where a specific muramidase (MurNAc-

GlcNAc hydrolase) recognizes it to allow the toxin to pass through the PG layer. 

This, allows the pass of the toxin through the PG layer without altering the 

structure of the sacculus [169]. 

The Lpp-PG cross-link formation is important for the cell-envelope 

integrity. S. enterica increases the amount of Lpp-PG cross-link in the presence 

of bile salts [170]. Also, the Lpp and the Tol/Pal complexes nucleate a network 

of proteins, which links the OM to the PG and ultimately contribute to the 

integrity of the cell envelope [171]. Accordingly, bacteria defective on these 

interactions present OM permeability defects [172]. For instance, mutants 

defective on these proteins show increased sensitivity to certain membrane 

permeabilising molecules (e.g. SDS, EDTA), which induces membrane blebbing 

and the release of OM vesicles [173].  

Another interesting feature of the LD-TPase is their involvement in the 

incorporation of different D-amino acids (DAA) into the sacculus. These DAA are 

different from those usually present on the PG (NCDAAs, non-canonical D-amino 

acids) [174]. All the tested bacteria, which presents a LD-TPase, showed the 

ability to incorporate NCDAAAs, suggesting an important role of these enzymes 

in the editing of the cell wall [14]. It has been suggested that the reason for the 

emergence of amino acid substitutions and alternative cross-linkages could be 

as resistance mechanisms to predatory peptidases like those delivered by Type 

VI secretion system [175]. This secretion system is a bacteriophage-like-
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contractile tail attached to the cell wall of the bacteria. It is responsible for the 

secretion of effector molecules which target different essential bacterial 

components such as the membrane, DNA or the PG, or even animal tissues in a 

cell-cell contact dependent manner [176]. This system has been reported to 

drive a major selective pressure to control bacterial populations [177]. 

Therefore, variations in the PG chemical composition could decrease the 

efficacy of these enzymes and thus affect the capacity of type VI secretion 

system to control microbial diversity [175] [9, 44]. 

D-amino acid substitutions 

 

Amino acids substitutions could be also the result of LD-TPase 

independent catalysis like in the case of vancomycin resistance. This 

glycopeptide antibiotic presents affinity for the terminal D-Ala4-D-Ala5 of the 

muropeptide stem, interfering with the last steps of the synthesis of PG and 

thus, inhibiting the cross-linking on the sacculus [11]. Vancomycin-resistant 

bacteria are able to change the terminal D-Ala5 by D-Lactate or D-Ser, thereby 

decreasing the affinity of the vancomycin for the PG. The synthesis of D-Ser is 

dependent on specific Ser-racemases [11]. The amino acid racemases are 

enzymes that catalyze the stereo‐chemical inter‐conversion of amino acids 

[178]. This group of enzymes is usually classified depending on the presence or 

not of pyridoxal‐5‐phosphate (PLP) as cofactor. Ala, Ser and Arg racemases are 

PLP‐dependent enzymes whereas Pro, Asp and Glu racemases are PLP-

independent racemases [19]. The most commonly studied amino acid 

racemases in bacteria are the Ala-racemases (Ala-R) and Glu-racemases, as D-

Ala and D-Glu are main constituents of the PG subunits [179]. Both of these 

enzymes are universally present in bacteria and the deletion of any of them is 

normally lethal [180]. 



 

31 
 

Ala-Rs [21] are homodimers with a head-to-tail dimerization, where 

each of the monomers forms the active site [181]. This protein presents a PLP 

covalently attached to their active sites through a Lys residue (in E. coli Lys39). 

The catalysis is a two-based catalysis between Lys39Ec and Tyr265Ec.  These 

residues remove the α-hydrogen from L- and D-alanine, respectively, through 

the NZ of Lys39 and the OH of Tyr265 [182].  

Some Gram negative bacteria can encode more than one Ala-R, 

whereas Gram positive bacteria only have one. However, some Gram positive 

bacteria can also present alternative Ala-R-like enzymes [183]. In several Gram 

negative bacteria, like P. aeruginosa, A. tumefaciens, S. typhimurium, one of the 

Ala-Rs plays an important role in the synthesis of PG while the paralogue 

functions in D-Ala catabolism [184]. V. cholerae also presents two Ala-R, one 

related to PG-synthesis and another annotated as putative Ala-R. It has been 

demonstrated that the putative Ala-R is in fact responsible for the production of 

non-canonical DAAs (NCDAA), i.e. DAA that are different from the D-Ala and D-

Glu present in the cell wall and thus this enzyme was renamed BsrV (broad-

spectrum racemase Vibrio). BsrV is RpoS regulated and presents a periplasmic 

location [16] thereby suggesting different physiological implications compared 

to those described for the constitutive, cytoplasmic and monoespecific Ala and 

Glu racemases. Production of NCDAAs on stationary phase induces a 

downregulatory effect on the synthesis of the PG, which empowers V. cholerae 

cell wall integrity during growth arrest [16]. NCDAA can get incorporated in the 

PG through the action of the Mur enzymes, LD-TPases and/or the PBPs [185]. 

Although, not all bacteria are able to produce them, virtually all bacterial species 

are able to incorporate them to their sacculus [174].  

The ability to incorporate NCDAA into the sacculus has been exploited 

as a tool for labelling PG the novo synthesis. In 1997, the first of these methods 
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consisted on labelling with D-Cys the sacculi of actively growing bacteria [2]. 

Detection of the incorporated D-Cys was possible due to biotinilation of their 

SH-groups followed by anti-Biotin gold-immunolabeling and electron 

microscopy. Although this approach permitted to learn for the first time how PG 

was segregated in E. coli, it is indirect, laborious and requires the sacculi isolation 

[2]. Many years later, the Van Nieuwenhze and Brun labs developed fluorescent 

derivatives of D-amino acids (FDAAs) [186].  This tool allowed a direct 

visualization of the PG synthesis dynamics, the spatio-temporal regulation and 

its dependence on the different proteins and complexes  [187]. 

Besides being a revolutionary labelling tool, the fact that many non-

phylogeny related bacteria are able to produce and accumulate mM 

concentrations of NCDAAs on their supernatant, suggested that NCDAAs could 

have diverse regulatory functions important for the biology of bacteria [16].  

Role of D-amino acids on Polymicrobial communities  

 

DAAs have been reported to interfere with processes such as PG 

synthesis and integrity [16], biofilm formation [188, 189], bacteria-bacteria 

interactions [190], microbiome biodiversity [191], modulation of host immune 

cells and immune cell response [192], both as a carbon source [193] or as 

building blocks for the synthesis of more complex molecules [194] (Figure 7).  

A careful review of the current literature reveals that the physiological 

effects of the NCDAAs depend on each particular bacteria and on the specific 

DAA produced [194]. Therefore, no general physiological response can be 

predicted in bacteria to NCDAAs since there is no general mechanism of action 

for these molecules [190].  
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At the polymicrobial community level, production of NCDAAs could 

elicit distinct responses on the producer and non-producer bacteria [189, 195]. 

In this regard, DAA have been reported to trigger disassembly on a TasA-

dependent manner [188, 189]. However, there still is a great discrepancy over 

the role DAA as factors controlling the biofilm cycle [188, 189, 195-198].  

Additionally, it has been shown by our lab that D-Arg might be used in 

bacterial warfare [190]. It was demonstrated by several functional analysis (Tn-

seq data, PG-analysis, microscopy, growth) that although D-Arg has no toxic 

effect in V. cholerae, it works as a potent cell wall-independent bactericidal 

compound to other bacteria. In fact, D-Arg can clear out V. cholerae’s niche of 

competitors [190] (Figure 7).  

Moreover, DAA seem to play a role in the host-pathogen interaction, 

as they can modulate the immune system of the host. In mammals, the DAA are 

rapidly degraded in the small intestine epithelium, liver, nervous system and 

kidneys by D-amino acid oxidases (DAAO). When a V. cholerae colonizes the 

small intestine it produces DAAs that are then oxidazed by the DAAO, increasing 

the levels of H2O2, which due to its antimicrobial property, causes an impact in 

the diversity and density of the microbial population [192] (Figure 7). NCDAAs 

production presents different consequences for pathogenic and for commensal 

species. Pathogenic bacteria like V. cholerae, Listeria monocytogenes and S. 

enterica are more sensitive to H2O2 than e.g. Lactobacillus, suggesting a relevant 

role in the modulation of commensal and pathogenic populations [191] (Figure 

7).   

Additionally, DAAs can be used as nutrient source. Bacteria 

preferentially use L-amino acids rather than DAAs [193]. But, some bacteria can 

utilize DAA as carbon source usually through enantioselective D-amino acid 

dehydrogenases (DAADHs), which eliminates the α-carbon quirality and permits 
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the use of the DAA [199]. DAADHs present specificity for one or several DAAs. 

Some bacteria can present several DAADHs and use diverse DAAs, in absence of 

L-amino acids [200-202] (Figure 7). 

Finally, DAAs are commonly present as building blocks for complex 

molecules like antimicrobial peptides (AMP) [203]. The presence of DAAs 

contributes to the structure long-term stability and activity of the AMP [204]. 

The synthesis of these small peptides requires the actions of cytoplasmic 

ligases which condensate different amino acids, from different moieties than 

the α-carbon [205]. Future research will provide more insights about DAAs as 

building blocks of more complex molecules that participate in different 

bacterial processes [206] (Figure 7).  

 

Figure 7. DAAs modulatory properties in microbial communities. Bacterial D-amino acid production inhibits 

(-l) and/or regulates (      ) different bacterial physiological processes. Adapted from [190]. 
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Applications of D amino acids 

 

Similarly, to what happens in nature, DAA can be used as building 

blocks for the development of compounds of industrial interest as, for instance, 

α-keto acids, which are precursors of cosmetics, food and drug synthesis[207]. 

Traditionally, α-keto acids are generated by step chemical synthesis, which 

implies high environmental pollution and production costs [208]. However, one 

relatively economical solution to generate α-keto acids could be to use DAA as 

substrates. As certain DAAOs are promiscuous enzymes that catalyse the 

oxidation of several DAA, the usage of a Bsr with a DAAO could enable the 

production of α-keto acids from L-amino acids (cheaper than D-AAs), either with 

microorganism in a bioreactor or using immobilized enzymes on solid surfaces 

[207, 209, 210]. Therefore, from an inexpensive L-racemic mixture, different α-

keto acids could be produced to prime production of a variety of relevant 

products for the food, drug and cosmetic industry [211] (Figure 8).  

 

 

 

 

 

 

 

 

 

Figure 8. Scheme representing the biosynthetic pathway proposed to produce a-keto acids. L-Amino acids 

(LAA) are racemized by the BsrV, producing D-amino acids (DAA). The DAA production is coupled to the D-

amino acid oxidase, producing α-ketoacids, ammonium and hydrogen peroxide.  
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Results and discussion 

Paper I 

 

NCDAAs govern cell wall remodelling in stationary phase in V. 

cholerae. Incorporation of NCDAAs into the cell wall downregulates PG 

synthesis, which is instrumental to preserve PG adaptation to growth arrest. 

Therefore, a detailed understanding of NCDAA production could open new 

avenues to control microbial adaptation, something that is of great importance 

to combat bacterial pathogens in the post-antibiotic era.  In this paper, we fully 

characterize the broad-spectrum racemase BsrV of V. cholerae. We did 

extensive biochemical and structural work to evaluate the required features for 

its broad specificity in DAA production.  

BsrV and the Ala-R from V. cholerae are paralogues with high similarity 

at the sequence level but not at the biochemical level. While both enzymes are 

PLP-dependent racemases, only BsrV is able to racemase 10 of the proteinogenic 

amino acids, as well as other non-proteinogenic ones.  Specifically, BsrV can 

racemize non-β branching aliphatic amino (Ala, Leu, Met, Ser, Cys, Gln and Asn) 

and positively charged amino acids (His, Lys and Arg), presenting the best kinetic 

performance against Lys, Arg and Met. 

At the structural level BsrV presents a wider (around 2-fold bigger) and 

negatively charged entry channel, and the presence of an N-terminal extension 

when compared to Ala-R. At the catalytic level, it presents a replacement of the 

widely conserved Tyr residue in Ala-Rs by a smaller Pro residue. Importantly, the 

catalytic N-carbamylated lysine is replaced by an Ala, and its role is 

accomplished by a Cl- atom.  These changes, together with the N-terminus 

hinge-like extension, increase the catalytic cavity space to perform a broader 

amino acid catalysis than that of the Ala-R. Finally, we determined the molecular 



 

37 
 

footprint of Bsr, which was composed by 16 residues that we experimentally 

validated by individual point mutations combined with in vitro racemase assays 

for all proteinogenic amino acids. We validate all these Bsr structural and 

biochemical features by purifying and performing similar studies on the Bsr 

homologue from Aeromonas hydrophila. 

Althogether, Bsr enzymes are able to racemize a much broader set of 

amino acids due to a defined number of changes both in the catalytic site entry 

and pocket  

Paper II 

 

This paper was a collaborative article to interrogate whether certain 

DAAs could be part of the structure of more complex molecules such as 

siderophores. Using metabolomics approach, mutagenesis and biochemical 

assays, we demonstrated that S. aureus encoded an operon dedicated for the 

biosynthesis of a new type of metallophore. The operon was formed by a 

histidine racemase, a nicotianamine synthase and a dehydrogenase. These 

enzymes worked in tandem for the production of this metallophore baptised as 

staphylopine. Depending on the growth conditions, staphylopine was able to 

chelate Ni, Co, Zn, Cu and Fe. This operon was conserved on diverse pathogenic 

bacteria suggesting relevant roles in the competition between host and microbe 

for nutrient metals [212]. 

Paper III 

 

This paper came as a proof of concept to evaluate to what degree is 

PG chemical variability displayed at a Kingdom scale. This work harness rapid 

ultra-performance liquid chromatography and multivariate data analysis to 
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uncover PG chemical diversity within representative members of the Class 

Alphaproteobacteria, a heterogeneous group of Gram negatives in terms of 

metabolisms, morphologies and life-styles. Our study revealed novel PG 

structures in Acetobacteria: amidation at the -(L)-carboxyl of meso-

diaminopimelic acid and the presence of muropeptides cross-linked by (1-3) L-

Ala-D-(meso)-diaminopimelate cross-links. Collectively, our findings 

demonstrate the discriminative power of chemometric tools on large cell wall-

chromatographic datasets to discover novel PG structural properties in bacteria. 

For a functional point of view, both structures are growth-controlled 

modifications which influence sensitivity to Type VI secretion system PG 

endopeptidases and recognition by the Drosophila innate immune system, 

suggesting relevant roles in the environmental adaptability of these bacteria.  

Paper IV 

 

This paper is a bioinformatic pipeline for chemometrics processing of 

muropeptides-based profiles. The approach permits a user-friendly and fast 

classification of bacteria according to their PG-profiles. We experimentally 

validated this pipeline with PG-profiles obtained from different bacterial species 

and different cell wall mutants from V. cholerae. Based on the obtained results, 

we propose the application of this methodology to identify PG chemical 

variations along large sets of bacterial species, growth conditions and mutant 

libraries to boost a deeper understanding of the functionality of PG-variability.  

Paper V  

 

In order to evaluate the conservation of PG in bacteria, we evaluated 

the present of PG on a Kuenenia stuttgartiensis, a bacterium belonging to the 
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phylum Plantomycetes. These species are described as one of the few 

exceptions of bacteria lacking PG in their cell envelope. We isolated the sacculi 

and did cryo-electron microscopy to find out that the integrity of a sacculus-like 

structure was only observed when the sample was not digested with 

muramidase. Also, we performed cell wall labelling by fluorescent derivatives of 

DAAs and saw that the septum of this cocci-shaped bacteria was positively 

labelled supporting the existence of PG synthesis.  

Finally, we directly and unequivocally demonstrated that this 

bacterium presents a PG-structure similar to that of most Gram negative 

bacteria, i.e. DAP as third amino acid. In conclusion, this paper provides extra 

support to the universal character of PG in Bacteria.  
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Conclusions 

Paper I 

 

 BsrV substrates fall into two main classes: non-beta-branched aliphatic 

amino acids and basic amino acids.  

 BsrV catalytic plasticity has three essential determinants: the 

arrangement and features of the entry site, the width of the channel 

leading to the active site and its catalytic environment, which is able to 

accommodate and stabilize substrates of diverse chemical natures. 

 We have identified and functionally characterized 16 amino acid 

residues that define a molecular fingerprint for in silico identification of 

Bsr-like racemases. 

Paper II 

 

 We have identified a new metal scavenging molecule produced in the 

bacterium Staphylococcus aureus: staphylopine. 

 Three enzymes (histidine racemase, a distant nicotianamine synthase, 

and a staphylopine dehydrogenase), whose functions were unknown so 

far, allow the production of staphylopine by the combination of three 

building blocks (D-histidine, amino butyrate and pyruvate). 

 An export system expels staphylopine out of the cell where it traps the 

target metals from the extracellular medium. The staphylopine/metal 

duo can then be picked up by the cell via a specific import. In the 

absence of these import/export systems, the virulence of S. aureus is 

reduced.  
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 The discovery of staphylopine, how it is built, and how it is transported 

by these systems could now open the way for the development of a new 

strategy against pathogenic bacteria, by targeting their addiction to 

metals. 

 Staphylopine closely resembles nicotianamine, a molecule that is found 

in all plants and that ensures the transport of essential metals from the 

roots to the various aerial organs. The discovery of a similar metal 

scavenger in the three kingdoms of life (archaea, eukaryotes and now 

bacteria) suggests an ancient origin for this type of molecule. 

Paper III 

 

 We have developed a powerful pipeline which permits rapid 

identification of novel chemical imprints in the peptidoglycan of a 

variety of bacteria. 

 We have identified two novel peptidoglycan chemistries displayed by 

acetic acid bacteria: i) amidation at the L-center of meso-diaminopimelic 

acid, and ii) an original way for cross-linking their peptidoglycan mesh 

based on (1-3) L-ala-D-(meso)-diaminopimelate bonds 

 These modifications empower acetic acid bacteria with a higher level of 

protection against lytic enzymes delivered by competing microbes and 

also, by reducing the ability of their peptidoglycan to elicit the innate 

immune response in the vinegar fly Drosophila melanogaster, a natural 

host for these bacteria 

 This study provides a powerful pipeline for a Kingdom-wide 

peptidoglycan screening to boost knowledge of cell wall biology in 

Bacteria and opens new avenues towards the development of taxon-

specific antimicrobial strategies. 
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Paper IV 

 

 We have developed PG-metrics, a chemometric based pipeline that 

allows fast and easy classification of bacteria according to their 

muropeptide chromatographic profiles. 

 Comparison among the three intrinsically different alignment 

approaches pinpointed “correlation optimised warping” (COW) as the 

most appropriate method to align chromatograms that have complex 

drifts in the peak position. 

 PG-metrics represents a simple method for classifying PG data sets, 

pinpointing potential conserved and distinctive muropeptides amongst 

samples. MS is still required to prove their chemical structure. 

 The pipeline is successfully validated by analysing the PG of diverse 

bacteria species belonging to the class Alphaproteobacteria and also of 

different V. cholerae cell wall related mutants. 

Paper V 

 

 We show that the anammox bacterium Kuenenia stuttgartiensis 

contains peptidoglycan by a comprehensive study that combines 

cryotransmission electron microscopy, peptidoglycan-specific labelling 

and muropeptide analysis.  

 On the basis of the thickness, composition and location of peptidoglycan 

in K. stuttgartiensis, we propose to redefine Planctomycetes as Gram 

negative bacteria.  

 Our results demonstrate that Planctomycetes are not an exception to 

the universal presence of peptidoglycan in bacteria.  
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Perspectives  

 
A comprehensive study on the PG-modulation strategies which 

empower bacterial competition between communities is still in its infancy. 

Additional chemical analyses of more bacterial PGs are fundamental for a more 

comprehensive understanding of PG variability in nature, as well as its relevance 

to bacterial adaptation (e.g., during infection).  

My future plans will focus on the identification of the enzymatic 

activities behind the synthesis of the DAP-L-amidated muropeptides and 1-3 

cross-linked dimers exhibited by Acetobacteria. Additionally, I plan to 

characterize the localization, regulation, biochemical properties. I will also 

investigate the implication of these modifications in the adaptation of bacteria 

to specific stresses.  

Finally, identifying the key players in the synthesis and turnover of 

these PG-modifications could be instrumental for the development of novel 

antibacterial therapies to specific pathogens. 
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